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CAP 1 Introduction to Metamaterials

Introduction

Despite the classic electromagnetic theory and its main fundamental principles can be
referred to the past [1], important developments have recently been made in theoretical
and numerical aspects of applied electromagnetics, affecting all the related applications,
such as sensing and telecommunications. In particular, the requirement of going beyond
the limitations that standard materials present in nature has become an important issue,
due to the increasing demands that the nowadays technology requires for enhancing the
electromagnetic devices performances.

In this sense, photonic and electromagnetic band-gap (EBG) materials [2-5] represent a
valid alternative to classic materials for the anomalous way they interact with
electromagnetic waves. Unfortunately, EBG technology loses its anomalous properties at
wavelengths much smaller than its intrinsic period, making it appealing only in specific
frequency ranges. Nevertheless, their introduction in antenna applications is at the present
time well-established and several EBG structures in different antenna setups are used [6-
9].

More recently, a new class of artificial materials that can go beyond these limitations is
currently investigated by several research groups. This is represented by the wide class of
metamaterials. Such new materials are defined as artificial structures, engineered to
provide unusual electromagnetic properties not easily found in natural materials [10]. A
basic design (Figure 1) consists of an array of electrically small electromagnetic
scatterers (the inclusions) embedded into a dielectric host material. The inclusions are

located at mutual distance, typically a small fraction of the wavelength.
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Figure 1. Example of 3-D Metamaterial

If electromagnetic wave impinges on this structure, all the local fields scattered from
inclusions will be summed up to the incident field, resulting a change of the net field
distribution.

Since the phase shift across volume occupied by a single particle (a unit cell) is small, the
diffraction effects are negligible. Thus, the structure behaves as a continuous effective
material. This material would have new (homogenized) values of constitutive parameters
(permittivity € and permeability p), generally different from the parameters of the host
material and the inclusions. The equivalent permittivity and permeability are primarily
dependent on the geometrical properties of an inclusion shape and mutual distance
between the inclusions (the so called lattice constant). Thus, it is possible to tailor the
electromagnetic response of the inclusions (by appropriate design) and, therefore to
achieve exotic values of equivalent permittivity and permeability that cannot be found in
nature [11, 12].

In this regard, materials can be categorized according to the scheme of (Figure 2) [13]: if
both the permittivity and permeability have positive real parts, as most of the materials in
nature do, they may be called “double positive (DPS)” media, whereas if both of these
quantities are negative, third quadrant of Figure 2, the corresponding materials may be
called “double-negative (DNG)” media [14]. Due to their anomalous wave refraction [15,
16], such materials have been the subject of great interest in the engineering and physics

communities.
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Figure 2: Classification scheme of metamaterials

Media with a negative real part of the permittivity, but a positive permeability, second
quadrant, are named as “e-negative (ENG)” materials [17] and they include plasma and
plasmonic materials (noble metals, polar dielectrics and some semiconductors) below
their plasma frequencies. Applications of such ENG materials in several different fields
have been studied for years; and recently, due to the development in nanotechnologies,
there has been a renewed interest in the plasmonic resonances associated with sub-
wavelength particles[18]. ENG metamaterials are known since decades and they can be
realized in different geometries, such as parallel-plate waveguides [19] or wire inclusions
[20, 21] for different purposes and applications.

In the fourth quadrant, we have the "p-negative (MNG)" media [17], which can be
realized with ferromagnetic materials or synthesized with suitable inclusions in a host
background [22]. The artificially realized MNG materials are essential, basic constituents
in the construction of DNG materials. In analogy with DNG materials, ENG and MNG
materials can be labeled as “single negative (SNG)”” media [17].

Near the two axes of Figure 2, where the real part of one of the constitutive parameters is
near zero, the materials may be termed as ‘“e-near-zero (ENZ)” and “p- near-zero

(MNZ)” materials. Materials with both constitutive parameters equal (or close) to zero,



which fall at the origin of Figure 2, have been termed as “zero-index (DNZ)” materials
[23].

Typically, the realization of SNG materials may be relatively easier than that of DNG
materials, and therefore, as it will be shown in the next chapters, particular efforts have
been recently done in exploring how some of the interesting phenomena predicted and
studied in DNG materials may be transferred into SNG and ENZ media, especially for
sensing and telecommunications applications.

Metamaterials with all these unusual values of constitutive parameters (SNG,
DNG, SNZ, DNZ) offer many unexpected and counter-intuitive physical phenomena
such as backward-wave propagation, negative refraction, and ‘amplification’ of
evanescent waves [10- 13]. During the past decade, huge research efforts worldwide have
been put into possible application of these phenomena for novel devices such as
miniaturized antennas and waveguides [24-28], the resolution-free lenses [29, 30],
invisibility cloaks [31-33] and sensing [34].

Actually, there are two main problems that prevent wide use of metamaterials in
practical engineering systems: a significant loss and a narrow operating bandwidth,
compared to ordinary dielectrics [11, 13]. It is important to stress that these two
drawbacks are not mutually independent. They are the consequences of inherent change
of the permittivity/permeability with frequency, in other words their dispersion behavior.

Ordinary dielectrics are usually considered as being frequency independent
(dispersionless) across the entire electromagnetic spectrum. It would be very convenient
to have similar behavior in the case of metamaterials. Unfortunately, the values of
constitutive parameters of all SNG, SNZ, DNZ or DNG metamaterials do change
significantly with frequency. This change is, in general, described by Lorentz dispersion

model (Figure 3).
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Figure3: Dispersion behavior of different metamaterials, a) Behavior of lossless and
dispersionless material, Solid —-ENZ or MNZ metamaterial, Dashed - ENG or MNG
metamaterial; b) Behavior of realistic metamaterial with Lorentz dispersion; ¢) Behavior
of realistic metamaterial with Drude dispersion. Solid — real part, Dashed —imaginary part

It is intuitively clear that the Lorentz dispersion curve should describe some kind
of a resonant process that occurs in every SNG, SNZ, DNZ or DNG metamaterial. Due
to this resonant process, the losses and the operating bandwidth are inevitably mutually
dependent. This can also be seen from the mathematical description of the Lorentz

model:
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where, w is the angular frequency of the signal, w., denotes the angular frequency of the
‘series resonance’, at which, in the lossless case p; =0 (or ,4=0) (‘plasma frequency’),
wpar Stands for angular frequency of the ‘parallel resonance’, at which p.; (or eq)
diverges, and y represents losses. This is a general dispersion model, while some
metamaterials obey simplified Lorentz model, in which ,,=0 (the so called Drude

model):
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All the types of passive metamaterials are highly dispersive comparing to the
conventional dielectrics, and all of them are intrinsically narrowband.
How much the inherent dispersion actually affects the operational bandwidth of the
metamaterial-based device depends on a particular application: the narrowband operation
is the inherent drawback of all passive metamaterials.
Natural ENG materials, whose electric resonances in the microscopic molecular domain
induce an overall negative electric permittivity for the bulk medium at optical
frequencies, are known to show an interesting and anomalous electromagnetic response
in the visible regime [18]. In a similar way, by mimicking the molecular functions that
cause these anomalous resonances, but scaled at lower frequencies, metamaterials with
non-standard values of their constitutive parameters have recently been conceptually
proposed and synthesized by properly embedding suitably shaped inclusions in a given
host material) [20-22, 35-37]. Nowadays, advances in simulation and fabrication
technologies allow a rather broad flexibility in designing metamaterials and their
electromagnetic responses.
The potential ability to engineer these responses for a wide variety of applications has
inspired great interest in metamaterials. Interestingly and related to this work, the recent
advances in nanotechnology and molecular bioengineering are leading researchers to
speculate about the possibility of bringing these metamaterial concepts back to the visible
frequencies and about the proper design of artificial molecular shapes to achieve artificial
optical metamaterials in order to tailor their electromagnetic properties at infrared and
visible frequencies.

In the following of this chapter we rapidly review some of the potential

applications of metamaterials, recently proposed and reported in the literature.

Applications of Negative Materials

The DPS and DNG materials support monochromatic plane wave propagation, since their
wave vector K is a real number in the limit of no losses. In particular, the wave vector and
Poynting vectors are parallel in a DPS material, whereas in a DNG material they are
oppositely directed, implying backward-wave phase propagation and negative phase

velocity for a wave carrying power in the positive direction. The ENG and MNG



materials, on the other hand, are opaque to radiation, since they support only evanescent
waves, K is imaginary.

The unusual electromagnetic characteristics of metamaterials are exhibited when these
materials are paired with other materials with at least one oppositely-signed constitutive
parameter (the anomalies in employing materials with negative constitutive parameters
arise in fact at the interface between such two media), when employed by themselves,
such negative materials do not show particularly appealing properties [38]. By exploiting
such phenomenon the possibility of designing thin, sub-wavelength cavity resonators and
parallel-plate waveguides has been suggested in [17, 38-44].

This compact resonance, together with the phase-compensation typical of negative
materials, allows obtaining resonant modes in electrically thin structures.

Similar structures can also support fast and slow TE and TM guided modes with no
cutoff thickness (i.e., zero cut-off thickness) and are, therefore, independent of their total
size. Such resonant phenomenon can be extended to sub-wavelength 2-D and/or 3-D
configurations also for cylindrical or spherical geometries.

By pairing a Negative Material with a complementary one (i.e., building an ENG/MNG
pair) may lead to an anomalous tunneling effect and transparency, induced by the
resonance arising at their interface. This anomalous behavior clearly overcomes the
intrinsic resolution limitations of any standard imaging system [45-48].

Another example is how metamaterials may overcome some intrinsic limitations of
radiating setups. Electrically small objects generally show a weak scattering of any
incident radiation, and the scattered fields are strongly dominated by the dipolar
component. A peak in the scattering cross section of an object is in fact associated with a
polariton resonance of its structure. Usually such resonant modes can be excited in large
objects, whose sizes are at least comparable with the wavelength. By exploiting the
anomalous resonance induced by a proper pairing of positive and negative materials,
however, it is also possible to overcome the weak scattering limits associated with the
small scatterer case [49], similar to the aforementioned case, in order to overcome the
classic diffraction limitations. Applications of this effect to imaging and sensing devices

are at the moment one of the most interesting research area.



Another interesting application regards the possibility to enhancement the power radiated
by electrically small antennas. It is well known that an electrically small dipole antenna
holds a large impedance mismatch to any possible power source. Therefore, it requires a
properly designed matching network to achieve an overall high radiation efficiency. By
using the unusual metamaterial properties a different way to achieve matching is
possible: for example by enclosing an electrically small dipole antenna in an electrically
small epsilon-negative (ENG) shell [50-54]. The ENG shell compensates for the
capacitive nature of the electrically small dipole antenna working as a matching element
that forms this resonant system.

The anomalous wave properties of the polaritonic resonance of a pair of complementary
metamaterials have inspired researchers to investigate also another possible way to use
complementary pairs of planar layers. Due to the exponentially growing fields towards
the interface leads to high levels of the electromagnetic fields in the narrow region of
space between the two slabs. It can be exploited to design thin absorbing screens. An
optimum absorption can be obtained over a broad range of frequencies and angles in a
sub-wavelength space [55-59]. This technique does not require specific properties for the
materials and is not almost dependent on frequency and on the angle of incidence. The
frequency dispersion introduces a bottom limitation on the bandwidth of such devices. In
the final chapter, as it will be shown such limitations will be released and overcome in

order to design new kind of electromagnetic wave absorber with enhanced performance.

Applications of ENZ and MNZ Materials

Whereas the combination of negative and positive materials may induce resonances that
lead to several exciting applications as described before, materials with a low relative
permittivity/permeability/index of refraction may also show interesting features. It should
be noted that materials with Near Zero properties may have a larger bandwidth of
operation compared to negative-index materials with lower losses.

Low permittivity/permeability ensures a local negative electric/magnetic polarizability,
with interesting potential applications. The polarization vectors are, in fact, anti-parallel
with the electric and magnetic fields, respectively. This behavior affects the scattering

and radiating properties of objects made of such low-value materials. For example, if its



polarizability is negative, the scattered field from an object will turn over its phase. This
implies that covering an object with such a kind of cover can reduce the overall scattering
cross section, making the covered object basically transparent in its near field [60].
Similar results may be obtained for metallic objects and perfect conductors [60, 61]. Such
devices have been also experimentally proposed at microwave frequencies [62, 63].

The constant-phase properties of low-index materials [64-66], is another important
property of Near Zero materials, that makes them very interesting also for sensing and

antenna applications, as it will be shown in the next chapters.

Conclusions

Metamaterials with atypical values of their constitutive parameters, plasmonics ENG,
MNG and DNG, indeed possess interesting potentials in the design and engineering new
structures for guiding, scattering, and radiating applications overcoming diffraction and
resolution limitations or other classic physical limits. Resonances arising in electrically
small regions of space, where negative materials are paired with common dielectrics,
present great potential for overcoming the limits generally associated with several
electromagnetic problems.

Also low refraction materials, despite their non-resonant character, may have strong
impact in some applications, since they combine anomalous wave interaction with
relatively larger bandwidth and lower losses.

The metamaterials research area has already a large impact on the electromagnetics
community. They have refreshed the interest in complex media jn their analysis and in
their numerical modeling. Recently, there are large breakthroughs in understanding their
anomalous behaviors and potential use of their exotic properties in many electromagnetic
applications in a wide range of the electromagnetic spectrum.

In the following chapters, the main purpose is to show how to use (and design)
metamaterials to enhance the sensing and telecommunications systems performances,

from the microwave to the optical regime.
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CAP 2 High sensibility and sensitivity sensors-Metasurfaces

Abstract- In this chapter, metamaterial-based sensors for medical applications are
presented. The proposed structures consist of arrays of planar metallic inclusions. Their
frequency response in terms of position, amplitude and bandwidth are strictly related to
the surrounding dielectric environment conditions. For the design of sensors two different
configurations are considered: the traditional split ring resonator (SRR) structure and the
complementary one (CSRR). In order to describe the electromagnetic behavior of the
sensing system analytical circuit models are developed, and then verified by full-wave

simulations. Finally, several useful applications in medical diagnostics are proposed.

Introduction

In this section, a brief review of bioelectromagnetic sensors for medical applications is
presented. In addition, a comparison with the metamaterial-based sensor and the main
advantages in using them for medical diagnostics are shown.

Biosensors are devices including a sensitive element, typically a biological sample, in
thin film form, connected (or integrated) to a transducer. The primary aim of a biosensor
is to produce an electronic or optical output signal, related to the type and concentration
of the chemical or biological species under study [1]. Bioelettromagnetic sensors, based
on micro and nano-circuits, are particularly interesting for a large number of application
fields such as medicine, microbiology, particle physics and environmental and personal
safety [2]. Simplicity and speed of analysis are the main advantages of a biosensor. In
addition to this, another advantage of using such devices is the capability to integrate in
itself all the necessary components to treat the sample avoiding the use of reagents. In
this way, it could be possible to deal directly with the molecules of interest, avoiding the
use of additional reagents and qualified operators, and consequently reducing the cost and
duration of the analysis [3].

Considering the wide range of applications involving detection and characterization of
organic materials, biomedical sensors (e.g. for molecular concentration measurements,
DNA investigation, pH estimation, etc.) should have specific performance requirements,

which are too much different compared to the traditional sensors. In particular, a
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biosensor must be simultaneously sensitive and selective respect to the sample under
investigation, biocompatible and immune to external disturbances such as pressure or
temperature changes [1].

Thanks to the typical photonics technologies it is possible to develop low-cost, compact
and highly performing biosensors. Photonic sensors present in literature, such as
interferometers [4], resonant waveguide [5], Bragg gratings [6], Surface Plasmon
Resonance (SPR) structures [7], micro cavities and micro-resonators [8] show interesting
advantages compared to the traditional sensors, such as compactness, high sensitivity and
the possibility of mass production.

In particular, optical sensors play a crucial role due to their immunity to electromagnetic
interferences, compactness and robustness, compatibility with fiber optic networks, a
quicker time response and a better sensitivity compared to traditional devices [9]. On the
other hand, such configurations need relatively large physical dimensions.

Micro-ring and micro-resonant circuits are very interesting devices for photonic
applications, mainly because of their compactness and versatility. In fact, micro-
resonators are used in a large number of application fields, such as telecommunications,
for example filtering, modulation, amplification and switching. On the contrary, the use
of optical micro-resonant circuits for sensing applications is a relatively new research
field. The main advantage of using micro-resonators in sensing applications is related to
the possibility of reducing the device physical dimensions of several orders of magnitude,
without affecting sensitivity [10]. In addition, the signal is confined within the structure,
providing high quality factors and therefore a high selectivity [11].

In this scenario, a relevant role is played by metamaterials used as bio-electromagnetic
sensors. Metamaterials are artificial materials with particular electromagnetic properties,
not easily found in nature, allowing us to realize new unusual properties by designing
different architecture. Their macroscopic behaviour depends not only on their molecular
structure, but also on their geometry. A metamaterial is a macroscopic composite of
periodic or non-periodic structure whose function is due to both the architecture as well
as the chemical composition. Besides, metamaterials exhibiting anomalous values of the
permeability and permittivity are of great interest in many applications at different

frequency ranges ranging from the low microwaves to optical regime [12-14].
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The three dimensional concept of metamaterials can be extended by arranging electrically
small scatterers into a two-dimensional pattern at a surface or interface. This
metamaterial surface version is entitled Metasurfaces [15-17].

They can be of arbitrary shape, not necessarily of zero thickness, and can have
dimensions and periodicity smaller compared to the operative wavelength in the
surrounding medium. Under such conditions, their behavior can be described by their
electric and magnetic polarizabilities.

Metasurfaces are used instead of metamaterials for different applications from microwave
to optical frequencies [18-21] due to their inner advantages: they occupy less physical
space and consequently they exhibit lower loss, compared to the three-dimensional
metamaterial structures.

More specifically, the main advantages in using them as bioelectromagnetic sensors are
[22]:

» A significant reduction in the structure size and an improvement in the sensor
sensitivity. The sample volume, required for an accurate and reliable sensing, is reduced
by several orders of magnitude. A very high sensitivity is reached, due to the fact that the
electromagnetic field is highly localized in the neighbourhood of the resonator, and, thus,
the interaction between the field and the sample under test is restricted to a small sample
area.

* Tuning the biosensor resonances by changing its geometrical and electromagnetic
characteristics or the source field electromagnetic properties in order to coincide with the
spectral absorption characteristics of a well selected organic group. This can be useful for
the detection of in/organic samples, by absorption measurements.

* Increasing sensing system performances: different arrays of resonators can be
implemented on a single chip in order to detect different biological samples
simultaneously.

* Avoiding the employment of chemical markers and eliminating the artefacts caused by
their use.

Metamaterials generally exhibit some properties which are not very suitable for most of
the practical applications, especially their sharp resonant peaks and very strong spectral

dispersion. This results in a narrow operating bandwidth. While this is obviously not
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convenient for communications applications, it is really useful for sensors because it
ensures larger change of the output signal with small changes of the input stimulus,
reaching an increased sensitivity. Such a narrow operating ranges behavior can be
utilized in some applications, such as in the areas of fluid-controllable surfaces,
microwave-assisted chemistry, and biomedical sensors.

The electromagnetic fields strong localization, confinement and enhancement, occurred
in Metamaterials/Metasurfaces, allow us to use them to improve the sensors performance
to enable detection of extremely small amounts of analytes for chemical and biological
Sensors.

Such structure can be engineered and optimized in terms of its response (resonant
frequency position, amplitude and bandwidth) in order to obtain high sensitivities and
high selectivity properties, by changing its geometrical and electromagnetic properties.
Any perturbations to the electromagnetic response of the metasurface, modify the
effective material response. In general, a part from the specific geometry, the
polarizabilities of these metallic inclusions can also be controlled by affecting the
capacitive and or inductive properties. A way to address this phenomenon is to force
different fluids to flow in a channel over the gap [23].

Metasurfaces sensors present several interesting advantages: (1) they are consistent with
the planar fabrication techniques; (2) they allow to align simultaneously the capacitive
gaps of different inclusions to the fluid channel, sharing the same fluid-channel path; and
(3) they allow that the fluid channels can be in direct contact with the capacitive gaps of
the inclusions, leading to a stronger coupling between the fluid channel and the electric
field, existing in the gaps, and to the possibility to monitor, in real time, changes in the
fluid flowing in the channels

The stored electromagnetic energy in the neighborhood of the inclusions can be used to
increase the interactions between the localized electromagnetic field and fluids to
catalyze chemical or biochemical reactions [24-26], in this way it is possible to control
the fluid chemical composition by managing the flow rates, while the amount of
electromagnetic energy transferred to the fluid by managing the frequency and power of

the microwave excitation.
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The ability to affect the resonant characteristics of a metamaterial-inspired structure using
a fluid channel provides us a useful tool to realize a compact sensor, suitable for

biomedical sensing applications such as counting cells or particles in a fluid.

1. The sensing system operation pattern

In this section, the general sensing system operation pattern is explained. To be more
precise, two different configurations are studied: the first one consists of a metamaterial
sensor in direct contact with the biological sample under test (variation of the total
effective permittivity), while the second setup refers to a metamaterial sensor not in direct
contact with the biological sample under test (electromagnetic absorption phenomena).

In the first configuration (Figure 1 - sensor in direct contact with the sample under study)
the electromagnetic properties of the compound under test play a crucial role in the
variation of the total effective permittivity. The presence of the sample changes the
resonant frequency of the entire "sensor+sample". system The detected output signal has
different resonant characteristics (in terms of position, magnitude and amplitude width)
compared to the previous case without material. From the variation of the resonant

frequency it is possible to distinguish accurately several compounds/substances.

Metamaterial
Resonators
+

Sample

Detector

Figure 1: First structure configuration: metamaterial sensor in direct contact with the

biological sample
The second configuration (Figure 2) refers to the metamaterial-based sensor not in direct

contact with the sample under study. In this case the electromagnetic absorption

phenomena of the Material Under Test (MUT) are detected by changes in the signal
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amplitude. Once the material to study is placed, the "sensor-material under test" system is
illuminated by an electromagnetic field. The signal detected have the same frequency
positions, but its magnitude and amplitude width are both dependent on the
electromagnetic characteristics of the MUT.

In general in both cases, the output detected signal is revealed in terms of transmission or

reflection coefficient.

EM MT Sample Detector
Source Resonator

Figure 2: Second structure configuration: metamaterial is not in direct contact to the

biological sample

It is well known that the permittivity of the sample under study can be expressed as:

&, :¢9r+ji (1)
e,

where &, 1s the real part of permittivity, ¢ is the conductivity, ®=2=nf is the frequency, g is
the vacuum permittivity.

The shift of the resonant frequency is related to the real part of the permittivity of the
material under study, while the enlargement of the amplitude of the curve is related to the
dissipative behavior of the material and consequently to the imaginary part of its
permittivity.

Evaluating the resonant properties of the “sensor + MUT” system (peak position,
amplitude and bandwidth), by using metamaterial-based sensors, the biological sample
under study can be traced. In fact, through the frequency position of the resonant dip, it is
possible to distinguish the substance that we are looking for. On the contrary, the
resonance magnitude and its bandwidth vary depending on the amount of radiation

absorbed, which is related to the concentration of the sample under study.
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In order to obtain an accurate detection we must have the most significant shift in the
resonant frequency. This result can be achieved by increasing the capacitive effects in the
structure. Instead, in order to exploit the material absorption phenomenon, it is necessary

to selectively illuminate the material.

2. Metamaterials as sensors

In this section several resonator geometries are considered (squared, circular and omega)
for two different configurations: Split Ring Resonator (SRR) and Complementary Split
Ring Resonator (CSRR). In addition to this, a brief comparison among such
configurations is shown and their main advantages are pointed out.

Moreover, the quasi-static equivalent-circuit models for the analysis and design of
different types of the aforementioned artificial resonators are presented, in order to
describe their resonant behavior. The analytical results are compared to the ones obtained
by full-wave numerical simulations.

These sensors consist of metallic planar array structures, whose frequency response is
modified by the surrounding dielectric environment changes. In particular, several
geometries can be implemented, namely square, circle and omega. Typically, two
different configurations of resonant circuits can be used (for the sake of brevity only one
geometry is reported in Figure3):

1) SRR shown in Figure 3(a).

2) CSRR shown in Figure 3(b)

(a) (b)
Figure 3: Traditional a) SRR and Complementary b) CSRR configurations.
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The latter structure is of particular interest for the following reasons:

* The electric field lines have a different configuration pattern compared to the traditional
SRR. They are not only localized in the neighborhood of the gap (SRR), but along all the
ring metal plate. This ensures an interaction MUT-electric field much stronger than the
traditional case (SRR). In this structure, in fact, the capacitive terms are much more
relevant and consequently the sensor has a higher sensitivity. In other words, the structure
CSRR is able to focus in its surroundings a larger quantity of electric field lines
compared to the classical structures SRR (Figure 3).

* The resonator is able to illuminate the sample in a selective way (Figure 4 - a selective
far-field radiation pattern). Consequently it is possible to design the sensor resonances for
the recognition of certain specific compounds, by tuning the CSRR resonant frequencies
with the absorption peaks of the MUT absorption spectrum. In fact, each compound has
an absorption spectrum characteristic which depends on its corresponding molecular

structure.

(a) SRR (b) CSRR
Figure 4: Far-field radiation pattern for the classical SRR configuration and the CSRR

structure
Due to the fact that the inclusion size and their spatial periodicity are much smaller than

the operative wavelength, the structure can be treated as a homogeneous medium

described by effective parameters such as €. and s, electric permittivity and magnetic
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permeability, respectively. In other words its electromagnetic behavior can be studied
through a quasi-static approximation, resulting in an equivalent LC resonant circuit
model representation. Therefore, it can be possible to describe the reactive electric and
magnetic phenomena, with lumped circuit elements such as capacitance and inductance,
respectively. The resonant frequency of the LC circuit is mainly determined by the
geometry of the metallic structures and it reads:

0= @
The presence of the biological MUT, acts on the capacitive terms of the sensing system,
by determining the shift in the resonant frequency. Its dissipative character, instead,
determines the widening of the resonant curve.
The evaluation of the capacitive and inductive terms in the resonant circuit is related to
the frequency range in which the structure works. Typically in the microwave region such
terms depend exclusively on the size and geometry of the resonator. Consequently such

terms are labeled as “geometric capacitance” and “geometric inductance”.

In the following, for simplicity the square geometry, shown in Figure 5, is considered. In
order to develop the circuit model of the square it is necessary to evaluate the following

parameters: geometric inductance Ly, and geometric capacitance Cgeom.

R add

AV

1 lf%'.'_’ om add

W C
? add

4

(a) (b)
Figure 5: (a) Square particle (/ is the particle side length, w is the strip width, 7 is the
metallization thickness, g is the gap length), (b) Quasi-static equivalent circuit model of

the square particle.
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2.1 Geometrical Inductance
The total geometrical inductance can be written as the sum of two contributions: the
inductance of the three-dimensional square loop and the mutual inductance between the

arms of the square ring [27] as follows:

L, =4L(L,w,t)—4M (1,1 -w) 3)

tot
In particular we have:

2 2 2
t

t
" Log[t]—(l— - —%}Log[wz +t2]

2
2Log[2l]—;}?Log[w]—

Hy
L(l, w,t) =]
4r
—ﬂyArcTan {i} 4L ArcTan [K} + B3
(4)
M(l,h):f—O(ZIArcSinh{%}+2(h_\/m)J 5)
bs

where / is the square side length, ¢ the metal thickness and w the strip width.
2.2 Geometrical Capacitance

The total capacitance can be expressed:

Coor =Con (wit.g.6,)+ C pinging (1.8 Equptrar ) + C finging (1,2h,g,¢,)+ C fringing (l W, &2 E m_sup)
+Csup (Wa Z &7, gstrato—sup ) + Cadd (4], w,it, &, )
(6)
where
e (g 1s the gap parallel plate capacitance [28]:

C,.,(wtg.e)=¢¢, W?t (7)

gap

®  Chinging: charges in the gap are not the only sources for the resonator capacitive
effects. There is an additional capacitance due to the fringing electric field, taking
into account the contribution of the non-parallel electric field lines connecting the

two gap plates [22]:

C

fringing

(Iw,g.6,)=¢¢, 2—WArcCosh {l—_g} (8)
1 g
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e (y,: Charges on the ring surface play an important role. A recent study [29]
takes them into account, introducing a surface capacity in addition to the
traditional gap capacitance. Such surface term contributes significantly to the
resonant frequency of the single SRR:

CSLllD (w,t, g7, g,,) =2¢,€, H—TWLog [%} 9)
2.3 Additional Capacitance and Inductance
At higher frequencies (for example in the infrared frequency range) the metal thickness
can no longer be neglected. In addition to the traditional terms existing in literature, in
[22] a new capacitive term, considering the lateral fringing field effect due to the three-
dimensional geometry (metal thickness) of the split-ring was added to the traditional
circuit model. Numerical simulations confirm that the insertion of such term improves the
agreement among analytical models and the numerical ones: in fact the correspondence
reaches very good values, above the 95%.
In addition, at such frequencies metals can not be considered ideal conductors anymore:
in fact, they exhibit losses and a dispersive behavior which can be described by the Drude
model.

2
a

- (10)

£ —
w - joy

metal

where o,=2nf, is the plasma frequency, w=2nf is the frequency and vy is the damping
frequency.
Considering such additional effects the equivalent circuit model is reported in Figure 5

[28]. The additional capacitance and inductance terms can be expressed as:

C.u =€0£,W7t (11)
I & +y°

Loa =&— 2}; (12)
wi 0w,

Laqq and C,yy represent the additional energy stored within the metal. The expression of
Lgqq 1s strictly related to the inductive inertia of the electrons oscillating in the metal [30].

Instead, the additional capacitance takes into account the stored electron potential energy
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(energy of electric field created by separate charges within the metal). The resulting
resonant frequency of the split-ring becomes:
1
o, (13)
\/(Lgeom + Ladd )(Cgeum + Cadd )

Since the inclusion is made of real material it radiates energy. Therefore, the total

resistance is given by two contributions, the ohmic one and the radiated one, related to
the metal losses caused by radiation effects. However, in the array configuration the
radiation resistance has a less important role, due to the cancellation effects of the
different array elements. Therefore, the total resistance can be described only by the

ohmic losses, represented by the term R4, [28]:

1 [ o*+y°
Radd:_ —]/ (14)

£, Wt wy
It is worth noting that, for our purposes, metal losses have a negligible effect on the
resonant frequency. This can be shown by comparing the values of woLagq and Raqq.
However losses reduce the quality factor of the resonator and this phenomenon must be
taken into account, in particular for biomedical applications, at higher frequencies. In the
optical region, the losses depend not only on the material used but also on the particle
shape. In fact, they are mainly due to the scattering of electrons on the particle edges: this
means that the choice of a "good shape" must take into account not only the resonant
frequency but also the metal losses.

The equivalent circuit parameters for the circle and omega particle resonator are obtained
following

the same guidelines reported before for the squared one, starting from the microwave
geometrical capacitance and inductance and adding the corresponding additional terms
due to the metal non-idealities at higher frequencies. For the sake of brevity the
corresponding formulas are not reported here. Further details about their analytical
models can be found in [22, 31]. Besides, for the analytical models related to the

complementary metamaterial configurations, more details can be found in [32-37].
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2.4 Comparison between analytical and numerical models

Finally, in order to verify the quality of the proposed analitycal model, the theoretical
values, for different parameter configurations, obtained from the proposed circuit model,
are compared to the results performed by full-wave simulations, as shown in Table 1,
where a good agreement between full-wave numerical results and analytical values is

obtained.

Table 1. Comparison between numerical and theoretical values of the resonant
frequency. (Silver, width w=0.3(1/2), gap length g=0.3-(1/2), thickness t=0.3"(1/2),
plasma frequency w,=2"7w"21 75-10", damping frequency y=120-10"° [38])

Side length | Resonant Frequency [THZ]
[nm] Analytical model Numerical model
100 148 146.7
140 140 138
200 125 124

3. Selectivity and sensitivity analysis

In order to design the aforementioned inclusions, it is necessary to correlate their resonant
frequency properties with their geometrical parameters (gap, length, strip width, spatial
periodicity) and with the electromagnetic parameters of the materials used (metal plasma
frequency, metal collision frequency, losses of adhesion layers).

Typically, the resonances (in terms of position, amplitude and bandwidth) depend, in a
non-simple way, on such parameters. In this section the biosensor resonant frequencies
are studied as a function of the inclusion parameters, in order to optimize the structure

electromagnetic response in terms of selectivity and sensitivity.
3.1 Selectivity analysis

Selectivity is a measure of the capability of a sensor to respond only to the frequency it is

designed to. In order to obtain a high selectivity response it is therefore necessary for the
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sensor to operate in a very narrow frequency band. In other words, it must have a very
high quality factor Q. In order to increase the selectivity it is necessary:

* to choose a low loss material

* to use the thinnest and lowest loss adhesion layers

* to increase the capacitive effects

* to reduce the inductance terms

* to move the gap position, in order to break the inclusion symmetry: asymmetric
inclusions lead to an increased electromagnetic energy stored in the neighborhood of the
gap.

Typical values of selectivity for several types of inclusions are shown in Table 2.

Table 2. Comparison among different quality factor values (Silver, / the side length,
width length w=0.3(1/2), gap length g=0.3(l/2), metal thickness t=0.3"(1/2), plasma
frequency w, =2-7'217510" Hz, damping frequency y=120-10"" Hz [38]).

Resonato Squared | Asymmetric | U-shaped Circular Omega
r Split-Ring Squared Split-Ring Split-Ring Particle

Geometry Split-Ring

Quality

Fact

actor 120 118 104 150 118
_%

Q B

3.2 Sensitivity analysis
Sensitivity is expressed as the ratio of the output variation (the shift of the resonant
frequency Af) to the input unit change (variation of either electric permittivity or

refractive index). In high sensitive sensors the input-output relation can be considered as
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linear. The sensor sensitivity can be evaluated by the figure of merit FOM (figure of

merit), defined as:

where m is the slope of the curve:

FOM =

FWHM

g M {_
An | RIU

and FWHM is the full width at half maximum expressed in nm.

|

(15)

(16)

The collision frequency of the material, the array spatial periodicity and adhesion layers

play an important role in the sensitivity of the sensor, due to the fact that they affect

directly the FWHM value. Optimizing the geometrical and electromagnetic parameters of

the materials used, high sensitivity and selectivity values can be reached. In Table 3

several FOM values for the considered geometries are shown.

Table 3. FOM values for square, circle and omega particle (Silver, / the side length,
width length w=0.3(1/2), gap length g=0.3(l/2), metal thickness t=0.3"(1/2), plasma

frequency w, =2-7'217510" Hz, damping frequency y=120-10"" Hz [38]).

Resonator Geometry

Squared
Split-Ring

Circular
Split-Ring

Omega

Particle

Traditional
SRR

structure

12

16.67

13.56

Complementary
CSRR

structure

23.63

23.13

15.26
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4. Metamaterials for medical diagnostics

Dielectric properties of materials can be described by their dispersive complex dielectric
permittivity. In particular, the material electromagnetic properties are related to the real
and imaginary part of dielectric permittivity as a function of the frequency.

In general, tissue dielectric properties and their frequency response are the results of the
interaction between the electromagnetic radiation and their constituents. In particular, the
interaction of electromagnetic energy with biological materials is covered by two
different mechanisms that influence the shape of the permittivity as a function of the
frequency:

e The relaxation effects associated with permanent and induced molecular dipoles.
The mechanism of dipoles relaxing is called dielectric relaxation and for
biological tissue is described by classic Debye relaxation (Microwave regime).

e The resonance effects, which arise from the rotations or vibrations of atoms, ions,
or electrons. These processes are observed in the neighborhood of their
characteristic absorption frequencies (Infrared and Visible regime).

Regarding the microwave regime, tissue diseases typically induce structural, biochemical
and mechanical changes. These variations imply significant changes in their
electromagnetic properties, in other words their permittivity values can be significantly
different. The main aim of an electromagnetic biosensor is to reveal such differences, by
correlating the substance dielectric properties to its resonant properties. The output signal
must have the resonant characteristics (resonance position, magnitude and bandwidth)
depending on such modifications. For this reason, the microwave frequency range can be
used for the detection of cancer, tissue and blood diseases.

On the other hand, a typical intrinsic property of the compound under study is its
absorption spectrum in the IR and visible regions. In particular, Mid-infrared (MIR) and
near infrared (NIR) sensors have been increasingly studied for noninvasive measurements
in medicine, and also in food technology and biotechnology.

The electromagnetic absorption phenomena of the material under test are detected by the
changes in the biosensor signal output amplitude/bandwidth. The sensor must be tuned to

the main absorption peaks of specific molecular bonds.
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The IR spectrum can be exploited to monitor glucose concentration in whole blood or
during fermentation or to monitor hemoglobin fractions and oxygen saturation, due to the
different optical absorption spectrum of deoxyhemoglobin (Hb) and oxyhemoglobin
(HbOy).
For what concerns the detection in the visible between 400 and 500 nm, most of the
available sensors are based on luminescence quenching and electromagnetic absorption,
in particular pH-dependant measurements of the luminescence emission from indicators
and pH-dependent changes in the absorption spectrum.
Miniaturized planar waveguide sensors, integrated optical sensor, and fiber optical
sensors preferably operate in the red and near infrared (NIR) range of the electromagnetic
spectrum, for two main reasons: first of all, these optical technologies are bound to the
available and commercial laser diodes, secondly, hemoglobin excepted, the biological
material is supposed to induce less interferences when detecting in the red and NIR (700-
1000 nm) compared with detection in the microwave and visible range.
In this section, several applications of metamaterial-based biosensors are presented.
Exploiting the guidelines described in the previous paragraphs, the following possible
applications are shown:

e The diagnosis of healthy, malignant tissues and different cancer stages

e The recognition of organic/inorganic compounds in water solutions

e Water content detection in biological tissue

e Oxyhemoglobin and Deoxygenated haemoglobin detection

4.1 Permittivity Measurements

As previously mentioned, dielectric properties of MUT can be described by its complex
dielectric permittivity. In particular, such properties derive from its permittivity (in its
real and imaginary part) or conductivity values assumed when the frequency changes.

The dielectric properties of a biological tissue arise from the interaction of
electromagnetic radiation with its constituents at cellular and molecular levels. It is
therefore possible to detect such properties by permittivity measurements, conducted on

the biological tissue.
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In particular, the main aim of metamaterial-based sensors is to correlate the tissue
dielectric properties to the system "sensor-MUT" resonant frequency changes. In
particular the advantage is the possibility to correlate a change in the sensor resonant
frequency with the permittivity properties of the biological substance under study.
Consequently, for this purpose it is necessary to achieve the highest sensor selectivity and
sensitivity. In fact for selectivity the narrower the resonance, the more significant
frequency shift can be obtained.

Furthermore, the more sensor sensitivity, the more little permittivity value can be
appreciated. Under such conditions the sensor is able to discern accurately the sample
under study.

In the following, examples of using metamaterials, by permittivity measurements, for the
detection of several biological samples are presented. The set-up used is shown in Figure

1. Full-wave simulation results are shown in the following.

Cancer stage detection

The presence of water in a biological tissue produces changes in its permittivity and
conductivity values [39]. A tumor, in fact, has a significantly higher water content
compared to normal tissues [40]. Therefore, the permittivity € and the conductivity ¢ of
the tumour are higher than those of a normal tissue [41]. This is valid not only at
microwaves but also at THz frequencies. Such property turns out to be a useful tool for
tumours detection. Some examples, in the microwave [32, 42] and THz regime [33] for
the detection of a cancerous tissue and for several cancer stage diseases are presented in

Figure 6 a) and b) respectively.
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Figure 6: (a) Recognition of different benign tumors in the microwave frequency range

and (b) detection of a healthy tissue and of a cancerous one in the THz regime

Recognition of organic/inorganic compounds in water solutions

In addition, the permittivity of water solutions increases with the increasing of the
chemical species concentration. Therefore it would be possible to sense the presence of
either organic or inorganic compounds in a water solution, with possible applications in

food and medical diagnostics. In this way, metamaterials can be used for quantitative
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analysis of a large number of substances such as the alcohol content, sugar, acidity, and
extractable substances with and without sugar. An example of organic/inorganic
compounds detection is presented for the case of glucose concentration in aqueous

solution at infrared frequency regime in Figure 7.
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Figure 7: Resonant frequency shift for different glucose concentrations in aqueous

solutions.

4.2 Absorption Measurements

All organic and inorganic molecular species absorb in certain spectral regions.
Each material has a characteristic spectrum that depends on the corresponding
molecular structure [43]. The absorption bands are due to stretching vibrations of specific
chemical compound existing in the macromolecules of the tissue. Thus, the specificity
and uniqueness of the absorption spectra can be used to allow us the recognition of the
material under test.

Therefore, in order to excite only the aforementioned chemical groups it is necessary to
irradiate the sample in a selective way, without affecting the sensor response, by
absorption bands of other chemical bonds. Thus, it is necessary to use filters able to
selectively illuminate the sample: this is achieved through the use of the complementary
metamaterial structure and by tuning its resonant frequencies to the MUT vibrational
ones.

For our purpose the following constraints must be observed:
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1. First of all, the metamaterial resonances have to coincide with the main spectral
absorption peaks of the required molecular bonds. As a result, the single metamaterial
structure must have multiple specific resonant frequencies. Such resonances can be tuned
by changing the structure geometrical and electromagnetic parameters or by controlling
the angle of incidence of the impinging wave.

2. Secondly, all the resonances have the same magnitude and amplitude width in terms of
transmission coefficient. In this case the sensor selectivity must be maximized, by
optimizing the electromagnetic structure response, finding a relation among its resonant
frequencies and its geometrical parameters.

This methodology allows us to distinguish a healthy tissue from a cancerous one, thanks
to their different electromagnetic characteristics. In addition, from the resonant frequency
peak widening it is also possible to determine the different stages of the disease. The
system operation pattern used is shown in Figure 2. Full-wave simulation results are

shown in the following.

Diagnosis of healthy, malignant tissues and different cancer stages

Absorbance measurements are of great interest for cancer tissue diagnostics. This is due
to the fact that at high frequencies the major differences between normal and cancer
tissue are at their structural and molecular level.

It's well known that several chemical species, as proteins and lipids, have infrared spectra
in malignant tumours too much different from those existing in benign tumours or in
normal tissues, showing different peaks in the absorbance spectrum [44-47]. Such
different spectral signatures are due to changes in the structure of intra-molecular C=0,
H-N and H-bonds.

Starting from the differences existing in tissue spectral signatures it is possible to
recognize if the sample belongs to a healthy tissue or to a cancerous one.

Exploiting the selective properties of the CSRR metamaterial, the resonances of the
sensor is designed to coincide with the proteins and lipids spectral characteristics in order
to recognize their presence [35]. In particular they are tuned to the vibrational resonances
of the aforementioned intermolecular bonds: 50, 87 and 99 THz. Full-wave numerical

simulations results are shown in Figure 8, for (a) the metamaterial-based sensor without
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the sample under test; (b) healthy and malignant tissues (colon tissue); (c) different
cancer stage: infiltrating cancer, fibrous-cystic mastopathy, and infiltrating cancer (breast

tissue); (d) malignant tissue and tissue outside the tumor region (breast tissue).
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Figure 8: S-Parameter for the metamaterial sensor without the sample under test (a), for
healthy and malignant colon tissues (b), for different cancer stage (breast samples) (c),

and for malignant tissue and tissue outside the tumour (breast samples) (d).

Water content detection in biological tissue

Water presents different absorption peaks in the infrared (IR) frequency range, which are
due to the vibrational frequencies of molecular H-bonds. Water absorption bands are
related to molecular vibrations, involving various combinations of the water molecule
vibrational modes. During the transmission of an electromagnetic wave through a
medium containing water molecules, portions of the electromagnetic energy are
absorbed. This water absorption occurs preferentially at certain characteristic frequencies,
while the rest of the spectrum is transmitted with minimal effects. Strong absorbance by
water occurs in the mid-infrared frequency range: this means that exploiting water

absorption spectral signatures allows us to study the compound under test.
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The sensing platform presents multiple resonant frequencies, tuned to the ones of water
molecule vibrational modes, such as 50, 66, and 100 THz [36]. As a result, the sensor
allows recognizing different water content in biological tissues. In addition, exploiting
the same phenomenon, the presence of a tumor can be straightforwardly detected
from a simple measurement of water absorption in the THz range [34].

The corresponding full-wave numerical results are shown in Figure 9, where the sensor
response without the biological compound and the transmission coefficient for different
water content are shown. The results clearly reveal that the changes in the transmission
coefficient magnitude and amplitude width are significantly related to the absorption rate
of the hydrogen bonds of water molecules. Therefore, it is possible to link the
transmission coefficient bandwidth to the water content in the biological sample. More
specifically, the results demonstrate that all the transmission peaks significantly absorb in
a different way, in line with the absorption behaviour of water at such frequencies.
Results suggest that, starting from the combinations of magnitudes and amplitude widths
of the resulting resonant peaks, it is possible to recognize the different water content in

the biological material under study.
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Figure 9: Transmission coefficient for different water content in a biological tissue.
Oxyhaemoglobin and Deoxygenated haemoglobin detection

Oxygen saturation is defined as the ratio of oxyhaemoglobin to the total concentration of

haemoglobin present in the blood. Haemoglobin is responsible for transporting oxygen,
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carried by human blood, to the several organs of the body, where the oxygen can be used
by other cells.

The absorption spectra of oxyhaemoglobin and deoxyhaemoglobin are too much
different. The oxyhaemoglobin has a significantly lower absorption at the wavelength
660 nm than deoxyhaemoglobin, having its absorption at 940 nm slightly higher. This
difference is used for measurements of the amount of oxygen in patient's blood. The ratio
Oxyhaemoglobin (HbO;) to Deoxygenated haemoglobin (Hb) is a crucial medical
parameter in order to study several pathological diseases.

Full-wave results, reported in Figure 10, show a change, at the resonant frequencies (in
terms of magnitude and amplitude width), in the transmission spectrum proportionally to
the absorption rates of  Oxyhemoglobin and Deoxygenated hemoglobin. More
specifically, the results show that absorption peaks differ significantly, directly related to
HbO,; and Hb concentration in human blood [37].
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Figure 10: Transmission spectra for the metamaterial sensor without the sample under

test (a), for Oxyhemoglobin and Deoxygenated hemoglobin at the reference frequencies

(b).

5 Conclusions

In this chapter a comprehensive study on metamaterial-based sensors, operating in the
microwave and infrared frequency range, is presented. These structures consist of a
planar array of resonant metallic inclusions, whose frequency response, in terms of
position, magnitude and amplitude width, is modified through the variation of the

surrounding dielectric environment.
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We consider different resonator geometries, such as the squared, the circular and the
omega ones. The metallic particles are assumed to be of two different configurations: the
conventional one (Split Ring Resonator - SRR) and the complementary one
(Complementary Split Ring Resonator — CSRR). It was verified the possibility to use
these structures as sensing platforms, working in the microwave and infrared frequency
range.

The analysis of the biosensors is conducted through proper equivalent quasi-static
analytical circuit models, in order to describe their electromagnetic behaviour.

Exploiting the proposed analytical models (verified through the comparison with full-
wave numerical simulations), the biosensor resonant frequencies are studied as a function
of the geometric parameters of the individual inclusions, in order to optimize the structure
in terms of selectivity and sensitivity.

The described structures can find application in several medical diagnostic fields, such as
organic and inorganic compounds detection in aqueous solution and cancer tissue

recognition.
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CAP 3 High sensibility and sensitivity sensors - Nanoparticles

As reported in the previous chapter, sensing is a research field of great practical interest
for the use of metamaterials. In this chapter, new kind of resonators electromagnetic
modeling by using nanoparticles, will be studied. By exploiting their electromagnetic

properties, several interesting biomedical applications will be shown.

Abstract- This chapter is focused on nanoparticle electromagnetic properties and their
electromagnetic modelling. In particular, the interaction among the electromagnetic
waves (in the infrared and optical regime) and plasmonic nanostructures is studied
analytically and numerically. The huge localization of the electric field in the
neighbourhood of the nanostructure, caused by the presence of the Surface Plasmon
Resonance (SPR) phenomenon and its version in nanometer-sized structures Localized
Surface Plasmon Resonance (LSPR), can be used for biomedical and communication
applications.
Electromagnetic modelling of dielectric materials is crucial in order:
e to study electromagnetic waves propagation effects affecting such materials and
how electromagnetic fields influence and interact with them
e to understand how their geometrical factors (such as dimensions, shape and
volume fraction) and the electromagnetic properties of the nanoparticles and the
background material influence the electromagnetic behaviour of the entire
structure
e how to manipulate and control their properties to satisfy specific required
applications.
An analytical and numerical study on the nanostructure optical properties is developed,
by comparing different nanoparticle shapes. In addition the corresponding analytical
models, for the considered geometries, are obtained, and then compared with numerical
and experimental results existing in literature.

Some relevant aspects from this study must be pointed out:
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First of all, the mixture theory and the metamaterial properties allow us the possibility to
describe and model the materials electromagnetic behaviour.

Secondly, by modifying the geometry/shape of the traditional structures, existing in
literature, it is possible to obtain interesting structures really useful for sensing and
communication applications.

Finally, nanostructures having a large Aspect-Ratio (AR) are of great interest for sensing
applications, due to their high sensitivity. In the following, as an example, two kind of
structures are reported and deeply studied: the ellipsoid and the nanorod.

In the last section of this chapter some examples of the use of such structures in medical

diagnostics are presented.

Introduction

In this section, a brief review for Surface Plasmon Resonance/Localized Surface Plasmon
Resonance (SPR/LSPR)-based structures for medical and communication applications is
presented.

Surface Plasmon Polaritons (SPPs) are defined as electromagnetic waves coupled with
charge oscillations of free electrons on a metal surface, propagating along the boundary
between the metal and a dielectric medium. The polaritons excitation is induced in the
infrared/optical regime and it is called as Surface Plasmon Resonance (SPR).

Several fundamental methods to excite SPR are available, such as prism coupling,
waveguide (or optical fiber) coupling, and grating coupling methods as shown in Figure
1.

The most conventional approach is the Kretschmann method, which employs a prism
coupler with a thin metal film (Figure 1(a)). When TM-polarized (p-polarized) light is
impinging on the bottom side of a thin metal film through the prism, the resulting
evanescently decaying field penetrates into the metal layer and reaches the upper
boundary between the metal and dielectric medium, placed on top of the metal itself. The

resonance condition is described as follows [1]:

27ﬂnp sind = 4, =Re(f,,) (1)
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where n, 1s the refractive index of the dielectric prism, A the wavelength in free space,
and O the incident angle of the illuminating plane wave. To achieve a measurable
resonance, the propagation constant f3., of the evanescent field induced from the incident
light has to correspond to the real part of complex B,,, (the excited SPP propagation
constant).

As noted in Equation (1), geometrical variables involving the thickness of the metal layer
and the refractive index of the prism can be tuned to manage the SPR resonant
characteristics (frequency position, magnitude, bandwidth and resonance angle). In
addition, the propagation constant of excited SPP f,, responds sensitively to the
variation in the environmental refractive index. This property is typically adopted in

order to improve the performance of SPR based sensors.
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Figure 1: Basic schemes for SPR sensors with (a) Kretschmann configuration based

coupling; (b) waveguide based coupling; (c) and grating coupling.

This resonance condition is also applicable for waveguide coupling based SPR sensors.

Light injected into an optical fiber propagates into the core through total internal
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reflection and generates an evanescent field in the vicinity of the waveguide boundary,
which induces SPR at the interface between the metal film and the sensing, as presented
in Figure 1(b).

The spectral response of fiber-optic SPR sensors is slightly different from the
Kretschmann configuration. When an optical fiber is used as the sensor body, the spatial-
frequency bandwidth of the angular spectrum of incident light at a point on the metal
surface in the sensing region is quite wide and the control of incidence angle becomes

difficult to implement.

The grating coupling method for SPP excitation is slightly different from the above
described methods. SPPs can be produced by the direct illumination of a metal surface of
a grating structure, as shown in Figure 1(c). The propagation constant of the wave vector
in the plane of grating must be the same as the propagation constant of the SPPs, as

described in the equation below [1]:
27”;1,, sin 6+ m%” —+Re(s,,, ) 2)

where m is an integer representing the diffraction order, nd is the refractive index of the
sensing material, and A is the grating period. Here, A accounts for the change in the
SPPs propagation constant due to the presence of the grating structure.

The optical system of an SPR based refractive index sensor consists of a light source, an
SPR coupler with a sensor chip, and a light detector.

In [2] an approach to study the electromagnetic field in SPR metastructures is proposed.
The geometry [3] is a planar structure infinitely extended with a pulse excitation current
embedded in the substrate. The minimization of the thickness changes spectral Green's
function in a more efficient form, suitable for calculations. This kind of meta-structures is
suitable in various fields of application (e.g. optoelectronics and electromagnetic
sensors).

The use of the Green's function to calculate the distribution of the field in a given region
is a well established theoretical approach. Recent studies have used this technique in
anisotropic structures [4], for lossy transmission lines [5] and spectral analysis for

dielectric media [6].
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In the following the spectral Green's function evaluation in the 2-D Fourier domain, in
order to describe the SPR phenomenon in a meta-structure, is reported. We will refer to
the general case of pulse planar excitation in the artificial medium.

The meta-structure geometry is shown in Figure 2(a) where the layer is a meta-material
with the constitutive parameters defined according to Veselago’s idea [7]. This layer is
placed between the ground and the empty upper half-space. The study of the
electromagnetic structure can be developed starting from Maxwell's equations in the
time-varying system, where only the pulse current J , located in (x =0,y =-h, z=0) , is

assumed (Figure 2(b)).
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Figure 2: (a) Geometry of the metastructure, infinitely extended in the xz plane; (b)

Metastructure and pulse planar source

The electric field can be obtained from [3] as:

E=[G(r|r)e )V 3)

where G(r| r") is the spatial dyadic Green's function that normally is a complete 3x3
matrix, but under the planar excitation conditions G(r| r') reduces to a 2x2 dyad.

By using polar coordinates and applying the 2-D Fourier transform to (3) we can show
that the spectral electric field depends on the transformed Green’s function elements Gy ,
Gy, and G, [3].

In order to evaluate the SPR electric field at the interface y = 0+ we can use the

expression of the spatial electric field, given by:

E(r,y,2)=[ [ Gla,y, 8)s Ia~h, Bl dadp @)
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As example we present the SPR electric field component due to the spectral Green’s
function term Gy, :

|x|zsign[x]

E, =~4j(d - hynou )

22+
with (x,z) 0 and y = 0+ .
The total electromagnetic field at the interface y = 0+ is easily obtained by applying the

same procedure to the terms containing Gxx and Gzz .

1. SPR-based Sensors

Surface plasmon resonance (SPR) has been heavily utilized in sensing applications [8].
The resonant spectral response of SPR to a variation in external refractive index plays a
critical role in chemical and biological sensing technology. It offers interesting
characteristics, really advantageous in using them for sensitive and label-free biochemical
purposes. Plasmonic sensors are of great interest due to the rapidly progress in micro- and
nano-fabrication technology [9].

SPR based sensors can be classified by the coupling types used, i.e., metal-film coupling
based sensors and grating coupling based sensors.

Conventional SPR biosensors employ the standard Kretschmann configuration for the
SPR coupler [10]. The system is bulky, it is easy to fabricate practical sensors due to its
simple structure, and the sensing response can be easily obtained [11].

To construct a sensor based on the Kretschmann configuration, the effect of geometrical
parameters must be considered.

First of all, the thickness of metallic layers is a physical parameter that can be tuned to
improve the reflection spectrum [9]. Secondly, the spectral response of a sensor system is
dependent on the wavelength of the incident wave [12] and the refractive index of the
prism [13].

To further enhance the structure performances, several schemes have been investigated
by using additional flat dielectric film layers [14] and metallic layers [15].

Metallic nano-structures have been widely used to further improve the structure
performances, by using some characteristics of metallic nano-structures such as the local

field enhancement and the metamaterial-like behaviour or by increasing their surface area
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[16-17]. Grating structures were also used to induce a transmission through the metal film

[18].

Another type of metal-film coupling based SPR structure is a waveguide such as a fiber-
optic. Optical fibers as SPR sensor bodies have been extensively studied in last few years.
Fiber-optic present some advantages compared to other sensors, which include their
miniaturization capability, simplified design, and a high sensitivity [9].

The principle of a waveguide based SPR sensor is similar to the Kretschmann
configuration structure. In this case, the transmission spectrum from the optical fiber
comes from a few repeated reflections on the metal film in the sensing region.

However, some difficulties are associated with analyzing and optimizing the performance
of fiber-optic SPR sensors, unlike the Kretschmann configuration the wider spatial-
frequency bandwidth leads to resonance curve broadening in the transmission spectrum.
As a result, the resolution of the fiber-optic SPR structure is lower.

In addition, for the modeling of a fiber-optic SPR sensor, it is necessary to carefully
choose the type of fiber: an single mode fiber (SMF) or a multimode fiber (MMF), are
typically used. An SMF sensor generally exhibits a narrower resonance wavelength dip in
the transmission spectrum than that of an MMF sensor. It presents better resolution;
instead with the MMF it is easy to detect the output signals due to strong power intensity.
On the other hand, an MMF based sensor is more sensitive to mechanical disturbances
and launched conditions for the input light [19].

In general a fiber-optic SPR sensor shows a broader bandwidth compared to the
Kretschmann configuration.

In a fiber-optic SPR structures, structural modifications can be applied to enhance their
performances. Some approaches use long period gratings [20] and Bragg gratings [21], to
couple light from the core mode to the cladding modes and then provide the phase
matching needed to achieve SPR on the surface of an optical fiber in the infrared region.
The use of a surface metallic Bragg grating has also been investigated [21]. Such

structures present sharp resonance dips and improved power intensity.
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The SPR can also be excited by direct illumination of the gratings on a bulky metal
surface.

Grating coupling based SPR structures are typically less sensitive than metal-film
coupling ones. Their resonance angle 6,.s and wavelength A, are strongly dependent on
the grating parameters involving period and fill factors.

Hence, several theoretical and experimental studies have been carried out, in order to
improve the performance of sensors, especially their sensitivity. The sensitivity of grating
coupling based SPR sensors exhibits a minimum value that corresponds to the normal
incidence and increases with wavelength shift [12]. A grating coupling based sensor is
basically characterized by geometrical parameters such as period, depth, and fill factor of
gratings. Their optimization helps to improve their performances for both the sensitivity
and the resolution, by using nano-grating [22, 23], sharp dips [24] and nano-structures

[25].

2. LSPR-based Sensors

Recent significant advances in nano-fabrication and nanoparticle synthesis technology
have made it possible to achieve the complicate patterning of metallic nano-structures.
For nano-scaled metallic structures, it is possible to excite the localized oscillation of
charges confined to the surface of nano-structures by light illumination [26].

When a metallic nanostructure is illuminated by an appropriate incident wavelength,
localized electrons in the metallic nanostructure oscillate and create strong surface waves
[27]. The curved surface of the particle generates an effective restoring force on the
conduction electrons so that resonance can arise. This phenomenon leads to strong field
enhancement in the near field zone. This resonance is called LSPR. The LSPR
phenomenon is theoretically possible in any kind of metal, semiconductor or alloy with a
large negative real part and small imaginary part of electric permittivity.

Conduction electrons in the nanoparticles oscillate collectively with a resonant frequency
that is determined by their size, shape, composition and the refractive index of

surrounding dielectrics [9]. Field enhancement of local electromagnetic fields on the
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surface of nanostructures arises by excitation of LSPR, and results in strong scattering
and the absorption of light.

The resonance wavelength and electromagnetic field extinction properties (the sum of
absorption and scattering cross sections) by LSPR are strongly dependent on the type of
metal, size and shape of the nanostructures used.

In order to obtain the explicit form of the electromagnetic field distribution some
assumptions (when a particle interacts with electromagnetic field) must be done. First, we
assume the particle size is much smaller than wavelength of light in the surrounding
medium. In this condition, the phase of the harmonically oscillating electromagnetic field
is approximately constant over the particle volume. This is called quasi-static
approximation [28]. Secondly, the particle is homogeneous and the surrounding material
is a homogeneous, isotropic and non-absorbing medium.

In general, the structure is excited by an electromagnetic plane wave with the electric
field parallel (and the propagation vector k perpendicular) to the nanoparticle principal
axis, as depicted in Figure 3, where an example of a single particle is shown.

In such conditions we can relate the nanoparticle macroscopic dielectric function to its
microscopic polarizability. Therefore, in order to develop an accurate analytical model it
is crucial to find out the expression of the polarizability for the nanostructure considered.
In case of arbitrary shaped particle, the scalar component of the dyadic polarizability

along one of its geometrical axes can be expressed as [29]:

€.-€

1 (S
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where V is the particle volume, &, is the electric permittivity of the surrounding dielectric
environment, &; is the particle electric permittivity and L is the depolarization factor. The
polarizability value strongly depends on the nanoparticle geometry, particularly on its
size, shape, inclusion composition, and the surrounding dielectric environment refractive

index.
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Figure 3: Examples of nanoparticles

Following the same procedure in [30], new depolarization factors for the selected
particles have been developed [31-35]. Starting from such factors, it is possible to
develop new analytical closed-form formulas for the scattering and absorption cross-
section of the aforementioned particles. The general absorption (C,,s) and scattering

(Csca) cross- section expressions read:

Cabs = klm[(l] (7)
k' p
C, =— 8
abs 675 |(l| ( )

where k=2nn/A is the wave number, 4 is the wave length and # is the refractive index of
the surrounding dielectric environment.

Assuming that the inclusion permittivity can be written as &= €real j€immaginary the dipolar
polarizability a is maximized (in other words, the nanoparticle is at its resonance

condition) when:

{Re[se +L(e, —¢,)]=0 9)

Im[ae + L(gi —g, )] =0
It is interesting to note how the shape factor (L) of a small nanostructure plays a critical
role in the dipolar polarizability for enhancing the LSPR strength. This variable is
straightforwardly influenced by aspect ratio [36]. In other words, resonant enhancement
increases as particles are made more needle-like. For example, a nanorod is designed for
achieving higher aspect ratio. In particular, in such a structure, the dipolar polarizability

linearly depends on the aspect ratio of a nanostructure. The notable increase of aspect
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ratio can lead to a sensitivity improvement accompanied by a remarkable wavelength

shift [37].

LSPR phenomenon in the nanostructures leads to new optical responses. Near-field
coupling and/or far-field dipolar interactions, depending on the spacing between adjacent
nanostructures can be induced [38]. For improved optical sensing, the LSPR and its
resonance wavelength shift in a single nanostructure or interacting metallic
nanostructures have been extensively exploited. Understanding LSPR properties and
optimizing the design of nanoparticles are the main subjects of current plasmonic sensor
research [39].

Tipically, LSPR is used to detect local changes in refractive index due to biological
events in diverse sensing applications. In metallic nanoparticle sensors, nanoparticles are
commonly immobilized on a glass substrate and exposed to aqueous solutions within
fluidic channels [38].

Since a highly confined electromagnetic field is sensitive to a single molecule, smaller
nanoparticles are advantageous for the detection of single molecules in bio-sensing.
However, although a single nanoparticle enables sensitive chemical detection with high
spatial resolution, its size should be carefully chosen to ensure that the signal intensity is

sufficient for a relevant LSPR-shift.

As nano-fabrication processes have rapidly developed, the recent sensor technologies are
being used for reading DNA bases [40] as well as detecting interactions between proteins
[41], surface membrane binding events [42], antigen-antibody recognition events [43],
and cellular imaging, acting as transducers that convert small changes in the local
refractive index into spectral shifts in the intense nanoparticle extinction and scattering
spectra [44].

In particular, the demand for surface plasmon resonance (SPR)-based nano-scale bio-
sensing has increased due to the advantage of label-free, minimal interference, and real-

time monitoring performance [45].
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The SPR has several drawbacks in applications due to its bulky system and low spectral
resolution [46]. On the other hand LSPR has a great potential for resolving these issues.
Such nanostructures for achieving LSPR can resonate with the incidence of
electromagnetic fields at certain wavelengths, giving rise to strongly enhanced near-fields
and spatially confined free-electrons [47, 48]. Plasmon excitations on the metallic
nanostructures can be a promising constituent of the propagating plasmon employed in
traditional SPR sensors. As compared to SPR sensors, LSPR sensors can be advantageous
due to their capability of optimizing the sensing performance through variations of the
size and shapes of nanostructures.

The extremely intense and highly confined electromagnetic fields induced by the LSPR
can realize a highly sensitive probe to detect small changes in the dielectric environment
around the nanostructures. When molecules get close to the surface of a noble metal
nanostructure, the refractive index of immediate environment surrounding the
nanostructure is increased. Thus, molecular interactions at the surface of the
nanostructures directly lead to local refractive index changes; these changes can then be
monitored via the LSPR peak wavelength shift.

This can allow for the detection of extremely low concentrations of molecules [49].
Hence, the ideal LSPR nanosensor should have a high spectral shift along the alteration
of surrounding material and a narrow line-width of spectral response [50].

Major issues of current LSPR bio-sensor research include understanding LSPR properties
in certain

nanostructures, optimizing the design of nanostructures, and improving sensitivity and

resolution.

2.1 Nanoparticles Inter-Coupling effect

The first example of LSPR sensor nanostructures was the simple sphere-shaped
nanoparticle. In such a structure it was noted that the field strength is too weak and its
distribution is not well-confined. Therefore, it does not seem to be appropriate for sensing
applications.

Otherwise, additional field enhancement and focalization can be achieved by the inter-

coupling between particles when they are close to each other.
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From the inter-coupling between two nanoparticles, stronger LSPR enhancement can be
achieved. Such LSPR enhancement originates from the charge induction between two
nanoparticles, which interact stronger as they get closer to each other. Such phenomenon
is exploited in metallic nanoparticle arrays, where the number and position of the array
elements can be arbitrarily varied in order to get the optical resonant response [51].

To use this enhancement mechanism in [52] a structure consisting in a linear chain of
gold nanocubes deposited on a silica substrate was proposed. In this design an additional
near-field enhancement is achieved when the inter-particle distance is equal or less than
the single nanoparticle dimension. The particle inter-coupling effect can be explained

with the following analytical closed-form formula:

N

N
F(6,¢)= Z a, + Z O (10)

i=1 k=1
k#i

where a; is the excitation coefficient of the single array element and ci is the coupled
coefficient between i and k-th array element. The coefficients ci depend on the inter-
particle distance. Therefore, when the inter-particle distance increases such coefficients
decrease and the near electric field distribution is less intense according to the results
obtained through full-wave simulations (Figure 4). It is possible to observe that the peak
of the resonance is shifted towards shorter wavelength when the inter-particle distance
increases. The scattering and absorption efficiencies can be evaluated as a function of the

inter-particle distance.
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Figure 4: Simulated spectra for different inter-particle distance

In Table I the values of absorption and scattering efficiencies at the resonant wavelength

for different inter-particle distance are reported.

Inter-particle distance Scattering efficency Absorption Efficiency
1/8 0.83 0.17
1/4 0.76 0.24
1/2 0.61 0.39
L 0.43 0.57

Table I: Scattering and absorption efficiencies for different inter-particle distances

The values reported in the Table suggest the possibility to realize strong absorber layer

using the proposed device with inter-particle distance comparable to the dimension of the

nanoparticles (d=/).
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2.2 Structural Modification for Higher Sensitivity

2.2.1 Polarizability enhancement by using Multipolar Resonance

To realize more advanced LSPR structures, one of the useful methods is increasing their
polarizability by exploiting the multipolar resonance. Such an issue can be reached by
increasing the aspect ratio of a nanoparticle, in this way both transverse and longitudinal
modes are split. From these two modes, two plasmon resonant peaks are observed due to
anisotropy [53, 54]. Each resonant peak in two plasmon modes corresponds to
longitudinal and transverse plasmon modes, respectively. Derived from this concept,
multipolar resonances are introduced in several nanostructures [55]. The polarizability
value strongly depends on the nanoparticle geometry, in particular on the Volume and
Depolarization Factor (both related to its size and shape), the inclusion composition and
the surrounding dielectric environment refractive index. In particular, the L factor plays a
critical role in the polarizability resonant behaviour for the enhancement of the LSPR
strength. Such an aspect is fundamental due to the fact that the depolarization factor
strongly depends on the nanoparticles Aspect Ratio (AR) [29]. In particular, the
enhancement of the resonance is reached as the nanoparticle gets high AR values, leading
to an improved sensitivity.

For this reason, in [56] the rod shape is chosen due to such geometry can reach a high AR
value. Nanorods exhibit both longitudinal and transverse plasmon modes, related to two
different polarizability components. Each mode (and its resonant properties) depends on
the orientation of the particle axis respect to the electric field oscillation as well as the
geometrical length of the axis [57]. For longitudinal and transverse plasmon modes, the
depolarization factors (L; and L) along the electric field oscillation axis were analytically

calculated and they read, respectively:

1 1
Ltrans = ;Llong = _(1 - Ltrans) (l 1)
16a’ 2
T
(4a+h)

High refractive index sensitivity and corresponding high FOM values are attributed also
to ellipsoidal nanostructures. Following the same procedure in [33] The electromagnetic

properties of triaxial ellipsoidal nanoparticles, in terms of extinction cross-section
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(absorption and scattering), were evaluated. In particular, in this study, the nanoparticles
are triaxial ellipsoids with a > b > ¢, where a, b, and ¢ are the semi-major axes aligned
along the coordinate axes (X, y, z). Considering the electric field polarization of the
impinging plane wave and the particle geometry, the depolarization factors along the

three axis follow:

2
7 n ¢
L. ... . =—1- se=q1—-| — 12

tri-axial ellipsoid 27_[ \/TI:2 . W (bj ( )

2
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where E is the complete elliptic integral of the second kind. It is worth noting that if the
triaxial ellipsoid degenerates into a prolate/oblate ellipsoid or sphere, the depolarization

factor coincides with the classical formulas existing in the literature [20].

A nanodisk displays the anisotropic property distinct from a nanoparticle [31]. The
optical extinction peak as a function of refractive index is more shifted as the aspect ratio
of a nanodisk increases [58-59]. The elongated nanodisk made by the increase of aspect
ratio shows that the resonant peak is more shifted than the resonant peak of circular
nanodisk. It can be explained that higher aspect ratio makes stronger dipole moment and
acutely affect on the surrounding materials. It makes the resonance more sensitive to the
refractive index changes. In addition, the magnitude of induced fields is increased due to
stronger dipole moment. All such statements are also confirmed by analytical and

numerical models:

1
LE]]iptica]Cylinder =1t ’ 2
P 2 2
4, la” + L 1-11= b
16 a
(13)

where a and b the elliptical cylinder base semi-axes lengths, 4 the height length of the
structure.
It is worth noting that if the elliptical cylinder degenerates into a regular cylinder (a =b),

the polarizability coincide with the classical formula existing in literature [30].
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One of the representative structures which enhance its sensitivity by increasing the
polarizability is the nanocresent structure [41]: an extremely high field intensity can be
achieved at the nanocrescent. Localized and confined electromagnetic field enhancement,
called “hot spot”, is attracting much attention in designing sensors. Hot spots generated at
nano-scale sharp tips can provide localized sensing with the greatest sensitivity and
resolution. The localized field intensity is much larger at the edges of a nanocrescent. The
shape and dimensions of a nanocrescent should be properly designed to achieve localized
field enhancement at the sharp edges. One of the major physical parameters for designing
a nanocrescent is the width of nanocrescent since it strongly relates to the structural
polarizability. This can be explained by the relation between shape factor and aspect
ratio, which means that more needle-like structure can strongly enhance the field.

In addition, field enhancement of nanocrescent is strongly dependent on the polarization
state of light. When illuminated by vertically polarized light, higher field intensity can be
achieved as compared with the incidence of horizontally polarized light. This
phenomenon can result from the difference of accumulated electrons at the sharp edges of
a nanocrescent. Horizontally polarized light equally separates the electrons to the both
ends of nanocrescent, whereas vertically polarized light enables electrons to freely move
to sharp edges of a nanocrescent, which leads to higher field intensity.

Moreover, some structures can be explained by the composition of both multipolar
resonance and inter-coupling of nanoparticles. For example, double nanocrescents
structure facing each other is a representative case.

Current developments of nano-imprinting of gold nano-particles on a dielectric substrate
allow the fabrication of planar sensors with high resolution and excellent sensitivity
performances [60]. In fact, for an inter-particle distance much smaller than the incident
field wavelength, electric near-field interactions between nano-particles may lead to a
more uniform distribution of the electric field, increasing, thus, the active area of the
sensor.

In [61] this phenomenon is exploited to propose the design of a new LSPR sensor,

consisting of a 2D planar array of different nanoparticles.
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Figure5: Top view of the unit-cell of 2D planar array

The proposed sensor is shown in Figure 5. Its structure consists in a planar array of gold
nano-particles deposed on a silica substrate. Different nano-particles have been
considered: nano-cylinders and nano-crescents. The choice of these two particles allows
maximizing sensor sensitivity. In fact, in order to enhance LSPR, three mechanisms are
here combined:
e coupling gold nano-particles with inter-particle distance much smaller than the
incident field wavelength;
e use of gold nano-crescent to increase the polarizability by employing the multi-
polar resonance;
e use of coupled nano-cylinders in cross (X) configuration to increase the

sensitivity of the LSPR sensor, based on the plasmon hybridization.
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Figure 6: Electric field distribution on the sensor surface at the resonant wavelength

without sample for two different polarizations (a-b).
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The electromagnetic interaction, between the proposed structure and the incident plane-
wave, results in a strong local electric field enhancement, localized nearby the surface
(Figure 6). In the proposed configuration the strong localization of the electric field is due
to the interactions among nano-particles of different shapes: nano-cylinders and nano-
crescents. Therefore, the structure exhibits several resonant frequencies, whose position
depends also on the electric field polarization.

As shown in Figure 6, the use of different shapes of nano-particles, arranged in array
configuration, allows obtaining an electric field distribution that optimizes the active area
of the sensing platform and an enhancement of the local electric field, caused by the
inter-coupling of such structures. It is clear that the sensitivity of the proposed sensor is a
function of the electric field polarization. In particular, higher sensitivity is obtained with
the polarization shown in Figure 6, associated to a high field intensity between nano-
crescent tips.

Intensity distributions of double crescents are similar to the optical responses of a single
nanocrescent and sensitively respond to incident polarization of light. However, they can
produce much higher field intensity.

Enhanced field intensity calculated at double nanocrescents is approximately two times
larger than that of single nanocrescent for the vertically polarized case, and even higher
for the horizontally polarized case. It can support that localized capacitive inter-coupling
nestled at nanogaps enhances even more the field intensity of a single nanocrescent
structure. This inter-coupling effect is more effectively generated with horizontally
polarized light, which can be explained by the attraction between the oppositely induced

charges at the end of nanocrescents.

In traditional LSPR sensors the induced localized fields have a non-uniform spatial
distribution on the sensor surface. In [62] additional field enhancement, uniformly
distributed, is proposed by inter-coupling among different geometries inclusions. This
can be a useful tool for ultrasensitive applications.

The proposed structure consists of a planar array of gold nanospheres coupled with two
symmetric nanocrescent resonators, deposed on a silica substrate Figure 7. By using this

approach, it is possible to gain a higher near field enhancement (Figure 7) compared to
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the one obtained in structures present in technical literature [63, 64]: the near field

distribution is highly and uniformly localized near the inclusions.
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Figure 7: Geometry and electric field distribution of the proposed unit-cell structure.

.2.2.2 The Use of Plasmon Hybridization for Enhancing LSPR Resonances

Another promising method for increasing the sensitivity of LSPR sensor is using the
plasmon hybridization [67]. Plasmon hybridization theory originates from the
hybridization of essentially fixed-frequency plasmon resonances of individual
nanostructures in a complicated nanostructure. In the model of plasmon hybridization,
bonding and anti-bonding modes are introduced. At the low energy level, bonding mode
is formed by symmetrical coupling in a nanostructure. Meanwhile, anti-bonding mode
results from asymmetrical coupling in a nanostructure at high energy level. The physical
models of plasmonic hybridization have been incessantly brought into novel
nanostructures such as nanorings and nanoshells. Dual or multiple resonant wavelengths
sensing can be achieved by several structure such as nanodisk trimers [68], nanoring
trimers [69], and plasmonic oligomers [70]. Interaction of incident light with gold
nanodisk trimers can give rise to dual wavelength sensing. As the inter-gap distance
among nanodisk trimers increases, dual resonant peaks in visible and near infrared
wavelength range are observed arising from the electromagnetic coupling among the
three disks.

This results from the plasmonic hybridization with a great tunability (ring size, wall

thinkness and ring separation, core thickness). Due to complementary vibrational analysis
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of biomolecules combined with LSPR, the enhancement of scattering light from such
structures can play a crucial role in the field of sensing.

Tunable plasmonic nanostructures consisting of periodic arrays of nanodisks and
nanorings have also been investigated theoretically and experimentally [71]. A nanoring
can confine induced electric fields into the nano-scale area as compared to a nanodisk.
Additional field enhancement can be achieved at the center of a nanoring due to the
plamonic hybridization. In designing the nanoring structure, nanoring width must be the
critical parameter. Narrower spectral linewidth at the visible-NIR spectrum can be
obtained as the nanoring width increases. Narrow spectral linewidth can be mentioned as
high spectral resolution. Spectral resolution at the nanoring might be determined by the
nanoring width. It also implies that this structure can have more degree of freedom than
the nanodisk.

Other representative nanostructures based on plasmonic hybridization are the nano-star
[72] and nano-pillar [73] structures. They typically show an LSPR of the core and
multiple LSPRs corresponding to the tips and core-tip interactions. The latter are
polarization dependent and accompanied by large local electric field enhancements at the
sharp ends of the tips. They revealed that several different plasmon modes can be
experimentally observed for a specific polarization state of the incident light. It is
described by the hybridization of plasmons associated with the core and individual tips of
the nanoparticle. The electric near-field enhancement arise from tip plasmon modes and it
is determined by the size of the core, as a result of the hybridization of tip and core
modes.

Individual plasmonic hot spots in a single gold nanostar can be selectively produced at

the tips with respect to the wavelength and polarization of incident light [74].

Several researches focused the attention on nanorod particles optical properties for the
following reasons: high sensitivity to the surrounding refractive index changes, great
enhancement of LSPR strength caused by its shape (as particles are made more needle-
like, the stronger resonant enhancement is achieved, leading to a sensitivity improvement

and consequently to a remarkable wavelength shift increase), the easiness to fabricate
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them in high quality from solutions, the possibility to tune their resonant conditions by
varying the aspect ratio and finally its strong scattering efficiency [75].
In [56] an analytical and numerical investigation for modified gold nanorod particles,
operating in the visible and in the infra-red regime was proposed. The modified particles
consist in a core/shell structure (dielectric core/metallic shell) embedded in a dielectric
environment. Their electromagnetic properties, in terms of extinction cross section
(absorption and scattering) for both longitudinal and transverse modes excitation, are
evaluated. In particular, new analytical models are developed, describing their resonant
behaviour (in terms of wavelength position, magnitude and amplitude width).
As mentioned before, nanorods exhibit both longitudinal and transverse plasmon modes
[57], related to two different polarizability components. Each mode (and its resonant
properties) depends on the orientation of the particle axis respect to the electric field
oscillation as well as the geometrical length of the axis [57]. The proposed modified
particles allow us to add other two degrees of freedom (the shell thickness and the
electromagnetic characteristics of the core material) in the design of their optical
response, compared to the classical ones.
As reported in [76, 77], let’s consider a general multilayered particle (with core and shell
permittivity €,,; and &, respectively) embedded in a homogeneous medium with the
dielectric permittivity &,. Assume to know the core average polarizability a,,;. Let’s
replace the initial particle with an homogeneous particle with the average permittivity €,y
in an homogeneous dielectric medium with permittivity €. This provides us a dipole
moment and a polarizability equivalent to the original particle one. Finally, let’s place the
new particle (€,,2) into the original dielectric medium &y,.
By following the procedure described above, the analytical expression (scalar
component) of the dipolar polarizability for the structure reads:

a . (g8,)(Le —(L —1)g,)+B(e,€ )((L, ~1)e,-Le,)

Ve, LB(Ly-1)(e3-6,)(62-60 )-((Ly-1)es L, )(Lota-(Ly-1)s, (14)

where =V /V,, V; is the volume of the i-th layer, ¢; the dielectric permittivity of the i-th

layer, €n, the dielectric permittivity environment, and L; is the depolarization factor of the

i-th layer, with i=1,2.
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For longitudinal and transverse plasmon modes, the depolarization factors (L; and L;)

along the electric field oscillation axis are the ones reported in the paragraph [56]
2.2.3. Sensitivity Improvement Utilizing Fano Resonance and Symmetry breaking

Many researchers have paid attention to plasmonic structures that exhibit Fano
resonances in their optical spectra. Fano resonance emerges from the coherent coupling
and interference of bright and dark plasmon modes. This coupling results from symmetry
breaking [78].
In [35] by exploiting the symmetry breaking principle, the electromagnetic properties of
traditional and modified bow-tie nanoparticles were investigated. The modified bow-tie
particles consist of a pair of opposing metallic truncated triangles, embedded in a
dielectric environment, with a rectangular dielectric hole engraved on the metallic
structure. In this configuration nanoparticles exhibit a multi resonant behaviour
associated with a high electric field localizations (hot spots) near the nanoparticles. The
considered geometrical parameters are shown in Figure 8. They are: the major-side length
a, the height of the triangles b, the minor-side length ¢, the inter-particles gap d, the
height of the dielectric hole g, the minor-side of the dielectric hole fand the thickness e of
the structures.
Following the same procedure conducted before, it is possible to develop new analytical
models describing the extinction cross-section properties for both considered
nanoparticles. As reported before, the general corresponding expression can be written as
follows:
k* 2
o

Coi = kIm[(x]+ —
6m

(15)

Considering such elements and the electric field polarization of the impinging plane

wave, the polarizability formula for the classical bow-tie particle follows [35]:

1 € (8< —& )
) e(albad)—cd) \& T & 16
A pow-tie 3 e(a( + ) «d) €, + Lbow-tie (Si - 83) ( )
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In order to exploit the symmetry breaking phenomenon the classical bow-tie structure is

L

= iArcTan (17)
V4

bow—tie

modified by inserting a dielectric hole in one of its side [79], as shown in Figure 8.

- i d
f ,lf,'_u

tH
E k F

(a) (b)
Figure 8: Geometrical sketch of the particles under study: (a) Top view of classical bow-

tie particle; (b) Perspective view of modified bow-tie particle by dielectric incision.

The reason for the employment of the dielectric hole in the classical bow-tie particle is
the possibility to excite a new resonant frequency on the same structure in order to
achieve a multi-band behavior.

The main advantages to use a multi-resonant structure are the following:

+ Improved sensor sensitivity: the excitation of multiple resonant frequencies in the same
structure, caused by such a configuration, leads to a high electromagnetic field
localization in the neighborhood of the nanoparticles (an additional hot spot is obtained).
By using the dielectric hole (perpendicular to the electric field oscillation axis) inside the
bow-tie particle, an additional resonant peak is obtained. From a physical point of view,
the multi-resonant behavior can be related to the additional capacitance existing inside
the particle. This resonance is localized towards longer wavelengths compared to the
classical bow-tie configuration due to the fact that we have assumed g > c.

* The possibility to tune the nanostructure resonances, by changing its geometrical and
electromagnetic characteristics in order to coincide with the spectral absorption
characteristics of the sample is under study. It turns out to be a useful tool for absorption

measurements.
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In particular, by following the same procedure conducted in the previous section, in order
to control and to tune such frequencies a new analytical model for the modified bow-tie
polarizability was developed. In this case the total polarizability is the sum of the
traditional bow-tie polarizability a; and the dielectric hole polarizability a, as follows:

o, =0, +0, (18)

tot

=e'f'g'8e(8i_8e) (19)
€e +L2(8i _Se)

a,

L,= %{1 ——me:%gz}smc{ \/% + 1} (20)
Such electromagnetic behavior is also confirmed by full-wave numerical simulations: the
electric field distribution in the nanoparticle is shown in Figure 9(a) and Figure 9(b). It
can be noted that the electric field localization inside the dielectric hole (Figure 9(a))
leads to a new resonant peak (883 nm), while the electric field distribution existing in the
gap (Figure 9(b)) represents the resonant frequency (668 nm) that can be found in the

classical bow-tie configuration.
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Figure 9: (a) Near electric field distribution of modified bow-tie particle with 6 = 30°; f
=10 nm, g = 80 nm at 883 nm; (b) Near electric field distribution of modified bow-tie
particle with 8 = 30°; =10 nm, g = 80 nm at 668 nm.

Another approach which can introduce a coupling between dark and bright modes is to
use an anisotropic environment, such as depositing a nanoparticle onto a dielectric

substrate.

They have appeared to be surprisingly more sensitive to the local dielectric environment
than the instinct plasmon modes of the nanostructure.

A variety of nanostructures have been experimentally exploited for the potential
performance of LSPR nanosensors recognizing the variation of local refractive index.
The aforementioned nanostructures, double nanocrescents and nanostar, are

experimentally demonstrated [22, 23].
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The hybridization of nanocross and nanobar can take to the coherent coupling of both
bright and dark plasmon modes [24]. This proposed structure might provide voluminous
sensing areas.

A variety of array structures have been experimentally verified as well. Periodic gold
nanopillar system has been reported to introduce complementary properties of localized
and extended surface plasmons together. Aligned gold nanotube arrays have been
presented as competitive refractive index sensors. Recently, in plasmonic nanorod
metamaterials have been introduced. They demonstrated sensing improvement utilizing a
plasmonic metamaterial that is subject to supporting an anisotropic guided mode in a

porous nanorod layer [25]..

2.3 Sensitivity Improvement and Multi resonant structures by using Mixing Formulas and

Homogenization Theory

Improved sensor sensitivity can be achieved by the excitation of multiple LSPR
phenomena in the same structure, by using a layered configuration, leading to high
electromagnetic field localization in the neighborhood of the nanoparticles.

In [80] the design of a multi-resonant metamaterial-based sensor operating in the optical
frequency range is presented.

The nanostructure proposed, consists of nonhomogeneous structure: a planar dielectric
slab, representing the dielectric background material, in which multilayer metallic
resonating inclusions embedded in a dielectric environment.

The use of a homogeneous structure leads to a single LSPR resonant frequency condition,
whose strength depends only on the shape of the external boundary of the inclusion (V, L)
and its electrical properties (€real, €imm). Instead an inhomogeneous (multi-layered)
structure increases the degrees of freedom in the structure design and consequently
increases its number of resonances.

To describe the entire structure electromagnetic behavior it is necessary to evaluate their
electromagnetic properties, in terms of effective permittivity. Following the same

procedure in [76, 77] the general analytical expression for a two-layered structure reads:
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e _ B(Sz - 51)((L2 + 1)82 - LZSm)_ ((L1 + 1)82 - Llsl)(az - Sm)
Vae, LzB(Lz - 1)(82 & )(82 —&n ) - ((Ll - 1)82 —Lg, )(ngz - (Lz - 1)8m)

where V; is the volume of the i-th layer, f= V/ V,, &; the dielectric permittivity of the i-th

€2y

layer, &, the dielectric permittivity environment, and L; is the depolarization factor of the

i-th layer, with i=1,2.

Another example of homogenization theory is reported in [81], where a new general
expression for the effective permittivity of dielectric mixture is presented. The mixtures
consist of inclusions, with arbitrary shapes, embedded in a surrounding dielectric
environment. We consider the hosting environment and the hosted material as real
dielectrics, both of them as dispersive dielectrics.

The proposed analytical models simplify practical design tasks and allow us the
understanding of physical phenomena and of electromagnetic behaviour of dielectric
mixtures.

Following the same procedure in [29] the new correspondent general expression of the
effective permittivity for an arbitrary shape particle embedded in a dielectric environment

reads:

& ((f-l)ae (Lx’y’z-l)—kgi (f'(f'l)Lx,y,z))
T {(F L ) (F) L

ixy.z

(22)

where f'is the volume fraction of the inclusions in the mixture.

In this study the hosting environment and the hosted material are considered as real
dielectrics. The following case studies are studied:

1. The inclusion is assumed to be dispersive and homogeneous dielectric, instead the
environment a dispersionless and lossless material.

2. The inclusion and the environment are both considered as dispersive and
homogeneous dielectrics.

It was shown that in both considered cases the mixture effective permittivity follows a

general Lorentz-like model under specific conditions.

Case 1: Inclusions with Lorentz dispersion model in a dispersionless and lossless

environment
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Starting from the general polarizability expression, as inclusions and environment

permittivity can be expressed as

2
pl

2 2.
W~ -JY, @

g (o)=¢,,+ ®

1

and & respectively, the total effective permittivity expression reads as follow:

e (0)= €, [03131((f ~1)L,,, - f)+ (032 +jy,0 - m§1X(f ~1)e. ~ 1L, —(f 1), + f)]
(f-1L,,,0% +(0 + mo-o JE-1e. 1L, +5.)

(23)
being w,=2nf, the plasma frequency, wo=2nf, the natural frequency, y the damping
frequency, o=2nf the angular frequency and &, the dielectric constant at high frequencies.
An example for the effective permittivity in its real and imaginary part is reported in
Figure 10, where the effect of the volume fraction £, the depolarization factor L and the

background permittivity is shown. As expected, only one resonant frequency is reached.
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Dielectric mixture effective permittivity
——¢,=1 (Real part)
&,=1 (Imaginary part)
—&,=3 (Real part)
£,=3 (Imaginary part)
—¢,=5 (Real part)
&,=5 (Imaginary part)
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20 4

Effective permittivity

Frequency [GHz]

(c)
Figure 10: Variation of the dielectric mixture effective permittivity as a function of (a)
depolarization factor L (e.=1; €x=1; 0p1=2-1-100- 10°; wo;=2-1-5-10; v1=10-1 0’; £=0. 1);
(b) volume fraction f (g.=1; £.=1; 0p=2-1:100-10%; w0 =2-7-5-10°; y;=10-10"; L=0.05)
and (c) surrounding dielectric permittivity €. (€x=1; ©@y1=2-7-100- 109; Wo=215" 109;

y1=10-10%; £=0.1; L=0.05)

Case 2 Inclusions and environment with Lorentz dispersion model
Following the same procedure in the previous case, at this time inclusions and

environment permittivity can be expressed, respectively, as

®
(0)=¢ +—2
81((’)) O w(z)l'wz'j'Yl(’)
and
2
g, (0)=¢,,+ B2

®, -0 1,0 )
The total effective permittivity expression, in terms of real and imaginary part, reads as

follow:

c (0))2 (0)2—6012)2+jy20)-03(2)2)(gi(m)—ge(m)-i-l)
T g (0)Fon (-(F)L, 1)+’ 00,

(24)

with

77



ol ((F1)L,,,-f)
o’ +jY1(D'(’3§1
(F1)(Lyy. 1o,
®” +iy, -0,
(1)L

X,y,Z
g.\0)= :
* ( ) o’ +J71(’3‘0331

g (w)=

g.(0)=

2 ( 2. 2
©y, ((D +J72(D'(’302)

An example for the effective permittivity in its real and imaginary part is reported in
Figure 11. In this case, by using dispersion in both materials two resonant frequencies are
possible.

Dielectric Mixture effective permittivity

——L=0.1 (Real part)
i | ——L=0.1 (Imaginary part)
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——L=0.3 (Imaginary part)
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Effective permittivity

100 Frequency [GHz)

(a) (b)

Dielectric mixture effective permittivity
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(
‘ ——f=0.1 (Immaginary part)
‘ ——f=0.6 (Real part)

| ——=0.6 (Immaginary part)

400 4

Effective permittivity

Frequency [GHz]

4004

Figure 11: Variation of the dielectric mixture effective permittivity as a function of (a)
depolarization factor L (e.=10; €,1=1; wp=2-1-100- 109; w01=2-n-5-109; v1=10- 109;
p2=2-7-80-10%; ©0=2-7-20-10%; y,=10-10%; £=0.1) and (b) volume fraction f (.~10;
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Eoor=1; 0p1=2-1:100-10°; 001=2-1-5-10°; y;=10-10"; 0p,=2-1-80-10°; wp=2-1-20-10’;

v,=10-10°; L=0.1).

The proposed analytical formulation can be used as a powerful tool for a reliable model

design for polymers or mixtures of them in the infrared (IR) region. As an example, in

[81] the modeling of PMMA electromagnetic behavior is presented. The main purpose is

to show how to replicate the dispersive electromagnetic properties of PMMA by using

the aforementioned proposed electromagnetic modeling approach.

Some obtained results, are shown in Figure 12(a) and (b), respectively.
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Figure 12: Modeling of PMMA dispersion behavior with: (a) a single resonant structure,

(b) a multi resonant structure

The most remarkable result to emerge from Figure 12 for both structure, is that a good
agreement is reached between the experimental results existing in literature [82], and the
proposed modeling approach. Our formulation reproduces pretty well the electromagnetic
response of the considered material. This concept can be extended to other materials and

in particular to other frequency ranges such as Microwave, Millimeter-wave and optical

frequencies.
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2.4 Sensitivity improvement by combining Plasmonics and Epsilon-Near-Zero (ENZ)

materials

Recently, in [83] a new kind of nanoparticle by combining both the plasmonic and ENZ
effects was proposed. The proposed structure consists of resonating inclusions, of core-
shell spherical shape (PMMA-Graphene core and gold shell), embedded in a dielectric
environment, as shown in Figure 13 (a). The nanostructure has a specific resonant
frequency in terms of magnitude, amplitude width and wavelength position. Such
properties depend on the particle geometrical characteristics, on the surrounding
dielectric environment properties and on the electromagnetic properties of the shell/core
material it is made of.

As reported previously, when an electromagnetic plane wave excites the structure under
study, the LSPR phenomenon takes place, leading to a strong local electromagnetic field
enhancement.

The inclusion (core and shell) is assumed to be dispersive and lossy material, instead the
environment a dispersionless and lossless material. Consequently, the environment
permittivity can be expressed as &, the core and shell inclusion can be both described by
Drude-like relations.

Starting from [29] and considering the previous assumptions, the general effective
polarizability expression reads as follow:

B (2f2 En '28002 )(fl 'fz T, E ) + ( €2 'fz Cm )('fl '2f2 T, +28002 )
N '(fl +2f2 € '25002 )('fz +2‘3m te,, )'26('f2 €n e )(fl 'fz € +8002)

a=3V,e

2 2

Q) ()
with f=—L2— f,=—"—.
o Hye T o H)y,o

The use of ENZ metamaterials is fundamental for sensing applications. As reported
before, the presence of the dielectric background modifies the permittivity around the
particle and thus changes the conditions for the propagation of the electromagnetic
waves. In the case of an ENZ media, the starting effective refractive index is near zero

and the relative change caused by the modification of the background material
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permittivity will be very large. As a consequence the resulting refractive index will be
approximately equal to the permittivity change due to the background material [84].

Two crucial aspects in using ENZ metamaterials for sensing applications are reached:

* no disturbance interactions between the system and the sample under test are present;

* a greater sensor sensitivity. In this kind of structure two phenomena are both existing,
the LSPR effect leading to a strong local electromagnetic enhancement in the
neighborhood of the particle and the ENZ one that leads the electric field lines outside the
core particle, due to the fact that the effective structure permittivity has a very low value
at the resonant frequency as shown in Figure 13 (b).

Both phenomena ensure a stronger electric field interaction with the surrounding
material, restricted in a small area, compared to the traditional cases.

This means that the local changes in the refractive index environment can be detected by

the shift of the resonant wavelength of the structure.

(a) (b)

Figure 13: (a) Nanoshell particle with PMMA-Graphene Core (green) and gold shell
(yellow). The surrounding dielectric medium is considered to be vacuum; (b) Near
electric field distribution of the core/shell particles at the resonant PMMA-Graphene
plasma wavelength (572 nm) for a; = 35 nm, a, = 40 nm. The incident electric field
amplitude is 1V/m.

2.5 Comparison between Analytical Model, Numerical and Experimental Values

Using the analytical models reported in the previous section, it is possible to calculate

analytically the inclusion resonant wavelengths. In this sub-section numerical results,
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performed by full-wave simulations, are compared to the theoretical ones, obtained from
the proposed model, and to the experimental values [85], for different geometrical
parameter configurations, as reported in Table II. The surrounding dielectric medium is
considered to be water with a complex refractive index n=1.33 + jO at all wavelengths.
The relative analytical-numerical errors and analytical- experimental ones have been
calculated and reported in Table II. Their expressions read, respectively:

A A

analytical /" numerical

€110rT,

analytical-numerical —

numerical ( 2 6)

A A

analytical - experimental

CIT1O0T,

analytical-experimental —

experimental
In Figure 14, an example of absorption cross-section spectra for the selected

nanoparticles is presented.

) Resonant wavelength [nm] Analytical | Analytical-
Nanoparticl ‘
Size - Experiment
e Analytica | Numerica | Experiment )
[nm] Numerical al
Geometry I values | 1values al values
Error (%) | Error (%)
1=30 510 570 532 10.53 4.13
1=40 530 580 537 8.62 1.30
Cube
1=55 560 595 547 5.88 2.38
1=70 590 610 575 3.28 2.61
h=46
Nanorod 700 637 690 9.89 1.45
a=20.7
h=61
740 703 760 5.26 2.63
a=21.5
h=75
810 772 820 4.92 1.22
a=22.4
h=89
900 853 890 5.51 1.12
a=22.2
Elliptical h=20 620 633 600 2.05 3.33
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cylinder a=b=74

h=20
a=b=92

660 669 640

1.34

3.12

h=20
a=b=11
3

690 718 660

3.90

4.55

h=20
a=b=13
7

740 776 710

4.63

4.22

Table I1: Comparison of resonant wavelengths for the considered inclusions
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Figure 14: Example of absorption cross-section spectra comparison between analytical
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3. Effect of Geometrical and Electromagnetic Parameters and Sensitivity

In this section, we introduce the main principles for designing the highly sensitive and
strongly enhanced LSPR sensors. In addition, in order to compare sensing performance,
the sensitivity of the structure will be introduced.
The inclusion electromagnetic properties are highly dependent on the size, shape, and
nanoparticle composition. Therefore, in this section the effect of the geometrical and
electromagnetic parameters on the nanoparticle resonant behavior is studied. In order to
design the aforementioned inclusions, we relate their electromagnetic resonant properties
to the geometrical parameters, to the metallic material properties (real and imaginary part
of permittivity: €., and &imm, respectively), and to the surrounding dielectric environment
permittivity ..
From the obtained analytical models it is clear that a relation between the nanoparticle
resonant frequency, its geometrical parameters (dimensions, particle volume), the
metallic material electromagnetic properties (real permittivity €, l0sses €imm), and the
surrounding dielectric environment permittivity €. does exist.
It is well known that the particle polarizability is at its resonant condition when:

[e, +L(g, —¢,)]=0 (27)
As the inclusion permittivity can be expressed as & = &ca T jeimm, the dipolar

polarizability expression, in terms of real and imaginary part, reads [31]:

V|Le &2, +(1-2L)2e

e~ real e “real

L’ +2L(1-L).g, , +(L—-1)e2 — L%

real imm

€~ 1imm

+(L-1)} —Le g ]+ j[ngsimm]

(28)

It is worth noting that, in order to reach the resonant behavior, the denominator of (26)
must go to zero in both its real and imaginary part. Starting from (26), the role of each

term is studied and briefly reviewed in Table III.
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Changes in the resonant frequency

Parameters N _ i
(position, magnitude, bandwidth)
e The resonant condition is reached
) for:
Metal properties:
. (L1,
Real part of permittivity &eal €eal = T Eim

Losses: €mm

e Increasing losses results in an

enlargment of the resonance peak

Dimensions

Increasing dimensions parallel to the electric
field polarization axis leads to:
1. areduction of the resonant frequency
2. a gain in the magnitude resonant

curves

Volume

The nanostructure volume plays a crucial
role in increasing dipolar polarizability; in
particular, increasing the volume particle
results in:

1. areduction of the resonant
frequency;
2. an enlargement of the scattering and

absorption magnitude cross-section.

Permittivity values of the surrounding

dielectric environment &,

Increasing the background material
permittivity causes both:
1. ashift of the resonant frequency
position;
2. aresonance peak broadening.

Table I11: The role of the geometrical parameters, metal properties and permittivity

value of the dielectric environment on the nanoparticle resonant frequency.

An example of designing nanoparticles is reported in [33]. Starting from the proposed

polarizability analytical model of ellipsoidal particles, it is possible to predict how the

geometrical parameters, the metal electromagnetic properties, and the surrounding
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dielectric environment permittivity affect the nanoparticle resonant behavior in terms of
position, magnitude, and bandwidth.

As the resonant behavior of the nanoparticle is reached when the denominator goes to
zero in both its real and imaginary part and starting from the general polarizability

expression reported before, the resonant condition reads:

L |:8real - (& ~ €imm J:H:Sreal - (% T €inm j} (29)
L L

By solving Eq. (29) with respect to €.a and by inserting the proposed depolarization
factor for ellipsoidal particles, we can find the corresponding solution for the inclusion
permittivity for which

the polarizability of the overall structure rises to infinity (which is related to the

nanoparticle resonant behavior):

2

2
e,|n’a’ \/A‘bzlj(ez)+n2 +7 +2(21r—7)b2E(ez)2

€ -€ (30)

real — imm

146°E(e |
Exploiting Eq. (30), it is possible to tune the nanostructure resonance by changing its
geometrical parameters for specific required applications.

Other more complex examples, by assuming that the inclusion permittivity can be ex-
pressed as € = €ireal T j€iimm and the background material permittivity as € = €ereal + j€cimm-
Such analytical conditions are really useful tools to analyze one of the most important
characteristic of a nanoparticle-based sensors: the sensitivity.

As reported in the previous chapter, sensitivity is expressed in terms of the output
variation (i.e., the wavelength shift AA) corresponding to a unit change of the input (i.e.,
the unit variation of either permittivity Ae or refractive index An). If the refractive index
variation range is narrow enough, the input-output relation can be considered as a linear
one .

The sensitivity is commonly defined as:
S=— 31
An G1)
expressed in nm/RIU (Refractive Index Unit).
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In particular, in [31-35] analytical, numerical and experimental sensitivity values for the
aforementioned structures are compared. A test material surrounding the nanoparticle,
with a varying refractive index n in the range 1 - 3, has been used.

Typically, if the refractive index variation range is sufficiently narrow, analytical results,
full-wave simulations and experimental results, highlight that the input-output relation
between refractive index and resonant wavelength position can be considered linear.

In Figure 15(a), for example, the analytical, numerical and experimental sensitivity
values for modified nanorod particles (longitudinal and transverse plasmons,
respectively) are shown. The longitudinal modified nanorod plasmon resonance
wavelength is highly sensitive to the surrounding dielectric medium refractive index
changes (sensitivity 800 nm/RIU), compared to the transverse one (sensitivity 100
nm/RIU). As far as we know, the longitudinal plasmon of the proposed structure exhibits
a greater sensitivity than metallic nanostructures existing in literature such as nanocubes,

spherical nanoshells, traditional nanorods and triangular nanoprisms [86].
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Figure 15: (a)Variation of the resonant wavelength as a function of the refractive index
of the surrounding medium for Longitudinal plasmon excitation and Transverse plasmon
excitation;

(b) Sensitivity of Modified Nanorod Particles as a function of the shell thickness for both

Longitudinal and Transverse resonance.

In Figure 15(b) the effect of the thickness ¢ on the sensitivity for the longitudinal and
transverse plasmons are shown. In particular, it can be noted that the SPR sensitivity of
the longitudinal resonance can be considered constant as a function of the metal
thickness. On the other hand the transverse one rapidly decreases when the shell
thickness increases.

The difference between the longitudinal and transverse sensitivity can be explained in
the following manner: it’s well-known that nanoshells possess two tunable resonances
arising from the interaction between the classical plasmon resonance of the solid particle
and the resonance of the dielectric cavity (the dielectric core) inside the metal [87].

The solid particle plasmon resonance holds increased sensitivity to the dielectric
environment variation, especially for the longitudinal polarization (Figure 15(a)).

Instead, the dielectric cavity resonance is much more sensitive to changes in dielectric
properties within the nanoparticle core and shell dimensions for transverse polarization
(Figure 15(b)).

All analytical and numerical sensitivity results are in line with the experimental ones
reported in [88]. Modified nanorods are really useful tools in plasmonic sensing, they
combine the two main optical properties of both nanorods (the high AR) and nanoshell
(core/shell thickness), to reach the higher sensitivity. Thus allows additional degrees of
freedom for the optical tunability of such particles.

The analysis conducted above can be replicated also for all the proposed structures.

4 Nanoparticles for medical diagnostics
In this section, several applications of nanoparticle-based sensors are presented.
Exploiting the guidelines described in the previous chapter, the following possible

applications are shown:
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e chemical measurements: detection of glycerol and glucose concentration in
aqueous solution

e blood diseases detection and tumor recognition

e skin diseases diagnostics
Dielectric properties of biological samples can be described by the complex refractive
index as:

n= n+ jk (32)

where n; is the real part and k is the imaginary part of refractive index of the sample. Its
electromagnetic properties are related to the real and imaginary part of the refractive
index as a function of the frequency. As reported before, tissue dielectric properties and
their frequency response are the results of the interaction between the electromagnetic
radiation and their constituents at molecular and cellular level. These variations imply
significant changes in their electromagnetic properties.
To detect the aforementioned changes as discussed in the previous chapter two new
sensing platforms are proposed.
In Figure 16a the refractive index sensing system operation pattern is shown. The sensor,
without any Material Under Test (MUT), has a specific resonant frequency. Once the
material to study is placed, the system “sensor- MUT” is illuminated by an
electromagnetic field. The nanoparticle-based sensor (yellow) is in direct contact with the
biological sample (green). In this configuration, the MUT electromagnetic properties play
a crucial role in the variation of the total effective permittivity and of the sensing
platform scattering properties. The signal detected (scattering cross-section) will have the
resonant wave- length position, magnitude and bandwidth depending on the
electromagnetic characteristics of the overall system “sensor-MUT”.
In Figure 16 the absorption sensing system operation pattern is shown: the metamaterial
sensor is placed not in direct contact with the biological sample. In this configuration, the
electromagnetic absorption phenomena of the material under test play a crucial role. The
absorption measurement is revealed by the changes in the transmission coefficient
magnitude and amplitude width. The resonant wavelength position and the corresponding
magnitude and bandwidth are evaluated as sensor output signals. By the position of the

resonant frequency is possible to distinguish the compound under test. Instead, the
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magnitude and the bandwidth are related to the electromagnetic radiation absorption of

the material under test.
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Figure 16: (a) Refractive index sensing system operation pattern (b) Absorption sensing

system operation pattern

Chemical measurements: detection of glycerol or glucose concentration in agueous
solution

In [89] nanoparticles arranged in an array configuration for the detection of glycerol
concentration in aqueous solution, are presented. In the last few years several research
have paid attention to glycerol measurements in aqueous solution due to the importance
in several application fields. From a biomedical point of view it is well known that
glycerol is the basis of triglycerides and it plays an important role in energy metabolism.
Glycerol concentration measurement is crucial for several application fields, such as
biomedical engineering, medicine and biofuels fabrication.

The measurement of circulating levels of glycerol is considered to reflect lipolysis and
therefore it is a useful parameter to evaluate in various conditions [90]. Recently, the
possibility to enhance optical clearing of skin by injecting glycerol with high

concentration into derma was evaluated [91].
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Glycerol is also important in industrial process. It may substitute traditional
carbohydrates, such as sucrose, glucose and starch in industrial fermentation processes
[92].

Glycerol measurement in aqueous solutions is not simple because its permittivity varies
(not too much) by changing its chemical concentration.

Therefore it is necessary to use a measurements system extremely sensitive.
Nanoparticles, for their peculiar electromagnetic characteristics, can be useful to such a
requirement [31-35].

For this purpose, an LSPR sensor, based on near field interaction of non-spherical
dielectric-filled metallic particles (nano-shell) deposited on a silica substrate, is proposed.
In this configuration an enhancement of the LSPR phenomenon with high sensitivity
performances and a uniform near electric field distribution are obtained. In this way a
shift in the position of the sensor response is related to the different concentration of the
material under test. Numerical results, performed by full-wave simulations, show that the
sensor can be used for the recognition of glycerol and its concentration in a highly
accurate and sensitive way.

The proposed configuration allows obtaining a label-free, real time and ultrasensitive
approach for sensing application based on permittivity measurements. Electromagnetic
analysis is conducted through proper full-wave simulations by using CST Studio Suite.
To test the sensor sensitivity, the RI values of different concentration values of glycerol
in aqueous solution have been used [91]. In Figure 17(a), the extinction cross-section
spectra obtained from full-wave simulations are shown.

It is possible to observe that the proposed sensor allows the detection of different glycerol
concentration despite of the refractive shows small changes when different concentrations

are considered.
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Figure 17: Extinction cross-section spectra obtained from full-wave simulations for :(a)

glycerol concentration and (b) glucose concentration measurements.

In [93] a metamaterial-based sensor consisting of an array of nanorods is proposed. The
sensor is able to detect the presence of glucose and its concentration in aqueous solutions.
Nanorods particles exhibit optimal performances for sensing applications as reported
before. It is well known that the permittivity of water solutions increases with increasing
the chemical species concentration. Therefore it would be possible to sense the presence
of either organic or inorganic compounds in a water solution, with possible applications
in food and medical diagnostics. In this way nanorods can be used for quantitative
analysis of a large number of substances such as the alcohol content, sugar, acidity, and

extractable substances with and without sugar.
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In order to test the sensor, the refractive index experimental values reported in [94] have

been used. The corresponding numerical results are reported in Figure 17(b).

Blood diseases detection and tumor recognition

It’s well known that haematological diseases induce structural, biochemical and
mechanical changes in Red Blood Cells (RBCs) [95]. The structural variations imply
significant changes in cell electromagnetic properties. The refractive indices of different
kind of RBCs, in the optical frequency range, differ in their real and imaginary part. As a
result it is possible to detect such differences by permittivity measurements on the
considered sample. Therefore the main purpose of the proposed sensing structure
(metallic resonating conics) is to correlate the sensor electromagnetic properties with the
ones of the substance under test.

To describe the electromagnetic behaviour of the biological sample under test, RBCs
refractive index models proposed in [96] have been exploited. The scattering coefficients
properties of the sensor change their position, depending on the different RBCs structural
modifications. As a result, the sensor is capable to detect human red blood cells structural
modifications, allowing us to detect different blood diseases, by refractive index
measurements.

As shown in Figure 18 different spectral responses have been reported in order to show
the sensor capability to distinguish healthy RBCs from specific diseases such as Schizont

and Trophozoite malaria.

Hormmadized Exinciion oross-secan

Figure 18: Different spectral responses for healthy RBCs, Schizont and Trophozoite

malaria

94



Cancer tissue diagnostics
In [52, 59, 61-64, 83] several structures, exploiting the above listed LSPR enhancement

phenomena were proposed to detect healthy and tumor tissues. An example is depicted in

Figure 19.
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Figure 19: (a) Examples for the detection of healthy and tumor tissues, (b) Sensor
response to different rat mammary tissues: detection of adipose, fibrous stroma and tumor

tissue.

Skin diseases diagnostics

It is well known that structural modifications of chromophores and pigments in skin
produce variations of the optical properties of skin layers. In particular their absorption
properties are modified. A change in the electromagnetic properties, related to the the
size and shape variation of chromophores and pigments, can be a useful tool for the
recognition of different skin diseases. If the resonances of the sensor are designed to
coincide with the aforementioned skin compounds spectral characteristics, in case of skin
diseases, the response of the sensor is greatly modified in terms of magnitude and
amplitude width. In particular, a change in the frequency amplitude of the sensor
response is related to the different absorption rate of skin chromophores and pigments
[97].

In [80] the sensor consists of multilayered resonating inclusions arranged in a planar
array configuration. The possibility to tune the sensing structure resonances with such

spectral characteristics allows us to identify several specific diseases. Such structure
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presents multiple resonant frequencies, coincident with the vibrational frequencies of the
aforementioned constitutes. Such frequencies were designed by using the analytical
model proposed in the previous section. A detector is used to catch the signal after the
transmission through the designed system.

When the sensor resonant frequency is close to the one of material under study, the
response of the system is modified in terms of magnitude and bandwidth. The material
under test is not placed in direct contact with the metallic planar array. Once the material
to study is placed, the system "sensor-material under test" is illuminated by an infrared
electromagnetic field. The signal detected has the same frequency positions, but its
magnitude and amplitude width are both dependent on the electromagnetic characteristics
of the material under test.

As a result, by absorption measurements, the sensor is capable to recognize their
presence, allowing us to detect different skin diseases.

The structure presents multiple resonant wavelengths, coincident with the absorption
frequencies of the chromophores and pigments, existing in skin tissues. Such
wavelengths are 400 and 550 nm.

In particular in this work:

e The multilayered structure is composed of 2-layers of concentric cylinders
embedded in a dielectric environment.

e For metallic nanoparticles (whose dielectric permittivity is ¢2), experimental
values [98] of the complex permittivity function have been inserted;

e The core dielectric medium is considered to be silica with electric permittivity
€1=2.08 and the surrounding dielectric environment has the dielectric permittivity
em=40, both values at all considered wavelengths: 300 - 1000 nm.

e The following parameters have been used to design the structure: L1=0.2, L2=0.3,
B=0.02. The relative geometrical parameters for the cylindrical structures are:
al=20, h1=15, a2=90, h2=35. All dimensions are expressed in nm. The obtained
total effective permittivity is shown in Figure 20(a).

e To describe the dielectric behaviour of the biological sample under test, the

absorbance models presented in [97] have been used.
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Figure 20: (a) Total effective permittivity of the multi-layered structure; (b) Sensor

response to different skin diseases.

In Figure 20(b) the sensor response to different skin diseases is shown. The resonant
frequencies, in the transmission spectrum, change their magnitude and amplitude width,
as a function of the absorption rate of the considered constituents in human skin. Results
show how both the absorption peaks differ significantly allowing the detection of

different human skin tissue diseases.

5. Conclusions

To conclude, an overview of design methods and their main applications for
Localized/Surface plasmon based sensors is reviewed and categorized based on the
optical structures and properties. Following the guidelines proposed in this chapter, it is
possible to determine an appropriate method for achieving an ideal optical sensor. Due to
the diverse variations of sensing objects, proper sensing structures should be selected for
high sensitivity selectivity performances. By appropriate manipulation of structural
parameters, the specific sensing requirements can be implemented to fit a specific sensor
purpose.

Optimized nanostructures exhibit not only intense field enhancement, but also high
spectral resolution. It is claimed that specific biological detection can be associated with
definite nanostructures.

However, many practical challenges such as instrument resolution and fabrication

techniques remain, in terms of optimizing sensing performance.
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CAP 4 Design of new electromagnetic absorbers and antennas

by using Epsilon-Near-Zero Materials

The third part of this work is focus on the study of ENZ material properties and on their
applications for sensing, design of electromagnetic absorber and new kind of antenna

systems.

Introduction

For what concern the ENZ Electromagnetic Wave Absorber, an analytical and numerical
study of a new type of electromagnetic absorber, operating in the infrared and optical
regime, is proposed.

The main issue is to absorb the incident electromagnetic wave in the broadest angle range
possible. For this purpose, the electromagnetic properties of the structure, in terms of
reflection coefficient, is analytically described by the use of the transmission line theory.
The proposed analytical closed-form formula provides us the possibility to correlate the
electromagnetic absorption properties of the structure (magnitude, bandwidth and
resonant frequency) with its geometrical characteristics. Such a formula represents a
useful tool in order to design the ENZ absorber for specific required applications. Good
agreement between analytical and numerical results was achieved.

A new design of a multi-layered structure is proposed. In particular it was demonstrated
that the proposed structure is able to absorb in a wide angle range (0°-80°), with a multi-
band and wide-band behavior for small structure thicknesses (d=A,/4), compared to the
conventional absorbers working at the same frequencies.

The proposed structure offers great potential in a wide variety of practical application
fields to build-up selective thermal emitters, for detection and sensing systems, for

imaging and defense applications.
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Metamaterial Electromagnetic Wave Absorbers

1. Electromagnetic Wave Absorbers: resonant absorbers and broadband absorbers
A near unity absorber is a device in which all incident radiation is absorbed at the
operating frequency, meanwhile Transmission, Reflection and Scattering are zero.
Electromagnetic wave absorbers can be categorized into two types: resonant absorbers
and broadband absorbers [1].

Resonant absorbers rely on the material interacting with the incident radiation in a
resonant way at a specific frequency, oy (where the wavelength corresponding to ® is Ao
=2 1 ¢/ oo and c is the speed of light in vacuum).

Broadband absorbers generally rely on materials whose properties are frequency

independent and therefore can absorb radiation over a large bandwidth.

Resonant Absorbers

Typically for resonant absorbers have utilized, for the most part, multiple layers separated
by a Ay/4 distance. In this way the reflectivity goes to zero [2], and with the addition of
loss, high absorption can be achieved.

Initial interests in electromagnetic wave absorbers were largely in the microwave range.
The use of absorbers in both improving radar performance and providing wave
suppression against others’ radar systems was utilized as for military aims [3].

Salisbury and Jaumann, independently, created similar devices for electromagnetic wave
absorbers [4,5]. One such device, known as the Salisbury screen, is a basic example of
resonant absorber. A resistive sheet is placed A¢/4 in front of a metal ground plane,
usually separated by some lossless dielectric [1, 2].

The Jaumann absorber can theoretically be considered as an extension of the Salisbury
screen which consists of two or more resistive sheets in front of a single ground plane.
All sheets are designed to operate at a distinct wavelength, and thus each sheet is
separated by approximately A¢/4, producing multiple reflection minimums around some
center frequency Ag. The effect is that it acts as a resonant absorber over multiple

wavelengths, achieving a broadband response. [1, 2, 6]. The bandwidth should increase
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with each added layer, however, this has the undesirable effect of making the absorber
thick.

The Didllenbach layer employs a different mechanism than the Salisbury screen; its
design consists of a homogeneous layer in front of a ground plane [1]. The homogeneous
layer is selected to have particular loss values for the imaginary part of the electric
permittivity and the magnetic permeability. The idea is to impedance match to free space
as to minimize reflection on the surface and then using losses in the homogeneous layer
to absorb the incident wave [2].

Another type of resonant electromagnetic wave absorber, the crossed grating absorber,
uses a reflective metal plane with a periodic grid for the unpolirized incident light [7].
Circuit Analog (CA) absorbers (an extension of the Salisbury screen), another type of
resonant electromagnetic absorber consist of one or more sheets composed of both
resistive and reactive components (i.e. a lossy frequency selective surface, FSS) arranged
in a periodic array in front of a single ground plane [2]. Like the previously mentioned
resonant absorbers, the ground plane is a distance A¢/4 behind the FSS [6]. Modern
designs of CA absorbers have achieved absorption at high angles of incidence [8,9] and
over broad bands [10].

Broadband Absorbers

One example of a broadband absorber is a geometric transition absorber. These devices
are most commonly used in anechoic chambers. The idea is to create a slowly varying
transition from free space into a lossy material using shapes such as pyramids or wedges
loaded with lossy material [1]. In this way reflectivity is minimized and the wave is
gradually absorbed over the length of the shaped geometry.

Another type is the low-density absorber which utilizes a porous or sparse material so that
its parameters can generally be taken to be approximately those of free space [1]. By
using a thick layer of this material, one can generate enough loss to create high

absorption.
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There are a few common issues for the absorbers aforementioned. The first one is the
thickness. Most are required to be at least A¢/4 and if layers are cascaded to wide the band
performance, it significantly increases its thickness.

Another limitation of the mentioned absorbers, is that there is very little control over the
specific absorption properties — it is necessary to find materials that naturally impedance
match to free space. In addition to this, these absorbers were largely confined to
microwave frequencies and operate mainly below 30 GHz. As we will see in the next
paragraphs, metamaterials provide and represent a good solution for all the issues listed

above.

2. Metamaterial perfect absorber
The general idea is to minimize reflection on the metamaterial surface and then, by
utilizing factors such as thickness and other material properties, create loss to give high

absorptivity.

Perfect Metamaterial Absorbers state of the art.

In the following, we overview current works in the field of metamaterial perfect
absorbers. This paragraph begins with a description of the first metamaterial perfect
absorbers in the microwave frequency regime (I GHz-30 GHz), and follows with a
discussion of designs at millimeter waves (30 GHz-300 GHz), THz (300 GHz-10 THz),
infrared MIR (10 THz-100 THz) and NIR (100 THz—400 THz), and optical wavelengths
(400 THz—800 THz: 0.75 pm—375 nm).
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Figure 1: First experimental demonstration of a metamaterial perfect absorber. (a) Unit
cell: top and perspective view of metamaterial layer. (b) Simulated results displaying
transmissivity (blue, right axes), reflectivity (green, left axes), and absorptivity (red, left
axes).(c) Experimental (blue) and simulated (red) results for reflectivity and

transmissivity. (d) Numerical study on ohmic versus dielectric loss in the structure.

The first metamaterial-based absorber was proposed in [11]. It utilizes three layers, two
metallic layers and a dielectric, and demonstrated a simulated absorption of A = 99% at
11.48 GHz, as shown in Figure 1a. The top layer consists of an Electric Ring Resonator
(ERR) which provides, along with the ground plane, the electric response by coupling

strongly to incident electric field at a certain resonance frequency.
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The second metal, spaced apart from the top layer by a dielectric, consists of a cut wire in
a parallel plane and also contributes to the electric response, see Figure 1a.

Magnetic coupling is achieved via anti-parallel currents in the cut wire and the center
wire of the ERR. An incident time varying magnetic field couple to these antiparallel
currents, resulting in a Lorentz-like magnetic response. The combined design allows for
tuning both the electric and magnetic responses. Such a geometry is really versatile. For
example, modification of the ERR geometry permits to tune the frequency position and
strength of the Lorentz resonance, while altering the spacing of the two metallic
structures, and their geometry, allow to modify the magnetic response.

Experimentally, it was able to achieve an absorption of 88% (Figurelc). In addition, for
what concern the losses mechanisms it was found that they occur between the two
metamaterial layers, mainly concentrated in the center of the metamaterial unit cell
beneath the strip of the ERR, through the dielectric as seen in Figure 1d. [11]. Such

dielectric losses were an order of magnitude greater than ohmic ones.
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Figure 2: Examples of Metamaterial-based Absorbers (a,b) First experimental
demonstration of a tunable absorber with simulated (solid) absorptivity and unit cell;
(c,d) First absorber experimentally demonstrated in the THz regime and unit cell; (e,f)
First absorber demonstrated in the millimeter wave regime and unit cell. (gh) First
absorber demonstrated to operate at wide angles. (i, j) First simulated prediction of a
absorber in the IR frequency range and unit cell. (k, 1) First experimental demonstration
of a absorber in the MIR frequency range; (m, n) One of the first experimental
demonstrations of absorber in the NIR range and unit cell. (o, p) Demonstration of

absorber operating in the visible range and unit cell.

Although the first experimental work on MPAs was in the microwave frequency regime,
work quickly followed in the THz regime [12]. The design consisted of an ERR on top of
a split wire separated by a polyimide spacer, shown in Figure 2¢ [12].

The absorption mechanism is nearly identical to the original experimental design in [11]
with the ERR and split wire coupling strongly to the incident electric field and the
magnetic field coupling to anti-parallel currents in the split wire and ERR. Simulations
predicted an absorption of 98% at 1.12 THz and an experimental absorption of 70% at
1.3 THz was shown (Figure 2 d) [13].

A similar design was realized in the millimeter wave regime, utilizing slightly larger
dimensions to achieve a resonance at approximately 80 GHz; the unit cell and the
corresponding experimental results are shown in Figure 2e and 2f [14].

A down scaling of the geometry of the ERR and unit cell size enabled the first
experimental demonstration of a metamaterial perfect absorber in the mid-infrared
regime. An absorption of 97% at a wavelength of 6 pm was achieved (see Figure 21) [15].
The unit cell design consists of a cross-shaped electric resonator above a ground plane
separated by a dielectric layer. Unlike some of the original designs, a continuous ground
plane that is thicker than the penetration depth of the light is used instead of a cut wire,
thus preventing transmission while the ERR and ground plane combination provides the
impedance matching necessary for zero reflectivity. In this case, the majority of the
power loss occurs in the dielectric layer rather than by metallic ohmic loss in agreement

with previous studies at lower frequencies [11].
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Earlier theoretical work predicted a plasmonic based near-infrared absorber based on a
perfectly impedance matched negative index material and utilizing resonances in wires
[16]. The unit cell design consists of coplanar layers, each of them having a cut wire
surrounded by two continuous wires, all embedded in a dielectric, as shown in Figure 2i.
Numerically, an absorption of A = 90% for a single layer is predicted in the IR region at
1.5 u m (Figure 2j).

However, even earlier theoretical and experimental work on a mid-infrared plasmonic
based absorber was demonstrated [17]. The authors used a hexagonal array of circular
metallic patches above a ground plane with a thin dielectric spacer. The reflectivity drops
to approximately 17% at 5.8 p m; the authors interpreted their results as due to plasmons
trapped underneath the metallic patches.

The first two works operating at NIR wavelengths [18,19] demonstrated absorption
utilizing a structure similar to the aforementioned one [17] . Both studies utilized a unit
cell which consisted of a gold disk or rectangle array over a gold ground plane separated
by a dielectric spacer. The studies realized an absorption of ~ 99% [19] and 88%, [18]
both at roughly 1.6 um wavelength as shown in Figure 2 m and n. The resonances, as
reported also in [17] were described as plasmonic resonances between the gold
nanoparticles and the gold plane; the absorption is due to local excitations of magnetic
and electric dipole resonances [18].

The major loss component of the NIR absorbers was also investigated in [18] and shown
to be Ohmic, in contrast to the absorbers operating at lower frequencies.

The visible frequency regime represents a big deal for the electromagnetic community,
especially for several fabrication issues [20].

Consequently, the experimental work done in this regime is not extensive as in the

aforementioned ranges such as microwave, THz, or IR range.

In spite of the particular operational frequency, there have been many efforts to test the
limits of metamaterial-based absorbers by making them as efficient and effective as
possible. One direction research in the optical frequency range is to make multi-band and

broadband absorbers.
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One method utilizes multiple resonating structures in a single unit cell, exploiting the fact
that resonators with different sizes resonate at different frequencies, as shown in Figure
3a. [21-23]

By combining them in one unit cell, multiple resonances will rise in the absorption
spectrum. If these resonances are close enough in frequency, then they will merge and
form a broadband absorption. If they are further away from each other, then a multiple
band absorber can be realized.

Other ways of combining resonators in one unit cell can be realized; for example, by
stacking multiple layers in which resonators share the same ground plane, [24] (see
Figure 3b. Another method utilizes the different sections of a single structure that
resonate at different frequencies to obtain multiple resonances, [25] as shown in Figure

3c.

2%cross |

1" cross |

(a) (b) ()
Figure 3: (a) An absorber utilizing multiple elements. (b) Absorber that stacks multiple
resonators on top of each other. (c) An absorber that uses different sections of the same

resonator to achieve dual band absorption.
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3. Other electromagnetic wave absorbers: plasmons, nanoparticles, subwavelength
hole arrays, gratings

The following paragraph outline several designs which absorb energy through different
mechanisms than the more conventional metamaterial-based absorbers. Many of these
absorbers have periodicities on the order of the wavelength, unlike traditional
metamaterials which generally utilize subwavelength structures. In addition to this, many
of these structures utilize resonances such as cavity or trapped modes to achieve high

absorption.

Plasmons

It has been noted that the absorption mechanism for many metamaterial-based absorbers
in the visible regime is due to near-field plasmon coupling between the top layer and the
ground plane, the so-called localized surface plasmon resonance (LSPR). As reported
before, this can have benefits for applications. For wide angles of incidence, the surface
plasmon propagation length can become shorter than the lattice constant, and therefore
make interactions between neighboring unit cells [26]. This has the potential application

of making small absorbers for detection purposes.

Nanoparticles

Some absorber designs used conventional nanoparticles placed on top of or embedded in
a dielectric layer above a ground plane.

Many numerical studies were done on the use of nanoparticles for absorption, [27]
specifically in their ability to achieve polarization insensitive and wide-angle absorptivity
[28, 29] as well as a broadband or multi-band response. [27, 29, 30] The absorption

mechanism is similar to cavity resonance modes.
Subwavelength Hole Arrays

Subwavelength hole arrays (SHAs) have been deeply studied for over a decade, mainly

due to their use in enhanced transmission. [31]
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One of the first numerical studies of a SHA based absorber operating in the NIR regime
utilizes a simpler, one dimensional version of the SHA [32], revealing a suppression of
trasmission and a simultaneous increase in absorption due to the surface plasmon

resonances excitation in the structure. [33]

Gratings

A common design to achieve absorption in the NIR and visible regimes is the grating
structure. There were many numerical studies done on the subject. [34-36] Among these
were designs that are able to achieve: absorption at all incident polarizations, [34, 35]
wide-angle operation, [34-36] and a broadband response. [35]

The absorption mechanism is due to a combination of the surface plasmon resonance and
the cavity resonance seen in waveguides. An experimental demonstration of a metal
grating perfect absorber utilizes plasmonic nanowires and noted it’s potential use as a

sensor. [37]

Non-Traditional metamaterial-based absorbers

We have thoroughly investigated many metamaterial-based absorbers in the previous
paragraph. In general, these absorbers have utilized a three-layer design with a ground
plane or metallic structure supporting a dielectric and top metallic structure. However,
there have been some metamaterial-based absorbers that have made alterations to this
design or, in some cases, utilize metamaterials for absorption in an entirely different way,

as it will be shown in the next paragraph.

4. Epsilon-Near-Zero electromagnetic wave absorbers

From what we have seen so far, the major issues in the electromagnetic absorber design
concern satisfying the following requirements:

e Small thickness: most of the presented absorbers require a thickness at least

around A/4

e Broad angle range: the absorption is required at all angle of incidence
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e Broad bandwidth and multi-resonant behavior: wide the bandwidth of the single
resonant frequency and/or create multiple resonant bands with the wider
bandwidth possible

e Scaling the structure: the possibility to replicate the same behavior and
performances in all the electromagnetic spectrum frequency ranges.

The main goal, not easily achievable, is to satisfy all the features listed above at the same
time.

Recently, several studies focused their attention on a particular kind of metamaterials
entitled epsilon-near-zero (ENZ) and on their particular electromagnetic properties. Such
materials, characterized by low (mostly near zero) values of the real part of the relative
permittivity, have several interesting applications such as tailoring the phase-front of an
electromagnetic wave and designing filters [38], obtaining directive antennas [39],
implementing optical nano-circuits [40], confining electromagnetic fields [41], enhancing
transmission [42], obtaining anomalous tunneling effects [43, 44], focusing the
electromagnetic field [45], cloaking objects [46, 47] improving sensing systems [48-50].
Recent evidence suggests that good absorption could be obtained by thin ENZs and
MNZs with low loss [51] in thin anisotropic ENZ metamaterials [52] and with high losses
MNZ materials [53].

Considering all these issues, in this paper, by exploiting the particular properties of ENZ
materials we propose the design of an electromagnetic absorber. The purpose of this
paragraph is to satisfy all the mentioned requirements at the same time. Thus the central
objective is to obtain a good absorption level for different angles of incidence, at single
and/or different resonant frequencies with the wider bandwidth possible, for small layer
thicknesses.

The paragraph is structured as follows: first of all, the general operation pattern is
presented and analytically described by the use of the Transmission Line Theory. This
provides us the possibility to correlate the electromagnetic properties of the structure (in
terms of absorption magnitude and resonant frequency) with its geometrical
characteristics. The proposed analytical model is compared to the results obtained by full-

wave simulations. Then a description of the main important features of the ENZ absorber
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is reported. Finally, a new geometrical solution, in order to improve the ENZ absorber

properties, is proposed.

5. The ENZ absorber

The structure under study is show in Figure 4a. An isotropic ENZ material slab with a
thickness d is placed on top of an infinitely extended perfect electric conductor (PEC)
sheet. The top layer and the ENZ slab are entitled as region 1 and region 2, respectively.
Let’s assume the region 1 as free space with electric permittivity & and magnetic
permeability po. The ENZ material is described by the electric permittivity epnz(®)=
go(e(®)-jei(w)) and magnetic permeability penz=popr with p=1 the relative magnetic
permeability of the free space and w=2nf is the frequency (rad/s).

The structure is excited by an electromagnetic plane wave, having the electric field and
the propagation vector K inclined to the ground plane with a generic Angle Of Incidence
(AOI) a, as depicted in Figure 4(a).

By using the Transmission Line Theory we developed an analytical approach to find the
reflection coefficient . The formula provides a powerful tool in order to link the
absorption properties to the electromagnetic ENZ material ones (g; and g;), the angle of
incidence (o) and the thickness d of the ENZ layer. We consider each layer as a section of

the transmission line, each of one characterized by their parameters, as depicted in Figure

4(b). In particular, Z, =ncos(a) is dependent on the angle of incidence a with n the free

space characteristic impedance (n=120m). Zgnz is the impedance of the ENZ material, the

PEC layer is represented by a short circuit.

(a) (b)
Figure 4: (a) A plane wave impinges (with an angle o) on an isotropic ENZ (thickness d)

- PEC bilayer; (b) equivalent transmission line model.
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Different ways in which electromagnetic energy can propagate at an interface, exist.
Electromagnetic waves incident upon a boundary or surface may be reflected,
transmitted, absorbed, scattered, or may excite surface electromagnetic waves.

Let's consider wavelengths in the range of A0, and assume that the surface has an average
roughness that is much smaller than the characteristic wavelength, such that we may
ignore scattering effects. The surface may also support plasmons or, more generally,
surface electromagnetic waves. In addition we consider to have a flat surface such that
any surface electromagnetic waves or plasmons extinguish before re-scattering. In this
way we may then finally resolve that a wave may be reflected ( R ), transmitted ( T ), or
absorbed ( A), with their relationship givenas A=1-T—-R..

In this case, due to the presence of the PEC, the transmission coefficient 7 is zero, so the
corresponding absorption A is related to the reflection coefficient as A=1-r|>. As a
consequence the absorption is obtained when the coefficient » approaches to 0.

First of all we calculate the input impedance at the interface between air and the ENZ

layer:

7, n 1_sin2 (a)
\VErnz €Nz

Then, we calculate the reflection coefficient by using the relation:

Tanh(dco Erny ) (1)

2

7,-Z,
7,47,

2)

where Z; is the total impedance of the ENZ and the PEC.
In order to find a closed-form formula the following simplification rules have been used

[54]:
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44
Cosh(¢) = {H——ZZJ
k=1 (Zk—l) T (3)

The corresponding reflection coefficient formula reads:

_ayp’+a,p’+apta,
byp’+b,p” +b,p+b,

(4)

being p=d/A, (where A, is the ENZ material plasma wavelength) and the coefficients:

a,=b,= Cos’[a]\/&’ +&
- 2
A b "lz"anh [Sll’l ‘[OL]SJ |Cos[a](gf re? )1/4
€ te, (Sr-Sln2[0t])‘

a,=b,=16-32ne Cos’[a]y/&} +&’

a,= -b;= nArcTan[z—i]Cos[a] (af +e; )3/4

r

For the normal incidence case, the formula simplify as follows:

—(nArcTan[ i](sr2 +g’ )3/4 j p’ +(1 2e Jel+e] )p2 el +e]
€

T

(nArCTan[ i](8f +e) )3/4 J p’ +(1'28r\/83 +e] )P2 +\E T
€

T

r=

(5)

Analytical results for the complete expression (without simplifications), the simplified
one and the results obtained by full-wave simulations are compared. Simulations are
performed by using a frequency domain solver, implemented by the finite integration
commercial code CST Microwave Studio [55]. In Figure 5 a comparison between

analytical and numerical models for the reflection coefficient spectra as a function of

AOl is presented.
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The results, as shown in Figure 5, indicate that a good agreement among the results was

achieved.
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Figure 5: Comparison of the reflection coefficient values, as a function of AOI, among

the original analytical formula (without approximations), the proposed analytical formula

(with approximations) and the numerical results for: (a) d/A, =0.05, (b) d/A, =0.1, (c) d/A,

=0.15, (d) d/A, =0.2 (£=0.0015, £=0.5).
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Electromagnetic absorption properties of Epsilon-Near-Zero Absorbers: comparison
among Metamaterial Perfect Absorbers, Other Electromagnetic Wave Absorbers, and

Epsilon-Near-Zero Absorbers

As shown in equation (4) the reflection coefficient is a function (not simple) of the
frequency, the angle of incidence a, the real/imaginary part of the ENZ material
permittivity and the thickness d. By using the analytical models proposed, it is possible to
study the effect of the geometrical (Angle Of Incidence (AOI) a and thickness d) and the
electromagnetic parameters of the ENZ layer (electric permittivity in its real and
imaginary part € and g;, respectively) on the absorption characteristics of the structure. To
describe the behavior of the structure under study with real materials, the dispersive
permittivity models for Aluminum Zinc Oxide (AZO, f,=193THz), Gallium Zinc Oxide
(GZO, f,=217THz) and Indium Tin Oxide (ITO, f,=210THz) Error! Reference source
not found.56, 57] have been used.

Effect of geometrical parameters

We simulate the structure at different Angles Of Incidence (AOI), for the following
thicknesses of the ENZ slab: d/A, = 0.05, d/A, = 0.1, d/A, = 0.15, d/A, = 0.2 and d/A, =
0.25.

For example, Figure 6 shows the reflection coefficient » (color) plotted in a 2D domain of
the AOI (degrees) and frequency (THz) for fixed thickness ratios d/A, of GZO (Epsilon
Near Zero region for 190THz < f <260THz ). Similar results can be achieved by using
other materials, such as AZO and ITO.

It is apparent from this data set that, for small thicknesses (0.05 <d/A<0.1), the best
absorption possible is reached only for very small angle range (50<a<70). By increasing
the thickness (d/A>0.2) two regions are present, in particular referring to Figure 6¢, one
(Region a) in the ENZ region and the other one (Region b) nearby it.

For larger thicknesses (d/A>0.25) the two regions are already present, but they collapse in
one. As a consequence the absorption is obtained for a larger AOI range (0<0<60).

Beyond the 80 the absorption is no longer significant.
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Figure 6: Reflection coefficient as a function of AOI (degrees) and frequency (THz) of
GZO (f,=217 THz) for: (a) d/A, =0.05, (b) d/A, =0.1, (¢) d/A, =0.2, (d) d/A, =0.25

Effect of electromagnetic characteristics

As mentioned above the reflection coefficient (consequently, the absorption) is also
related to the ENZ electromagnetic characteristics.

It is well known that the resonant frequency of the S11 parameter is related to the real
part of the permittivity (&) of the ENZ slab, instead the magnitude and the amplitude
width of the S11 parameter is related to the imaginary part (g;).

Keeping this in mind, in Figure 7 the reflection coefficient is reported as a function of the
AOI for different values of the real part and imaginary part, for fixed values of the
thickness, obtained by full-wave simulations, and confirmed also by the analytical

results.
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Figure 7: Reflection coefficient as a function of AOI: (a) effect of the real part (with
€i=0.7), (b) effect of the imaginary part (with =0.1).

As noted from Figure 7 the real part does not affect too much the reflection coefficient
magnitude and the angle range. On the other hand, the correlation between r and g; is
worth mentioning because, as expected, the reflection coefficient decreases when the
ENZ losses grow. The absorption is relevant only for larger thicknesses, as also
confirmed by equation (4).

For normal incidence the reflection coefficient is at its minimum only when a large
imaginary part of the ENZ material comes into play. Instead, for the AOI>0 the
absorption is maximized if €, is smaller than 2. Such results are consistent with previous
results [53]. In addition to this, it was noted that:

e In the maximum absorption areas (as also shown in Figure 6) the real part is
comparable (same magnitude order) to the imaginary one. In this case, the
absorption is larger compared to the previous cases, as also confirmed by
equations (4) and (5).

e The angle range, to which the greatest absorption is reached, is a function of the

imaginary part (g;)
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Figure 8: Reflection coefficient as a function of AOI for different thickness values (with
£=0.4,5=0.5).

The multi-layered structure

The angular reflections for different values of the thicknesses, namely, d/A, =0.05, 0.1,
0.2 and 0.25 is shown in Figure 8. For normal incidence the reflection coefficient is
reduced only when the thickness is large. This can be explained in the following way.
From boundary conditions at the interface AIR-ENZ we have the continuities of the
tangential components Eq=E,;, instead the normal components are related in the
following manner €1E1,= €,E,, across the separation surface. At the interface ENZ-PEC
we have the zero-tangential component of the electric field condition on the PEC plate
surface. As a consequence, the most interesting result, is that at normal incidence (a=0)
the absorption can be exclusively attributed to the presence of both high losses and
large thicknesses of the ENZ material (Figure 8). In this case the only component of the
electric field is purely longitudinal and it doesn’t affect the absorption.

Instead, for all the other AOI a>0 a normal component of the electric field exists inside

the ENZ layer. Such component is magnified by the ENZ layer. It’s well known from

boundary condition for the normal component that Ezn:(gl/gz)Eln' where €:=1 and

€,—>0. As a consequence, when the normal component of the electric field is present, to

obtain a good absorption thin thicknesses can be used.
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Research has tended to focus on designing highly lossy structures to reach the best
absorption. This is not a big deal in the microwave range, where thin structures with a
large imaginary part can be implemented easily.

One of the major drawbacks considering infrared and/or optical frequencies is that
materials have very low losses compared to the ones in the microwave range. This
represents an important limitation in designing a good absorber: as a consequence in
order to achieve a great absorption, a greater ENZ layer thickness is necessary. In the
following an alternative solution, in order to overcome such a problem, is proposed.
Our goal is to obtain absorption for different AOI and a wide resonant frequency band
by using thin thicknesses. Let’s consider a 3-layered structure: the two possible
combinations are dielectric — ENZ — dielectric and vice versa (Figure 9).

If the dielectric material (with high permittivity value) is the layer 1 (n; is really large)
and the ENZ material is the layer 2 (n,—>0), we have (by applying the Snell’s law at the

interface dielectric-ENZ): sin(0,)=(n, /n,)sin(6, ). As a consequence, for any angle of

incidence (not zero), exists a normal component of the electric field in the ENZ layer,

magnified as reported above, leading to a greater absorption.

di
dmr

ds

Figure 9: Multi-layered structure proposed: Dielectric - ENZ (thickness d) — Dielectric.

Results are reported in Figure 10a for the AZO material. Similar results can be obtained
with the other two materials (GZO and AZO). Let us fix the good absorption criteria
when the resonant tip reaches the value of -10dB. From Figure 10a it is possible to note

how absorption is achieved at all angles, from 0° to 80°; in particular at the same
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frequency in the angle range 0°-30° and for a>30° the central resonant frequency blue

shifts and the bandwidth enlarges (40°-70°).
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Figure 10: Absorption of the proposed 3-layered structure: (a) multi-frequency and

wideband behavior (diot/A,=0.25); (b) multi-band behavior (dot/A,=0.5, with d1/A,=0.05,

dZ/}\pzo-zl dg/)\p=0.25, Edielectricz:l-oo)

It is interesting to note that if we release the lack of small thickness (the ratio d/ Ap=

0.25), by managing the different layers of the entire structure it is possible to reach

absorption at different resonant frequencies in the ENZ region of the material. An

example for multi-band absorption is shown in Figure 10b.

By using the proposed structure, for AOl in the range 0° - 50° two different absorption

frequencies are present; instead for a>50° the absorption bandwidth enlarges

significantly.

The most remarkable point, from the achieved results, is that in this way we can obtain

a good absorption:

_atall AOl in the range 0°-80°: multi angle absorption

_ at different resonant frequencies: multi frequency/multi band absorption

_ alarge frequency bandwidth: wideband absorption
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6. Conclusions

The potential role of ENZ materials to design a new electromagnetic absorber was
investigated. Such a material, thanks to their peculiar properties, path new ways forward
the design of electromagnetic absorbers, satisfying specific requirements.

In this regard, first of all by using the Transmission Line Approach, a new analytical
model, describing the electromagnetic absorption characteristics of the structure (in terms
of magnitude, bandwidth and frequency position) is presented. The proposed model is
compared to the results obtained by full-wave simulations. Good agreement among
analytical and numerical results was obtained. By using both models the properties of the
ENZ absorber were discussed.

In addition to this, a new multi-layered structure was proposed in order to enhance the
absorption. Full-wave simulations have confirmed the ability of the proposed
configuration to behave as a multi-band and broadband absorber in a wide range of angle
of incidence for small thicknesses.

The proposed structure offers great potential in a wide variety of practical application
fields such as to build-up selective thermal emitters, for detection and sensing, for

imaging and defense applications.

7. Applications and future works

Other than their rich ability as a platform to study fundamental electromagnetic wave
theory, metamaterial-based absorber offer a wide variety of practical applications.
Although many of these applications are still in their youth, a major goal since the
creation of them has been to integrate them into existing devices to boost their
performance.

The following subparagraphs look at a few of the possible applications that are most

studied in the field.
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Military and Telecommunications applications

Today, electromagnetic wave absorbers continue to have many relevant uses. One of the
most widespread uses is for radar cross section (RCS) reduction. The basic goal of RCS
reduction is to reduce radar echo so that objects can be hidden [4].

EM wave absorbers can also be used for antennas in reducing side lobe radiation or
undesirable radiation from antennas [3]. Clearly, all of these applications have huge
military and civilian potential.

More recently, electromagnetic wave absorbers have been used in the reduction of
electromagnetic interference by absorbing spurious electromagnetic radiation [3]. Along
with preventing health risks due to exposure of specific electromagnetic radiation at

particular frequencies, useful tool for wireless communications [58].

Detection and Sensing

Because metamaterial-based absorbers are tunable with respect to their operational
wavelength, they can be used as spectrally sensitive detectors or sensors. Much work has
done in both integrating them into existing designs and creating novel devices based on
metamaterials to provide detection and sensing throughout the electromagnetic spectrum.

Microbolometers are a type of thermal detector in which incident electromagnetic
radiation is absorbed by a material and then sensed by a thermometer. [59]

In the pyroelectric detector, absorbed energy is sensed by a material that has a
temperature dependent dielectric function, and the material forms a portion of a sensitive
capacitive circuit. [60]

These devices are of great interest in the IR wavelengths range and are particularly useful
at THz frequencies.

Theoretical work was done showing the possibility of adding a metamaterial-based
absorber to conventional bolometer microbridges in the MIR region in order to introduce
an element of spectral sensitivity. [61]

In another example of metamaterial-based absorbers as detectors, in [62] it was able to
show that SRR’s could be implemented on cantilever pixels to detect light. Utilizing

metamaterial-based absorbers to provide heat upon absorption (through their loss) can

133



cause mechanical displacement of the cantilever. By scaling the SRR design, this study
was able to show photoresponsivity in the THz regime and in the microwave region.

Rather than adding to an existing device, it is proposed that metamaterial-based absorbers
themselves could act as plasmonic sensors in the NIR regime. [19] The idea behind a
plasmonic sensor is that small changes of a material produce measurable changes in the
optical properties of the sensor. In this case, the absorption characteristics would change,
indicating change in the material surrounding the absorber: the relative intensity change
is caused by a change in refractive index. Because change in refractive index of the
surroundings causes a change in the impedance match conditions, a metamaterial-based
absorber will act as a very sensitive plasmonic sensor. It was demostrated a FOM that is 4

times larger than plasmonic gold nanorod sensors.

Other Applications

There are a multitude of other applications for MPAs, only a few of which will be
mentioned here. Certain regions of the millimeter wave realm have specific applications
in technology. The millimeter wave bands studied in [63] are utilized in automotive radar
(77 GHz), local area wireless network (92-95 GHz), and imaging (95 and 110 GHz).
Additionally, absorbers in the millimeter range could be used for radar sensors for
adaptive cruise control. [64] Metamaterial-based absorbers have been postulated to be
useful for actively integrated photonic circuits, [65] spectroscopy and imaging, [66] and

microwave-to-infrared signature control. [67]

Future works

In addition to applications discussed above, there are many great options for future
development of metamaterial-based absorbers. One is the advent of tunable, or active,
metamaterial absorbers, making itself that could be dynamically tuned by means of
external stimuli [68].

One particular accessible application of tunable metamaterial-based absorber is in

imaging. Some work has been done on THz imaging using compressive sensing. [69]
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Another possibility, is the application of metamaterial-based absorbers as accurate,
tunable and efficient thermal emitters over a specific frequency range to maximize
efficiency. [70]

There are a multitude of challenges in the future of metamaterial-based absorbers; one is
overcoming fabrication issues, specifically in the visible regime, to make them as
efficient as possible.

Another challenge is to integrate them into practical devices. Despite the difficulties and
challenges faced by metamaterial-based absorbers, they have a bright future with many
potential applications which should have a significant impact on current science and
technology.

Since their initial development, metamaterial-based absorbers have proved to be not only
useful for a multitude of applications but also as a platform to investigate classical

electromagnetic wave theory.
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Metamaterial-based nanoantennas

While antennas are a key enabling technology for devices like phones and Televisions by
using electromagnetic radiation in the radio-wave or microwave regime, their optical
version is essentially inexistent in today’s technology. However, recent researches in
nano-optics and plasmonics generated a huge interest in optical antennas, and several
studies are at the moment focused on how to transfer the well-established radiowave and
microwave antenna concepts into the optical frequency regime.

The absence of optical antennas in technological applications is associated with their
small scale. Typical Antennas have characteristic dimensions of the order of the operative
wavelength, this constrain leads for demanding fabrication accuracies of the order of
nanometers. The advent of nanotechnology provides access to this length scale with the
use of novel nanofabrication tools. Optical antenna structures is an emerging opportunity
for novel optoelectronic devices.

Recently the field of optics has significantly grown and researchers have been able to
prove that the optical antenna concept can realize the bridge between nanoscale optical
signals and far-field optical radiation, analogous to what a conventional antenna

represents for microwave and RF frequencies.

Introduction

Today, we are used to refer to an electromagnetic transmitter or receiver as an antenna
[71]. Guglielmo Marconi introduced the term antenna in the context of radio in 1895
while performing his first wireless transmission experiments. Various antenna geometries
have been developed since and many books have been written on antenna theory. In
1983, IEEE defined the antenna as “a means for radiating or receiving radio waves”[72].
At radio-frequencies (RF), antennas are a well-established technology capable of
transmitting electromagnetic signals that are confined within very sub-wavelength
volumes to the far-field region. Over a century after Hertz’s first attempts to radiate
wireless signals through air, microwave antenna designers have derived a variety of

powerful tools to develop complex wireless communication links.
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While radio antennas were well-developed as solutions for communications problems,
optical antennas were developed for imaging purposes. In analogy to its radiowave and
microwave counterparts, we define the optical antenna as a device designed to efficiently
convert free-propagating optical radiation to localized energy, and vice versa.

First microscopic methods, in which the field scattered from a tiny particle could be used
as a light source, were described in [73]. The particle would convert free-propagating
optical radiation into a localized field that would interact with a sample surface. Thinking
of the surface as a receiver, the particle can be viewed as an optical antenna.

The development of dark-field microscopy, the invention of scanning tunneling
microscopy and the discovery of surface enhanced Raman scattering (SERS) gave rise to
many theoretical studies aimed at predicting the electromagnetic field enhancement near
electromagnetic wave-irradiated metal particles [74]. Ten years later, irradiated metal tips
were proposed as optical antenna probes for near-field microscopy and optical trapping
[90, 9], and then several antenna geometries have been studied (rods, bowties, etc.).

IR antenna fabrication has expanded considerably in the past few decades, in order to
fabricate many types of IR detectors, bolometers, and nanophotonic devices [75, 76].
Recent progress in nanotechnology has allowed us to discover large emission
enhancements and significant boosting of the electromagnetic fields near nanoparticles,
theoretically predicted and experimentally observed in many configurations [77], paving
the way to the new field of optical antennas [78]. This concept was started by simply
analyzing nanoparticles whose shape may remember the one of RF antennas such as
nanodipole, nanodimer and nanobowtie antennas).

Considering this, the aim of this chapter is to design a new kind of antenna by exploiting
the extraordinary properties of the ENZ electromagnetic properties. This chapter is
organized as follows: first of all the RF, Microwave and Plasmonic antenna concepts are
revisited and brought to the higher frequency (infrared and optics). Secondly, a brief
overview of the general operation pattern of the following structure: ENZ+AIR and
ENZ+PEC Antenna, is shown. Then, relevant differences between optical and
conventional antenna operation are pointed out. A comparison with the traditional

structures PEC Antenna is reported. This provides us the possibility to correlate their
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properties with their geometrical and electromagnetic characteristics. Finally, conclusions

and possible applications are drawn in the final paragraph.

1. Nanoantenna theory and design

In this thrilling environment it is crucial to transfer some of the expertise and design tools
of RF antenna design to optical frequencies, in order to tailor the coupling between
confined optical sources and emitters using the traditional theory, modeling and design
tools developed in the radio frequency range.

Essentially, light and radio waves are governed by the same equations, and therefore
similar phenomena are expected. Unfortunately, a direct translation of conventional
antenna design rules to optical frequencies is not possible, due to the fact that material
properties, physical operation and wave-matter interaction change significantly when the
operating frequency gets higher (near-infrared and visible spectrum). In addition to this,
the corresponding antenna dimensions become comparable to the components of
materials.

Therefore, it is important to discuss the most important differences between optical and
conventional (RF) antenna operation.

First of all, metals have really different electromagnetic response at optical frequencies
compared to RF. Conventional RF antennas are usually realized with very good
conductors characterized by highly sub-wavelength, usually negligible skin depth, in
which conduction phenomena largely dominate.

At optical frequencies, however, conductivity is generally lower and polarization and
displacement effects play the crucial role. In this way, it modifies the physics of antenna
operation, and the definition of currents and radiation properties of the antenna needs to
consider displacement effects, in addition to the conduction ones. This is also usually
manifested in the appearance of plasmonic effects, associated with field penetration in the
metal. One aspect of this modification of the metal properties is reflected into the
different propagation properties along a metallic rod at optical frequencies. If the
conduction currents at RF have a wavelength equal to that of free-space, since no fields
effectively penetrate into the metal, at optical frequencies the displacement currents

flowing along the metal have much shorter wavelengths than free-space [79]. This leads
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to an important consequence: the resonant length of a radio-frequency wire antenna is
usually comparable to half-wavelength of operation, whereas it becomes significantly
smaller for optical antennas [80, 81].

Related to the larger field penetration in metals, loss and absorption may also become
relatively more important in optical antennas, affecting radiation efficiency and gain. In
addition, these effects are associated with the manifestation of the aforementioned
plasmonic effects at the interface of optical metals [82].

Finally, sources usually available at optical frequencies have significantly different
properties than those available at RF. Depending on the quantum mechanisms describing
their emission properties, and in particular their efficiency, the corresponding circuit
model describing their emission and feeding properties may considerably change [83,

84].

2. Nano-circuit theory for optical antennas

At radio-frequencies, it is used to describe antenna systems by modeling their design in
terms of few quantities of interest, such as its input impedance, bandwidth, directivity and
gain. The power of this approach is fundamentally based on the fact that it is possible to
describe transmitting and receiving antennas, as seen by the feeding or receiving lines, in
terms of lumped circuit loads [85, 86]. The goal of this paragraph is to transfer traditional
FR concepts to optical antennas and show that it is indeed possible to treat them in the
same way. The concept is shown in Figure 11, in which it is shown an analogy between
an optical nanodipole and a more conventional radio-frequency dipole, both of them fed
at their gap. In order to properly show the equivalence, we need to bring into play the
concept of optical nanocircuit impedance [87, 88]: a quantitative description of light
interaction with small nanoparticles in terms of equivalent lumped circuit elements, in
order to derive circuit theory tools for optical frequencies analogous to those available at
lower frequencies to RF engineers. In this way, it is possible to define circuit quantities
like (voltage) ¥ and (displacement current) /,;, and therefore the nanoantenna optical input

impedance [89].
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Figure 11: (a) Optical nanodipole driven by an embedded optical source at its gap; (b) a
plasmonic nanostrip line feeding a nanodipole antenna; (c) Thevenin equivalent circuit
model for these transmitting optical antennas.

Despite the same modeling approach, there are still huge differences between radio-
frequency and optical impedances, currents and voltages.

e RF (conduction) currents are forced to be zero at the end of the antenna arms,
whereas displacement currents are not necessarily zero at the edge of it. This
makes the effective length of optical antennas usually longer than their physical
length [90], with clear implications on their resonance frequency, which is usually
shifted to longer wavelengths compared to RF antennas.

e Similar to RF antennas, input impedance is independent of the specific form of
excitation but it depends on the choice of terminal points, as well as on the overall
antenna shape and geometry, and it may be numerically calculated by applying an

arbitrary voltage across the terminals and measuring the induced current flowing
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across the gap. This implies that it is possible to fully describe the terminals of an
optical antenna, both in transmitting and receiving operation, using the circuit
model in Figure 11.

A peculiar difference is that in determining the optical input impedance, the size
and geometry of the antenna gap play a mainly important role compared to RF
antennas. The gap forms a non-negligible nanocapacitance. This intrinsic load
contributes to the overall input impedance in the circuit model (Figure 11),
formed by the parallel combination of the gap impedance and the intrinsic
impedance of the nanoantenna. This may represent an important advantage in
working with optical antennas, because the load impedance may be easily
modified by placing a specific material inside the antenna gap, providing

interesting possibilities for tuning [91] and matching [92] the optical antenna.

Using numerical simulations, the input impedance can be calculated by driving the

antenna at the gap with an ideal impressed voltage source placed between the

nanoantenna terminals and calculating the flux of displacement current flowing across the

nanoantenna arms at the terminals. The ratio between the applied voltage and this current

flux defines Z;,.

The general behavior of the dispersion of the optical input impedance is similar to that of

a conventional RF antenna. There are few relevant differences typical of optical antennas,

which are important to emphasize:

First of all, the position of the resonant frequency, strictly related to the different
propagation properties of the guided modes along the structure, affected by the
non-negligible field penetration in the metal.

The amplitude of the peak values of input resistance and reactance at the ‘open-
circuit’ resonances, which are much larger than in conventional RF antennas.
Similarly, the input resistance at the ‘short-circuit’ resonances is significantly
lower than those of RF dipoles. This is associated with the smaller radiation
resistance of optical antennas [93], due to the fact that their resonant lengths are

much smaller than those at RF frequencies.
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The input impedance obviously is not the only quantity of interest to characterize the
radiation properties of optical antennas.

e As reported in [93], the optical radiation resistance in the visible, is usually
smaller than at RF, due to the shorter resonant length and when it is combined
with the larger metal losses, which increases the importance of the absorption
resistance seen at the gap, lower radiation efficiencies generally are obtain
compared to RF, due to the lower level of metal conductivity at these high
frequencies.

e Directivity and gain may be defined similar to RF, and the main difference
compared to conventional antennas is that they tend to be smaller, due to the
naturally small resonant size and efficiency, as detailed above. Directivities closer
to 1.5 (traditional RF dipole) are commonly obtained.

e The bandwidth of optical antennas is usually small, due to their inherently small
electrical size and the influence of material dispersion and plasmonic effects.

e Finally, there are evident differences in the optical propagation properties as
compared to RF, and optical links are necessarily expected to operate in line-of-

sight.

3. Epsilon-Near-Zero Antennas: Dielectric + ENZ cover and PEC + ENZ cover

The operation pattern

Figure 12 shows the structures under study: the ENZ+AIR antenna (a) is characterized by
a cylindrical air dipole with radius a=oA,, length /=A,, embedded in a concentric ENZ
material cylinder as cover, whose thickness is s=yA,,, where 2, is the plasma frequency of
the ENZ material. The ENZ permittivity is described by the complex electric permittivity
eenz(®)= €o(e(m)-jei(®)) and magnetic permeability pupnz= popr (being =1 the relative
magnetic permeability of the free space and w=2xf is the frequency in rad/s). The antenna
system is excited by a discrete port placed between two circular metallic plates in the
middle of the dipole. The metallic plates are filled by the ENZ material too, whose
thickness is d=0A,. Let’s assume the surrounding region as free space with electric

permittivity ) and magnetic permeability .
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Figure 12: The antenna system operation pattern for: the ENZ+AIR antenna and the
PEC+ENZ antenna.

Comparison among ENZ Antennas and Classical Metallic Antennas

In order to compare the traditional PEC electromagnetic behavior with the proposed ENZ
structures, the following relevant major differences/aspects between ENZ-based and
traditional antennas must be pointed out.

First of all the different electromagnetic response of metals: it’s well know that at RF and
microwave frequencies antennas are realized with very conductors elements, in which
skin depth can be neglected and the conduction phenomena largely dominate.

Metallic wires function as conduits for the flow of electronic charges and the relative
conduction currents. Metals due to their high conductivity o, when surrounded by
insulators (having zero or low conductivity) as free space, play the role of a medium with
high contrast in electric conductivity, leading to the confinement of the conduction
currents oE [94-96].

However, at higher frequencies (infrared and optical ones) the conductivity is lower and
the polarization/displacement effects grow, becoming more relevant especially when the
wavelength is reduced. At higher frequencies electric displacement currents play a more
dominant role than the conduction ones. It means that at such frequencies the conduction
current has to be substituted with the displacement one: -joeE where E is the electric

field and ¢ is the local material permittivity [97-98].
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Unlike the conduction current, in this case the displacement one can flow in the
surrounding background material. Therefore in order to confine the displacement current,
in the same way as metallic wires confine the conduction one, we have to replicate the
contrast in conductivity existing between the metallic wire and the surrounding space. In
other words the role of material conductivity is replaced by the material permittivity. The
equivalent of a poor conductive material is represented by the epsilon near zero (ENZ)
material in which, due to its low (nearly zero, e<<1) permittivity values, the displacement
current is close to zero. In this way the ENZ material play as an insulator for the
displacement current, exactly the same role that air (very poorly conducting material 6=0)
plays for the conduction current. Analogously, the role of the metallic wire in classical
antennas (good conductor 6>>1) may be taken here by a dielectric with high permittivity
values (¢>1). In this way the large contrast in the permittivity values is reached and the
displacement current can flow in the dielectric medium as the conduction current flows
on metals.
Secondly, in traditional antennas no fields penetrate into the metal due to the large
wavelength (comparable in terms of order of magnitude to that of free space) leading to a
small penetration depth effect. On the other hand, at optical frequencies the wavelength is
dramatically reduced, as a consequence the skin depth cannot be neglected anymore.
Such differences, existing for metals at optical frequencies, are still valid in our case,
leading to crucial consequences:
e the definition of voltage and current (and consequently the impendence concept)
change. In particular we have to refer to the integral quantities of the local field
distribution and the related displacement field around and inside the structure, as

reported in [99]

e if in traditional radio-frequency the physical and resonant length of a wire antenna
are comparable (half-wavelength of operation), at higher frequencies the guided
wavelength on the arms of the optical antenna becomes significantly smaller than
in free space [83, 84]. On the other hand, conduction currents are forced to be
zero at the end of the antenna arms, at the optical regime the displacement current

is not necessarily zero at the edge of the antenna. So the effective antenna length
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results longer compared to its physical one, and the related resonant frequency is

shifted to higher wavelengths compared to the traditional case.

due to the larger penetration of the field, loss and absorption become more

important in optical antennas, affecting their radiation efficiency and gain.

We started to study a planar small circular capacitor (radius a and thickness d) filled with

ENZ material and we compared it’s behavior with a traditional air-filled capacitor.

When the ratios radius to plasma wavelength and thickness to plasma wavelength,

respectively are small, compared to the air-filled case:

in the ENZ capacitor most of all the electric field lines are outside the gap: due to
the low permittivity value of the ENZ material inside the capacitor, and follow the
geometry of the structure

the ENZ capacitor radiates an electromagnetic field, that it is more intense in
proximity of the structure: due to the presence of the ENZ in the capacitance the
electric field lines are forced to escape from the ENZ material and find a way (the
air in this case) where propagate themselves. The intensification of the field
outside the structure is larger if both the real and imaginary part of the ENZ

material are kept small

We simulated the electromagnetic field distribution of the considered structures by using

the commercial electromagnetic software CST Microwave Studio [55].
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Figure 13: Vector field plot (the real part) of (a) the displacement electric field and (b)
the conduction current distribution for the AIR+ENZ and PEC+ENZ antenna,

respectively.
The results are shown in Figure 13, where the vector plot is the real part of the

displacement electric field (a) and conduction current (b) distribution for the AIR+ENZ

and PEC+ENZ antenna, respectively.
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Starting from that point, for the ENZ Antennas what we have obtained is that:

e the displacement current is predominantly longitudinal, strongest at the center of
the cross section, flowing forward along the air structure, strictly confined in the
air dipole.

e the phase has little changes from the source to the top/bottom of the dipole,
without leaking into the air region. Whereas is transversally directed in the ENZ
shell.

In the same manner as classical metallic conducting antenna at RF and Microwave
frequencies allows the flow of conduction currents without current leakage and negligible
voltage drop, as a consequence the ENZ Antenna is able:
1. to permit the displacement current to flow in the dielectric dipole with no
phase delay and without leaking it along its path
2. to sustain the current flow with no electric field drops across its
top/bottom edge
In absence of electric field drops, we obtain that at the end of the dipole as a traditional
antenna the displacement current close itself on the other side of the structure, in other
words the structure radiates.
From the uniform phase over along all the cross section of the dipole derives that:

e the electric and magnetic field distribution around the dipole, remind those of a
regular metallic wire at radiofrequencies;

e a strong uniform displacement current flowing inside the dipole. A negligible
current flow across the ENZ region, due to the different values of permittivity in
the two regions.

e negligible amplitude decay and radiation losses, due to the fact that the ENZ shell
acts as a perfect magnetic conductor reducing the field to zero outside the air
dipole. Therefore, the thickness of the ENZ shell is not crucial in ensuring the
guidance properties of the structure. Instead it plays a crucial role in the amplitude
of the guided and irradiated electric field and on the phase variation along the
dipole and on the radiation losses: a thicker ENZ shell reduces both, permitting to
obtain a better insulation from the background space, in order to transport the

displacement current with small energy loss.
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The uniform (displacement/conduction) current distribution in the antenna system leads
to the following important aspects:

e the possibility to reproduce the same behavior of an half-wavelength dipole (and
all its relevant aspects in terms of impedance and gain) also for shorter
dimensions.

e the possibility to guide the displacement current not only in straight path but also
in curved and bended shapes: the displacement current can be tailored and shaped
using properly designed structures analogous to what happened in metallic wire
for the conduction currents. It means that it is possible to transfer the classical
metallic ring concepts to the higher frequencies (infrared and visible), obtaining
the same electromagnetic behavior.

Same considerations can be made in the PEC+ENZ structure (b) for the conduction

current.

4. Sensing and Telecommunications applications of ENZ Nanoantennas

In this section, we discuss relevant applications of all the concepts discussed before in a
variety of fields of optics beyond optical communications.

One of the peculiar properties of optical nanoantennas consists in the large field
enhancement in specific regions. This enhanced and largely controllable field may be
used to realize compact optical sensors. In this regard, as also shown in [100] it is
particularly relevant for biosensing and surface-enhanced Raman scattering (SERS)
applications [101], as we may be able to optimize their performance by translating some
conventional antenna design concepts into much larger frequencies of operation.

As reported before, such kind of antennas may provide optimal performance in terms of
sensitivity, overall efficiency and bandwidth of operation, since their shape allows
reducing losses and permit localization effects in specific regions.

As we just discussed, optical nanoantennas can provide large field enhancement in their
neighborhood. One exciting possibility in order to exploit this feature consists in
enhancing nonlinear optical processes [102-104]: the large and controllable field

enhancement at the nanoantenna gaps may indeed open several opportunities to design
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for example ultra compact switches and memories [105], frequency mixers and phase
conjugating lenses based on time-reversal [106].

The exciting properties of optical nanoantennas have also been explored in connections
with energy applications. Large field enhancements are usually associated with more
efficient energy harvesting, suggesting a route to apply optical nanoantennas to solar cells
and photovoltaic applications [107].

These concepts may pave the way for novel mechanisms and designs for efficient energy

conversion systems based on optical nanoantennas.

5. Conclusions

The aim of this paragraph was to design a new kind of ENZ antenna. We revisit the RF
and Microwave antenna concepts and bring them to the higher frequency (infrared and
optics), by exploiting the extraordinary ENZ material properties. The main crucial
aspects concerning this study can be summarized as follows:

* the possibility to reproduce the same behavior of a classical half-wavelength dipole also
for shorter dimensions.

* the possibility to guide the displacement current not only in straight paths but also in
curved and bended shapes: new ENZ-based Split Ring Resonators can be developed .

In other words by exploiting the ENZ materials the antenna/ring properties become
independent from the geometry of the structure and are a function exclusively of the
frequency at which the cover material behaves as epsilon near-zero.

Our results pave the way for new interesting and relevant applications in a variety of

fields of optics, sensing, communications and nanodevices.
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CAP 5 Conclusions

This work was focused on the electromagnetic modeling of resonators by using
metamaterials and nanoparticles for biomedical and telecommunications applications.

For what concern the first topic (biomedical applications), new high sensitivity sensors
design was proposed, using planar metallic structures whose frequency response is
modified by the modification of the surrounding dielectric environment or by exploiting
the electromagnetic wave interaction with plasmonic structures. Several configurations
and geometries were studied. The possibility to successfully use such structures as
sensors in a broad electromagnetic spectrum (from microwave to the visible range) was
demonstrated. It allowed us to develop several applications really useful for the detection
of biological compounds and cancer tissues.

Instead, regarding to the telecommunications applications, the research work focused its
attention on the main applications of ENZ materials to design new kind of
electromagnetic wave absorber with broadband behavior in terms of angle range and
frequency bandwidth, and new types of antenna systems.

More specifically, the main advantages in using metamaterials as biolectromagnetic
sensors are the following:

e A significant reduction in the structure size and the related enhancement of the
sensitivity sensor. Related to this, the sample volume, required for an accurate and
reliable sensing, is reduced of several magnitude orders

e The possibility to optimize the sensor response, its frequency (in terms of
magnitude, amplitude width and bandwidth), by tailoring its geometrical and
electromagnetic properties (or the electromagnetic ones of the incident field as
well) in order to coincide with the spectral absorption properties of a well
selected organic group

e The possibility to enhance the sensing system performances: due to the small
dimensions several different resonators can be implemented on a single sensing
platform in order to detect simultaneously different biological compound

e Avoiding the use of markers, reducing as a consequence artifacts on the results
caused by their use

e Narrowband behavior: sensors are able to detect an higher (permittivity/refractive
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index) variation in the output signal, in response to small changes of the input
signal, achieving an higher sensitivity. This, combined with the high electric field
focalization, permit to improve the sensing performances and to detect really
small amount of compounds

e Possibility to tune the resonant properties of the structure: the sensor response can
be design and optimized in order to obtain high sensibility and selectivity

properties

Starting from such considerations, the first research topic was to design high selectivity
and sensibility metamaterial-based structures, for sensing by refractive index and
absorption measurements.
The 3-D concept of metamaterials was transferred to the 2-D one, rearranging the
inclusions on a planar surface/interface. Such metamaterial version is called meta-
surfaces. The considered inclusions were of arbitrary shape and their dimensions and
spatial periodicity must be much smaller of the incident operative wavelength in the
surrounding material. Under such conditions, their electromagnetic behavior can be
described their quasi-static equivalent circuit model.
Metasurfaces occupy less physical space, and consequently they exhibit less losses,
compared to 3-D metamaterial structures.
Two different configurations were considered: SRR and its complementary version
CSRR. In particular the latter structure is of great interest in sensing for the following
reasons:
e The electric field distribution is not only localized in the gap region (as in the

SRR case) but also distributed along all the metallic plate. It ensures a greater

interaction between the sample and electric field, compared to the traditional

case (SRR), achieving an higher sensibility

e The resonator is able to irradiate the sample in a selective way.

Finally, in order to verify the quality of the proposed modeling approach, the obtained
analytical results were compared, for all the considered geometries (and for different
parameter configurations), with experimental and numerical results existing in literature.

Among the three considered values (analytical, numerical and experimental) a good
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correspondence (above 95%) was reached.
During this research work several different biomedical applications were proposed, in
particular for sensing of cancer tissues, cancer stage recognition, water content detection

and hemoglobin concentration measurements

The second research topic was focused on the study of the electromagnetic properties of
nanoparticles and on their electromagnetic modeling. In particular, the interaction of the
electromagnetic radiation with plasmonic planar/nano structures was analytically and
numerically studied. Such a study allowed us to use nanostructures for diagnostic and
therapeutic applications.
Electromagnetic modelling of nanoparticles is crucial in order to:
e study electromagnetic waves propagation effects affecting such materials and
how electromagnetic fields influence and interact with them
e understand how their geometrical factors (such as dimensions, shape and volume
fraction) and the electromagnetic properties of the nanoparticles and the
background material influence the electromagnetic behaviour of the entire
structure
e how to manipulate and control their properties to satisfy specific required
applications.
An analytical and numerical study on the nanostructure optical properties is developed,
by comparing different nanoparticle shapes. In addition the corresponding analytical
models, for the considered geometries, are obtained, and then compared with numerical
and experimental results existing in literature, achieving, also in this case, a good
correspondence above 90%.
Some relevant aspects from the conducted study must be pointed out:
e the mixture theory and the metamaterial properties allow us the possibility to
describe and model the materials electromagnetic behaviour.
e by modifying the geometry/shape of the traditional structures, existing in
literature, it is possible to obtain interesting structures really useful for sensing

and communication applications.
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e nanostructures having a large aspect-ratio (AR) are of great interest for sensing
applications, due to their high sensitivity. In the following, as an example, two
kind of structures are reported and deeply studied: the ellipsoid and the nanorod.

e Several enhancement mechanisms were used to achieve high selectivity and
sensibility values

In particular for sensing applications several different structures were proposed, such as
for blood diseases recognition, biological tissue characterization, chemical analysis (e.g.,

glucose concentration measurements) and skin cancer detection.

The third part of this work is related and based on the study of ENZ material properties
and on their applications for sensing, for the design of electromagnetic absorber and new
kind of antenna systems.

The use of ENZ metamaterials is crucial for sensing applications. Two crucial aspects in
using ENZ metamaterials for sensing applications were reached:

* no disturbance interactions between the system and the sample under test are present;

* a greater sensor sensitivity. In this kind of structure two phenomena are both existing,
the LSPR effect leading to a strong local electromagnetic enhancement in the
neighborhood of the particle and the ENZ one that leads the electric field lines outside the
core particle. Both phenomena ensure a stronger electric field interaction with the
surrounding material, restricted in a small area, compared to the traditional cases.

For what concern the telecommunications applications two different sub-topics were
developed: ENZ absorbers and ENZ antennas

For the ENZ absorber, an analytical and numerical study of a new type of
electromagnetic absorber, operating in the infrared and optical regime, was proposed.

For this purpose, the electromagnetic properties of the structure, in terms of reflection
coefficient, were analytically described by the use of the transmission line theory. Good
agreement between analytical and numerical results was achieved.

In particular it was demonstrated that the proposed structure is able to absorb in a wide
angle range (0°-80°), with a multi-band and wide-band behaviour for small structure
thicknesses (d=Ap/4), compared to the conventional absorbers working at the same

frequencies.
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The proposed structure offers great potential in a wide variety of practical application
fields to build-up selective thermal emitters, for detection and sensing systems, for
imaging and defense applications.

For the ENZ antennas, the main achieved results can be summarized as follows:

. the possibility to reproduce the same behavior of a classical half-wavelength
dipole (and all its relevant aspects in terms of input impedance and gain) also for shorter
dimensions.

. the possibility to guide the displacement current not only in straight paths but also
in curved and bended shapes: it is possible to transfer the classical metallic ring concepts
to the higher frequencies (infrared and visible), obtaining the same electromagnetic
behavior.

In other words by exploiting the ENZ materials the antenna/ring properties become
independent from the geometry of the structure and are a function exclusively of the
frequency at which the cover material behaves as epsilon near-zero.

Our results pave the way for new interesting and relevant applications in a variety of

fields of optics, sensing, communications and nanodevices.
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