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Preface

Metamaterials have been in the research limelight for the past few years due to their
exotic electromagnetic characteristics. These artificial structures are designed to achieve
electromagnetic properties that do not occur in nature, and they are able to exhibit
unique responses to incidence excitation. Their unusual features enable them to be used
in a variety of technological applications, such as antennas, filters, absorbers, sensors,
energy harvesters, cloaks and many others.

A meta-atom is the basic building block of a metasurface, which is usually a resonator
comprising either plasmonic or dielectric materials. With this viewpoint, the role of
engineered mediums remains greatly important due to the possibility of on-demand
tailoring of the electromagnetic response. The propagation of surface electromagnetic
waves at the interface of specially designed mediums has been widely investigated as
many new forms of miniaturized devices can be used for novel applications.

This book emphasizes the fundamentals of metamaterials, describing the development
of the field and the underlying theories, followed by the relevant advancements in the
research arena. The authors, who are from different countries, contributed their recent
research results, pivoted to metamaterial designs and experiments in fields ranging from
optical materials, to antennas, to even microwave tubes. This illustrates the phenomenal
growth of interest among R&D scientists focusing on engineered metamaterial
technology-oriented applications. Both theoretical and experimental investigations are
discussed, so the book can benefit expert scientists in universities and research labor-
atories as well as novice researchers, such as graduate students, to frame their own
research topics/ideas and objectives.

This book comprises 13 chapters written by scientists from various countries. In
Chapter 1, Subal Kar discusses a comprehensive roadmap of the progress of
metamaterial and metasurface technology, as well as application viewpoints from
its inception to recent times. The analytical treatment of metamaterials involves the
homogenization process of a medium, which makes it essential to use effective
medium theory. In Chapter 2, Guha and Basu present a review of effective medium
theory and electromagnetic analysis of parameter retrieval techniques in the context
of metamaterials. Their report incorporates simulation and experimental validations
of retrieval techniques, as used in the case of metamaterial unit cells.

Achieving high-performance metamaterials at the device level requires fine
adjustments of the constituting engineered meta-atoms at the micro/nano scale. This
often results in unfeasible design processes owing to costs, complexity and time
constraints. G. Oliveri et al., in Chapter 3, review the recent advances in Material-
by-Design technology, with specific attention to applicative scenarios emerging in
communications and sensing. Chapter 4 focuses on tunable metamaterials. Ke Bi
summarizes tuning methods for magnetically tunable, electrically tunable, thermally
tunable and flexible metamaterials, emphasizing recent developments and
technological potentials.

In Chapter 5, Kang et al. touch upon absorber applications of metamaterials in
optical spans in the electromagnetic spectrum. In particular, the authors review

XV



XVi Preface

theoretical background and strategies to achieve metamaterial-based near-perfect
absorbers in the visible and infrared regimes, which can be harnessed for sensing,
imaging, photo-detection and solar cell applications. In line with this, the theme of
Chapter 6 is the use of metamaterials in designing low-frequency perfect absorbers.
Khuyen et al. present a brief introduction of the operational progress of perfect
absorbers as well as underlaying challenges and tendencies for the future
development of low-frequency metamaterial-based perfect absorbers.

Tatjana Gric discusses the plasmonic properties of photonic metamaterials in
Chapter 7 The author touches upon a few different forms of metamaterials
comprising layered composites formed by dielectric mediums and graphene as
well as their underlying physical mechanisms. In addition, the study incorporates a
description of hyperbolic metamaterials, and the investigation demonstrates an
application of studying cancer. In Chapter 8, Sreekanth and Singh report on tuning
optical responses exhibited by specially designed hyperbolic metamaterials from the
visible to terahertz frequencies by incorporating suitable functional materials within
the multilayered structure. Also, the authors emphasize potential applications of
active hyperbolic metamaterials in photonics and biomedical research.

Graphene has been greatly researched, and it remains extremely important in
constructing tunable electronic and/or optical components. The amalgamation of
graphene in designing metamaterials has led to a variety of technologically prudent
nanoengineered mediums. Keeping this in mind, in Chapter 9, P.K. Choudhury explains
the fundamentals of graphene and reviews the spectral features of a few types of
graphene-supported metamaterial configurations that can be used for filters, absorbers
and sensors. In Chapter 10, Nasri et al. discuss the use of specially designed asymmetric
H-shaped metamaterials in sensing different estrogenic hormones, for example, 173-
estradiol (E2) — the most potent estrogen. The authors address the use of aptamers in the
experimental study of various estrogenic molecules via metamaterials-based plasmonic
sensing.

Cselyuszka et al., in Chapter 11, report detailed insight into acoustic surface
wave propagation at the boundary between fluid and hard-grooved surfaces. Within
the context, the authors provide the theoretical background and analyses of spoof
acoustic surface wave propagation as well as control and manipulation. Also, they
touch upon the applications in sound trapping, collimation of sound, gas sensing
and acoustic lensing.

In Chapter 12, Oleg Rybin talks about the principle of miniaturization of
microwave patch antennas in achieving improved performance. The author presents
the importance of substrate in enhancing the constitutive properties. The chapter
reports that the use of larger number of layers yields better improvements with
respect to power gain and efficiency of the antenna. The author shows that replacing
a high dielectric substrate with metamaterial having the same values of effective
relative permittivity/permeability enables one to create compact multi-band and
multi-directional patch antennas.

Chapter 13 discusses the importance of metamaterials in constructing vacuum
electron devices. Guha et al. review attempts made to improve the performance of
conventional vacuum electron devices using various metamaterials. In the chapter, the
authors analyze the effect of metamaterial assistance considering negative effective
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relative permittivity and permeability. Also, they model the constitutive parameters of
metamaterials to study the vacuum electron devices through presenting analyses,
simulations and experiments.

Overall, the included chapters are pivoted to novel applications of metamaterials
in a wide spectral range. The themes are basically focused on the development of
sensors, filters, absorbers, antennas and vacuum electronic devices. The editor of
this book is thankful to all contributors for spending enough attention to summarize
their research findings during the hard time of the ongoing pandemic. Indeed, it took
a few more months than what was expected to realize this book, which essentially
delayed the overall process. The editor highly appreciates the patience of all the
contributors in this respect.

Finally, the editor takes this opportunity to acknowledge Marc Gutierrez of the
CRC Press (Taylor & Francis Group) and the team for inviting him to take up this
editorial task. Also, the editor extends sincere thanks to the Director of the Institute
of Microengineering and Nanoelectronics (Universiti Kebangsaan Malaysia,
Malaysia) for constant encouragement and help throughout. The endless support
from his spouse, Swarnadurga, can in no way be forgotten.

Pankaj K. Choudhury
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Applications
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and Electronics, University of Calcutta, Kolkata, India

1.1 INTRODUCTION

Metamaterial, or phenomenologically left-handed material (LHM), is popularly
known to make things “invisible.” The “meta-material” is the combination of
two terms: meta (whose meaning in Greek is “beyond”) indicates that it exhibit
properties not available in nature, and material means that it is constituted of
permittivity and permeability. Metamaterial is capable of reversal of Snell’s law
of refraction and reversed Doppler Effect, and it produces reversal of Cerenkov
radiation [1,2], see Fig. 1.1.

The history of artificial material exhibiting properties not available in nature can
be traced back to the pioneering work of J.C. Bose on twisted jute pair polarizer at
the millimeter-wave frequency in 1898 and K.F. Lindman’s work on electro-
magnetic chirality at the microwave frequency in 1914, which may be considered to
be the precursor of the present-day artificial chiral material. During 1940-1960,
extensive work was also carried out on the so-called artificial dielectrics. However,
the beginning of research on LHM (left-handed material), or metamaterial, can
actually be reckoned from the seminal work of V.G. Veselago in 1968 [1]. Veselago
examined the solutions to Maxwell’s equations in hypothetical media having si-
multaneously negative isotropic permittivity and permeability, and he observed that
such material would exhibit some counter-intuitive phenomena. He termed such
materials, not found in nature, as “left-handed material”. The term “metamaterial”
for LHM was coined by R. Walser at a 1999 DARPA workshop on composite
materials, where the prefix “meta” was chosen to convey that such composites
transcend the properties of natural materials.

Technically speaking, metamaterial is artificially structured material (commonly
metal-dielectric composite) having extrinsic inhomogeneity, but to an incident
electromagnetic wave, it is effectively homogeneous. The structural properties,
rather than the chemistry of material with which it is constituted, determine the
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FIGURE 1.1 Counter-intuitive phenomena with metamaterial; (a) reversal of Snell’s law of

refraction, (b) reversed Doppler Effect and (c) reversal of Cerenkov radiation [2].

characteristics and functionalities of metamaterials. Such artificial material is rea-
lized with the unit cells in periodic structure having their dimensions commensurate
with small-scale physics (h << A, where # is the characteristic dimension of a unit
cell and 4 is the operating wavelength).

Permittivity and permeability are the constitutive parameters of any material. In
usual/natural material, or right-handed material (RHM), both the permittivity and
permeability are positive, whereas in LHM, or metamaterial, the permittivity and
permeability are simultaneously negative. Unlike RHM, the permittivity and per-
meability are bulk properties of LHM rather than the elemental property, and thus,
we talk of effective relative permittivity (g,.;) and effective relative permeability
(ttre) of LHM, or metamaterial.

Apart from being RHM or DPS (double positive), and LHM or DNG (double
negative), the materials can be of other forms having either negative permittivity
with positive permeability, or negative permeability with positive permittivity.
Fig. 1.2 shows the plot of constitutive parameters (¢ vs. ) in the four quadrants.
Negative permittivity below plasma frequency is possible in the ionosphere of



Metamaterial and Metasurface Technology 3

1A

Plasma and fine Conventional
Wire Structures Material
<= DPS (RHM)
n=-+.J&,
No Transmission i
-

Microstruc

Metamaterials
magnets a

split rings

No Transmission

DNG (LHM) == AIr

FIGURE 1.2 Plot of constitutive parameters of materials showing the possibility of different
materials (Taken from the presentation of Subal Kar; 99th Indian Science Congress, 2012).

the Earth’s atmosphere, which has been known for a long time. Negative per-
meability below plasma frequency is possible in gold and silver, but at the
ultraviolet (UV) frequency.

John Pendry first showed the possibility for practically realizing the electric
plasma at microwave frequency using an array of thin metallic wires in 1996 [3], and
magnetic plasma using an array of split-ring resonators in 1999 [4], respectively, to
realize the negative ¢, and negative u,.;below the corresponding plasma frequency.
In actual design, the negative permittivity is realized with an array of metallic thin
wires (TWs), see Fig. 1.3a, below its electric plasma frequency, and negative per-
meability with a matrix of C-shaped split-ring resonators (SRRs), see Fig. 1.3b, below
its magnetic plasma frequency. Each unit cell in a periodic array of TWs or an SRR
matrix, when irradiated with an electromagnetic signal, acts as an “electric atom” and
“magnetic atom”, respectively, mimicking the atomic arrangements as in the lattice
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FIGURE 1.3 Plasmonic metamaterial (a) thin-wire (TW) array and (b) split-ring resonator
(SRR) matrix [2].
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TABLE 1.1
Dual of RHM gives the LHM [2]
Parameters for p Z, Vp Vg n
L/2 L2 w\JIC \/T 1 1 JLC

RHM .

'2 ) _ 1 " — 2 'c’ 2 7 A _ 1

< 0/'2_ wJL'C" \/? “ te \/ﬁ wZVL’C'yosu
LHM

of natural material. The metamaterial realized with an array of TWs and a matrix of
SRRs combined together constitutes a plasmonic metamaterial.

Table 1.1 shows the analogy between possible left-handed (LH) waves and the
dual of the normal transmission line. Eleftheriades et al. [5] in 2002 proposed an
alternative way to realize the LHM property using transmission lines.

The practical implementation of transmission line metamaterial is done by peri-
odically loading a host transmission line with series capacitance and shunt inductance,
as shown in Fig. 1.4. Effective metamaterial property is realizable only when the unit
cell dimension (d) satisfies the condition: d < A. Being non-resonant, the periodically
loaded transmission line (PLTL) exhibits simultaneously low loss and broad band-
width, and it is thus well suited for RF and microwave circuit applications.

It is interesting to note that Maxwell’s wave equation can be used both for RHM
and LHM, since the refractive index n appears as square power in the equation (see
Eq. (1.1)) given below:

2
VA 22w = 0 (1.1)
C

where n? = €,u, and ¥ represent the electric or magnetic field.

Z2 Z ,kd2 Zy ,kd/2 Z2

FIGURE 1.4 Schematic of periodically loaded transmission line (PLTL) to realize meta-
material property [2].
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FIGURE 1.5 The triad formed by E, H and k vectors in the RHM and LHM, and the
direction of Poynting vector P [2].

For RHM or double positive (DPS) medium, when both the ¢, and u, are
positive, n(=+,/eu, ) is positive, whereas for LHM or DNG medium, when &, and
- are simultaneously negative, n(=— /e, 1, ) is negative. However, Maxwell’s wave
equations are equally valid for signal propagation both in the case of RHM and also
for LHM.

It may further be noted that E, H and k vectors form a left-handed triad in the
case of LHM, unlike the RHM, in which E, H and k vectors form a right-handed
triad, see Fig. 1.5. Hence, the LHM is said to support backward waves (as the
k vector is in the —z-direction). However, the flow of electromagnetic energy, given
by the Poynting vector, in LHM or metamaterial, like RHM, remains in the
+z-direction (otherwise causality would have been violated).

1.2 DEVELOPMENT OF METAMATERIAL TECHNOLOGY - FROM
INCEPTION TO RECENT TIMES

The first successful metamaterial was made at the UCSD (USA) in 2001 [6] using
TW strips and SRRs to exhibit a negative refractive index at microwave fre-
quency with both the TWs and SRRs printed as metal inclusions on a dielectric
substrate, see Fig. 1.6a. It was a plasmonic metamaterial, with TWs exhibiting

FIGURE 1.6 Two basic types of metamaterial; (a) Plasmonic metamaterial of TWs and
SRRs, and (b) PLTL [2].
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the effective negative permittivity below the electric plasma frequency of TWs,
and SRRs exhibiting the effective negative permeability below the magnetic
plasma frequency of SRRs. Since plasmonic metamaterial is inherently narrow-
band due to the resonant nature of individual metamaterial inclusions, PLTL
metamaterial was designed in 2002, see Fig. 1.6b [5], to realize the broadband
metamaterial components, as the transmission line is non-resonant in nature, and
thus, inherently broadband.

Since the proposal of realizing negative effective permeability with SRRs (more
specifically with the spring role structure) by Pendry [4], various SRR structures
have been developed from MHz to THz frequency range [7]; some of those
structures are shown in Fig. 1.7.

1.2.1 MICROWAVE TO INFRARED METAMATERIAL

Apart from different shaping of SRRs at different frequency ranges, as in-
dicated in Fig. 1.7, variations of these magnetic inclusion structures have also
been developed to realize different performance characteristics. The multiple
split-ring resonator (MSRR) is used to increase the magnetization compared to
the simple couplet-type SRR. However, both (SRR and MSRR) suffer from the
problem of bi-anisotropy (that causes imbalance of current in the two rings due
to asymmetric placement of splits in the two rings) [2]. The use of two splits in
both rings and rotating one ring with respect to the other ring by 90° solves this
problem and results in the so-called double split-ring resonator (DSRR) or
labyrinth resonator (LR), as shown in Fig. 1.8 [8-10]. The LR is a fully
symmetric metamaterial structure initially designed for high-frequency ap-
plications. It has two cuts in each ring, hence lowering the overall capacitance.
Another variant of SRR is the spiral resonator (SR) [11]. Two more variants of
SRRs are the two-turn split-ring resonator (TTSRR) and the non-bi-anisotropic
split-ring resonator (NBSRR), which have advantages in specific applications
[8,12]. In TTSRR, the two rings of SRR have a cut on the same side, and the
two ends are cross-joined for connectivity; NBSRR is the symmetric version of
TTSRR where bi-anisotropy is reduced [2]. A comparison of the performance
characteristics of LR, MSRR and SR is given in Table 1.2 [2].
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FIGURE 1.8 Variants of SRR; (a) MSRR, (b) SR, (c) LR, (d) TTSRR and (¢) NBSRR [2].

TABLE 1.2

Comparative characteristics of LR, MSRR and SR

Structure type f, (GHz) r (mm) Af (GHz)
LR 415 1.000 0.670
MSRR 21.0 0.648 0278

SR 8.5 0357 0.081

Table 1.2 shows that LR has the highest resonant frequency (f,), provides larger
bandwidth (Af), and also has larger geometrical dimension () compared to the
other two. This is because of the nature of capacitive loading of the structure
concerned. Thus, LR will be a better magnetic inclusion structure at high fre-
quency with larger bandwidth and better design tolerances added with the feature
of not being bi-anisotropic like MSRR.

Other magnetic inclusion structures have also been discussed in literature; see
Fig. 1.9 provide size-miniaturization at higher frequency of operation while de-
signing metamaterial based couplers and filters. The U-shaped split-ring resonator
(USRR) is a variant of SRR where two U-shaped strips are placed inverted on each
other, which make it easy to fabricate at higher frequencies. The USRR structure
was initially designed for infrared frequency applications [13]. In the broadside
coupled split-ring resonator (BC-SRR), two split-rings of an SRR are on two sides
of a substrate having a broadside coupling [14]; it is an alternative of an SRR to
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FIGURE 1.9 Other variants of SRR; (a) USRR, (b) BC-SRR and (c¢) ICRR [16].

avoid bi-anisotropic effects. In inter-digital capacitor loaded ring resonator (ICRR),
a square ring is loaded with inter-digital capacitors at four corners [15]. ICRR is the
only negative permeability structure that exhibits totally polarization-independent
behavior with respect to the applied electric field due to its unique shape. A
comparative study on the characteristics of all these magnetic inclusion structures is
available in literature [16].

1.2.2 Opr1icAL METAMATERIAL

Design technology of metamaterial at optical frequency is quite different from
those at microwave to THz frequencies. The ubiquitous split-ring metamolecule
can be scaled down in size up to about 200 THz, but this scaling breaks down at
higher frequencies as metal does not behave any more as a conductor, and it
becomes transparent to the radiation for wavelengths shorter than 1.5 pm, i.e.,
beyond the 200 THz range. This scaling limit, combined with the fabrication
difficulties of making nanometer-scale SRRs along with TWs (to form an SRR-
TW combination), led to the development of alternative designs that are more
suitable for optical regimes.

Cut-wire and fishnet are popular types of optical metamaterial structures that
were developed in 2005 [17,18]. Cut-wires use pairs of metal nanostrips sepa-
rated by a dielectric spacer, see Fig. 1.10a. Anti-parallel current flow in the pair
results in magnetic resonance. Parallel current flow in the same strip causes
electric resonance. However, in such structures, it is difficult to get overlapping
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FIGURE 1.10 Optical metamaterial structures; (a) Cut-wire structure, and (b) fishnet
structure [7].
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€ <0 and p < 0 zones. The particular design shown in the figure used a 2 mm x
2 mm array of nanorods imprinted on a glass substrate using electron-beam
lithography. A negative refractive index of n.¢ = —0.3 at the optical wavelength
of 1.5 um was reported [17].

Fishnet structure combines magnetic coupled strips (to provide u < 0) with
continuous electric strips (to provide € < 0), see Fig. 1.10b, over a broad spectrum.
Hence, the overlapping frequency zone for simultaneously negative ¢ and u is easily
obtained at the optical frequency. In this design, a multilayer structure consisting of
an Al,O; dielectric layer between two gold films perforated with a square array
of holes (838 nm pitch; 360 nm diameter) on a glass substrate was used [18]. The
active regions for the electric (dark regions) and magnetic (hatched regions)
responses are indicated. A minimum negative refractive index of n. = —2 was
obtained around a 2 pum optical wavelength.

1.2.3 3D METAMATERIAL

Though it appears to be challenging, there is demand to fabricate three-
dimensional (3D) metamaterials. Initial 3D metamaterials were made by creating
multilayer structures using the challenging lift-off process and also by using a
layer-by-layer technique that requires careful alignment. Complex 3D structures
can be fabricated by electron-beam writing, focused-ion beam chemical vapor
deposition, etc., but these methods are too complex and time consuming for mass
production. Fabrication methods based on two-photon photopolymerization (TPP)
are considered to be most promising for manufacturing large-area true 3D me-
tamaterials. Direct single-beam laser writing and multiple-beam TPP techniques
are the methods offering sub-diffraction resolution down to 100 nm. Nano-imprint
lithography is also a successful method for fabricating 3D metamaterial.

1.2.4 ALL-DIELECTRIC METAMATERIAL

Unlike conventional metamaterials (that use noble metals like gold or silver on di-
electric substrate), a class of new metamaterials, known as transparent metamaterials,
are made entirely of dielectric materials or insulators and non-metals [19-21]. In fact,
everything will be in a silicon platform, allowing integration of electronic and pho-
tonic devices on the same chip. The absence of metal in the metamaterial design will
save light from getting unnecessarily lost as heat in the photonic device and inter-
connections [19]. Such metamaterials can make it possible for computer chips and
interconnecting circuits to use photonics, instead of electronics, to process and
transmit data, representing a potential leap in performance. In computers and con-
sumer electronics, we still use copper wires between the different parts of the chip.
But, if we can confine light to the same size as a nanoscale copper wire, we can have
much faster clock speed, and hence, enormously fast data processing — the transparent
metamaterial can make this possible [19,20] (Fig. 1.11).

The innovation in transparent metamaterial (TMTM) lies in modifying the
phenomenon of total internal reflection (TIR) — the principle normally used to
guide light in an optical fiber. Here the optical momentum of evanescent waves
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FIGURE 1.11 (a) Conventional TIR — the most power is in the cladding that decays slowly,
and (b) relaxed-TIR in TMTM - light decays fast in cladding. [Reprinted/Adapted] with
permission from Jahani and Jacob [19] ©The Optical society.

is controlled as opposed to conventional photonic devices, which manipulate
propagating waves [20]. This dramatically reduces cross-talk (mutual coupling),
the figure of merit of photonic integration, among close-by devices compared
to any dielectric waveguide (slot, photonic crystal, etc.), making dense photonic
integration possible [21].

The introduction of engineered anisotropy in permittivity tensor (e, = 4.8 and
g, = 11.9) in the momentum of cladding (realizable with TMTM) brings about
the phenomenon of relaxed-TIR [19].

Quantum information technologies, such as quantum cryptography, quantum
information storage and optical quantum computing, demand effective stable
sources of single photons and nanostructures to control the quantum dynamics
(of these photons) [22]. Transparent metamaterial can aid in enhancing the
single-photon radiation over a broad spectral range, the principle of which is
discussed in Fig. 1.12. Here single-photon generation is based on coupling dia-
mond nitrogen-vacancy (NV) centers (or silicon-vacancy centers) with a

Nanoantennas to improve Principle of single-photon source operation

excitation efficiency
Diamond nanocrystal
(20-40 nm)

Single photon

Nanowaveguide transmitting
N single photons to a circuit of
Metamaterial information processing

Optical excitation T

FIGURE 1.12 Principle of single-photon source with metamaterial cladding. Taken from
the presentation of Subal Kar (104™ Indian Science Congress, 2017).
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metamaterial having hyperbolic dispersion characteristics in which the en-
hancement of single-photon emission is due to the presence of metamaterial (may
be two orders of magnitude or so). Such single-photon sources may also have
applications in nanochemistry to control chemical reactions at the level of in-
dividual molecules, biochemical analysis to determine the dynamics of molecular
configuration, decoding DNA and so on [23].

1.3 APPLICATION SCENARIO OF METAMATERIALS

To unfold the application scenario of metamaterials, let us first mention some of their
exotic application potentials — the “holy grails” of metamaterials. In 2000, John Pendry
proposed the possibility of realizing superlens with metamaterial [24]. It is known that,
at the image plane, the sub-wavelength object details are not obtainable when focusing
is done by the natural or right-handed (RH) media due to the “diffraction limit”. This
happens because the evanescent waves, which contain the sub-wavelength details of
the object, decay rapidly in an RH medium. However, the LH medium is found to be
capable of growing (amplifying) the evanescent waves, possibly with surface plasmon
coupling between the z = 0 and z = d faces of the LHM slab (see Fig. 1.13) [25], thus
overcoming the diffraction limit. The sub-wavelength details of the object are thus
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FIGURE 1.13 Concept of superlens. (a) Growth of evanescent waves via surface plasmon
[25], (b) focusing by LHM plane slab [25], and (c) hyperlens based on the concept of
superlens to magnify sub-diffraction limited objects [7].
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obtainable at the image plane with LH medium focusing. The counter-intuitive LHM
plane slab focusing is thus said to perform as a “superlens”. This sub-wavelength
imaging, possible with the superlens concept of metamaterial, is gaining enough en-
thusiasm that it might one day make it possible to image individual strands of DNA,
thereby bringing about a revolution in medical research.

It is worth noting at this point that, unlike RHM, where focusing is done by
curved surfaces (convex or concave lens), in LHM or metamaterial, focusing is
realizable on flat interfaces between the positive- and negative-index media [5,25],
see Fig. 1.13b. This is because the reversal of Snell’s law (Fig. 1.13a) refracts the
incident electromagnetic signal on the other side of normal compared to the natural
material or RHM. Thus, the refracted wave within the slab makes a negative re-
fracting angle (0,.), thereby converging at a focal point, F;, while upon emergence
from LHM slab, the ray again undergoes negative refraction and meets at another
focal point, F,. Hence, there exists a double-focusing effect [25].

Hyperlens, based on the concept of superlens, to magnify sub-diffraction
limited objects and project the magnified images to the far field with conventional
lens, has been demonstrated with resolution down to 125 nm at 365 nm working
wavelength [26], see Fig. 1.13c. Hyperlens consists of a metamaterial formed by a
curved periodic stack of Ag and Al,O5 deposited on a half-cylindrical cavity
fabricated on a quartz substrate. Hyperlens might have possible applications in
nanotechnology photolithography.

Among the many tropes found in science fiction and fantasy, few are more
popular than the cloaking device. We are familiar with Harry Potter’s invisibility
cloak or the Star Trek technology that can make the whole Romulan warships
disappear. Since 2006, the development of a metamaterial-based cloaking device
has been gaining pace with extreme enthusiasm. However, it must be noted that the
science-fiction movie type invisibility cloak is still a distant possibility, though not
impossible. The first cloaking device was developed in 2006 by D. R. Smith et al.
[27] of Duke University (USA). Their cloaking device at microwave frequency
consisted of a group of concentric circles made of metamaterial (loops of copper
wire stamped on fiber glass) with a cylindrical gap in the middle where the object
(to be cloaked) was placed, see Fig. 1.14a. Their device could mask or make the

FIGURE 1.14 Demonstration of cloaking. (a) First cloaking device at microwave
frequency, and (b) principle of cloaking with metamaterial [7].
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object invisible from only one wavelength of the incident microwave signal. The
device was not perfect, causing shadowing of microwaves, i.e., distortions.

The principle of cloaking by metamaterials depends on judicious control, i.e.,
graded variation of negative refractive index around the object to be cloaked.
With reference to Fig. 1.14b, the object can be made invisible if there is no
reflection from and also no transmission through or even no absorption of the
incident electromagnetic signal in the object. The signal should just glide past
the object. The trick is not a simple job as one has to make sure that waves from
all angles are bending smoothly without scattering. In fact, when the electro-
magnetic signal is directed at the device, the wave would split, and it should be
bent subtly around the device so that it is able to reform on the other side: the
effect can be compared to river water flowing around a smooth rock, when no
wakes are formed.

Other cloaking devices were also developed of which a few words about carpet
cloaking may be mentioned. In April 2009, a team led by Xiang Zhang at UC
Berkeley achieved “carpet cloaking” [28]. An object covered with a piece of cloth
would normally be detectable based on its telltale bump, see Fig. 1.15, but with the
new metamaterial, even the bump seems to vanish with such a cloaking device.
They achieved the effect by drilling tiny nanoholes into the cloaking material, a
silicon-based metamaterial. The cloaking system was operated near the infrared
frequency and scalable to visible light. Carpet cloaking is capable of hiding mi-
croscopic objects. These may have potential use in optical computing; for example,
such cloaks may be used to allow light to move more efficiently, by hiding the parts
of a computer chip that get in the way of the beam. Also, expensive dielectric
mirrors — special mirrors used to make printed circuits for electronics — can be
ruined by tiny defects on their surfaces, which may be cloaked, making them look
like perfect mirrors again.

We mentioned that the first experimental fabrication of metamaterial was to
realize its basic property of the reversal of Snell’s law and, hence, the negative

Virtually flat surface
Cloak
Object
exoooyrzempwl © 2009 by T. Zentgraf

FIGURE 1.15 Concept of carpet cloaking [7].
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FIGURE 1.16 Plasmonic metamaterial designed with TW and LR with the performance
characteristics: negative refractive index (n.g) realized was: —1.84 at 31.25 GHz over a
bandwidth of 3.5 GHz [2].

refractive index in 2001 at UCSD (USA). Following this, the applications of
metamaterials have proliferated exponentially at different branches of electronics
engineering, including those in antennae, filters, passive components, absorbers
and so forth. Our group at Calcutta University (Kolkata, India), in collaboration
with SAMEER (Kolkata, India) center and BARC (Mumbai, India), made the first
successful plasmonic metamaterial in India [29] using the TW and Labyrinth
Resonator (LR) combination, see Fig. 1.16.

We have also done successful design and development of metamaterial-inspired
antenna and filters at microwave frequency. A complementary split-ring resonator
(CSRR)-loaded microstrip patch antenna has shown 24% size reduction when
compared with the conventional patch antenna with similar gain and bandwidth
characteristics, see Fig. 1.17 [30].

Composite right/left-handed (CRLH) metamaterial filter has been designed and
compared in size and performance with the conventional edge-coupled band-pass
filter at 2.45 GHz. It has been found that the metamaterial-based filter has 67%
size reduction and significant performance improvement, see Fig. 1.18 [31].

Many other researchers [32-35] have also worked on the development of highly
efficient and miniaturized antennae, filters and directional couplers, etc.; some
representative structures are shown in Fig. 1.19.
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(a) (b)

FIGURE 1.17 Microstrip patch antenna. (a) Conventional microstrip patch antenna, and
(b) CSRR-loaded microstrip patch antenna [30].

Property CRLH BPF Edge coupled BPF
Insertion loss 1.6 dB 2.3dB
Return loss 15 dB 18dB
Harmonics Suppressed up No harmonic
to 10 GHz suppression
Size 4.3 cmx 3 cm 6.5cm x 6 cm

FIGURE 1.18 Microwave band-pass filter (BPF); (a) CRLH-based metamaterial filter, and
(b) conventional edge-coupled filter; also shown, filter performance comparison [31].

In addition to this, a waveguide-loaded SRR is also capable of exhibiting pass-
band in the evanescent band and stop-band in the propagation band of waveguide,
thereby providing the possibility of notch filter design, which is tailorable by SRR
design dimensions [31], see Fig. 1.20.

Two more applications of metamaterial, namely absorbers and sensors, are also
becoming very important these days. Absorbers at microwave frequency are
required in bolometers, in anechoic chambers, for stealth purposes in defense
applications and so on. In solar cells, such absorbers are also used to absorb solar
energy. Conventional absorbers are carbon-foam or ferrite based, but are either
thick or bulky in nature. Metamaterial absorbers are designed in such a way that
they offer the input impedance to be equal to the impedance of free space, thereby
limiting the reflections from the absorber structure. Since metamaterial absorbers
are capable of offering ultra-thin thickness, conformal properties and compact-
ness, they attract researchers and are practically the best-suited substitute for
conventional absorbers.
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FIGURE 1.19 Metamaterial-based microwave passive components [7].
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FIGURE 1.20 SRR-loaded waveguide and its characteristics: (a) SRR unit cell, (b) wa-
veguide loaded with the sheets of SRR matrix, (c) stop-band in the pass-band of waveguide
and (d) pass-band in the evanescent band of waveguide [31].
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FIGURE 1.21 3D schematic drawing of the proposed metamaterial sensor and a single
enlarged unit cell with its geometrical dimensions. [Reprinted/Adapted] with the permission
from Wang et al. [36] ©The Optical society.

THz sensors are now using metamaterial assistance to significantly improve
their sensor capabilities. Using a THz signal, the sensor determines the re-
sonances of various molecular vibrations in a sample. As metamaterial magnetic
inclusion structure (SRR/LR) is highly resonant, it aids in enhancing resonances
and, hence, leads to better sensing with metamaterial assistance. The more the Q
(quality factor) of metamaterial resonators is, the better the sensing capability.
Effective sensing is evaluated by measuring the resonant response differences of
metamaterial unit cells, thereby identifying and detecting minute differences in
chemical and biochemical substances. In the structure shown in Fig. 1.21 [36], the
Q-value of 30 has been realized with the maximum refractive index sensitivity of
788 GHz/RIU or 1.04 x105 nm/RIU.

The use of a metallic structure in metamaterial design has inherent drawbacks;
hence, the Q-factor gets compromised. If we use perfect absorbers designed with
metamaterial, then we can get a higher Q-factor. Reaching high Q-factor resonance in
these structures leads to enhanced sensor sensitivity to detect minute frequency shifts.

Bi-material sensors with metamaterial absorbers have been used for sensor de-
sign, see Fig. 1.22 [37]. This consists of a sensing element (absorber) that converts
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FIGURE 1.22 Structure of bi-material THz sensor using metamaterial absorber.
[Reprinted/Adapted] with permission from Alves et al. [37] ©The Optical society.
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FIGURE 1.23 Metamaterial absorber; (a) unit cell, and (b) 1D periodic array. [Reprinted/
Adapted] with permission from Alves et al. [37] ©The Optical society.

the incoming THz radiation to heat, which is eventually transmitted by conduction
to two symmetrically located bi-material legs connected to the host substrate (heat
sink) with supporting structures of lower thermal conductance (anchors).
Temperature rise caused by the absorption of incident THz radiation results in
deformation of bi-material legs. The deformation can be probed by different ap-
proaches, among which the optical readout is a simple technique that requires a
reflective surface, which is embedded into the absorber. Such sensors have re-
sponsivity values as high as 1.2 deg/uW, have time constants as low as 200 ms,
have minimum detectable power on the order of 10 nW, and can operate with low-
power THz sources.

A “perfect” absorber can be constructed with the proper design of structural
parameters [37]. The challenge remains in the design of a metamaterial film that is
thin enough to provide low thermal capacitance, while providing structural strength,
low stress and a flat reflective surface for an optical readout. Fig. 1.23 shows that a
typical metamaterial absorber consists of a periodic array of Al square elements
separated from an Al ground plane by a SiOx layer, a single unit cell being shown in
Fig. 1.23a. Such a combination allows matching to the free-space impedance at
specific frequencies, eliminating the reflection. Fig. 1.23b shows a periodic array of
this metamaterial absorber [37].

1.4 METASURFACES AND APPLICATION POTENTIALS

Like metamaterial, similar intriguing properties and applications, including far
complex wave-manipulation properties, can be realized using the 2D arrangements
of engineered scatterers, now widely known as “metasurfaces.” Metasurfaces or
metafilms (as sometimes refereed in literature) are basically the 2D counterpart of
metamaterials (which are 3D structures) consisting of an ultrathin planar arrange-
ment of sub-wavelength-size building blocks of metallic patches or dielectric
etchings. Such ultrathin structures have the unique ability to manipulate electro-
magnetic waves, with spatially arranged meta-atoms — fundamental building blocks
of the metasurface — thereby blocking, absorbing, concentrating, dispersing or
guiding the waves, from microwave through THz to optical frequencies.
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Metamaterials are difficult to fabricate because a useful and practical metama-
terial needs to be 3D, whereas metasurfaces being planer (2D) in structure can be
easily fabricated using the planer fabrication tools. The planer fabrication process is
cost effective, and being 2D, they can be easily integrated into other devices, which
can make them a salient feature for nanophotonic circuits. Metasurface, which has
followed as a derivative of metamaterial, is capable of tackling some of the critical
challenges rooted in traditional metamaterials, such as high resistive loss from re-
sonant plasmonic components and fabrication requirements for making 3D na-
nostructures. In the past few years, metasurfaces have achieved groundbreaking
progress, providing unparalleled control of light, including the construction of ar-
bitrary wave-fronts and realizing active and nonlinear optical effects.

Unlike metamaterials, a metasurface affects waves through modified boundary
conditions instead of using bulk effective constitutive properties. To be more
specific, the function of metamaterials is to realize artificial effective negative
permittivity and permeability that changes the wave dynamics with the bulk con-
stitutive properties, see Fig. 1.24a. But metasurfaces can arbitrarily control the
wave-fronts, i.e., the amplitude, polarization, phase and frequency of the wave, as a
function of position with the help of sub-wavelength scatterers in the planer
structure of which they are made, see Fig. 1.24b.

Metasurfaces find applications in absorbers in which surface impedance can be
varied and manipulated by patterning the 2D metasurface unit cells. When active
and non-linear components are added to traditional metasurfaces, exceptional tun-
ability and switching capability becomes possible.

Metasurfaces can be engineered with spatially varying boundary conditions to
convert a given incident electromagnetic field into a desired scattered waveform,
resulting in wave-front transformations. Using novel configurations of meta-atoms,
the incoming plane waves can be deflected to preferable directions, manipulate their
polarization state, and generate special beams. It is important to note that a meta-
surface can efficiently manipulate the wave-front of an incident electromagnetic
wave through just the sub-wavelength propagation distance compared to the tra-
ditional 3D metamaterial that does the same at a distance far larger than the wa-
velength. Therefore, this can largely alleviate the propagation loss. The controllable
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FIGURE 1.24 Metasurface vs. metamaterial. (a) periodic structure of metamaterial
(b) metasurface showing wave-front transformation.
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surface refractive index provided by metasurfaces can also be applied to lenses. In
fact, they can be used to design 2D microwave/optical lenses like Luneburg and
fish-eye lenses, which are applied in surface waveguides for antenna systems and
planar microwave sources. Reconfigurable ultrathin surfaces provided by meta-
surface, resulting in wave-front transformations to the impinging waves to any
imaginable degree, may form the basis for smart surfaces with a significant impact
on nearly any electromagnetic and photonic application, from classical to quantum
photonics, from radar to wireless technology.

Metasurfaces have already revolutionized the antenna design, especially
the leaky-wave antennae, from microwave to THz and higher frequencies.
Metasurface finds interesting applications in the design of plasmonic laser or
lasing spaser, whose bandwidth can be controlled by tailoring the metamole-
cules of metasurface. Other applications of metasurfaces include cloaking and
imaging. Since metasurfaces have high bio tissue sensitivity, they can be used
in biosensors for inside-body examination and bio tissue discrimination, in-
cluding cancer disease diagnosis.

Metasurfaces resemble frequency selective surfaces (FSSs) in many respects;
they can replace FSSs in many applications due to the sub-wavelength nature of
“meta-atoms” of which they are made of. An FSS is a periodic structure made
of composite material (or sometimes with only dielectric material) and designed
to be transparent in some frequency bands while reflecting, absorbing or re-
directing the incident signal. However, in FSS, each individual element is
resonant at the resonance frequency. FSS’ typically have periodicity equal to
half the wavelength of the resonant frequency. But, the periodicity of individual
elements of metasurface is of sub-wavelength order, so is the individual ele-
ments of metasurface. Compared to FSSs, the sub-wavelength periodicity of
the metasurface allows packing of a large number of unit cells in a constrained
space, which is highly useful for radome design and in many other applications
with limited space.

1.4.1 APPLICATIONS OF METASURFACES

1.4.1.1 Absorbers

From microwave through optical frequencies, absorbers are required in many
applications, such as anechoic chambers, solar cells, photodetectors and so forth.
Conventional absorbers are usually composed of multilayer structures that are
lossy and bulky, but the modern system requires miniaturized and compact ab-
sorbers. Metasurface-based absorbers are a good catch for their low profile, light
weight and simplicity of construction with simple metallic structures. A passive
absorber is shown in Fig. 1.25a [38] that consists of an array of gold material
patches on MgF,-substrate that are capable of absorbing energy independent of
polarization and with a wide-angle range of up to £80°. The proposed structure is
designed to be polarization-independent in the x- and y-directions at normal in-
cidence, thus yielding a polarization-insensitive property. Active metasurface
absorbers have the advantage that they enable switchable absorption, tunable
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FIGURE 1.25 Metasurface absorbers; (a) passive absorber at infrared frequency, and
(b) active tunable absorber at optical frequency. [Reprinted/Adapted] with permission from
Li et al. [38] © Nanophotonics.

non-linear response and tunable resonant frequency. A tunable metasurface ab-
sorber, which can be used from tens of GHz to near infrared due to the broadband
optical response of graphene, is shown in Fig. 1.25b.

1.4.1.2 Transformation Optics Applications
With the advent of metasurfaces, transformation optics has significantly bene-
fitted. In fact, the introduction of metasurfaces for transformation optics has
brought a new paradigm for efficiently controlling electromagnetic waves [39].
Transformation optics deals with the control of electromagnetic waves, leading
to designer-demanded tailoring of its wave-front, thereby manipulating the wave
dynamics at will. The wave-front shaping with conventional techniques like lens,
hologram, etc., can be realized over a distance that is larger than the wavelength of
operation. The same is the case with metamaterials or DNG materials in which the
control of the wave-front of an electromagnetic signal is done by accumulating
the phase through propagating over a distance larger than a wavelength. But, with
metasurfaces, wave-front shaping and focusing of energy can be done over
sub-wavelength distances, thus alleviating the propagation loss. This makes me-
tasurfaces potentially superior for this purpose, and they are replacing bulky
metamaterials in many applications. In fact, in metasurfaces, the electromagnetic
signal undergoes a so-called “phase discontinuity” or “phase jump” caused by the
interaction of the incident electromagnetic wave with the surface plasmon [40].
The surface plasmon in the metasurface originates due to an induced surface
electromagnetic wave caused by impinging the electromagnetic wave that forces
the charges present in the individual sub-wavelength elements of the metasurface
to oscillate. Since the elements on a metasurface can be spatially varied, this
variation can cause the currents on the surface to lead (or lag) depending on the
individual resonant element. This localized phenomenon allows us to tailor
the wave-fronts as they pass through a metasurface, and it leads to a variety
of applications.

Realization of a polarization split in the visible region has been reported [41],
see Fig. 1.26, that uses an all-dielectric gradient metasurface, composed of
periodic arrangement of differently sized cross-shaped silicon nanoblocks
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FIGURE 1.26 (a) The metasurface structure, and (b) polarization splitting. [Reprinted/
Adapted] with permission from Li et al. [41] © Springer Nature.

resting on the fused silica substrate. The cross-shaped silicon block arrays
can induce two opposite transmission-phase gradients along the x-direction for
the linear x-polarization and along the y-direction for y-polarization. With
proper design, the metasurface can separate the linearly polarized light into the
x- and y-polarized ones, which propagate at the same angle along the left and
right sides of the normal incidence in the x-z plane, as shown in Fig. 1.26b.
The polarization beam splitter is expected to play an important role for future
free-space optical devices.

Introduction of non-uniform impedance surfaces in lenses with the help of
metasurface has resulted in very thin and ready-to-manufacture lenses. Fig. 1.27a
shows one such metasurface lens in which the radii of the patches, i.e., the unit
cells that make up the metasurface, are gradually decreased as one moves from the
center of the lens [38,42]. On such a surface, the traveling electromagnetic wave
encounters gradually varying surface impedance and the corresponding change in
phase velocity. The impedance profile is obtained by combining the Luneburg lens
design with TM surface wave dispersion relation. In another design, the meta-
surface elements have smoothly varying, i.e., asymmetric polygons, as shown in
Fig. 1.27b. Both the methods are useful to design surfaces with spatially varying
refractive indices.

(a) (b)
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FIGURE 1.27 Luneburg lens; (a) with metasurface having gradually decreasing radii of
unit cells from center to the rim, and (b) metasurface elements having smoothly varying,
i.e., asymmetric polygons. [Reprinted/Adapted] with permission from Li et al. [38]

© Nanophotonics.
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1.4.1.3 Metasurface in Antenna Design

Metasurfaces have the unique ability and distinct advantage as media for radiating
electromagnetic waves into free space apart from their wide applications in surface
and free-space wave manipulation. Metasurface leaky-wave antennae have ad-
vantages in that they are low-profile and have simple feed structures. They also
have frequency-dependent beam scanning properties (beam squint).

Fig. 1.28a [38,43] depicts a sinusoidally modulated graphene leaky-wave an-
tenna with electronic beam-scanning capability. By applying bias voltages to the
different grating pads beneath the graphene substrate, the graphene surface re-
actance can be modulated, resulting in a versatile beam-scanning capability at THz
frequencies. Another 2D leaky-wave antenna operating at THz frequencies with
tunable frequency and beam angle is shown in Fig. 1.28b [38,44]. It is based
on tuning the conductivity of the graphene.

Metasurfaces have been successfully used to design and manufacture high-gain
holographic antennae for which the surface wave is the major incident wave. The
radiation for such antenna occurs when the phase matching between the forward
and backward leaky waves occurs. The forward leaky wave arises from the grating,
which has a larger periodicity, while the smaller period grating leads to a backward
leaky wave. Based on this approach, circularly polarized leaky-wave antennae with
a 26 dB gain have been realized [45]. The grating effect was produced by mod-
ulating the surface impedance of the metasurface. A significant advantage of this
approach is that, instead of changing the antenna shape, in order to design a specific
response, the metasurface modulation (i.e., surface impedance) is engineered [46].

Metasurfaces can also improve the performance of horn antennae. A metasurface
designed using a genetic algorithm has been used as an inner surface for a conical
horn, and the cross polar and side lobe levels have been improved over the entire Ku
band [47]. A similar approach was applied to improve the performance of a hybrid
mode square horn antenna using metasurfaces [48].

1.4.1.4 Lasing Spaser

The use of meta-molecules in developing “lasing spaser” is a dominant example
of the application possibility of metasurfaces in photonics [49]. In spaser
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FIGURE 1.28 leaky-wave metasurface antennae. [Reprinted/Adapted] with permission
from Li et al. [38] © Nanophotonics.
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(Surface Plasmon Amplification by Stimulated Emission of Radiation), also
known as plasmonic laser, the light-quanta-photons of the laser is being replaced
with electronic excitations at the surface of metals called surface plasmons,
which can have atomic-scale dimensions [50]. However, a spaser produces very
little light, which is not collimated into a narrow beam.

But, if the emission can be fueled by plasmonic excitations in an array of co-
herently emitting meta-molecules (designed with magnetic inclusion structure, such
as SRRs) supported by a gain medium (quantum-dot-doped dielectric), which can
overcome the radiation losses and Joule losses in the metallic structure of meta-
molecules, we have the “lasing spaser” [49,51], see Fig. 1.29. In contrast to con-
ventional lasers that operate at wavelengths of suitable natural atomic or molecular
transitions, the emission wavelength of lasing spaser can be controlled by meta-
molecule design. Being the thinnest (~100 nm) laser, the lasing spaser promises
new applications ranging from displays to high-speed communications.

The combination of artificial classical electromagnetic resonators (SRRs),
forming the metasurface, plays the role of the active medium in the lasing spaser,
just as an assembly of essentially quantum inversely populated atoms plays the
same role in a conventional laser. These identical plasmonic resonators impose
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FIGURE 1.29 Schematic of metamaterial-fueled lasing spaser. Taken from the presentation
of Subal Kar (104" Indian Science Congress, 2017).



Metamaterial and Metasurface Technology 25

(a) (b)
i X o
4« . \ .-t
b v l Eixi \'9‘ £
i S \
nanoantenna e Skin .,
4 e a . / 0 g
- Yo [ otginich: PR . — — — == = A
(- amnrarily-gﬁaped object

FIGURE 1.30 (a) Unit cell of the fishnet nanostructure used for the design of broadband
metasurface filter. [Reprinted/Adapted] with the permission from Jiang et al. [52] © Springer
Nature, and (b) schematic cross-section of metasurface skin cloak. [Reprinted/Adapted] from
Xingjie et al. [53] under creative common license.

the frequency at which the device will lase, drawing energy from a supporting gain
substrate. In a conventional laser, the direction of emission is dictated by the ex-
ternal resonator, and its coherence is underpinned by the stimulated emission of
atoms in the gain medium. In a lasing spaser, the direction of emission is normal to
the plane of array, where strong trapped-mode currents in the plasmonic resonators
oscillate in phase.

1.4.1.5 Some More Applications of Metasurface

It has been shown that, by using extremely thin metasurfaces with deep sub-
wavelength notches in a two-layered fishnet structure (a single unit cell of the
fishnet nanostructure is shown in Fig. 1.30a), the dispersion characteristics can
be engineered. This technique was then used to make a broadband metasurface
filter [52].

Metasurface has also been used in the design of a very promising cloaking de-
vice at optical frequency. We have talked about carpet cloaking while discussing
metamaterial applications, but such metamaterial-based optical cloaks use volu-
metric distribution of the material properties to gradually bend light and thereby
obscure the cloaked region. Such a cloaking device is bulky and suffers from un-
necessary phase shifts in the reflected light, making the cloaks detectable. However,
metasurface-based skin cloaks [53], see Fig. 1.30b, operate at 730 nm wavelength
and are able to conceal a 3D arbitrarily shaped object by complete restoration of the
phase of the reflected light. Compared to the metamaterial-based cloak, the skin
cloak based on metasurface is miniaturized in size (only 80 nm, one-ninth of the
wavelength) and scalable for hiding macroscopic objects, too.

1.5 CONCLUSION

During the last two decades, metamaterials, together with their 2D counterpart,
metasurfaces, have revolutionized the application scenario in the microwave
through THz to optical frequencies. Advanced technological developments in
these fields are opening up more efficient, miniaturized antennae, filters, cou-
plers, sensors, wave-front manipulation and so forth. Exotic applications, such



26 Metamaterials

as cloaking, sub-wavelength imaging and transformation optics, are leading to
innovations that could not have been dreamt of one or two decades ago.
Metamaterial technology has developed from using simple printed circuit
technology for fabrication of microwave metamaterials in the initial stage of its
development, and have gone through various technological innovations for de-
sign and development of metamaterial at higher frequencies, including the use
of nanowires for optical metamaterial. Totally dielectric-based transparent
metamaterial is also a very important development for the design of photonic-
integrated circuits. Though metamaterial applications started with the realization
of a negative refractive index, its applications have exponentially proliferated
into various common and exotic applications from efficient antenna design to
cloaking devices and beyond. Metamaterials are bulky 3D devices; thus, me-
tasurfaces were developed, which are 2D counterparts of metamaterials, the
latter being easy to fabricate with planer technology and to integrate with other
devices. With the advent of metasurfaces, wave-front manipulation leading to
various applications in transformation optics within sub-wavelength extent has
been possible. Recent advances with nanofabrication technology have made it
possible to fabricate such ultrathin sub-wavelength planer structures with pre-
cision that was not possible even a decade ago. Thus, now we have laser spaser,
skin cloaking and various other applications of metasurfaces that have become
the order of the day, and many more innovative applications are emerging
every morning.

In addition to all these developments, artificial intelligence, machine learning,
and micro- and nano-technologies are expected to be the integral facets of future
metamaterials/metasurfaces research. We can now confidently say that metama-
terials and metasurfaces have evolved into a vibrant and multidisciplinary research
field, with solid foundations, and have a bright future ahead of further growth and
expansion. The field of research in metamaterials/metasurfaces is inherently mul-
tidisciplinary, combining the concepts from solid-state physics and materials sci-
ence to microwave engineering and optics to plasmonics and nanotechnology. In the
present time, metamaterial/metasurface research has arrived at a crossroad, at which
multiple academic disciplines and industries must be brought together to initiate a
mass transition from the proof-of-concept to practical applications in real-world
problems in order to encourage their adoption as commercially viable alternatives to
existing mainstream technologies.
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2.1 INTRODUCTION

The word meta means “beyond”, and it is implied that metamaterial (MTM) refers
to an artificially engineered composite material, the properties of which, when
excited by incident electromagnetic waves, can be altered beyond what can be
usually found in natural materials. The dimensions of an MTM unit cell are much
smaller than the wavelength of the exciting electromagnetic wave, typically of the
order of A/5-4/10, to satisfy the important “homogenization” criteria. This chapter
reviews effective medium theory (EMT) and parametric retrieval techniques of
MTMs. While retrieving the effective material parameters (the effective relative
permittivity and the effective relative permeability), we usually consider the MTM
as a homogeneous and isotropic material.

Approaches to EMT enable one to find the frequency-dependent constitutive
parameters, namely the effective permeability x4 and effective permittivity & of
MTM, treating the latter as a homogeneous material. One such approach, which
does not require one to practically realize an MTM unit cell, can be used to
determine, for a set of chosen material frequency parameters, whether the MTM
would behave as u (mu) negative (MNG), ¢ (epsilon) negative (ENG) or double
negative (DNGQG), the latter signifying that both u and ¢ are negative [1,2]. When
the geometry and dimension of the unit cells making the medium are specified,
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one can refer to another theoretical approach that is based on the simulated or
measured refection/transmission coefficients [3—5]. In this second approach, by
varying the dimensions of an MTM unit cell, one can achieve MNG, ENG or
DNG response within a specific frequency band or in multiple frequency bands. In
yet another approach, which is somewhat less popular, the equivalent resistance,
inductance and capacitance are obtained from the dimensions of the MTM unit
cell, and then the effective u- and e-values are found after doing electromagnetic
analysis [6].

However, almost all MTMs are anisotropic in nature, warranting the re-
presentation of the retrieved MTM parameters in its tensor form. One can have
questions about (i) the limiting condition of the homogenization procedure; (ii) the
possibility of producing similar transmission and reflection coefficients of the actual
MTM unit cell while replacing it with a homogeneous material having the same
retrieved material parameters (of the actual MTM); and (iii) the parameter retrieval
procedure of the MTM unit cell that has dimensions compared to the incident
wavelength. An attempt has been made in this chapter to address the issues related
to all these questions, including various constitutive parameter retrieval procedures
of inhomogeneous [3,7,8], anisotropic [9-12], bi-anisotropic [13—17], uniaxial an-
isotropic [18,19], chiral [20-23] and hyperbolic [24-26] MTMs, excited with
normal and oblique incident plane waves, thereby providing a prerequisite theo-
retical background to appreciate the technology and applications of the MTM dealt
with in this book.

In Section 2.2, to follow, we discuss EMT of MTM. Section 2.3 covers the
electromagnetic analysis of parameter retrieval techniques of MTM, encompassing
the S-parameter retrieval techniques, the miscellaneous parameter retrieval techni-
ques, the parameter retrieval of special MTMs and the simulation and experimental
validation of the retrieval techniques. The chapter concludes with Section 2.4, a
brief summary of the review.

2.2 EFFECTIVE MEDIUM THEORY

On a historical timeline, Hendrik Antoon Lorentz, a Dutch physicist in the late
19th century, derived the electromagnetic Lorentz force and Lorentz transforma-
tions. He also described, in classical terms, the interaction between atoms and
electric fields by indicating the force between an electron and the nucleus of
an atom as the spring-like force that follows Hooke’s law. Therefore, an applied
electric field creates an oscillating motion in the electron by stretching or com-
pressing the spring-like force. This is called the Lorentz oscillator model [27].

The displacement of a mass attached to a spring is accurately described by the
second-order linear differential equation with respect to time, considering the
driving force and the linear damping force. Assuming that the spring obeys a linear
relation, the forces responsible for motion of the mass along the y-direction are
defined by Newton’s second law and Hooke’s law. Newton’s second law, in terms
of the displacement vector y of a particle of mass m, taking into account all the
contributing forces, may be written as
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d’

mW = Ft‘jriving + Fc‘iamping + F;pring 2.1

where Firiving, Fiamping and Fpring represent the driving, damping and spring forces,
respectively. Putting

_ dy _ ,
Félamping = _mre'd_); and Fépring (=—Ky) = _mwez())7 (Hooke’s law),

where w, is the electric plasma angular frequency, one can then rearrange Eq. (2.1)
to write the driving force as
2_ —_

i d<y dy 2 -
Firiving = m—= + ml,— + maw,yy. 2.2
drivine = T g2 di 0y 2.2)

Here, K is the spring constant and I', is the damping factor. Now, with reference to
an electron taken as the particle of mass m and charge e, subject to the force due
to a time-varying electric field Ey = Ey, exp(—jwt) of amplitude Ey, (supposedly
directed along y) and angular frequency w, the driving force can also be written as

F;iriving = —€Ey. 2.3)

Interpreting the time varying displacement of an electron as y = ), exp(—jwt), with
¥, as its amplitude, one can combine (2.2) and (2.3) to write

— e EOy
=-Z . 2.4)
T @R — o) - Lo

“The dipole moment due to each electron is p = ey,and the polarization, defined as
the total dipole moment per unit volume P, is given by the vector sum of all the
dipoles in the unit volume. Assuming one dipole per molecule and an average
number density of N molecules per unit volume, one obtains” an expression for P
with its amplitude Py given as [28]

_ _ 2 NE, . _
Py =Np, = %m = gox, () Eoy
Py = ggaNE e (2.5)

e? 1

eom wy — (@ + Lw) "

In (2.5), p, is the amplitude of p, the latter being defined following Eq. (2.4). In
(2.5), the second expression in conjunction with the third expression is identical to
the first expression, except with £y, being interpreted as Eqgr. Here, x, (f) is the
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susceptibility of the medium in which the electronic motion is considered, the
medium effective relative permittivity €, o (f), depending on frequency f (= w/2r),
is given by

f2
r,eff =1 =1 -
e (D= 2D = e

2.6)

where fep = ((1/(2n)?) (NeZ/EOm))“2 is the electric plasma frequency; f.o(= ®.0/27)
(corresponding to its angular frequency defined following Eq. (2.1)) is the electric
resonant frequency; and I, is the collision frequency representing the “electronic
dissipation” in the medium, which also represents the damping factor, as mentioned
following (2.2).

Further, according to the principle of electromagnetic duality, the frequency-
dependent effective relative permeability u, ¢ (f) of the medium can be defined

as [28]

2
f;np

r,e )= 1 + m )= 1 + .
Hrearf A0 (P2 = f2) — jTufI2n)

Q2.7)

where f,,, is the magnetic plasma frequency and f,,, is the magnetic resonant fre-
quency of the medium. I, is the collision frequency accounting for the magnetic
losses in the medium. Further, a medium characterized by the frequency-dependent
parameters & e (f) and p, ¢ (f), obeying Egs. (2.6) and (2.7), respectively, is also
known as a dispersive medium.

The low-frequency limiting value ¢,, and the high-frequency limiting value &, of
the effective relative permittivity of a medium may be written with the help of
Eq. (2.6) as [27]

2
7

Eps = Er,eff(f_) O) =1+ ];20 ) (28)

Ereo = r,eff(f_) °°) =1

Hence, with the help of Eq. (2.8), one can write Eq. (2.6) in the following alter-
native form [27]:

(Ers - ‘Eroe)f()2

Eer(f) =1+ - .
ntf 2 £2) — L)

(2.9)

In a metallic medium, the electrons are not bound to the nuclei, and they can flow
freely around their lattices. Hence, a significant change in the Lorentz oscillator
model would take place as there is no restoring spring force, that is, Epring =0, and
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consequently, f,, = 0 as well, as can be appreciated from the expression for Fpying
(Hooke’s law) given following Eq. (2.1). Therefore, Eq. (2.6) reduces to

2
Jep

= e

(2.10)

Eq. (2.10) is known as the Drude-Lorentz-model, or simply the Drude-model ex-
pression, named after Paul Drude, for use in metals. An example of an actual MTM,
realized using the Drude and Lorentz models using the curve-fitting approach, is
given in Section 2.3.2.

However, the above discussion on the effective medium parameters strictly holds
well only for a relatively less dense medium of polarizable objects. In a dense
medium, the polarization at any point is affected by the fields, known as local fields,
arising from nearby polarized objects. Therefore, the polarization of the medium is
proportional to the effective field, which is the vector sum of the applied and local
fields. Each polarizable object is considered within a small sphere surrounded by a
uniformly polarized medium, instead of discrete dipoles at various locations [28].

Assuming the polarization P outside to be a constant, one can write the amplitude
of the effective field Eqcf in terms of the amplitude Py of P as [28]
- - P,
Eoeft = Eoy + ——. (2.11)
380

With the help of the second expression in (2.5), one can obtain Eq g = Py/ggaN,
and substituting Eoy from the first expression of (2.5) into Eq. (2.11), one can obtain

Eoett = Po(1/(eox, (f)) + 1/(3g)). Comparing these two expressions for E ¢, one
can write

P _ 1 1
=P, + —
goaN X, (f)  3eo
which simplifies, after a little algebra, to

Na

XD =T

(2.12)

Using Eq. (2.12), Ramakrishna and Grzegorczyk [28] obtained the effective relative
permittivity of the medium &, . (f) as

1 + 2Na/3
£ () = F 2SS 2.13
eft () T — Nas3 (2.13)

which is known as the Clausius-Mossotti relation for dielectrics.
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A composite medium contains small particles of radius a<</ and a dielectric of
permittivity ¢; (say), randomly embedded in another bulk dielectric medium of
dielectric permittivity ej,(say). The Maxwell-Garnett formula for the effective re-
lative permittivity of the composite medium, the derivation of which is kept outside
the purview of this chapter, is given as [28-31]

& (1 + 2x) + 2¢,(1 — x)
gl —x)+¢,12 +x)

Er eff (f) =& (214)

where x = 47a’L/3 and L is the number density of the spheres. “The Maxwell-
Garnett approach incorporates the distortions due to the dipole field on an average
and has been very successful in describing the properties of dilute random in-
homogeneous materials” [28].

2.3 ELECTROMAGNETIC ANALYSIS OF PARAMETER RETRIEVAL
TECHNIQUES

In this section, we revisit the formulation of the most popular Nicolson-Ross-Weir
(NRW) parameter retrieval technique [32-34], based on the measurement of the
scattering coefficients (S;; for reflection and S5, for transmission) of the conven-
tional materials. The researchers have improved the NRW method by removing the
limitation of the electrical thickness of materials and the branch ambiguity, and they
have evolved the method to extract the parameters of MTMs with very good ac-
curacy. Besides the scattering (S) parameter extraction method [3-5,35-37], there
are several methods of parameter retrieval of MTMs, such as the curve-fitting ap-
proach [38], the dispersion-equation method [39] and the field-averaging technique
[40-44]. We review them briefly here.

Traditionally, the measurement of complex permittivity and permeability of
linear materials is carried out at fixed frequencies in the frequency domain using the
slotted-line and impedance-bridge techniques. In this context, Nicolson and Ross
[32] proposed a method adopting a single time-domain measurement, based on the
displays of the transmitted and reflected signals. In this technique, one needs to
place an unknown annular sample under test in a microwave TEM-mode fixture and
excite the sample with a sub-nanosecond baseband pulse (Fig. 2.1) [32,45,48]. With
this time-domain measurement approach, a Fourier transformation is required to
determine the permittivity and permeability from the measured transient response.
However, with this method, the obtained constitutive values are frequency-band
limited, depending on the time response of the pulse and its repetition frequency.

Weir [33] and Blakney and Weir [34] presented a computer-controlled automatic
measurement system to measure the S;; and S,; parameters when a material sample
was inserted in a waveguide or a TEM transmission line. They determined the complex
permittivity and permeability of material directly in the microwave frequency domain.

There are several other methods to extract the complex constitutive parameters
from the S;; and S,; measurements methods—such as NRW, Newton-Raphson,
root-find algorithm, genetic algorithm and artificial neural network algorithm [45].
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FIGURE 2.1 Schematics of the experimental setup to measure the material parameters
from the reflection and transmission coefficients with reference to five cases of the setups
based on the excitation of MUT with the material excited (a) in free-space medium [45],
(b) in a below cutoff waveguide [46], (c) using two monopole antennas [47], (d) in a coaxial
line [32] and (e) in a waveguide [48].

However, we restrict our discussion here to the NRW method for the character-
ization of only the conventional materials.

2.3.1 S-PARAMETER RETRIEVAL TECHNIQUES

The NRW method has been a standard technique for measuring the complex per-
mittivity and permeability of homogeneous and isotropic materials for more than
50 years. One can categorize the S;; and S,; measurement methods with reference
to the five cases based on the excitation of material under test (MUT).
In the first of these cases, the MTM is excited in free space by a perpendicular- (L)
or parallel- (ll) polarized plane wave incident at an angle , from the normal to the
MTM assumed to be infinitely extended in the transverse directions, using the
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transmitting and receiving horn antennas in the measurement setup (Fig. 2.1a). In
the second case, the array of MTMs is placed in a below cutoff waveguide (com-
bined structure) to observe backward-wave propagation. In this case, the combined
structure is excited with the help of cavities and probe coupling (Fig. 2.1b). In the
third case, the characteristics (using S;; and S,;) of a magnetic MTM can be ob-
tained with the help of two monopole antennas (Fig. 2.1c). In the fourth and fifth
cases, the MTM is placed across the cross-sectional area of a coaxial transmission
line (excited with TEM mode) and rectangular waveguide (excited with TE or TM
mode), respectively (Fig. 2.1d and 2.le). Three commonly used methods are
compared in Table 2.1.

If d is infinite (Figs. 2.1d and 2.1e), the reflection coefficient I' of a wave incident
on the interface (boundary between the MUT and the free-space region) is simply
given by [49]

I'= Zeit (f) — Zo)/(Zest (f) + Zo) (2.15)

where Z, is the characteristic impedance of free-space regions, and the same at the
MUT region is given by Z.(f), which may be a complex quantity.
For finite d, the transmission coefficient P along MUT may be written as

P = exp(—jk,d) (2.16)
where k, is the z-component of the propagation constant defined by

k2 =k — x> (2.17)
Here, k = (w/c )(er,eff()‘)u,,eff(j‘))1/2 is the propagation constant in the MUT
region, where c is the speed of light. For the free-space system, x = kosinf,, where
ko = (w/c); k = 0 for the TEM-mode waveguide system; and x = n/a for, typically,
TE ¢-mode rectangular waveguide system [49]. For the method using the free-space
region (Fig. 2.1a) [49]

TABLE 2.1
Comparison of Commonly Used Reflection-Transmission Measurement
Methods [45]

Aspect Free-space method Coaxial line method Waveguide method
Dielectric features erer(f) and g, (f) ereri(f) and p, or(f) ere() and u, o5
S-parameters S11 and S, S11 and S, S11 and S,
Frequency band Wide Wide Discrete

MUT dimensions Large Small Medium

Sample preparation Easy Easy Difficult

Monitoring Very easy Easy Difficult
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kﬂe]if(f)’ L—pol M ’ l—pol
Zat(F) =19, ‘"(f) s Zo=q % (2.18)
’7+ ll—pol 7o c0s B, ll—pol
where the subscripts || — pol and L — pol represent the parallel and perpendicular

polarizations, respectively. Here, k, can be read using Eq. (2.17). Further, for the
TEM-mode waveguide system, Z.i(f) = #ee(f) and Zg = 759, where #ep(f) =
ﬂowr,eff(ﬂ/er’eff(ﬂ)” % and o = (,uo/eo)” 2. For the TE;o-mode rectangular waveguide
system, Zeg(f) = opty.ci(Hlk. and Zo = wuglk.o, and k* = ko> — K.

For all the five cases (Fig. 2.1), Sy, (the transfer function between the reflected
and incident signal ports), and S5, (the transfer function between the transmitted and
incident signal ports (scattering matrix parameters) may be written as

1 -pPHr (1 -1%HpP
"Ta-—rpryy T - ey @19
Here, I" and P can be read with the help of Egs. (2.15), (2.18), (2.16) and (2.17),
respectively.

In the original NRW method, there are two intermediate terms, which represent
the sum and difference between S;; and S5, respectively, and, using Eq. (2.19), can
be written as

P+T P-T
N=8S1+Si1=—-; u=851—-581= .
1=t on = e 2= o R

(2.20)

Now, one can obtain I' and P in terms of measured values of S;; and S, using Eq.
(2.20). Hence, eliminating P, one may form the following quadratic equation in I':

2—2rx+1=0 2.21)
where

X=1—Vle=1—5221+5121.

—-"% 281

(2.22)

Thus, we obtain the expression for I', in terms of X given by (2.22), by solving
Eq. (2.21), as follows:

r=Xx= X - 1" (2.23)

Regarding the sign ambiguity in the right-hand side of Eq. (2.23), Rothwell et al.
[49] stated: “The sign ambiguity is usually resolved by assuming that the material is
passive, since only one choice of sign satisfies the inequality IT'1 < 1.”
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Therefore, now that I is known from Eq. (2.23), P can be obtained using
Eq. (2.20) as [49]

— u = |Ple/® (2.24)
1 -Wr

where ¢ is the argument of the transmission term and bounded as —7 < ¢ < 7.

We may consider a dimensionless quantity k', = k./k, while equating Eqs. (2.16)

and (2.24), taking natural logarithm in both sides of the equation

K. = m — ¢/2r +jln |P|/2 (2.25)
N dldg

where m is the branch index. Using Egs. (2.17), (2.18), and (2.25), one can obtain
erefi(f) and u, o¢(f) considering three cases, as follows:

i. For a free-space system [49]):
a. with perpendicular polarization

k'2F cos 6 k',
k—,", oot () = ——— (2.26)
Z

Ereff (f) = F oos B
o

b. with parallel polarization

k'.F 2 cos
&, 7 _— 2.27
off (f) = cos 6o My etr (F) = k’ZF (2.27)
where F = (1 - T)/(1 + T), k2 = k/* + x'2, and x’ = x/ky.
ii. For a TEM-mode waveguide system [49]:
' k'
Er eff (f) =k z F; ,ur,eff(f) = F (2.28)
where k’,o = k,o/ko.
iii. Similarly, for a TE;p-mode rectangular waveguide system [49]:
k' oF k',
Ere = k2= 2.29
Leff (f) k . /’tr eff (f) kleF ( )

The effective refractive index nqe(f) of MUT can be calculated, with the help
of Eq. (2.29), as
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Rett () = Erctt (F) iy ogr )2 (2.30)

As a special case, in the free-space system, with normal incident (6, = 0),
Egs. (2.26) and (2.27) reduce to Eq. (2.28). Further, regarding Eq. (2.25), Rothwell
et al. [49] stated, “This equation reveals one of the known difficulties with the NRW
method. Its value is not known a priori, but is related to the electrical thickness of
the sample. Since the material parameters are unknown, n may be difficult to de-
termine unless some test against known physics is employed, such as €' > 0 for
passive materials. For engineered materials, however, this test may not be
applicable” (¢" standing for the imaginary part of ¢, c(f)).

Improved NRW Methods for MTMs

The conventional parameter retrieval NRW method, even though it is extensively
used, suffers from the ambiguities arising from the requirements of determining the
branch index m (defined following Eq. (2.25)) and maintaining the MUT thickness
d < A12. Yet, there is another problem with this method related to the periodicity of
Eq. (2.16) for the wave propagating through the MUT, causing Eq. (2.25) to have an
infinite number of roots [48]. However, there have been numerous studies done to
overcome these ambiguities while maintaining very good accuracy in the experi-
mental results of the extracted parameters. Here, we discuss some improved NRW
methods that are used to extract the effective parameters of MTMs.

Ziolkowski [37] modified the NRW method to extract the constitutive para-
meters of MTMs by first-order approximating the exponential term appearing in Eq.
(2.16) for the transmission coefficient, with the help of Taylor series expansion, as
follows:

P~1 — jk.d. 2.31)

However, the accuracy of the method that uses the first-order approximated ex-
pression is somewhat low when the measured materials have large sampling
thicknesses [37].

Luukkonen et al. [48] proposed an improved NRW method, which did not in-
volve any branch-seeking (because they measured the phase difference between the
preceding measurement points rather than the phase delay at a given frequency
point), thereby enabling the method to extract the materials parameters of an MUT,
which has its thickness d > A/2. In addition, this method was used to study the effect
of thermal noise on the extracted material parameters.

The measured transmission coefficients of MUT at multiple frequency points
(wg, w1, @9,..., wy) Will correspond to the arguments of Eq. (2.24) as ¢, @1, ¢»,...
&N, respectively, for instance, @ representing the phase at tse’s first measurement
point. Thus, the argument at the frequency point wy is given as [48]

al P
y=F+ X aIg(T). (2.32)
i=1 :
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At this stage, with the help of Eq. (2.16), one can write
F = exp(—jk.iyd), F-1=exp(—jk;i-nd). (2.33)

Now, one can put Egs. (2.32) and (2.33) into Eq. (2.25) to obtain Eqgs. (2.26)—(2.30)
again with this improved method.

This extraction technique does not follow the branch seeking in the measured
frequency band provided that A¢ = ¢; — ¢, < n. Further, Luukkonen et al. [48]
added: “In order to unambiguously determine the values of the material parameters,
the thickness d of the MUT should remain small at the lowest measurement fre-
quency: d < /2, in which case m can be set to 0 at this frequency point. Otherwise,
one needs to set the integer m corresponding to the electrical thickness of the
sample at wy.”

Electromagnetic MTMs are composite structures, formed either from periodic or
random arrays of scattering elements, and should be considered as a continuous
medium during the excitation of electromagnetic waves while maintaining the long
wavelength limit [1,2]. However, using the simulation and experiment, it is well-
known that some MTMs exhibit the scattering behavior with frequency-dependent
ereri(f) and u, p(f) [40,50,51]. In these MTMs, the conventional NRW method is
not applicable. Therefore, a modified NRW method was proposed, assuming the
medium to be homogeneous, where the S-parameters were inverted to obtain the
complex impedance Z.¢(f) and nqe(f) as follows [5]:

(+ 8502 —s3)"

Zop(F) = +| ST o 7 951 234

i (f) ((1 8,07 = 52 (2.34)
1

et (f) = ﬁ{[[ln exp(koner (F)d)"" + 2mm] — jlIn exp(jkones (f)d)] }

0

(2.35)

Er et () = nett () Zete (f) and . o5 (f) = nese (f) Zetr (f)- (2.36)

Here and henceforth, the prime (") and double-prime () denote the real and ima-
ginary parts of a quantity, respectively.

However, Eqgs. (2.35) and (2.36) are ambiguous while finding the correct branch
index m. This is due to the inversion of logarithmic calculation [5]. The identifi-
cation of the correct branch is very hard if the branches show the close proximity,
which is influenced by the value of d. It was shown that the thinnest possible MUT
gives the best results. If the MUT is passive, the condition Z.¢'(f) 2 O fixes the
choice of sign in Eq. (2.34), and n."(f) 2 0 leads to the unambiguous result in Eq.
(2.36). However, ng(f) is complicated by the branches of the logarithmic function
[5]. Arslanagi¢ et al. [52] argued over the assumption that it was unnecessary to find
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the correct branch. A large number of MTMs hold the passivity condition and,
hence, also satisfy Eqgs. (2.34)—(2.36).

Another extraction method based on the Kramers—Kronig (K-K) relation was
developed to solve the branching problem caused by the complex logarithmic
function [53-57]. Shi et al. [55] applied the first-order approximation of Taylor’s
series to the transmission term and combined it with the K-K method. The proposed
method was not only to improve the accuracy of the extraction algorithm, but also
to “correctly solve the branch of the refractive index caused by complex exponential
function and thus the proposed method is free from the limitation of the electrical
thickness of the measured materials.” Further, Shi et al. [55] put Eq. (2.16) as

v
p= [exp(—jM)] (m=0, 1,2, ..) (2.37)
v

where v is an integer, which is typically set to a high value.
Applying the first-order approximation in the Taylor’s series expansion [37] as in
Eq. (2.31) to Eq. (2.37), one can obtain [55]

v
p- (1 _J-M) . (2.38)
v

By solving the v'" root of Eq. (2.38), one can then write

k.d + 27m

PP =1—j (2.39)

The left-hand side of Eq. (2.39) has v roots. Therefore, one can rewrite Eq. (2.39) as

jw) oo jkedE2mm G ) (2.40)

Py = |P|1/v exp(

For large value of v, the right-hand side of Eq. (2.40) becomes approximately equal
to 1. To maintain the roots of P closest to the real axis in the first and fourth
quadrants of the complex plane, the value of integer / has to be controlled [55].
Further, we can write the complex refractive index as

Negr (f) = Wepe (f) + jn" et (f) = k:/ko. (2.41)
Now, by rearranging Eq. (2.40), we can write

_ ,JRe(P”) — 1) — Am(P'”) + 2m)
y :

k. (2.42)

Also, putting (2.42) into Eq. (2.41), we can get [55]
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va(P“”) + 2mm

! = — 2.43
netr () kod (2.43)
Re(P'”) — 1
" (f) = Vé- (2.44)
kod

The branch ambiguity arises when m # 0 for MUTs with d > A/2. Therefore, ac-
cording to the K-K relation, one can obtain unambiguously the real part of n.g(f)
as [55,57]

] 2 = w'n”qg(w)
1K-K _ < eff ’
nf @) =1+ jo e (2.45)

where @' is the real part of w, and the superscript refers to the K-K relation. Now,
putting (2.44) into Eq. (2.45) and setting a high value to the upper limit
(correspond to the highest frequency) of the integral, one can solve for the ap-
proximated real part of the complex refractive index. The value of m is determined
while bringing n.g’ closest to neff'K’K(a)). Using Egs. (2.43)—(2.45) and Eq. (2.41),
one can obtain n.e(f), and, with the help of Egs. (2.41) and (2.34), one can obtain
the MUT parameters from Eq. (2.36) [55].

In spite of wide usage with the advantages, such as the versatility and ease
of implementation, the S-parameter extraction technique does not provide
physical insight into MTM structures. Moreover, any mistake in branch
selection in the technique may lead to false results. Also, the accuracy of
algorithms in the technique is found to be highly dependent on the electrical
thickness of MTMs.

2.3.2 MisceLLANEOUS PARAMETER RETRIEVAL TECHNIQUES

There are other parameter extraction techniques for MTMs, such as the
curve-fitting approach [38], transfer matrix approach [3,58,59], field averaging
approach [40,41], data-driven discontinuity detection approach [60], Snells’s
law approach [50,51,61], wave propagation approach [62,63], state-space
approach [16,21], causality principle approach [22], quasi-mode theory ap-
proach [64], phase unwrapping approach [65] and asymmetrical strip line
approach [66]. We will discuss some of these popular approaches in this
subsection.

Curve-fitting Approach

Lubowski Schuman and Weiland [38] proposed a parameter fitting approach to the
extraction of &, ¢(f) and u, o¢e(f) of MTMs. In this approach, €, ¢¢(f) and u, egs(f)
of anisotropic and homogeneous slab are defined by the dispersive Drude and
Lorentz models, respectively, which is an equivalent representation of actual
MTM of the same thickness. The parameters of Drude and Lorentz models are
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obtained using the optimization algorithm. Basically, one has to obtain the same
S-parameters (magnitude and phase of S;; and S5;) of the actual MTM, obtained
using the simulation or measurement, by optimizing the Drude and Lorentz model
parameters. Therefore, one can write Z.¢(f) and ne(f) as

Zett (F) = Zo Wy e (N et (F)'? (2.46)

Nt () = (& cft (F )ty o (F))2. (2.47)

Here, €, ¢(f) and u, .;(f) are obtained using the dispersive Drude model in
Eq. (2.10) and Lorentz model in Eq. (2.7), respectively. The signs of Egs. (2.46)
and (2.47) depend on the passivity condition (Z'cr(f) 2 0 and n".(f) 2 0) of the
MTM. One can then write P from Eq. (2.16) as

P = exp(_j%neff(f )d). (2.48)

Now, substituting (2.15) and Egs. (2.46)—(2.48) into Eq. (2.19), we can get S;; and
S>1. The purpose of using the optimization algorithm for obtaining Drude and
Lorentz model parameters is to provide the best fit between S;; and S5 of the actual
MTM and the isotropic and homogeneous slab.

The merits of the curve-fitting approach are its straightforwardness, removal
of branch ambiguities, etc. However, this approach is limited to non- and weak-
bi-anisotropic MTM structures. The simple Drude and Lorentz models do not
consider the magnetoelectric couplings of MTM.

Transfer Matrix Approach

One can observe the significant phase variation of transmitted and reflected waves
across the unit cell at the operational frequency, in almost all MTMs, despite taking
the unit cell dimensions smaller than the free-space wavelength, which invalidates the
effective medium consideration. Therefore, when we apply the standard S-parameter
extraction technique in inhomogeneous MTMs (discussed in Section 2.3.1) having
resonant elements, the variety of artifacts in the retrieved material parameters arises
due to the inhomogeneity (of MTMs). These artifacts are regarded as large fluctuation
in ne(f) and Z.(f) of MTMs where the wavelength within MTMs can be smaller
than the unit cell dimensions.

Hence, to overcome this situation, Smith et al. [3] proposed a modified S-parameter
approach where the S-matrix can be found from the elements of the transfer matrix
(T-matrix) [59]. The T-matrix relating the fields on one side of a planar slab to those on
the other side can be defined as [3]

F =TF (2.49)
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where

_ (E
F:(HE) (2.50)

Here, E and H,.q are the complex electric and “reduced” magnetic field amplitudes
located on the right- and left-hand faces of the slab. The primed and unprimed
quantities refer to the quantities at the left- and right-hand faces of slab, respec-
tively. Further, the effective medium consideration is invalid not only because the
phase of transmitted and reflected waves varies significantly across the unit cell,
even if it has a smaller thickness than the free-space wavelength, but also because
the optical path length across the unit cell may not be small.

For periodic structures, this phase advancement will become still more sig-
nificant. Therefore, the fields on one side of a unit cell corresponding to a periodic
structure are related to those on the other side by a phase factor, as follows [3]

F(x + d) = exp(jad)F(x) (2.51)

where F is defined in Eq. (2.50) and « is the phase advance per unit cell. Eq. (2.51)
is the Bloch condition and, with the help of Eq. (2.49), one can express it as

F' = TF = exp(jad)F (2.52)

where the T-matrix is defined in Eq. (2.49) in conjunction with Eq. (2.50). Then,
with the help of Eq. (2.52), one can obtain the dispersion relation of periodic
structure by putting |T—exp(jad)l| = 0, where I represents the identity matrix. Hence,
taking det(7) = 1 [3], the following simplified form of dispersion relation of
periodic structure can be obtained:

2 cos(ad) = Ti; + T, (dispersion relation) (2.53)

where T, and T,, are the elements of the T-matrix [3].

Now, if the unit cell is not symmetric in the propagation direction, the standard
retrieval procedure could not produce the unique solution of n.g(f). For instance,
depending on the direction of propagation of the incident plane wave in the unit
cell, standard S-parameter retrieval procedure gives [3]

1
cos (e (F)kd) = —— (1 — SA + S3) (2.54)
2521

or

1
cos (negs (F ) kd) = —— (1 — S5 + S3). (2.55)
2S21
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Therefore, it is clear from Egs. (2.54) and (2.55) that we cannot get a unique so-
lution of n.e(f) for an asymmetric structure for which Sy # S5,. Now, comparing the
forms of Eq. (2.53) with Egs. (2.54) and (2.55), one can obtain the T-matrix ele-
ments in terms of the S-matrix elements, and again using Eq. (2.53), one can write

cos(ad) = L(l — §1152 + S7)). (2.56)
285
nerr(f) can be recovered from the modified S-parameter retrieval method from Eq.
(2.56) that utilizes all the elements of S-matrix. However, for both homogeneous
and symmetric inhomogeneous unit cells, the retrieval process is the same because
S11 = S

In order to obtain &, o¢(f) and u, .p(f) using Eq. (2.36), one needs to know nee(f)
(the latter found from Eq. (2.56)) and Z..q (= E/H,q, for a continuous material),
which can be obtained after carrying out a few mathematical steps while equating
TF = exp(jad)F of Eq. (2.52). Further, the expression for exp(jad) can be obtained
by solving |T—exp(jad)l| = 0, and putting the expression for exp(jad) into that
equation, one can obtain the final expression of Z.q4 as [3]

(T — T) F (Ton — T)* + 4T Toy)'"?

Zred =
‘ 21,

(2.57)

The two roots of Eq. (2.57) indicate the two directions of wave propagation.
Therefore, Z..4 is not unique for inhomogeneous periodic structures as E/H .q will
vary periodically with the structure [3].

Other Approaches

The above-mentioned parameter retrieval techniques are relatively popular. In ad-
dition to these techniques, there are several other parameter retrieval techniques that
are extremely effective, such as the following:

i. The field averaging approach is used to determine macroscopic fields via
averaging local fields obtained from the simulation or analysis, from which
one can obtain the effective-medium parameters of these MTMs [40,41].

ii. The data-driven (D-D) discontinuity detection approach is based on de-
tecting the discontinuity points in the real part of the refractive index and
discerning the correct branch values at these discontinuities. This method is
simple and does not require infinite frequency integration. It gives accurate
values for MTM parameters at resonance and at the negative parameter
region [60].

iii. The Snells’s law approach is based on experimental scattering data at
microwave frequencies on a structured MTM that exhibits a frequency
band where n.¢(f) is negative [50,51,61].

iv. The wave propagation approach is easy to implement and has no ambi-
guity in retrieving the material parameters of thick chiral MTMs [62,63].
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v. The state-space approach is based on scattering data for a linearly po-
larized plane wave incident, normally on a homogeneous chiral slab, which
is combined with the properties of a state transition matrix [16,21].

vi. The causality principle approach, based on the causality principle and K-K
relations, removes the branch selecting problem, which has been proposed
for extracting effective parameters of MTMs, and further extended to ex-
tract effective parameters of chiral MTMs as well [22].

vii. The quasi-mode theory approach calculates the self-energy, density of
states, and mean-free paths for optical modes traveling inside a MTM and
then determines the effective permittivity and permeability of the MTM by
maximizing the density of states function [64].

viii. The phase unwrapping approach correctly chooses the branch by detecting
successive phase jumps, using S;; and S;, which exceed n at specific
frequencies, especially at the resonant frequency region (Shi et al. 2016).

ix. The asymmetrical strip line approach is an experimental method, mea-
suring the S-parameters of an asymmetrical strip-line partially filled with a
sample, for extracting the electromagnetic parameters of MTMs between
10 MHz and 6 GHz, considering the two characteristics mentioned before:
heterogeneity and anisotropy [66].

2.3.3 PARAMETER RETRIEVAL OF SOME SPeciAL TyrE MTMs

In the S-parameter extraction techniques discussed in Section 2.3.1, it was assumed
that the electromagnetic waves is incident normally (6, = 0) on the homogeneous
and isotropic MTM slabs. Now, questions arise as to how to retrieve the MTM
parameters if the incident wave is oblique (i.e., ) # 0) and what to do if the MTMs
are other than homogeneous and isotropic in nature.

Inhomogeneous MTMs

In the transfer matrix approach for treating inhomogeneous MTMs, the conven-
tional S-parameter retrieval methods are not suitable as Sy, # S»,. Therefore, Smith
et al. [3] proposed a modified S-parameter retrieval method that can be used for
inhomogeneous structures.

Now, we consider multiple thin isotropic and homogeneous materials that are
stacked or layered together to make an inhomogeneous MTM structure. In order to
extract the effective relative parameters of this m-layer inhomogeneous structure,
Shi et al. [8] proposed an electromagnetic field-based recursive method for solving
the scattering parameters of the layered medium. A plane wave, which has an
electric field parallel to the interface of two adjacent layers, is incident normally
along the z-axis. Here, the electromagnetic fields in each region are expressed in
terms of incident and reflected waves. Therefore, the S-parameters are recursively
solved in each region for (m — 1) times.

In the iterative solution procedure, n.p(f) and Z.¢(f), the latter represented as
Nere(f) in Shi et al. [8], are determined first for region 1 using the conventional NRW
method. ng(f) and Z.(f) of region 1 are used to obtain the same for region 2, and so
on. One can replace the layers of the actual MTM structure with the extracted n.e(f)
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and Z.(f) of each region, and try to obtain the same S-parameters of the actual
structure iteratively for (m — 1) times.

Uniaxial Anisotropic MTMs

Anisotropic materials comprise a class of complex materials, the properties of
which are direction-dependent and described by tensors, instead of scalar structural
parameters. In uniaxial MTMs, also called hyperbolic MTMs [24], one of the
components of a diagonal tensor of e, ¢¢(f) Or i, ¢¢(f) is Opposite in sign to the other
two components [18]. For a uniaxial slab, since the optical axis is aligned with the
z-axis (Fig. 2.2), the &, .¢(f) and u, .¢(f) tensors are diagonal, as in Eq. (2.58). For
uniaxial consideration, one can Write &, = &, = &, and &,; = &.; and Uy, = lyy, = U,
and u,, = u., where ¢, and u, are ordinary and ¢, and u, are extraordinary per-
mittivity and permeability, respectively, of the uniaxial slab. The two most popular
uniaxial MTMs are the arrays of metallic rods embedded in a host material and
multilayer metal-dielectric stack (Fig. 2.2) [18].

Ex 0 O Uy 0 0
et (=0 &y Of p (=0 u, 0] (2.58)
0 0 e 0 0 u,

In the presented retrieval approach [18], an inhomogeneous uniaxial MTM is re-
placed by a homogeneous uniaxial effective medium that is characterized by ¢,, 4,
&, and u, — the approach referred to as the inverse-scattering problem. In the first
step in this approach, the complex reflection and transmission coefficients of the
actual system have been obtained for both the TE- and TM-polarizations, which are
defined here as the forward problem (Fig. 2.3). While homogenization is valid, for
normal incidence, the scattering wave parameter retrieval [67] yields ¢, and u,,. For
oblique incident scattering, the effective wave vector k, for both the polarizations,
together with the use of the dispersion relations in (2.59) and (2.60) to follow,
obtained by solving Helmholtz’s equation for a monochromatic plane wave, yields
the extraordinary parameters ¢,, and u,.. The retrieval steps of the approach are
summarized in Fig. 2.3 [18].
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FIGURE 2.2 (a) Three-dimensional representation of uniaxial MTMs, (b) arrays of metallic
rods embedded in a host material, (¢) multilayer metal-dielectric stack, (d) projection of
(a) onto the xz-plane, convention for the angle of incidence. [Source: Papadakis et al. [18]].
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FIGURE 2.3 Retrieval steps. [Source: Papadakis et al. [ 18]].
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(2.59)

— = k¢. (dispersion relation)
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(2.60)

Bi-anisotropic MTMs with Oblique Incidence

Almost all embedded metallic resonant particles of MTMs show the cross-
polarization effects, that is, an electric polarization as a response to an applied
magnetic field, and vice versa. The bi-anisotropy is related to the existence of
magnetoelectric coupling in artificial atoms of MTMs [68]. The SRR-based bi-
anisotropic MTM is a pseudo chiral omega medium assumed to have diagonal
erefi(f) OF iy ee(f) [69]. For such MTMs, the S-parameter based extraction technique
requires the measurement of six normally incident waves (three TE modes and three
TM modes) along all the principle axes, in order to extract all seven unknown
parameters of its tensors in Eq. (2.61) to follow [15]. If the medium is lossless, the
retrieved constitutive parameters can be obtained analytically, and if the medium is
lossy, the parameters can be obtained numerically [15].

A monochromatic plane wave, propagating from the top side of the bi-
anisotropic slab of thickness d, is obliquely incident upon the slab at different
angles (Fig. 2.4) [11]. Here, the incident electric fields are denoted by E; (Fig. 2.4).
The bi-anisotropic constitutive relations considered are [13]

D=t E+EH
B=p qH+{E
where
&x 0 O Uy 0 0
Eet() =] 0 &y O w40 = 0 uy 0] (2.61a)

0 0 g 0 0 wu,
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FIGURE 2.4 Normally and oblique incident of a plane waves in a MTM slab with (a) TE
polarization and (b) TM polarization. [Source: Jiang et al. [11]].

(0 0 0y _ (00 0
E=2|o o o f=-|oo0 j (2.61b)
“lo -j& o ‘oo o

where ¢ is the chirality parameter [13].

In order to obtain all the unknown parameters of Eq. (2.61), one needs to
proceed, as instructed by Cohen and Shavit [13]: “......four complex value mea-
surements of the reflection S;; and four complex value measurements of the
transmission S,;, at one oblique and one normal incidences for two orthogonal
polarizations (TE and TM), are used to obtain 8 sets of equations in order to
analytically extract 6 unknown parameters and 2 branch indices to obtain an
explicit solution of the bianisotropic complex parameters. The remaining un-
known chirality parameter is obtained from an additional oblique incidence
measurement at both TE and TM polarizations using a numerical optimization
procedure.” [13].

Chiral MTMs

There are several methods to retrieve the material parameters of chiral MTMs, such
as the wave propagation approach [62,63], the state-space approach [21], and the
causality principle approach [22]. However, we will discuss briefly only the state-
space approach here to keep the chapter concise.

In the state-space approach, the scattering data for a linearly polarized plane
wave incident normally on a homogeneous, isotropic chiral slab are combined with
the properties of a state transition matrix. The constitutive relations of the medium

are given by [21]
D= _ &0&r _jK/C E
g) \uxlc wom, \ G

where « is the so-called chirality parameter, which rotates the electric and magnetic
fields. The state transition matrix ®(4 x 4) is related to the transverse components of
the electric and magnetic fields at the two boundaries of the chiral slab:
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where I:ET = (Ex, Ey) and I-=IT = (H,, H,) are the matrix representations of the
transverse components of the electric and magnetic fields, respectively. The state
transition matrix ® of an isotropic chiral slab has various properties, some of which
are useful for the parameter retrieval algorithm. The following two theorems are
important for parameter retrieval [21]:

Theorem 1: The determinant of the state transition matrix of an isotropic chiral
slab is equal to its unity.

Theorem 2: The state transition matrix of an isotropic chiral slab can be
written as

D1y Py D3 Dy
— @y Dy — Dy Di3
D3 D3, Dy Dy
— D3 P31 — Py Pyy

@:

which has only six distinct elements: @y, @15, 13, @14, P31 and P3;. Once
the state transition matrix @ is determined, one can write [21]

I'=—5 In(®). (2.63)
wd

In order to compute the logarithm of a square matrix in Eq. (2.63), one can
use the Cayley-Hamilton theorem [70,71]. One can retrieve the medium para-
meters by comparing the I' matrix obtained in terms of the constitutive
parameters in Eq. (2.62) and obtained from the scattering coefficients in
Eq. (2.63) [21].

Using this method, one can obtain the scattering parameters relying on the direct
computation of the transfer matrix of the slab, which is different from the con-
ventional scattering parameter retrieval method, which involves acquiring n.g and
Zor. In addition, “the proposed approach allows avoiding nonlinearity of the
problem but requires getting enough equations to fulfil the task which was provided
by considering some properties of the state transition matrix,” as stated by Zarifi
et al. [21].
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2.3.4 SIMULATION AND EXPERIMENTAL VALIDATION OF THE RETRIEVAL
TECHNIQUES

In this subsection, we discuss some of the retrieval techniques applied on some
specific MTM structures, giving a comparison between the irrelative accuracies of
the techniques. We also review some of the popular experimental setups to measure
S-parameters.

Comparison between Parameter Retrieval Techniques

We know (Sections 2.3.1 and 2.3.2) that there are several techniques, to retrieve
MTM parameters, which have their relative pros and cons. Therefore, it is difficult
to pick the best retrieval technique from among them. Here, we consider the K-K
method (popular and extensively used) and D-D discontinuity detection approach
(comparatively new among other techniques) to retrieve the parameters of metal
strip and square SRR-based composite MTMs of two unit cells [60]. Using the K-K
method, one can obtain n.g(f) with the help of Egs. (2.43)—-(2.45) and Eq. (2.41)
(Fig. 2.5a), and both €, .¢(f) and u, .¢(f) can be obtained with the help of Eq. (2.36)
using Eqgs. (2.41) and (2.34), where a plane wave propagating along the direction of
periodicity of the two unit cells and electric field is oriented parallel to the length of
the metal strip while the magnetic field is oriented parallel to the center axis of the
SRRs [60]. However, the K-K method has a limitation due to the truncation in the
upper limit of the K-K integral (Eq. 2.45). Therefore, to find the proper values of m
at high frequencies, one needs to extend the frequency band of the K-K integral,
which is practically unmanageable, and in spite of the extension, the method sa-
turates at a maximum kod value [60].

In the D-D method (defined as the proposed method in Fig. 2.5), unlike the K-K
method, one can select the correct values of m in n'.(f) directly without taking the
help of n".(f). Being independent of d and the frequency region, the D-D method
can retrieve the parameters of MTMs unambiguously. However, the K-K method
gives incorrect n'oif(f) (Fig. 2.5a) due to the selection of incorrect values of m
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FIGURE 2.5 (a) Extracted refractive index of; (b) branch index of two unit cells of metal
strip and square SRRs based composite MTMs. [Source: Aladadi and Alkanhal [60]].
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(Fig. 2.5b) in the regions between 9.24 GHz< < 9.99 GHz (0.967 < kod < 1.04) and
f>25.8 GHz (kod > 2.7). With a further increase of d, the performance frequency
region of the K-K method reduces while the D-D method remains unaffected.

Experimental Setup for Parameter Retrieval of MTMs

It is essential to validate the analytical parameter retrieval methods of MTMs
against some extensively used and popular experimental measurements with due
consideration to their constraints, as follows.

Negative refraction is one of the unique properties of left-handed MTMs, ex-
hibited in the microwave frequency region, which was experimentally verified by
Shelby et al. [50], Parazzoli et al. [51] and Ran et al. [72,73]. For this purpose, a
parallelogram-shaped 2D MTM slab, made of SRRs and metal strips for the DNG
response, is placed in a parallel-plate waveguide (PPW) with absorbers placed on
the sides. A microwave detector can move in a straight path along the broad wall of
PPW. Correspondingly, in the Shelby et al. [5S0] experimental setup of a prism-
shaped MTM slab, the detector can be placed to follow a circular path, which is
placed at one end of the PPW to detect the power transmitted through the MTM slab
at frequencies in which only the first mode (equivalent to a plane wave) can
propagate.

Parazzoli et al. [51] presented an experimental setup (Fig. 2.6) for the Snell’s
law experiment on a negative index of refraction material (NIM), which is dif-
ferent from that in Shelby et al. [50], in which (i) a free-space environment is
used as opposed to a waveguide measurement system; (ii) data are taken at two
different distances from the sample to waveguide detector; and (iii) numerical
simulations showed excellent agreement with the experimental observations. In
this case, Parazzoli et al. [51] considered a 1D NIM structure, defined as a
structure where the patterns reside on one set of parallel planes only. The detector
of the electric field was placed at 33 cm and 66 cm, respectively, from the front
face of the NIM wedge. A lens was placed at the exit of the horn antenna to
provide both the focused and collimated-mode electromagnetic wave to the NIM
sample; the sample was placed in the focal region of the lens. The detector was
moved on a circular arc centered on the backside of the wedge. Parazzoli et al.

Waveguide
Detector
(1.016cm x 2.286¢cm)

Rotation Arm

N
LT A,

X [305cm| Variable (33 cm to 66 cm) |

FIGURE 2.6 Schematic of the setup used in the Snell’s law experiment showing the conical
horn, lens, sample and waveguide detector. [Source: Parazzoli et al. [51]].
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observed that the phase velocity reverses its sign in the NIM wedge, but the
Poynting vector is always directed toward the wave propagation, as ex-
pected [51].

In order to determine the magnetic resonant frequency, Aydin et al. [47] mea-
sured the transmission through a single unit cell of SRR using two monopole an-
tennas as the transmitter and the receiver. A single SRR unit cell is placed between
the monopole antennas (Fig. 2.1c). The length of the monopole antennas is each A/2,
considered to work at the frequency range covering the value of f,,o of the SRRs.
The incident wave propagates from one antenna to another, with £ oriented per-
pendicular and H oriented parallel to the center axis of the MTM. The monopole
antennas are then connected to a vector network analyzer (VNA) to measure the
transmission coefficients. A dip in the transmission spectrum of SRR structure can
be attributed to the resonant nature of the SRR. The same technique has been used
by Bilotti et al. [6] as well.

In order to study the wave propagation in a waveguide well below the cutoff
frequency of the waveguide, which can provide backward-wave propagation, one
can use an array of SRRs, which will exhibit negative permeability, and an empty
waveguide supporting below cutoff waveguide mode, which can exhibit negative
permittivity. For the sake of experimental appreciation, a periodic array of SRRs
was placed on the plane of symmetry of a square waveguide supporting the TE;
mode [46]. The first and the last cells of the array were placed partially out of the
waveguide to strengthen its excitation. Both the ends of the combined structure
were connected with a coaxial-to-waveguide adapter to measure the S, parameter in
the VNA (Fig. 2.1b). A measured transmission region well below the cutoff fre-
quency validates the theoretical findings [46].

Some experimental constraints may arise during the measurement of S-
parameters of MTMs. It may be hard to achieve a pure plane wave during mea-
surement, contrary to what is predicted by simulation. However, this may be
achieved with PPW by reducing the interference from the external environment.
Furthermore, it is also hard to achieve the negative permittivity with the array of
rods for which the rods should touch both the top and bottom plates of wave-
guide [74].

2.4 SUMMARY AND CONCLUSION

In this chapter, we briefly reviewed and discussed EMT of MTMs and also dis-
cussed the merits and drawbacks of several well-known parameter retrieval
techniques of MTMs. It is simple to represent an MTM by assuming it to be
homogeneous and isotropic in nature. The effective relative permittivity and the
effective permeability of an MTM are represented by the Drude model and the
Lorentz model, respectively. This representation gives enormous analytical con-
trol to the researchers in their study of MTM properties and responses, such as
MNG, ENG and DNG, and negative refractive index, without calling for the
actual MTMs. However, such a study does not give one any physical insight into
the actual MTM structure.
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The NRW method has now become the most popular in the extraction of
complex permittivity and permeability of homogeneous and isotropic conven-
tional materials. However, from the standpoint of its practical applicability for
parameter retrieval, the NRW method is not suitable since most of the MTMs are
inhomogeneous and anisotropic in nature. Among the alternative methods glob-
ally sought for, the transmission and reflection of incident wave, or S-parameter
retrieval method, has subsequently proved to be appropriate and, hence, has been
used extensively. However, this method mainly suffers from branch ambiguity
and the inherent assumption of extremely small sample thickness of MTMs. These
lacunas of the method were overcome by introducing the first-order approxima-
tion of Taylor’s series to the transmission term, and combining the method with
the K-K method.

There are other approaches to the parameter extraction technique for MTMs,
such as the curve-fitting approach, transfer matrix approach, field averaging ap-
proach, data-driven discontinuity detection approach, Snells’ law approach, wave
propagation approach, state-space approach, causality principle approach, quasi-
mode theory approach, phase unwrapping approach and asymmetrical strip line
approach. These approaches to retrieval techniques following continuous research
have now come out to be more powerful to investigate into different ranges
of MTMs encompassing inhomogeneous, anisotropic, bi-anisotropic, uniaxial
anisotropic, chiral and hyperbolic MTMs, excited with normally and obliquely
incident plane waves.

Further, the parameter extraction techniques have been validated against
commercial simulation software and experiments. For experimental appreciation,
an MTM under test is placed in free space, keeping it equidistant from the
transmitting and receiving horn antennas or monopole antennas. The unit cell is
excited with normally or obliquely incident plane waves. The MTM under test
can also be placed inside a rectangular waveguide or a coaxial transmission line
to measure the transmission and reflection coefficients from which to calculate
the effective relative permittivity and permeability.

It is believed that the EMT and parametric retrieval techniques of MTM re-
viewed in this chapter will prove to be useful in designing MTM-assisted micro-
wave components, such as phase shifter, directional coupler, branch-line coupler,
power divider, filter, cavity, super lens/hyper-lens, antenna, radome, absorber and
sensor. At the same time, they should be useful in designing MTM-assisted vacuum
electron devices as well.
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3.1 INTRODUCTION AND RATIONALE

In the last two decades, metamaterial (MTM) technology has been consistently
among the most active research areas in electromagnetic (EM) engineering and
science [1-7]. The academic and industrial interest for the synthesis of materials
with desired properties is motivated by their unprecedented field manipulation
capabilities that enabled their effective adoption in a wide set of practical appli-
cations, ranging from to MHz to THz frequencies and beyond [1-4,6,7].
Furthermore, the wave manipulation features of MTM-based devices have been
generalized and transferred to other heterogeneous scientific domains, including
mechanics and acoustics [8].

In such a framework, the most widely employed paradigms for the synthesis
and the optimization of MTM-based devices are based on the decomposition of
the problem at hand into two separate sub-problems: (i) the design of “black-
box” materials with equivalent physical properties (e.g., surface impedance,
refractive index, permittivity, permeability) suitable for yielding the required
device performance/behavior [6,7], and (ii) the synthesis of arrangements of
standard materials matching those unconventional physical properties, which
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are often obtained with suitable homogenization methodologies applied to
1D/2D/3D periodic arrangements of a reference unit cell [9—11]. The arising
approaches proved to be very effective in a wide variety of cases, including
MTM lenses and cloaking devices [12-17], metasurfaces [18] and MTM-
enhanced antennas [19-24].

On the other hand, it is worth highlighting that those strategies may not fully
exploit the whole set of degrees-of-freedom (DoFs) available in a complex
MTM-based device. As a matter of fact, the actual target of an EM synthesis is
rarely that of achieving a desired bulk physical property, whereas a macro-scale
performance index or “task” (e.g., the antenna gain or the sidelobe level, the lens
focusing capability, the transmission/reflection coefficient of a metasurface, the
radar cross-section of a cloaked object) is usually of interest. Starting from this
observation, the possibility of improving the achievable performance by con-
sidering the macro-scale system task as the design objective (rather than the local
matching of a specific equivalent material property) has been recently in-
vestigated in MTM engineering and science [25-27]. More specifically, the
Material-by-Design (MbD) framework has emerged as a powerful, flexible and
modular paradigm to “address the task-oriented design of advanced systems
comprising artificial materials whose constituent properties are driven by the
device functional requirements” [25]. The fundamental idea of MbD, which is an
instance of the System-by-Design (SbD) paradigm, defined in short as “How
to deal with complexity” [26,28-31], is that any device comprising artificial
materials can be synthesized from a fundamentally new perspective considering
(i) its macro-scale functionality/task as the design objective and (ii) the micro-
scale properties of the standard materials composing the device as the DoFs
of the synthesis problem at hand [25].

The MbD paradigm is indeed motivated by several features of MTM engineering
and science problems:

¢ A task-oriented design avoids focusing on a local matching objective, but
rather treats the whole system and its complexity during the synthesis process;
thus, it potentially promotes a more effective exploration of the functional
landscape.

¢ The implementation of an MbD-based approach does not necessarily imply
the exploitation of an homogenization step, thus avoiding the complexity of
such a task, especially when dealing with complex structures that possibly
feature anisotropic effects [9—11].

e Thanks to the modularity of the arising implementation scheme, which is
inherited by the SbD framework [26,28-35], customization to every problem
of the resulting design procedure (in terms of considered functional blocks
and methodological choices) can be easily implemented.

e The MbD concept naturally and seamlessly enables single- and multi-
objective designs as well as dealing with complex constraints through a
suitable customization of the associated logical blocks.
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* Since the MbD goal is not the local matching of a specific EM property, but
rather of a set of global performance indicators, the arising formulation
seamlessly supports the definition of multiphysics objectives as well as
performance metrics.

Thanks to such features, several MbD customizations have already been im-
plemented and assessed, for instance, the design of (i) task-oriented wide-angle
impedance matching (WAIM) metasurfaces, (ii) inhomogeneous lenses for array
performance enhancement, and (iii) wave polarization meta-layers. Of course,
although very effective and customizable, MbD implementation also yields to
non-trivial challenges from theoretical and practical viewpoints. These challenges
are mainly related to the multi-scale nature of the arising design problems that
intrinsically corresponds to a considerable computational complexity as a con-
sequence of the curse of dimensionality [25,26,28]. A careful combination of
macro-scale modeling and micro-scale DoF control procedures as well as design
algorithms are usually required to properly address realistic large-scale problems.
Accordingly, the formulation of the MTM-enhanced design problem within the
MbD framework is discussed in the following section by presenting the theoretical
motivation, the concept, the applicative guidelines and the features of state-of-the-
art MbD strategies for engineered MTM design. A discussion of the current trends
and future developments in MbD research is also illustrated.

This chapter is organized as follows. After an introduction on the concept of
MbD and its fundamental features (Section 3.2), the customization of the MbD
to selected applicative state-of-the-art examples is detailed (Section 3.3). Some
conclusions and final remarks follow (Section 3.4).

3.2 THE MbD PARADIGM: CONCEPT AND FEATURES
3.2.1 Tue MbD SyNTHESIs Loop

The fundamental driving concept in MbD is the possibility to design advanced sys-
tems comprising artificial materials in a “task-oriented” fashion. Accordingly, MbD
can be seen as a meta-paradigm in which (i) the generic functional logic complies
with the prescribed task-oriented principle, while (ii) the specific implementation and
resulting design details depend on the target scenario, application and constraints.

Generally speaking, the MbD paradigm can be described through the meta-loop
in Fig. 3.1. Such a flowchart features four fundamental functional blocks:

e The EM/multiphysics micro-modeling block (Fig. 3.1). Such a block is re-
sponsible for the computation of the EM micro-level response (or its multi-
physics counterpart depending on the specific problem) starting from the
descriptors of the designed device at the micro-scale level. The output of such
a function does not describe the overall device performance index, but rather
a local property (e.g., the scattering matrix expansion [26] in the case of
periodic structures) that requires further processing for being linked to the
measure of the effectiveness of the complete device.
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FIGURE 3.1 MbD paradigm — Functional flowchart of a generic MbD process.

* The micro- to macro-scale physical linkage block (Fig. 3.1). The functionality
implemented here is the estimation of the overall EM or multiphysics
response (e.g., scattering cross-section) of the device starting from its micro-
scale simulated performance.

e The macro-scale task assessment block (Fig. 3.1). This block is devoted to the
evaluation of the effectiveness of the device at the macro-scale level ac-
cording to the user-defined guidelines and the device-simulated performance
at the macro-scale level.

e The solution space exploration block (Fig. 3.1). This block implements,
usually carried out through an iterative process, the functional landscape
analysis of the design objective and the identification of the best setup for the
device micro-scale descriptors.

These four functional blocks are usually combined in the so-called MbD synthesis
loop that embodies the fundamental representation of the MbD paradigm from a
logical viewpoint (Fig. 3.1). It is worthwhile to point out that not all blocks are
required in every MbD customization. Sometimes the functional role of one block
can be split into a cascade of operations to guarantee the maximum scalability and
efficiency of the design process (see Section 3.3.3). On the other hand, several
methods have been conceived and proposed in the literature to address each of the
above functionalities, and they can be used for effective system integration within
the MbD synthesis loop. The following section provides a detailed description of
each functional block and illustrates selected benchmark implementation choices.

3.2.2 THe MbD FuncTioNAL BLocks — OBJECTIVES AND EXAMPLES

With reference to the macro-blocks mentioned in Section 3.2.1, the fundamental
objective of the EM/multiphysics micro-modeling block (Fig. 3.1) is to handle



Engineered Metamaterials 65

(i) as inputs, the micro-scale descriptors of the designed artificial material [e.g.,
the geometry and the material setup of the unit cell that is replicated on a regular
grid to implement the desired artificial material (Section 3.3.2, Section 3.3.4)
or the contour of the designed lens (Section 3.3.3)], and (ii) as outputs, the EM or
multiphysics micro-level response of the artificial material [e.g., the Floquet
coefficients (Section 3.3.2) or the the transmission/reflection matrices expansion
(Section 3.3.4)]. Because of such a wide variety of formulations and objectives,
several approaches have been proposed to handle this functionality depending on
the applicative context [26,36,37]. As for planar single- or multi-layer EM arti-
ficial materials, periodic boundary conditions and perfect matching layers as well
as generalized scattering matrices and resulting cascade operations have been
considered in EM-formulated MbD problems [26]. Alternative strategies based on
the computation of equivalent transmission/reflection matrices or equivalent
surface impedances have been used as well [36,37]. Anyway, regardless of the
approach and unless canonical geometries [38—40], full-wave numerical simula-
tions and/or semi-analytical techniques are often required [26], they usually in-
volve non-trivial computational complexities; thus, the micro-modeling block
can result in a bottleneck when handling realistic geometries. To address such a
potential MbD limitation, the use of Learning-by-Examples (LBEs) methods has
been recently proposed [31,41]. More specifically, the micro-scale EM response
of the artificial material is actually “predicted” by exploiting suitable statistical
learning algorithms after an initial training phase [31,41].

The micro- to macro-scale physical linkage block (Fig. 3.1) is often very
challenging from both the theoretical and the practical viewpoint. As a matter of
fact, the computation of the relationship between the micro-scale response of a
structure and its macro-scale features is a common and key item across many EM
problems, including the design of transmit arrays and reflect arrays [31]. The main
objective of this functional block is to give a faithful estimation of the large-scale
system property (e.g., the array gain, the device EM signature, the active element
impedance mismatch, the polarization state of the transmitted or reflected wave),
starting from its micro-scale response in a numerically efficient manner. Since the
full-wave modeling of the entire device and artificial material structure is often a
computationally unfeasible option for the design phase [26,42], the exploitation of
the superposition principle is usually an effective choice for large-scale planar
periodic and quasi-periodic layouts [26,31]. Alternatively, the use of the generalized
scattering matrix method or of the generalized sheet transition conditions based on
surface impedance or susceptibility tensors has been proposed [42]. Nevertheless,
owing to the wide range of MbD applicative scenarios, a general-purpose solution
for the micro- to macro-scale physical linkage problem has not been proposed yet,
and the implementation of such a phase requires suitable customization to the
scenario at hand.

The macro-scale task assessment block (Fig. 3.1) is aimed at establishing the
connection between the physical response of the system coming from previous
functional phases and the design algorithm. Mathematically, this consists of de-
fining the problem cost function, which quantifies the mismatch of the synthesized
solution from the user-defined task. It is worth remarking that the typology and the
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features of the implementation of the macro-scale task assessment (i.e., convexity
of the cost function, degree of non-linearity, presence of multiple minima) have a
considerable impact on the choice of the subsequent functional block [43]. From a
logical viewpoint, both “matching” [27] (i.e., to match a reference such as a power
pattern shape) and “minimization/maximization” definitions [26] (i.e., the mini-
mization/maximization of a quality index) are commonly adopted, whereas the
dimensionality (i.e., single- or multi-objective in nature) is a direct consequence of
the user-defined task of the device [26,27].

The aim of the solution space exploration block (Fig. 3.1) is that of exploring the
cost function landscape to identify the descriptor setup (at the micro-scale) that
guarantees the best macro-scale performance as quantified by the macro-scale task
assessment block. Unless elementary MbD problems have closed-form solutions
available, guess solution sets are iteratively generated with a wide variety of available
local/global optimizers [43—46]. Nevertheless, the choice of the most proper class of
optimization strategies among the available ones and its configuration is a non-trivial
step yielding an MbD implementation that guarantees competitive search capabilities.
As a matter of fact, according to the “no-free lunch” optimization theorems [43], there
is not an “optimal” tool for any optimization problem [44,45]. Owing to the vast
literature on the topic, the relevance of such aspects within the more general SbD
framework [28] and the focus of this chapter, the interested reader can refer to the
guidelines and discussion in the cited references [26,28-31] for the best choice of
solution space exploration techniques.

3.3 MbD AT WORK IN METAMATERIAL-BASED SENSING
AND COMMUNICATION APPLICATIONS

3.3.1 CustomizATION OF MbD IN APPLICATIVE SCENARIOS

Starting from the meta-loop in Section 3.2, the application of the MbD paradigm in
a specific scenario/context essentially requires the user to specify (i) the definition
and mathematical coding of the macro-scale task that the device comprising the
artificial material will have to address according to the applicative scenario and
user-defined objectives, (ii) the description of the DoFs of the artificial material/
device at hand (e.g., geometric and EM descriptors of its unit cell), (iii) the iden-
tification of the functional blocks for the customization of the MbD paradigm to
the framework at hand, and (iv) the choice of the implementation strategies to be
adopted/integrated within each functional block. Within this framework, the mod-
ularity of the MbD approach actually enables the user to revisit the definition of the
functional blocks and modify/substitute their implementation without the need to
change the entire design loop, hence allowing the exploration of different tradeoffs
and objectives depending on the obtained performance and design constraints. The
following sections present the customization of the MbD approach to three re-
presentative synthesis problems concerned with (i) wide-angle impedance matching
layers for next-generation phased arrays (Section 3.3.2), (ii) MTM-enhanced
compact phased arrays (Section 3.3.3) and (iii) wave manipulation MTM devices
(Section 3.3.4).
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3.3.2 MbD-DESIGNED METAMATERIALS FOR WIDE-ANGLE IMPEDANCE
MATCHING LAYERS

The design of MTM-based WAIMs for enhancing the field-of-view (FoV) of next-
generation phased arrays has been addressed with the MbD paradigm in Oliveri
et al. [26]. The fundamental objective of WAIMs [47,48] is to stabilize the fluc-
tuations of the active reflection coefficient caused by the coupling effects among the
single array radiators when scanning [26,30,49], to have stable performance on a
wide FoV and to avoid the issues caused by impedance oscillations such as blind
spots [26,30,49]. Toward this goal, the micro-scale field manipulation features
of the artificial MTM constituting the WAIM have been exploited to yield a
macro-scale active reflection coefficient stabilization [26,30,49].

We explore the setup investigated in Oliveri et al. [26] that consists of a regular
array of truncated waveguides [Fig. 3.2(a)] displaced on a regular lattice with
vectors d; and d, in the x — y plane [Fig. 3.2(a)] and covered by a WAIM layer
composed of a multiscale artificial MTM structure [Fig. 3.2(b)].

To deal with such a design problem within the MbD framework, first the
mathematical formulation of the macro-scale task has been coded into the
minimization of the following cost function [26]

i { 210 e. v.1: 0 I2d¢d9}df

2
T Umax — fmin )

QYAM (g) 2 (3.1

that is the integral power reflection given by the ratio between the antenna reflected
and input powers over the whole scanning range and bandwidth (i.e., [fiins fmax])
[26], where g is the vector of the solution descriptors, |-l is the magnitude operator
and I' (0, o, f, g) is the active reflection coefficient at the steering angle (6, ¢) and
frequency f [50].

As for the description of the DoFs, different choices have been adopted in the
literature depending on the scenario and problem constraints [26,30,49]. For in-
stance, the entries of g are the slab permittivities and thicknesses when homo-
geneous dielectric slabs with controllable dielectric constants were considered in
Oliveri et al. [30,49]. Otherwise, the L entries of

g2 (g, l=1,..L} (3.2)

are the micro-scale geometrical descriptors [Fig. 3.2(b)] of identical microstrip unit
cells periodically printed on a dielectric substrate with relative dielectric permit-
tivity equp, dielectric loss tangent tan dg,, and thickness f, to build a WAIM layer.
Such a WAIM implementation has been chosen because of the reduced costs,
the fabrication simplicity, the low profile and the robustness of such a printing
technology if compared to alternative artificial material implementations [26].

As for the identification of the functional blocks of the MbD process, the
customization presented in Oliveri et al. [26] (Fig. 3.3) included (i) an EM
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FIGURE 3.2 MbD customization to WAIM design — Geometry of (a) the WAIM-coated
macro-scale phased array configuration and (b) the WAIM micro-scale unit cell [26].

micro-modeling block, corresponding to the WAIM unit cell scattering computation
functional phase, (ii) a micro- to macro-scale physical linkage block, implemented
through a combination of a WAIM homogenization phase and a macro-scale voltage
reflection coefficient computation one, collectively resulting in the computation of I
0, ¢, f; g), (iii) a macro-scale task assessment block corresponding to the cost
Sfunction computation phase, and finally (iv) the solution space exploration block.
It is worth noticing that all the standard phases for the MbD paradigm are required
for customization of the WAIM design problem (Fig. 3.3 vs. Fig. 3.1), even though
the micro- to macro-scale physical linkage functionality has been split into two
sub-phases for efficiency and flexibility reasons.
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based WAIM design process [26].

The choice of implementation strategies has been subsequently carried out [26].
More specifically (Fig. 3.3), see the following:

The WAIM unit cell scattering computation was performed with a full-wave
numerical simulator based on the Method-of-Moments with periodic
boundary conditions, which was applied to a single-cell (micro-scale) WAIM
model [26]. This choice was made because of the flexibility and the efficiency
of the resulting computation, owing to the limited size of the discretized re-
gion [26].

The WAIM homogenization was carried out with the technique illustrated in
Smith et al. [51], owing to its numerical efficiency, flexibility and accuracy
when dealing with sub-wavelength WAIM lattices.

The macro-scale voltage reflection coefficient computation was implemented
with the modal analysis method [26,30], which determines the antenna active
admittance through the truncated Floquet series [26,30], hence avoiding ex-
pensive full-wave numerical calculations.

The cost function computation was yielded by suitably discretizing frequency
and angular domains [26].

The solution space exploration block was implemented, starting from the
analysis of the features and properties of the cost function at hand (in terms of
non-linearity and presence of multiple minima) and following the guidelines
in the cited references [44-46]. Accordingly, a global search procedure, in-
spired by the inertial-weight version of the particle swarm optimization
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technique, was iteratively repeated until a convergence condition, based on
the stagnation of the cost function, was met [26].

The effectiveness of the resulting MbD process was evaluated in Oliveri et al. [26]
by considering different aperture shapes and lattice geometries. Despite its tech-
nological/realization simplicity, an MbD-based printed WAIM layer significantly
mitigated the undesired oscillations of the active reflection coefficient in large
phased arrays, both in narrow-band and in wideband working conditions. Moreover,
the MbD technique synthesized multi-scale WAIM layers with performance very
close to that of the corresponding state-of-the-art [30] ideal layouts featuring
homogeneous layers with arbitrary permittivity/permeability tensors [26].
Furthermore, the comparisons carried out with full-wave numerical simulations
have also demonstrated the robustness of the MbD-based designs, even when ne-
glecting any homogenization process [26].

To give proof of the MbD performance, a single-layer MbD-based WAIM
(Fig. 3.4) featuring the “cross” unit cell geometry in Fig. 3.2(b) and coating a
circular waveguide array based on a hexagonal lattice with d; = 1.067 x 107X [m]
and d; = 5.33 x 107°% + 9.23 x 107’9 [m] as obtained in Oliveri et al. [26] is
discussed hereinafter. The plots of the active reflection coefficient as a function of
the scan angle in the ¢ = 90 [deg] plane are compared in Fig. 3.4(a) [26] when
dealing with (i) the uncoated phased array (“No WAIM”) or its WAIM-coated
counterparts assuming (ii) an ideal multi-layer structure with arbitrary permittivity
values as discussed in Oliveri et al. [30] (“[Oliveri 2015]”), (iii) an MbD-designed
arrangement assuming perfectly transparent substrate (“[Oliveri 2017], &g =
1.0”) or (iii) with Polytetrafluoroethylene (PTFE) substrate (“[Oliveri 2017],
&sub = 2.08”). The results of the HFSS modeling [Fig. 3.4(b)] of this latter con-
figuration are reported in Fig. 3.4(a) as well, for the sake of completeness
(“[Oliveri 20171, esup = 2.08, HFSS”). Such results show that the array equipped
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FIGURE 3.4 MbD Customization to WAIM Design [Circular waveguide, hexagonal lat-
tice]. Plots of IT" (6, ¢, f; g)I* along the ¢ = 90 [deg] angular cut for the uncoated array
(“No WAIM”) and the array coated with the ideal WAIM (“[Oliveri 2015]) [30] or the
MbD-based WAIMs with perfectly transparent substrates (“[Oliveri 2017], &y, = 1.07),
PTFE substrate (“[Oliveri 2017], &g, = 2.08”), and corresponding HFSS modeling (“[Oliveri
20171, &z = 2.08, HFSS”) [26].
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with an MbD-based realistic WAIM affords very low integral power reflection
values for the overall structure [PVA™ (@) |iosiveri 2017) * 1.4% — Fig. 3.4(a)], close

to the ideal WAIM setup [®YA™ (@) Jiosiveri 20157 * 1.1% — Fig. 3.4(a)] and sig-
nificantly better than the “No WAIM” configuration, which affords a 28.8% total
integral power reflection [Fig. 3.4(a)]. Furthermore, the results reported in Oliveri
et al. [26] also positively compared to those obtained with ideal WAIM config-
urations [30] in terms of computational efficiency, since a complete synthesis
process took less than 2 hours on a standard laptop [26]. Such accuracy and ef-
ficiency are a direct consequence of the modularity and the scalability of the MbD
as well as of the implementation choices of each functional block within the MbD
flowchart (Fig. 3.3).

3.3.3 PHAsED ARRAY ENHANCEMENT THROUGH METAMATERIAL LENSES
AND MbD

We consider a completely different scenario next to further assess the flexibility and
the customizability of the MbD paradigm. It concerns enhancing the performance of
phased arrays through the exploitation of field-manipulation microwave lenses
coating the structure [27]. Toward this, the MbD was used to simultaneously yield
the following, without affecting/modifying the radiation features of the arrangement
with respect to its original architecture [27]:

* Reduction of the aperture and the number of array elements (i.e., a simpli-
fication of the structure).

* Modification of the coating lens geometry to comply with the aerodynamics
of the hosting structure (e.g., for avionics applications).

To reach the desired macro-scale “focusing” and beam-shaping capabilities,
Salucci et al. exploited the micro-scale field manipulation capabilities of the in-
homogeneous MTM that coats the phased array [27]. With reference to the time-
harmonic setup discussed in Salucci et al. [27], let us consider a reference linear
phased array of N elements with n-th radiator (n = 1,..., N) is excited with a
complex excitation J,,, an it is located at

I, = (xn = —% +(n—=1d, y, = h) (3.3)

where d is the inter-element spacing, / is the distance from the ground plane and
L = (N - 1) x d is the array aperture [Fig. 3.5(a)]. The MbD process was aimed
at synthesizing a coating lens with extension Q’, external contour JQ)' and per-
mittivity/permeability distributions g’ (r')/u’ (r'), respectively, to miniaturize the

antenna array so that it fit (i) a smaller aperture L < L while complying with
(i) a non-regular groundplane profile 7; and external aerodynamic profile z,
[Fig. 3.5(b)] without losing its radiation performance [27].
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FIGURE 3.5 MbD Customization to Array Miniaturization — Geometry of (a) the reference
layout inside the “virtual” contour dQ, (b) the final MbD arrangement inside the conformal/
aerodynamic lens contour JQ' [27].

The objective of the MbD process is computing g'(r), 4’ (r) and the positions ¥},

and excitations J',,, n=1,..., N (]\7 < N) of the miniaturized array that minimizes the
following cost function [27]

2
olers(g) £ [ ‘E(r'; g — EM)p| dr (3:4)

¥ being the matching area (complying with ¥ N Q' = @), while E (r) and E (r'; g)
are the field radiated by the reference array and the miniaturized one, respec-
tively [27].

As for the DoFs, they could be straightforward identified as the collection of
#,J,n=1,., N, and the spatially discretized versions of g (r), p' (r) [52].
However, such a choice would result in a huge solution space to be handled [27]. A
more efficient DoF definition was followed in Salucci et al. [27] by leveraging the
quasi-conformal transformation electromagnetics source-inversion (QCTO-SI)
framework [50]. Thanks to QCTO-SI properties [50], Salucci et al. were able to
fully describe the solution space in terms of the designed lens contour JQ’
[Fig. 3.5(b)] and the reference array “virtual” contour JQ [Fig. 3.5(a)] [27].
Accordingly, g was defined as the collection of the curve descriptors of JQ' and d(.
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FIGURE 3.6 MbD Customization to Array Miniaturization — Functional flowchart of the
MbD-based lens design process [27].

As for the MbD functional blocks, a completely different MbD flowchart was
obtained with respect to the example in Section 3.3.2. More specifically, the cus-
tomization presented in Salucci et al. [27] (Fig. 3.6) included (i) a solution space
exploration functionality corresponding to the lens and virtual contour definitions
block, (ii) the EM micro-modeling functionality corresponding to the lens property
definition block, and (iii) a micro- to macro-scale physical linkage block im-
plemented as the combination of a dense array synthesis block and an Sl-array
synthesis block. The following unique features of the MbD approach as applied to
this test case can then be pointed out:

¢ The implemented QCTO-based approach [27] did not feature an iterative
design process, since it is a “one-shot” process devoted to minimizing (3.4)
regardless of the user-defined DoF setup. Such an observation has suggested
potential extensions of the approach to include additional objectives be-
yond (3.4).

¢ The computation of the macro-scale objective (3.4) is not required within the
MbD process, since it is implicitly included within both the lens property
definition block and the SI-array synthesis block, as detailed in the following.

Consequently, none of the standard phases for the MbD paradigm have been im-
plemented nor has their order been kept unaltered (Fig. 3.6 vs. Fig. 3.1).

As for the implementation strategies, the following choices have been adopted
(Fig. 3.6):

* The lens and virtual contour definition has been based on a hybrid encoding
featuring both linear-piecewise and spline segments [27] given the nature of
the specified contours, which can be efficiently described on a per-segment
basis (Fig. 3.5).
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o The lens property definition has been carried out by means of the generalized
QCTO method [50,53,54]. The approach computes a smooth geometrical
mapping function between JQ)' and JQ (Fig. 3.5), to be used for defining
g’ (r) and u’ (r), which theoretically guarantee to fit the optimal condition
[i.e., @ (g) = 0]. This is an optimal choice because of the efficiency of the
QCTO method, its capability to exactly match (3.4) without requiring any
iterative optimization processes [27], and the stability and robustness of the
arising design [55-57];

e The dense array synthesis has been implemented by applying the mapping
function between JdQ’ and 0 to the element coordinates of the reference array
{r,; n=1,..., N}, hence obtaining a “dense” layout still with N elements but
with a smaller inter-element spacing [27,50].

e The SI-array synthesis has been yielded through a source inversion process
[50], which computes the positions ¥, and the excitations J;, n = 1,..., N
(N < N) of the miniaturized array, still complying by definition with (3.4).
It is worthwhile to point out that such an inversion has required only the
pseudo-inversion of the radiation kernel matrix [27].

The potentialities of the resulting MbD synthesis were evaluated in Salucci et al.
[27] for different contour shapes and reference arrays. The general outcome was
that a non-trivial reduction of the antenna aperture and number of elements can be
obtained without major degradations in the radiated field. Moreover, Salucci et al.
also numerically proved that there is a trade-off between reference array minia-
turization and artificial material complexity (i.e., in terms of permittivity/perme-
ability ranges and degree of anisotropy) [27].

As a representative example, we look at the performance of the MbD-based
synthesis when dealing with a N' = 17 conformal layout matching the radiation
2
59
J,=10(mn=1,...,N),and h = % [27]. The dominant component of the relative
electric permittivity (i.e., the “zz” one [27]) of the MbD-based lens shows, as
expected, spatially larger variations in the lower region of the lens, which is
subject to a more significant deformation to match the conformal support profile z;
[Fig. 3.7(a)]. However, the permittivity values are always bounded to ranges
compatible with recent MTM design and fabrication processes [27]. The com-
parison of the far-field normalized radiation patterns of the reference, the dense,
and the final MbD arrangement [Fig. 3.7(b)] indicates that (i) the pattern radiated
by the lens-coated miniaturized array faithfully matches the reference one as
quantitatively confirmed by the values of the far-field integral matching error ¢
[i.e., &upp = 1.77% — Fig. 3.7(b)], (ii) a significant worsening of the matching
occurs if the MbD lens is removed, regardless of the array layout [e.g., Eyense no lens
= 12.2% - Fig. 3.7(b)]. The results in Salucci et al. [27] also demonstrated the
reliability of the MbD-based strategy to handle the transformation of reference
layouts with different dimensions, excitations, sidelobe levels or pattern shapes, as
well as smaller/larger values of the inter-element spacing d.

performance of a uniform reference linear arrangement featuring N = 20, d =
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FIGURE 3.7 MbD Customization to Array Miniaturization [N = 20, N = 17,d=d = %] -
Plots of (a) the zz-component of the relative permittivity distribution of the MbD conformal
radome and (b) the normalized power patterns radiated by the reference array, the dense array
(with and without radome), and the final MbD layout [27].

3.3.4 Wave ManipuLATION MTM Devices Basep oN MbD

The last example of the MbD-based synthesis is concerned with the design of wave
manipulation devices that modify the polarization state of transmitted fields [36,37].
In this framework, the MbD paradigm was applied to simultaneously yield, for all
incidence angles and operative frequencies, (i) a low reflection from the MTM
screen (i.e., the minimization of back reflection by the metasurface) and (ii) a user-
defined polarization for the transmitted field [36,37]. More specifically, the micro-
scale field manipulation qualities of the artificial MTM, which composes the wave
polarizer, were exploited to enforce desired properties of the macro-scale trans-
mission coefficient [36,37].

In Oliveri et al. [37], the structure at hand consists of a stack of N identical planar
MTMs with inter-layer spacing d,,, n = 1,..., N — 1 (Fig. 3.8). Each layer of a the
multi-layer metasurface (Fig. 3.8) is composed of a regular combination of mi-
crostrip printed unit cells, each with an arbitrary geometry, arranged in a rectangular
lattice with periodicity p,, p, along X and §, respectively.

Concerning the mathematical formulation of the macro-scale task, the wave
polarizer objective was defined as [36,37]

q)POL (g)

Omin Prnin

emax max
f{f P @I =T, 9. f; @)F + l6T = E©. 9. f; g)l2)d¢d9}df

(emax - emin) X (¢max - ¢min) X (fmax _fmin)
(3.5)

where T' (6, ¢, f, g) is the macro-scale field reflection coefficient when a time-
harmonic X-polarized plane wave at frequency f impinges on the metasurface with
incidence angle (0, ¢) (I'" being its corresponding target value), & (6, ¢, f; g) is the
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FIGURE 3.8 MbD Customization to Wave Polarizer Design — Geometry of (a) the multi-
layer macro-scale wave polarizer and (b) the micro-scale unit cell [36,37].

macro-scale ellipticity angle of the transmitted wave in the same conditions (&7
being the Corresponding target Value)a [emin’ Hmax]» [(pmin’ gomax]v and [fmim fmax]
being the elevation angular range, the azimuth angular range and the bandwidth,
respectively.

As for the DoFs, owing to the adopted multiscale formulation and thanks to the
MbD capability to handle the arising complexity [36,37], the g vector entries are (i)
the micro-scale geometrical descriptors of the microstrip printed unit cell (e.g., the
length and thickness of the arms of the cross, the thickness of the surrounding ring,
the angular tilt of the cross — Fig. 3.8), and (ii) the inter-layer spacing parameters d,,,
n=1,...,. N-1.

The MbD functional blocks are [36,37] (Fig. 3.9) (i) an EM micro-modeling
block, denoted as EM simulation block [36,37], (ii) a micro- to macro-scale physical
linkage functionality implemented through the EM polarizer homogenization block,
(iii) a macro-scale task assessment block concerned with the cost function eva-
luation phase and (iv) the solution space exploration block. For each block, the
following computational strategies were implemented [36,37]:

¢ Both full-wave models, including periodic boundary conditions [37] as well
as a forward solver based on a fast modal strategy [36] featuring a spectral
MoM approach [58], were chosen for the EM simulation to deduce the EM
scattering matrices of the structure. The choice of the most proper strategy to
compute the micro-level response of the unit cell was driven by the efficiency
and the accuracy of the computation process as well as by the flexibility of the
addressable layouts [36,37].

e The EM polarizer homogenization was implemented to deduce the equivalent
layer properties (i.e., ellipticity and reflection coefficient of the overall
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FIGURE 3.9 MbD customization to wave polarizer design — Functional flowchart of the
MbD-based wave polarizer design process [36,37].

polarizer) starting from the micro-scale electromagnetic response computed
by the simulation block. Toward this end, the combination of the incident
wave with the equivalent periodic EM scattering matrices was employed
[36,37], thanks to the marginal impact of edge effects when large regular
arrangements are at hand.

The cost function evaluation was straightforwardly implemented by suitably
discretizing (3.5) in the frequency and the angular domains [36,37].

The solution space exploration block was implemented by customizing a
particle swarm optimization-based global search procedure [36,37] to the
functional features and properties of (3.5).

The effectiveness and potentialities of the arising MbD design process were
evaluated in Bekele et al. and Oliveri et al. [36,37] when dealing with different
polarizer geometries, bandwidth and target performance. The numerical analysis
presented in Bekele et al. and Oliveri et al. [36,37] demonstrated the effective-
ness and efficiency of the MbD paradigm in dealing with multiple design criteria
and objectives concerning wave polarization and the reflection coefficient. To
give some insight to the interested reader, the MbD synthesis of a linear to cir-
cular polarization converter with N = 3 layers [37] is discussed next. The design
process was carried out by assuming I'7 = 0 (no reflection), & = 45 [deg]
(left circular polarization as a target), [fmin, Gmax] = [0, 10] [deg], @min = Pmax =0
[degl, and [fiin, fimax] = [8.5, 10.5] [GHz] [37]. The plots of " (6, ¢, f, g)
[Fig. 3.10(a)] and & (6, ¢, f; g) [Fig. 3.10(b)] for the arrangement synthesized in
Oliveri et al. [37] confirm the transmission of an almost perfectly polarized wave
[i.e., & (O, o, f; g) > 37 [deg] — Fig. 3.10(a)] with stable reflection properties in all
working frequencies and angles of incidence [i.e., I (6, ¢, f; g)| < —11 [dB] -
Fig. 3.10(b)] [37]. More specifically, the transmission performance turned out
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FIGURE 3.10 MbD Customization to Wave Polarizer Design [N = 3 Linear to Circular
Polarization Converter] — Behavior of (a) the ellipticity angle and (b) the reflection coeffi-
cient versus the frequency and the incidence angle [37].

excellent at the higher end of the spectrum [i.e., II" (6, ¢, f; g)l < —15 [dB] when
f> 8.7 [GHz] - Fig. 3.10(b)] and only marginally affected by the incidence angle
(Fig. 3.10) [37].

3.4 FINAL REMARKS, CURRENT TRENDS AND FUTURE
PERSPECTIVES

The MdB paradigm has recently emerged as a powerful, flexible and modular
framework to “address the task-oriented design of advanced systems comprising
artificial materials whose constituent properties are driven by the user-defined
functional requirements of the system” [25]. The fundamental concept behind the
MbD is that the intrinsic DoFs of any MTM-based system/device can be exploited
in a more efficient and effective manner if (i) the design process considers the
macro-scale functionality/task as the MTM synthesis objective (rather than its
micro-scale EM response) and (ii) the synthesis descriptors are actually defined as
the micro-scale properties of the standard materials employed in the device building
(rather than its “equivalent” representation) [25].

Accordingly, a review of the most recent advances in the application of MbD to
complex EM systems/devices was presented by focusing on (i) the definition of
the fundamental MbD features, (ii) the customization process to a set of specific
applicative scenarios, (iii) a demonstration of the flexibility and the potentialities of
the arising MbD-based synthesis processes and (iv) MbD performance in recently
synthesized MTM-enhanced wave manipulation systems. Within such a framework,
the following key aspects were illustrated:

e The adoption and customization of the MbD paradigm allows one to for-
mulate MTM synthesis in a task-oriented fashion, hence avoiding focus on
micro-scale matching objectives (usually irrelevant from the applicative
viewpoint), but rather potentially enabling an enhanced exploration of the
functional landscape of the design from the macro-scale perspective.

e The modularity of the MbD concept, which is inherited by the SbD frame-
work, enables full customization of the resulting design procedure in terms of
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functional blocks and implementation choices, as proved in the MbD synth-
esis of WAIM-enhanced phased arrays (Section 3.3.2), microwave lenses for
array miniaturization (Section 3.3.3) and wave polarizers (Section 3.3.4).

* Single- and multi-objective syntheses as well as complex design constraints
are naturally and easily included in the MbD process.

e The MbD paradigm may seamlessly support multiphysics objectives as well
as various performance constraints thanks to its task-oriented nature.

Despite such successful results and outcomes, many open challenges still exist in
the application and customization of MbD within MTM engineering. Current and
future efforts within this research framework are expected to deal with (i) the in-
tegration of MbD techniques with advanced artificial intelligence approaches,
(i1) the numerical and experimental validation of multiphysics MbD-designed
MTMs, and (iii) the extension and generalization of MbD-based techniques to
deal with the real-time control of reconfigurable and smart EM MTMs.

ACKNOWLEDGMENTS

This work benefited from the networking activities carried out within the Project
“CLOAKING METASURFACES FOR A NEW GENERATION OF INTELLIG-
ENT ANTENNA SYSTEMS (MANTLES)” funded by the Italian Ministry of
Education, University and Research within the PRIN2017 Program under grant
2017BHFZKH (CUP: E64119000560001), within the Project “SMARTOUR -
Piattaforma Intelligente per il Turismo” (Grant no. SCN_00166) funded by the
Italian Ministry of Education, University and Research within the Program “Smart
cities and communities and Social Innovation,” and within the Grant No. 61721001
funded by the National Natural Science Foundation of China.

REFERENCES

1. N. Engheta and R. Ziolkowski, Eds., Metamaterials: Physics and Engineering
Explorations, New York, USA: Wiley, 2006.

2. J. B. Pendry, D. Schurig, and D. R. Smith, “Controlling electromagnetic fields,”
Science, vol. 312, pp. 1780-1782, June 2006.

3. T. J. Cui, D. Smith, and R. Liu, Eds., Metamaterials: Theory, Design, and
Applications, New York, USA: Springer, 2010.

4. D.-H. Kwon and D. H. Werner, “Transformation electromagnetics: An overview of
the theory and applications,” IEEE Antennas Propag. Mag., vol. 52, no. 1, pp. 24-46,
Feb. 2010.

5. D. H. Werner and D.-H. Kwon, Eds., Transformation Electromagnetics and
Metamaterials: Fundamental Principles, and Applications, New York, USA:
Springer, 2014.

6. F. Yang and Y. Rahmat-Samii, Surface Electromagnetics with Applications in Antenna,
Microwave, and Optical Engineering, Cambridge, UK: Cambridge University
Press, 2019.

7. G. Oliveri, D. H. Werner, and A. Massa, “Reconfigurable electromagnetics
through meta-materials — A review,” Proc. IEEE, vol. 103, no. 7, pp. 1034-1056,
July 2015.



80

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Oliveri et al.

. T.-C. Lim, Mechanics of Metamaterials with Negative Parameters. Singapore:

Springer, 2020.

. M. G. Silveirinha and C. A. Fernandes, “Homogenization of 3-D-connected and

nonconnected wire metamaterials,” IEEE Trans. Microw. Theory Tech., vol. 53,
no. 4, pp. 1418-1430, April 2005.

0. Ouchetto, H. Ouchetto, S. Zouhdi, and A. Sekkaki, “Homogenization of Maxwell’s
equations in lossy biperiodic metamaterials,” IEEE Trans. Antennas Propag., vol. 61,
no. 8, pp. 42144219, August 2013.

E. Martini, G. M. Sardi, and S. Maci, “Homogenization processes and retrieval of
equivalent constitutive parameters for multisurface-metamaterials,” IEEE Trans.
Antennas Propag., vol. 62, no. 4, pp. 2081-2092, April 2014.

C. Mateo-Segura, A. Dyke, H. Dyke, S. Haq, and Y. Hao, “Flat Lunenburg lens via
transformation optics for directive antenna applications,” IEEE Trans. Antennas
Propag., vol. 62, no. 4, pp. 1945-1953, April 2014.

J. C. Soric, R. Fleury, A. Monti, A. Toscano, F. Bilotti, and A. Alu, “Controlling
scattering and absorption with metamaterial covers,” IEEE Trans. Antennas Propag.,
vol. 62, no. 8, pp. 42204229, August 2014.

D. Bao, R. C. Mitchell-Thomas, K. Z. Rajab, and Y. Hao, “Quantitative study of two
experimental demonstrations of a carpet cloak,” IEEE Antennas Wireless Propag.
Lett., vol. 12, pp. 206-209, 2013.

F. Bilotti, S. Tricarico, and L. Vegni, “Plasmonic metamaterial cloaking at optical
frequencies,” IEEE Trans. Nanotechn., vol. 9, no. 1, pp. 55-61, January 2010.

A. Monti, J. C. Soric, A. Alu, A. Toscano, and F. Bilotti, “Anisotropic mantle cloaks
for TM and TE scattering reduction,” IEEE Trans. Antennas Propag., vol. 63, no. 4,
pp. 1775-1788, April 2015.

J. C. Soric, A. Monti, A. Toscano, F. Bilotti, and A. Alu, “Multiband and wideband
bilayer mantle cloaks,” IEEE Trans. Antennas Propag., vol. 63, no. 7, pp. 3235-3240,
July 2015.

E. Martini, M. Mencagli, D. Gonzalez-Ovejero, and S. Maci, “Flat optics for surface
waves,” IEEE Trans. Antennas Propag., vol. 64, no. 1, pp. 155-166, January 2016.
Y. Luo, J. Zhang, L. Ran, H. Chen, and J. A. Kong, “New concept conformal an-
tennas utilizing metamaterial and transformation optics,” IEEE Antennas Wireless
Propag. Lett., vol. 7, pp. 509-512, 2008.

A. Monti, J. Soric, A. Alu, F. Bilotti, A. Toscano, and L. Vegni, “Overcoming
mutual blockage between neighboring dipole antennas using a low-profile patterned
metasurface,” IEEE Antennas Wireless Propag. Lett., vol. 11, pp. 1414-1417,
2012.

J. Lei, J. Yang, X. Chen, Z. Zhang, G. Fu, and Y. Hao, “Experimental demonstration
of conformal phased array antenna via transformation optics,” Sci. Rep., vol. 8, no. 1,
id. 3807, pp. 1-12, 2018.

A. Monti, M. Barbuto, A. Toscano, and F. Bilotti, “Nonlinear mantle cloaking devices
for power-dependent antenna arrays,” IEEE Antennas Wireless Propag. Lett., vol. 16,
pp- 1727-1730, 2017.

D. Ramaccia, D. L. Sounas, A. Alu, F. Bilotti, and A. Toscano, “Nonreciprocity in
antenna radiation induced by space-time varying metamaterial cloaks,” IEEE
Antennas Wireless Propag. Lett., vol. 17, no. 11, pp. 1968-1972, November 2018.
S. Vellucci, A. Monti, M. Barbuto, A. Toscano, and F. Bilotti, “Waveform-selective
mantle cloaks for intelligent antennas,” IEEE Trans. Antennas Propag., vol. 68, no. 3,
pp. 1717-1725, March 2020.

A. Massa and G. Oliveri, “Metamaterial-by-design: Theory, methods, and applica-
tions to communications and sensing — Editorial,” EPJ Applied Metamaterials, vol. 3,
no. E1, pp. 1-3, 2016.



Engineered Metamaterials 81

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

G. Oliveri, M. Salucci, N. Anselmi, and A. Massa, “Multiscale system-by-design
synthesis of printed WAIMs for waveguide array enhancement,” IEEE J. Multiscale
Multiphysics Computat. Techn., vol. 2, pp. 84-96, 2017.

M. Salucci, G. Oliveri, N. Anselmi, and A. Massa, “Material-by-design synthesis
of con- formal miniaturized linear phased arrays,” IEEE Access, vol. 6,
pp- 26367-26382, 2018.

A. Massa, G. Oliveri, P. Rocca, and F. Viani, “System-by-Design: a new paradigm for
handling design complexity,” in 8th European Conf. Antennas Propag., The Hague,
The Netherlands, 2014, pp. 1180-1183.

G. Oliveri, L. Tenuti, E. Bekele, M. Carlin, and A. Massa, “An SbD-QCTO approach
to the synthesis of isotropic metamaterial lenses,” IEEE Antennas Wireless Propag.
Lett., vol. 13, pp. 1783-1786, 2014.

G. Oliveri, F. Viani, N. Anselmi, and A. Massa, “Synthesis of multi-layer WAIM
coatings for planar phased arrays within the system-by-design framework,” IEEE
Trans. Antennas Propag., vol. 63, no. 6, pp. 2482-2496, June 2015.

G. Oliveri, A. Gelmini, A. Polo, N. Anselmi, and A. Massa, “System-by-design
multi-scale synthesis of task-oriented reflectarrays,” IEEE Trans. Antennas Propag.,
vol. 68, no. 4, pp. 2867-2882, April 2020.

G. Oliveri, F. Bilotti, A. Toscano, and A. Massa, “System-by-design paradigm as
applied to the synthesis of innovative field manipulation devices including task-
oriented meta-materials,” 8th International Congress on Advanced Electromagnetic
Materials in Mi- crowaves and Optics (Metamaterials 2014), Copenhagen, Denmark,
pp. 229-231, August 25-30, 2014.

L. Tenuti, G. Oliveri, F. Viani, F. Bilotti, A. Toscano, and A. Massa, “A system-by-
design approach for the synthesis of multi-layer mantle cloaks,” 2015 IEEE AP-S
International Symposium and USNC-URSI Radio Science Meeting, Vancouver, BC,
Canada, pp. 59-60, July 19-25, 2015.

L. Tenuti, G. Oliveri, A. Monti, F. Bilotti, A. Toscano, and A. Massa, “Design of
mantle cloaks through a system-by-design approach,” 10th European Conference
on Antennas and Propagation (EuCAP 2016), Davos, Switzerland, pp. 1-3, April
11-15, 2016.

G. Oliveri, E. Bekele, M. Salucci, L. Tenuti, G. Gottardi, T. Moriyama, T.
Takenaka, F. Bilotti, A. Toscano, and A. Massa, “A system-by-design approach
to the synthesis of mantle cloaks for large dielectric cylinders,” PIERS 2016 in
Shanghai, Shanghai, China, August 8—11, pp. 3144-3145, 2016.

E. T. Bekele, G. Oliveri, E. Martini, S. Maci, and A. Massa, “A Material-by-design
strategy for the design and optimization of multisurface-metamaterial polarizers,”
8th European Conference on Antennas and Propagation (EuCAP 2014), The Hague,
2014, pp. 1965-1968.

G. Oliveri, F. Apolloni, A. Gelmini, E. T. Bekele, S. Maci, and A. Massa, “Numerical
homogenization and synthesis of wave polarizers through the material-by-design
paradigm,” 9th European Conference on Antennas and Propagation (EuCAP 2015),
Lisbon, 2015, pp. 1-4.

S. A. Tretyakov, S. Maslovski, and P. A. Belov, “An analytical model of metama-
terials based on loaded wire dipoles,” IEEE Trans. Antennas Propag., vol. 51, no. 10,
pp. 2652-2658, October 2003.

D. L. Sounas, T. Kodera, and C. Caloz, “Electromagnetic modeling of a magnetless
non-reciprocal gyrotropic metasurface,” IEEE Trans. Antennas Propag., vol. 61,
no. 1, pp. 221-231, January 2013.

I. Yoo and D. R. Smith, “Analytic model of coax-fed printed metasurfaces and
analysis of antenna parameters,” IEEE Trans. Antennas Propag., vol. 68, no. 4,
pp- 2950-2964, April 2020.



82

41

4

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Oliveri et al.

. M. Salucci, L. Tenuti, G. Oliveri, and A. Massa, “Efficient prediction of the EM re-
sponse of reflectarray antenna elements by an advanced statistical learning method,”
IEEE Trans. Antennas Propag., vol. 66, no. 8, pp. 39954007, August 2018.

. Y. Vahabzadeh, N. Chamanara, K. Achouri, and C. Caloz, “Computational ana-

lysis of metasurfaces,” IEEE J. Multiscale Multiphysics Comput. Techn., vol. 3,

pp- 37-49, 2018.

D. H. Wolpert and W. G. Macready, “No free lunch theorems for optimization,” IEEE

Trans. Evol. Comput., vol. 1, no. 1, pp. 67-82, April 1997.

P. Rocca, M. Benedetti, M. Donelli, D. Franceschini, and A. Massa, “Evolutionary

optimization as applied to inverse scattering problems,” Inverse Problems, vol. 25,

no. 12, pp. 141, December 2009.

P. Rocca, G. Oliveri, and A. Massa, “Differential evolution as applied to electro-

magnetics,” IEEE Antennas Propag. Magazine, vol. 53, no. 1, pp. 38-49, February 2011.

J. Robinson and Y. Rahmat-Samii, ‘“Particle swarm optimization in electromagnetics,”

IEEE Trans. Antennas Propag., vol. 52, no. 2, pp. 397407, February 2004.

S. Sajuyigbe, M. Ross, P. Geren, S. A. Cummer, M. H. Tanielian, and D. R. Smith,

“Wide angle impedance matching metamaterials for waveguide-fed phased-array

antennas,” IET Microw. Antennas Propag., vol. 4, no. 8, pp. 1063-1072, August 2010.

E. Magill and H. A. Wheeler, “Wide-angle impedance matching of a planar array

antenna by a dielectric sheet,” IEEE Trans. Antennas Propag., vol. 14, no. 1,

pp. 49-53, January 1966.

G. Oliveri, A. Polo, M. Salucci, G. Gottardi, and A. Massa, “SbD-based synthesis of

low-profile WAIM superstrates for printed patch arrays,” IEEE Trans. Antennas

Propag., in press. doi: 10.1109/TAP.2020.3044686

G. Oliveri, E. T. Bekele, M. Salucci, and A. Massa, “Array miniaturization through

QCTO-SI metamaterial radomes,” IEEE Trans. Antennas Propag., vol. 63, no. 8,

August 2015.

D. R. Smith, S. Schultz, P. Markos, and C. M. Soukoulis, “Determination of the

effective permittivity and permeability of metamaterials from reflection and trans-

mission coefficients,” Phys. Rev. B, Condens. Matter, vol. 65, no. 19, May 2002, Art.

no. 195104.

D. E. Brocker, J. P. Turpin, P. L. Werner, and D. H. Werner, “Optimization of

gradient index lenses using quasi-conformal contour transformations,” [EEE

Antennas Wireless Propag. Lett., vol. 13, pp. 1787-1791, 2014.

G. Oliveri, E. T. Bekele, D. H. Werner, J. P. Turpin, and A. Massa, “Generalized

QCTO for metamaterial-lens-coated conformal arrays,” [EEE Trans. Antennas

Propag., vol. 62, no. 8, August 2014.

D.-H. Kwon, “Quasi-conformal transformation optics lenses for conformal arrays,”

IEEE Antennas Wireless Propag. Lett., vol. 11, pp. 1125-1128, September 2012.

J. Gao, C. Wang, K. Zhang, Y. Hao, and Q. Wu, “Beam steering performance

of compressed Luneburg lens based on transformation optics,” Results in Physics,

vol. 9, pp. 570-575, June 2018.

R. Yang, W. Tang, and Y. Hao, “Wideband beam-steerable flat reflectors via transfor-

mation optics,” IEEE Antennas Wireless Propag. Lett., vol. 10, pp. 1290-1294, 2011.

G. Oliveri, E. T. Bekele, M. Salucci, and A. Massa, “Transformation electromagnetics

miniaturization of sectoral and conical metamaterial-enhanced horn antennas,” IEEE

Trans. Antennas Propag., vol. 64, no. 4, pp. 1510-1513, April 2016.

E. Martini, G. M. Sardi, F. Caminita, and S. Maci, “Linear-to-circular planar

multisurface- metamaterial polarizer designed by anisotropic effective constitutive

parameters,” IEEE International Symposium on Antennas Propag. (APS/URSI 2013),

Orlando, Florida, USA, July 7-12, 2013.


https://dx.doi.org/10.1109/TAP.2020.3044686

4 Tunable Metamaterials
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Posts and Telecommunications, Beijing, China

4.1 INTRODUCTION

Metamaterial is a kind of artificial structure or material with exotic physical
properties that natural materials do not possess. The electromagnetic parameters can
be controlled by artificial structures, which provide a way to control the electro-
magnetic waves [1-5]. Metamaterial design has a large degree of freedom. It can
work in different frequency ranges by properly designing the structural parameters.
Therefore, metamaterials have a wide application prospect in the fields of radio
frequency (including absorbing material, antenna, etc.), terahertz (THz; including
THz sensor, detector, etc.) and optics (including perfect lens, invisible cloak, super-
resolution imaging, etc.). The electromagnetic properties of metamaterials are
realized by the electromagnetic responses of specific structures. However, the fixed
structure of metamaterial results in a specific range of operation frequency. Beyond
this range, the exotic electromagnetic properties will be reduced or even disappear.
This phenomenon means that once the operating frequency is changed, it is ne-
cessary to redesign the metamaterial structure to achieve the same property, thus
limiting its practicability. Obviously, the practicality of metamaterials will be
greatly increased if the properties of metamaterials can be controlled by changing
the external field without changing the structure.

The electromagnetic parameters of dielectric metamaterials consisting of some
dielectric units are highly sensitive to the external fields, such as magnetic field,
electric field, temperature and strain. The electromagnetic characteristics of meta-
materials can be dynamically controlled by a reasonable introduction of the external
field. These tunable metamaterials have wide application prospects in modern
communication and radar systems, such as absorbing materials, microwave devices
and smart antennas. In order to achieve the tunable properties of dielectric meta-
materials, various methods have been extensively studied, including magnetically
tunable [6-8], electrically tunable [9-11] and thermally tunable methods [12—-14].
As a typical tunable metamaterial, the permeability and permittivity of magnetically
tunable metamaterials can be adjusted by the external magnetic field. Compared
with other tunable dielectric metamaterials, magnetically tunable dielectric meta-
materials have the advantages of wider tuning range and faster response speed
[15-17]. The electrically tunable dielectric metamaterial properties can be achieved
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by changing the material characteristics of the unit cell with bias voltage [18-20]. In
addition, thermally tunable dielectric metamaterials are mainly based on the de-
pendence of dielectric constant on temperature [21-23]. Besides, the electro-
magnetic property of flexible metamaterials can be tuned by the strain or stress
deformation, which is a benefit for the future wearable systems [24,25]. This
chapter classifies the control methods of tunable dielectric metamaterials from the
point of external field control and reviews the main research progress, tuning me-
chanism and future application prospects of magnetically, electrically and thermally
tunable dielectric and flexible metamaterials.

4.2 MAGNETICALLY TUNABLE DIELECTRIC METAMATERIALS

As a gyromagnetic medium, ferrite can exhibit ferromagnetic resonance under the
external bias magnetic field, thus achieving negative magnetic permeability. The
frequency ranges with negative permeability can be tuned by adjusting the external
magnetic field. Therefore, ferrite materials have been widely applied in tunable
devices, such as negative refraction metamaterials, metamaterial antennas and
metamaterial band-stop filters [26-33].

4.2.1 FerriTE/ WIRE COMPOSITE STRUCTURE

To achieve the magnetically tunable negative refraction property, Zhao et al. [26]
proposed a ferrite-based metamaterial by using yttrium iron garnet (YIG) ferrite
rods and metal wires. The structure consists of YIG rods and Cu wires, and the
external magnetic field is along the long axis direction of ferrite (see Fig. 4.1a).
Fig. 4.1b presents the measured transmission of the metamaterial sample under
different magnetic fields. As the external magnetic field increases from 1,600 Oe to
2,300 Oe, the center frequency increases from 8.2 GHz to 10.7 GHz, and the re-
sponse speed reaches 3.5 GHz/kOe. This structure achieves a dynamic, continuous
and reversible magnetic tunable behavior in a wide band range, which indicates that
the operating frequency can be easily adjusted by changing the external magnetic
field. The dual-band property [27] is then achieved by further introducing different
sizes of ferrite into the above structure. The YIG rods with different sizes are placed
on both sides of the printed circuit board (PCB), shown in Fig. 4.1a. As the external
magnetic field increases from 1,900 Oe to 2,300 QOe, the first pass-band frequency
increases from 9.1 GHz to 10.2 GHz, and the second pass-band frequency increases
from 9.5 GHz to 10.6 GHz. These results demonstrate that these structures have a
magnetically tunable property.

By interacting with the magnetic field of an electromagnetic wave, ferromagnetic
resonance can arise in ferrite under an applied magnetic field. The effective
permeability can be expressed as [28]
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FIGURE 4.1 (a) Schematic of tunable left-handed material (LHM) consisting of YIG rods
and copper wires, (b) measured transmission for the metamaterial under a series of applied
magnetic fields [26].
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where a is the damping coefficient of ferromagnetic precession, y is the gyro-
magnetic ratio, F' = w,,/w,, w, = 47My is the characteristic frequency of ferrite,
and M; is the saturation magnetization. The ferromagnetic resonance frequency can
be expressed as

@, = y\/[Ho + (N; — N)4nM][Ho + (N, — N)4nM,] 4.4

where H is the external magnetic field, and N,, N, and N, are the demagnetization
factors in the x-, y- and z-directions, respectively. From Eqs. (4.1) to (4.4), one can
infer that the magnetic permeability of ferrite strongly depends on the resonance
frequency. Due to the two different sizes of ferrite rods, two negative permeability
regions will appear near the two ferromagnetic resonance frequencies. Also, two
left-handed pass-bands will be formed when the metal wire array provides the
negative permittivity.

The ferrite/metal wire structure is a typical structure of the left-handed material.
This structure not only achieves the low-loss left-handed magnetically tunable
characteristics, but also obtains simple construction and certain advantages in device
miniaturization.

4.2.2 STRUCTURE OF FERRITE METAMATERIAL FILTER

Our group proposed a band-pass filter structure consisting of two YIG ferrite
arrays with different saturation magnetizations [30]. The schematic diagrams of a



86 Metamaterials

(a)

>

o Microwave output

(dB)

&
o

— :
‘ »
| S 20
H, )
o g .
J = 0 I 1200 + 1950 Oe
N =] .
y \ £l e H, = 2400 O¢
= 2 =
Teflon substrate = = H,=2600 O¢|
Microwave input Ferrite rods with different 4xMs 50 = N + + + H,y=2800 Oe
8 9 10 b | 12

Frequency (GHz)

(©) _ (d)
z Microwave output
y
x a ‘\’\l)' °
—_
=-]
Z 0
s
D
" = -20
¢ @
= .
'g 30 + gl 1=2.5mm
§° ! 1 —— = 2200 Oc
‘\S\‘/y \ = o ! = = H,=2400 Oc
Teflon substrate '
N e "u= 2600 O¢
Microwave input Ferrite rods -50 . . -
8 9 10 1 12

Frequency (GHz)

FIGURE 4.2 (a) Schematic diagram of the magnetically tunable microwave band-pass filter
using ferrite-based metamaterial structure and (b) measured transmission spectra for the
magnetically tunable microwave band-pass filter with a series of Hy [30]. (c) Schematic
diagram of the tunable microwave band-stop filter using ferrite-based metamaterial structure,
(d) measured transmission spectra for the magnetically tunable microwave band-stop filter
with a series of Hy [31].

magnetically tunable microwave band-pass filter using ferrite-based metamaterial
structure and transmission properties are shown in Figs. 4.2a and 4.2b, respec-
tively. The saturation magnetizations of the two YIG rods are 1,200 Oe and 1,950
Oe, while other parameters are exactly the same. Eq. (4.4) shows that the ferrite
ferromagnetic resonance frequency is not only affected by the external magnetic
field, but also by the saturation magnetization. It increases as the saturation
magnetization increases. Therefore, due to the different saturation magnetizations
of the two kinds of ferrite rods, their ferromagnetic resonance frequencies are
different and correspond to the two separate stop-bands in Fig. 4.2b, respectively.
A pass-band with an insertion loss of about -2 dB is formed between the two
stop-bands. The central frequency of this pass-band can be dynamically controlled
by an external magnetic field.

Negative permeability can be generated by ferromagnetic resonance. Our group
[31] also proposed a band-stop ferrite-based metamaterial filter using YIG rods with
different sizes. As indicated schematically in Fig. 4.2c, this structure consists of two
kinds of ferrite arrays that are only different in size. The measured transient
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response of the proposed device, as illustrated in Fig. 4.2d, shows that the structure
has 500 MHz bandwidth (-3 dB) and —1.5 dB insertion loss. The central frequency
of the stop-band increases as the external magnetic field increases, which indicates
that the structure has magnetically tunable characteristics.

Ferrite-based metamaterial microwave band-stop and band-pass filters have a
simple structure and excellent performance, which provide a new way to design
microwave filters.

4.2.3 FerrITE/DieLecTRIC COMPOSITE STRUCTURE

According to Bethe theory, electromagnetic waves cannot transmit through metal
plates with sub-wavelength holes. If a structure can be designed to enable elec-
tromagnetic waves to transmit through the metal plates with sub-wavelength
holes, it is expected to be applied in the microwave and optical devices. Based on
the ferrite/dielectric composite structure, our group designed a dual-band mag-
netically tunable extraordinary transmission structure [32]. Fig. 4.3a shows the
schematic diagram of the magnetically tunable filter based on extraordinary
transmission. The transmission spectra are shown in Fig. 4.3b. Two pairs of
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FIGURE 4.3 (a) Schematic diagram of the dual-band magnetically tunable filter based on
extraordinary transmission, (b) measured transmission spectra of the proposed filter with a
series of H, (c) simulated electric energy density distribution in the xy-plane at 10.76 GHz
and (d) simulated electric energy density distributions in the xy-plane at 11.31 GHz [32].
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dielectric cubes and ferrite rods are placed symmetrically on both sides of the sub-
wavelength hole. The first pass-band is caused by the Mie resonance of dielectric
cubes, and the second pass-band is caused by the ferromagnetic resonance of
ferrite rods. The pass-band generated by the Mie resonance cannot be changed by
the external magnetic field, while the pass-band generated by the ferromagnetic
resonance can be dynamically adjusted by the external magnetic field. When the
external magnetic field reaches 2,000 Oe, the peak values of the two transmission
bands reach —1.3 dB and -2 dB.

Figs. 4.3c and 4.3d show the process of electromagnetic waves transmitted
through the sub-wavelength hole. Without the ferrite and dielectric cubes, the
electromagnetic waves cannot pass through the metal plate. When ferrite rods
and dielectric cubes are placed on both sides of the sub-wavelength hole and the
external magnetic field is O Oe, the electromagnetic wave with a frequency of
10.76 GHz can transmit through the metal plate due to the Mie resonance
caused by dielectric cube, which achieves extraordinary transmission. When the
external magnetic field is 1,500 Oe, ferromagnetic resonance takes place in
ferrite, and the extraordinary transmission is also achieved at the ferromagnetic
resonance frequency.

In addition, Wang et al. [33] realized a nonreciprocal Fano-resonant metamo-
lecule structure with magnetically biased ferrite and dielectric cubes. A dielectric
cube is placed above the center of ferrite cuboid. In the case of a single ferrite
cuboid, there is no obvious resonance dip in the electromagnetic spectrum of ferrite.
For a single dielectric cube, strong resonance is generated at 14.17 GHz, corre-
sponding to the second-order Mie resonance mode. The electromagnetic spectrum
of the proposed metamolecule shows an asymmetric Fano dip at 13.66 GHz and a
weaker mode at 14.05 GHz. The Fano-type spectral shape almost disappears in the
S12 curve of metamolecule, indicating that this system has strong nonreciprocity at
the Fano dip. Besides, the resonance frequency of the Fano dip shows a blue shift
with the increase of the external magnetic field, which reflects the magnetically
tunable characteristics.

The ferrite-dielectric-based tunable metamaterials can achieve dual-band char-
acteristics by utilizing ferromagnetic resonance of ferrites and Mie resonance of
dielectrics. This design idea is hopeful to be applied in modulators, isolators and
other devices.

Huang et al. [34] reported that ferrite can be integrated into a traditional
passive metamaterial absorber (MA) as a substrate or superstrate. The authors
systematically analyzed two ferrite-based tunable MAs. The metal resonance
ring array is etched on one side of the FR4 printed circuit board, while the metal
ground plane covers another side. In the first MA design, the ferrite layer is
inserted between the FR4 layer and ground plane, and the ferrite and FR4 layer
together act as a substrate. In the second MA design, the ferrite is covered on
the FR4 layer, and another FR4 spacer is placed between the ferrite and the
passive MA to avoid the interaction between the ferrite and metal resonators.
The experimental and simulated results show that these two MAs exhibit a
distinct absorption peak when the magnetic field is 0 Oe. As the magnetic field
strength increases gradually, the absorption peaks of both MAs move toward



Tunable Metamaterials 89

the high-frequency region, and the frequency shift rates of the two MAs are
0.36 MHz/Oe and 0.18 MHz/Oe, respectively. These results confirm that the
proposed ferrite-based MAs have magnetically tunable properties.

The design of a metal/ferrite/metal structure-based MA is also studied in Li et al.
[35]. Unlike ordinary metal/dielectric/metal structures, this structure obtains an
adjustable absorption peak within an ultra-wide frequency band due to the in-
troduction of ferrite. The simulated results show that the corresponding absorption
frequency increases from 0.2 GHz to 7.6 GHz when the external magnetic field
increases from 10 Oe to 2,600 Oe, and the absorption peaks are above 0.9. The
experimental results further validate the absorbing performance of the proposed
structure. As the external magnetic field increases from 600 Oe to 1,000 Oe, the
frequency of absorption peak increases from 2.2 GHz to 3.2 GHz.

Recently, a broadband ferrite-based tunable MA was reported [36], with eight
U-shaped ferrite particles and a metal ground plate. There are four absorption peaks
in the range of 8.55-10 GHz due to the magnetic and dielectric losses. These four
peaks result in 1.5 GHz absorption bandwidth. The simulated and measured results
both demonstrate that the resonance frequency of the proposed metamaterial
changes from 8 GHz to 10 GHz when the applied magnetic field increases from
2,500 Oe to 3,000 Oe, which illustrates the magnetically tunable property of the
proposed MA. Our group also designed a magnetically tunable ferrite-based me-
tamaterial perfect absorber structure [37]. This structure is composed of a ferrite rod
array and a metal plate. Both simulations and experiments confirm that the ab-
sorption peak generated by ferromagnetic resonance occurs in the frequency band
of 8—12 GHz when a magnetic field bias is applied. When the magnetic field is
2,000 Oe, the absorptivity reaches 99.2%. As the magnetic field increases from
2,000 Oe to 2,400 Oe, the absorption peak shifts from 8.97 GHz to 10.02 GHz,
showing a magnetically tunable behavior.

4.3 ELECTRICALLY TUNABLE DIELECTRIC METAMATERIALS

Due to the compatibility with electronic information technology, electrically tun-
able metamaterials have attracted extensive concern in the fields of materials and
electronics. According to the different materials, this section mainly introduces
three kinds of electrically tunable metamaterials: graphene-based, varactor diode-
based, and liquid crystal-based metamaterials.

4.3.1 GRAPHENE

Recently, graphene has attracted the attention of researchers because of its excellent
properties in optics, electricity and mechanics. An electrically tunable polarizer
based on the periodic array of graphene ribbons was proposed by Zhu et al. [38].
The simulation results indicate that the TM-polarization absorption is only 0.75%,
and the TE-polarization absorption rate can reach 99.86% under normal incidence
excitation. The absorption of TM-polarization is insensitive to Fermi energy. On
the contrary, the TE-polarization has a strong dependence on Fermi energy. With
the increase of Fermi energy, the absorption frequency increases rapidly.
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Another variation of the electrically tunable metasurface with graphene-based
optical antennas was proposed by Yao et al. [39], in which the metasurface
structure can be incorporated into a sub-wavelength-thick optical cavity to pro-
duce an electrically tunable perfect absorber. The absorber can switch the critical
coupling state through the gate voltage applied on the graphene to realize the
modulation depth of up to 100%. Moreover, the ultrathin (thickness < 1¢/10) high-
speed (up to 20 GHz) optical modulators within a wide wavelength range
(5-7 um) are realized. As shown in Fig. 4.4a, the proposed structure is composed
of a metal film, a dielectric layer and a graphene layer with plasmonic structure.
Figs. 4.4b and 4.4c show the simulated and measured reflection spectra.
According to the electric transmission characteristics of graphene samples, the
charge neutral point Vonp = 0 V (where the concentration of electrons and holes in
graphene are the same) and carrier mobility that is used to obtain the simulated
reflectance can be determined. With the gate voltage tuned away from the charge
neutral point, the charge carrier concentration in the graphene sheet increases, and
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FIGURE 4.4 (a) Schematic diagram of the ultrathin optical modulator based on a tunable
metasurface absorber, (b) simulated reflection spectra of the fabricated metasurface absorber
with a series of gate voltages, (c) measured reflection spectra of the metasurface absorber
with a series of gate voltages (Vg — Vene; Venp 1s the gate voltage when the concentrations
of electrons and holes in the graphene are equal) and (d) the modulation depth and the
corresponding insertion loss of the absorber [39].
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the resonance frequency of metasurface shows a blue shift, as shown in Fig. 4.4c.
When the gate voltage increases to 40 V, the measured minimum reflection value
appears near 6.3 um and then increases with the further increase of the grid
voltage. Fig. 4.4d shows that the modulation depth is more than 95% at 6 um and
more than 50% within the wide wavelength range of 5.4 um to 7.3 um.

To design a dynamically electrically tunable broadband metasurface absorber,
the graphene analog of electromagnetically induced transparency (EIT) can be
employed [40]. This proposed structure is composed of graphene plasmonic ana-
logs, a metal plate and an SiO, isolation layer. The simulated results show that the
Fermi energy level of graphene can be changed by adjusting the electrostatic gating,
thus dynamically tuning the operating bandwidth between broadband absorption
and narrow-band absorption. Wang et al. [41] also proposed a low-cost plasmonic
metasurface integrated with a single graphene layer for dynamic modulation of mid-
infrared light. The plasmonic metasurface consists of a split magnetic resonator
(MR) array. The extraordinary optical transmission (EOT) was observed by exciting
the magnetic plasmas in the split MRs. Also, the introduction of the split can
provide enhanced fields. Changing the Fermi energy of graphene can tune the EOT.
Ulteriorly, the metasurface in Zhang et al. [42] can realize an independent dual-
tunable property in the microwave band. The geometry and dimensions of the
metasurface are shown in Fig. 4.5a. With the help of varactor diodes and graphene-
based structure, the dynamically independent regulation of the magnitude and re-
sonance frequency of the absorption peak is achieved. Fig. 4.5b shows the simulated
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FIGURE 4.5 (a) Schematic diagram of the proposed graphene-based tunable metasurface,
and (b) simulated reflection spectra of the proposed tunable metasurface with a series of
capacitances and Fermi energies [42].
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reflectance of metasurface with various capacitances and Fermi energies. The Fermi
energy of graphene and the capacitance of varactor diodes can be controlled
by biases voltage, thus realizing the working frequency change from 3.41 GHz to
4.55 GHz and the reflection amplitude variation from -3 dB to —-30 dB.

The graphene-based electronic tunable metamaterials have extremely high
modulation depth and width, which are expected to be employed in optical
modulation and optical switch.

4.3.2 VARAcCTOR DIODE

Varactor diode is a semiconductor device based on the principle of variable
capacitance between PN junctions. An electrically tunable metamaterial is pre-
sented in [43]. In this design, varactor diodes are loaded on the split of square
loops. The proposed absorber has a compact planar structure with a simple
feeding network. It has been experimentally demonstrated that this absorber
obtains flexible frequency tunability in the range of 5—-6 GHz. As the voltage
increases from 0 V to 12 V, the corresponding resonance frequency shifts from
5.18 GHz to 5.68 GHz. When the voltage is higher than 10 V, the change of
reflection spectra is slight, because the capacitance of varactor diode is almost
unchanged with the further increase of applied voltage. Besides, the reflection
coefficient becomes smaller (from —8.90 dB to —19.57 dB) when the capacitance
is reduced by raising the applied voltage, which means a high-quality factor of
the absorbers is realized.

Fu et al. [44] theoretically and experimentally studied the electrically tunable
Fano-type resonance phenomenon of asymmetric metal wire pairs loaded with
varactor diodes. The Fano-type transmission spectrum with high-quality factor Q
is caused by the interference between the dipole and quadrupole modes. The
ohmic loss of series resistance in varactor diodes plays a major role in absorption.
At the Fano-type resonance frequency, the two wires synchronously show the
strongest electric resonance, and Fano-type resonance exhibits a large group
delay. When the polarization voltage changes from 0 V to 8 V, the Fano-type
resonance frequency shifts from 3.11 GHz to 3.27 GHz, showing a blue shift of
0.16 GHz. Meanwhile, the lower and upper resonance frequencies, respectively,
show a blue shift of 0.19 GHz and 0.23 GHz.

To realize multi-frequency electromagnetic modulation, an electrically tunable
metamaterial was proposed and demonstrated in [45]. This structure includes a
single-warped wire and a paired-warped wire, in which a PIN diode is loaded
in the gap of the paired wires. The EIT-like spectrum is manipulated by con-
trolling the electronic mode of the single wire and the magnetic mode of the
paired wires. The electromagnetic coupling is realized by adjusting the switch
state and the resonance intensity of magnetic mode. The experimental results il-
lustrate the electromagnetic modulation in three narrow bands on the EIT-like
spectrum, and the modulation contrast of up to 31 dB is realized by using
metamaterials.

The metasurface in [46] consists of an asymmetric ABA geometry structure with
two different PIN diodes, and it can achieve a dynamic switch between perfect
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FIGURE 4.6 (a) Schematic diagram of the ABA geometry structure, and (b) transmittance
(blue) and reflectance (red) with different bias voltages [46].

transparency and perfect absorption (as indicated in Fig. 4.6a). As illustrated in
Fig. 4.6b, this structure can realize two perfect transmission peaks in a range of
5.8-7.4 GHz when the bias voltages of PIN diodes are set to 0 V. By employing the
different bias voltages of the two PIN diodes, the intrinsic connections between
transmission and reflection of the proposed structure are broken, thus resulting in
perfect absorption with the transparency window. Based on the coupled-mode
theory (CMT) and phase diagram, Li et al. proposed a dynamically tunable meta-
surface. All the results demonstrate that the transmission and absorption properties
of the trilayer metasurface can be dynamically controlled by the asymmetrical
bias voltages of the loaded PIN diodes.

The introduction of varactor diodes in the design of metamaterials realizes the
supernormal electric field modulation of metamaterials. This design idea provides
for the practical application of MAs and metamaterial modulators in microwave
circuits.

4.3.3 LiQuip CRySTAL

Liquid crystal is a kind of interstate substance between the crystalline and liquid
states. When liquid crystal is powered on, its arrangement becomes orderly; when it
is powered off, its arrangement is disordered, thus showing special physical
properties. In 2007, Zhao et al. [47] brought a new vision to the problem of elec-
trical tunability by introducing the nematic liquid crystal (NLC) into metamaterials.
In this design, the split-ring resonator (SRR) array is immersed in NLC. With the
increase of electric field strength, the arrangement of NLC tends to be orderly, and
the frequency ranges with negative permeability move to low frequency.
Recently, by electronically controlling the NLC orientation, Kowerdziej also
achieved the tunability of rod-split-square resonator-based metamaterial at
THz frequency [48]. The non-polarized THz electromagnetic wave, acting as the
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probe light, is usually incident from the SRR array side to the metamaterial
device. To align the liquid crystal molecules, an electric field with a modulation
frequency of 1 kHz is applied. The experimental results show that the electro-
magnetic properties of metamaterial devices can be effectively adjusted (the
transmittance changes up to 19%) by tuning the amplitude of AC (alternating
current) bias voltage from 0 V to 300 V.

According to Isi¢ et al. [49], an electrically tunable THz MA based on NLC is
also proposed, as shown in Fig. 4.7a. The proposed structure includes a ground
electrode carrying a liquid crystal cell capped by a polymer film. This film is used
to support the top electrode and package the liquid crystal in the device. The gold
layer deposited on the polymer film is etched into a triangular lattice pattern of
circular patches connected by thin wires, as shown in Fig. 4.7b. Without the
applied bias voltage, the NLC molecules are along with the horizontal orientation
of thin polymer deposited on the top and bottom electrodes. Therefore, the
permittivity along the z-axis is equal to &5. When the voltage is increased, the
liquid crystal molecules become aligned with the z-axis, and the permittivity
increases to ¢, resulting in a red shift of resonance frequency, as shown in
Fig. 4.7c. Fig. 4.7d shows that the reflectance at the target frequency f, increases
from below 0.4% (when U = 0 V) to above 93% (when U =7 V), corresponding
to a modulation depth of more than 23 dB. The reflection spectra of incident
waves with p-polarization and s-polarization (electric field orientates along x-axis
and y-axis, respectively) are almost the same, which indicates that the device is
insensitive to polarization.
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FIGURE 4.7 (a) Schematic diagram of the proposed tunable absorber (cross-section), (b)
perspective view of the hexagonal unit cell, (c) modulation of the reflectance spectra by U,
calculated assuming ¢; ¢ = &, &, for U =0 and U > 0, respectively, and (d) reflectance spectra
with a series of bias U for s- and p-polarized incident waves [49].
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Another variation of tunable THz MA with anisotropic liquid crystal was pro-
posed by Hokmabadi et al. [50], in which the complementary split-ring resonator
(CSRR) was used as a unit cell. The liquid crystal was filled between the CSRR and
the Cu ground, so etching and a supportive dielectric layer were unnecessary.
The results showed that, as the applied bias voltage increased from 0 V to 5 V, the
resonance frequency obtained a frequency shift of 5 GHz, while the full-width at
half-maximum (FWHM) bandwidth and the absorption rate remained at 0.025 THz
and 90%, respectively. By applying the uniaxial model to simulate the absorption
spectrum of liquid crystal simulated with various bias voltages, the effective re-
fractive index of liquid crystal changed between 1.5 and 1.7. The design of a new
type of heterojunction with zero-index metamaterial (ZIM) and liquid crystal was
also studied in [51]. Its refractive index depended on the applied electric field in-
tensity. By controlling the direct current (DC) voltage applied to the anisotropic
dielectrics, electrically tuning perfect transmission and nearly perfect reflection
were achieved. The structure can be used as an electrically adjustable switch in a
waveguide system, which has good adjustable performance and high sensitivity.

In addition to the above three types of electrically tunable metamaterials, Li et al.
[52] designed an electrically tunable superconducting niobium nitride (NbN)
metamaterial device and analyzed its optical transmission characteristics with a
hybrid coupling model. The maximum transmission coefficient at 0.507 THz was
0.98 when the temperature was 4.5 K. Upon increasing the applied voltage to 0.9 V,
the maximum transmission coefficient decreased to 0.19. The relative transmission
change of 80.6% made the device an effective narrow-band THz switch. Moreover,
the peak frequency changed from 0.507 THz to 0.425 THz, which meant that this
device could be applied in frequency selection. To realize fast modulation, the
previous structure was optimized, and an electrically tunable superconducting
metamaterial, which could dynamically modulate THz waves, was proposed in [53].
The metamaterial unit cell consisted of a square ring resonator and an SRR. The
row of SRRs was connected to the electrodes on both sides of the chip through a
continuous NbN line. The maximum modulation depth in the transmission window
of the device was 79.8%. Controlled by the external sinusoidal signal, the device
could achieve a modulation speed of about 1 MHz at 0.345 THz.

4.4 THERMALLY TUNABLE DIELECTRIC METAMATERIALS

In addition to magnetic field and electric field, temperature field is also one of the
external fields commonly used to adjust the performance of materials and devices —
a promising way to realize tunable metamaterials.

4.4.1 VaNapium DioxiDE

Vanadium dioxide (VO,) is a metal oxide with phase transition properties. Its low
transformation temperature (341 K) makes it widely applied in optical, electronic
and photoelectric devices. Wang et al. [54] proposed a thermally tunable infrared
metamaterial based on VO,. Numerical simulations show that, when VO, is in a
metallic state, there is a wide absorption peak at the wavelength of 10.9 um, but
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when it assumes a dielectric phase at the phase transition temperature of 341 K, the
wavelength changes to 15.1 pm, illustrating a large tunability (38.5%) of the re-
sonance wavelength.

The physical mechanism of magnetic resonance is associated with the plasma
in the metallic phase VO, and the optical phonons in the dielectric phase VO,. In
[55], a hybrid MA was obtained by using the VO, film. The proposed structure
included an electric split resonator ring (eSRR) array. In each eSRR unit cell, one
inner resonator was embedded in the outer resonator pairs. The VO, film was only
placed between the inner resonators and substrate. The measured phase transition
temperature of the VO, film was about 340 K. In the room temperature condition,
the absorption peaks appeared at 9.36 GHz and 18.6 GHz, and the maximum
absorption rates were 87.0% and 93.0%, respectively. The absorption character-
istics changed significantly when the device temperature increased from room
temperature to 345 K. As for low-frequency response, the peak absorption rate
slightly decreased from 87.0% at 9.36 GHz to 71.7% at 9.98 GHz. At high fre-
quencies, the maximum absorption rate was significantly reduced from 93.0% at
18.6 GHz to 39.4% at 19.1 GHz. Therefore, in the VO,-based microwave MA, a
relative amplitude modulation of about 57.6% of the microwave absorption was
achieved. Considering the frequency shift, the modulation depth of this MA could
reach 63.3% at 18.6 GHz.

To design a thermally tunable MA, a VO, ground plate can be employed [56].
The unit cell of metamaterial consists of a three-layer structure: Au layer at the top,
ZnS dielectric layer in the middle and VO, ground plate at the bottom. When the
VO, ground plate is in a low-temperature dielectric phase, the composite structure
forms a metal/dielectric/dielectric three-layer resonator. In this case, the metama-
terial acts as a frequency selective surface. The VO, will turn to the metal phase
when the ground is heated to 341 K. In this case, the metamaterial forms a typical
MA structure. The gold layer on the top and the VO, layer on the bottom can
simultaneously maintain electrical resonance mode and magnetic resonance mode.
At 22.5 THz, the metamaterial switches from a high-reflective state at a low tem-
perature (below 341 K) to a low reflection state at high temperature (above 341 K),
while VO, changes from the insulating phase to the metallic phase. The reflectivity
of metamaterial structure is about 35% at 313 K, which is higher than the re-
flectivity of around 8% at 353 K. At 34 THz, it switches from a low reflectance
state at low temperature (R = 15%) to a high reflectance state at high temperature
(R = 55%). Obviously, the combination of VO, and metamaterials has realized
the thermally tunable characteristics of metamaterials. This research provides a
new idea for the dynamic thermal radiation regulation of new electronic, optical and
thermal devices.

For broadband property, Lei et al. [57] proposed a thermally tunable metasurface
absorber consisting of chromium (Cr) top caps, VO, spacers and a Cr film substrate.
As shown in Fig. 4.8a, each unit cell in the metasurface has a different size. The
losses as a function of frequency at different temperatures are presented in
Fig. 4.8b. When the VO, is under an insulating state, a relative bandwidth with 90%
absorption is 97% (from 1627-4696 nm). The unit cells with different sizes can
generate multiple resonant modes. The combination of these modes realizes the
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FIGURE 4.8 (a) Schematic diagram of the metamaterial ultra-broadband absorber with
VO, spacer, and (b) measured absorption curves of the VO,-based MA with a series of
device temperatures [57].

broadband property of the absorber at room temperatures from 298 K to 313 K.
When VO, is under a metallic state with the temperature increase, the frequency of
absorption peak shifts from 3,297 nm to 1,706 nm, and its 90% absorption band-
width decreases below 20%. Except for the traditional applications in thermally
tunable devices, this design has the potential to be applied in smart nanostructures
or devices.

Recently, utilizing “hybrid structures” integrated with phase-change materials,
our group completed two designs of thermally tunable silicon-based all-dielectric
metasurfaces (SAMs) [58]. In these designs, a BaTiO5; film or a VO, film was
deposited on the fabricated SAM. According to the results, it can be conjectured
that the permittivity of BaTiO; and VO, films increases with external temperature,
thus resulting in red shifts of the resonance frequency. Besides, the degeneration of
resonance strength is caused by the increase of dielectric loss, which is related to the
imaginary part of the permittivity. To prepare large-scale, high-precision and
flexible all-dielectric metamaterials, we proposed a micro-template-assisted self-
assembly method, in which heat-shrinkable substrate is applied to adjust the
distance between microsphere resonators [59]. Under the heat treatment, these
resonators will be closely packed, and a broadband reflection of the proposed
metamaterial is then achieved. Obviously, the electromagnetic properties of the
proposed metamaterial are affected by the distance between these resonators. Thus,
this method has a potential to design various high-efficiency THz devices with
thermally tunable characteristics.

4.4.2 INDIUM ANTIMONIDE

Zhu et al. [60] proposed a thermally tunable metamaterial that consisted of a metal
SRR array with semiconductor indium antimonide (InSb). Because the permittivity
of InSb has a strong dependence on temperature, the resonance frequency of
metamaterials can be continuously modulated in the THz region by increasing
temperature. The resonance frequency has a large blue shift of about 65%.
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FIGURE 4.9 (a) Schematic diagram of the device, (b) simulated transmission spectra of the
device at various temperatures with the FDTD method [61], (c) schematic illustration of the
proposed metamaterials and (d) THz wave transmission spectra at various temperatures [62].

With the InSb semiconductor strips embedded in the sub-wavelength metallic
holes array, a thermally tunable metamaterial filter is reported [61]. Its structure and
dimensions are listed clearly in Fig. 4.9a. According to the simulated absorption
spectra shown in Fig. 4.9b, it can be inferred that the resonance frequency of the
filter can be adjusted by controlling the temperature of InSb. At 160 K, InSb shows
typical dielectric features. The maximum transmission peak can reach 91.0%, and
the FWHM is about 235 GHz at 0.74 THz. When the temperature is 290 K, InSb
exhibits typical metallic features. The transmission peak value shifts to 1.71 THz,
and the maximum value decreases by 84.5%. As the temperature further increases
to 350 K, the transmission peak value shifts sharply to 2.02 THz, with a maximum
value of 89.1%.

Li et al. [62] theoretically investigated the broadband thermally tunable me-
tamaterials with a negative refractive index in the THz region. Two vertical
L-shaped metallic structures, as depicted in Fig. 4.9¢c, are fused on the quartz
substrate, and InSb is inserted in the bottom gap of the two L-shaped metals. The
THz absorption spectra of metamaterials are shown in Fig. 4.9d at the corre-
sponding temperatures. As the temperature changes, the capacitance of the gap
changes with the InSb properties. When the temperature increases from 250 K to
400 K, the resonance frequency changes from 0.45 THz to 1.07 THz, and the
transmission amplitude at the resonance frequency reduces from 57% to 7%.
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Besides, when the temperature rises to 400 K, the metamaterials show negative
refraction in the ranges of 0.4-0.9 THz and 1.06-1.15 THz.

In the THz band, the complex permittivity of InSb can be approximately de-
scribed by the simple Drude model when the temperature changes from 300 K to
350 K [63]:

£(w) = €0 — W /(@? + iyw) 4.5)

where o is the angular frequency, &.. represents the high-frequency dielectric
constant, y is the damping constant, and the plasma frequency wp = (Ne*/sgm*)"'?,
where N is the carrier density, m* is the effective mass, e is the electronic charge,
and g, is the vacuum permittivity. The damping constant y (y = e/m*u) of InSb is
inversely proportional to the electron mobility u that is affected by the temperature.
Therefore, y will change with temperature, thus affecting the permittivity of InSb.
However, the electron mobility changes barely within the frequency range of
0.1-1.5 THz and the temperature range of 300—350 K. Therefore, it is reasonable to
neglect the influence of temperature on y. In addition, the plasma frequency wp
of InSb strongly depends on the temperature 7. When the temperature is between
300 K and 350 K, the energy gap of InSb changes barely with the temperature, and
the carrier density N (cm*3) in InSb can be expressed as [64]:

N =5.76 x 10732 exp(—0.26/2x3T) (4.6)

where Kp is the Boltzmann constant. The temperature will change the carrier
concentration N and then change the wp. Therefore, in the far-infrared part of the
THz region, the e(w) of InSb is very sensitive to temperature.

4.4.3 STRONTIUM TITANATE

In 2008, Zhao et al. [23] proposed a thermally tunable dielectric metamaterial based
on the temperature sensitivity of dielectric ceramic material barium strontium ti-
tanate (Ba;_4SryTiO3) doped with MgO. As the temperature increases from 258 K
to 308 K, the frequency of Mie resonance shifts from 13.65 GHz to 19.28 GHz.
Similar to barium strontium titanate, strontium titanate (SrTiOz;, STO) obtains ty-
pical perovskite structure with high permittivity and low loss. It is a kind of elec-
tronic functional ceramic material with wide applications, and its temperature
sensitivity can be improved by employing a reasonable doping process.

In recent years, Luo et al. [65] designed a thermally tunable dual-band THz
MA based on STO. The unit cell of metamaterial is composed of two nested
closed square ring resonators, an STO dielectric substrate and a metal layer. The
results show that the absorber has two obvious absorption peaks at 0.096 THz and
0.137 THz, with the peak values of 97% and 75%, respectively. Because the
permittivity of the STO substrate changes with temperature, the resonance fre-
quency shifts about 25% and 27% as the absorber is cooled from 400 K to 250 K.
The tunability is more than 53% when the temperature decreases to 150 K.
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Further, Luo et al. [66] cut off the four corners of the outer rings of the two nested
square rings, realizing the tri-band absorption. The results show that the absorber
has three unique absorption peaks in the frequency range of 0.05-0.35 THz
at the frequencies of 0.129 THz, 0.198 THz and 0.316 THz with the peak values
of 99.3%, 99.1% and 94.6%, respectively. By increasing the temperature, the
resonance frequency of the absorber can be continuously adjusted in the THz
region. When the temperature decreases from 400 K to 200 K, the frequency
tuning depth at room temperature can reach 67.3%.

Zhao et al. [67] proposed a Si/STO composite all-dielectric metamaterial and
experimentally demonstrated the thermally tunable properties of the electro-
magnetic parameters. The schematic diagram and a fabricated sample are shown in
Figs. 4.10a and 4.10c. As depicted in Fig. 4.10b, the simulation results show that the
first and second resonance frequencies of the Si/STO all-dielectric metamaterial are
lower than the one without STO (red arrow mark). As the dielectric constant of STO
decreases with an increase in temperature, the first resonance frequency changes
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FIGURE 4.10 (a) Schematic diagram of tunable silicon/STO all-dielectric metamaterial,
(b) transmission spectra of the tunable silicon/STO all-dielectric metamaterial with a series of
temperatures, (c) photograph of the fabricated SAMs and (d) measured transmission spec-
trum of the tunable silicon/STO all-dielectric metamaterial with a series of temperatures [ 67].
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from 0.657 THz to 0.665 THz, and the second resonance frequency changes from
0.769 THz to 0.801 THz when the temperature increases from 250 K to 400 K. The
experimental results illustrated in Fig. 4.10d show that, when the temperature in-
creases from 250 K to 400 K, the first resonance frequency changes from 0.662 THz
to 0.695 THz, and the second resonance frequency changes from 0.769 THz
to 0.801 THz. The experimental results are consistent with the simulation results.
The proposed metamaterial structure has a thermally tunable performance.

Dielectric metamaterials based on the dielectric sensitivity of STO exhibit ex-
cellent performance in THz absorber designs. In addition, due to its good thermal
tunability and low loss, it is expected to be applied in tunable THz detecting and
sensing devices.

4.5 FLEXIBLE METAMATERIALS

Nowadays, there is an increasing interest in the development of flexible devices due
to their potential applications in displays, personal electronics, artificial skins, as
well as in medical treatment [68—72]. During the past two decades, various flexible
devices have been designed and fabricated on different kinds of substrates [73-79].

4.5.1 PoLYIMIDE

Compared with metamaterials fabricated on silicon, metamaterials with poly-
imides substrate have excellent advantages of high sensitivity, low cost, con-
formable adhesion and flexibility. Therefore, polyimides are usually employed in
the designs of tunable metamaterials. In 2009, Melik et al. proposed a flexible
metamaterial that consisted of an SRR array layer, a dielectric layer, an Au layer
and a polyimide substrate for wireless strain sensing with great sensitivity and
low nonlinear error [80]. Its structure and fabricated sample are depicted clearly
in Fig. 4.11a. Due to the low elastic modulus and great mechanical deformation
of the polyimide substrate, the presented metamaterial has high sensitivity that
is beneficial for responding to the small frequency shifts in the transmission
spectra. As illustrated in Fig. 4.11b, the flexible metamaterial sensor exhibits
a 0.292 MHz/kgf sensitivity and an associated 3% nonlinearity-error, when the
applied load F changes from 27 kgf to 252 kgf. Compared with the silicon-based
sensor, the proposed flexible metamaterial sensor has an enormous promotion
in sensitivity and nonlinearity errors.

Recently, dynamically tunable THz metamaterials have garnered considerable
interest due to their exotic electromagnetic characteristics. By transferring an SRR
array with patterned GaAs patches to a thin polyimide layer, Fan et al. [81] realized
the design of optically tunable THz metamaterials. The electromagnetic response of
the presented metamaterial is affected by the optical excitation of GaAs. According
to the differential transmission of metamaterial, the modulation depth at the LC
resonance frequency of 0.98 THz varies from 20% to 60% as the pump power
increases from 0.25 mW to 8mW. Moreover, it can achieve a similar modulation
depth in a broad range of 1.1-1.8 THz. This design has great potential in nonlinear
and multifunctional applications of sensors, modulators and perfect absorbers.
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FIGURE 4.11 (a) Fabricated structure of the proposed sensor, and (b) transmission spectra
of the flexible metamaterial sensor with different external force and the corresponding
nonlinearity errors [80].

4.5.2 EcorLEx

Ecoflex is a highly stretchable silicone elastomer and exhibits good performance in
skin safe, tear strength and elongation break. Therefore, Ecoflex is suitable for the
design of tunable metamaterials. Using liquid metal encased in Ecoflex, Liu et al.
[82] proposed a tunable meta-atom in the X-band frequency range to provide a
structural basis for reconfigurable metamaterials. The meta-atom includes a liquid
metal SRR and the external flexible elastomer (Ecoflex). Figs. 4.12a and 4.12b
illustrate the measured and simulated transmission spectra of the meta-atom with
different stretching ratios. With normal incidence, the resonance frequency of the
meta-atom shifts from 10.54 GHz to 7.67 GHz, as the stretch ratio alters from 17%
to 72%. In the case of another measurement configuration (see the inset of Fig.
4.12b), the resonance frequencies also exhibit obvious red shifts when the stretch
level change from 17% to 72%. Three kinds of measurement configurations can
excite resonance. Similar tunable characteristics can be observed in the last mea-
surement configuration. During the changing of surrounding elastomer, the liquid
metal remains continuous, and the tunable range of resonance frequency can cover
70% of the whole X-band. These features can provide a simple and effective
structure for tunable metamaterials and obtain potential applications in wearable
and cloaking devices.
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FIGURE 4.12 Measured and simulated transmission spectra of the tunable liquid metal
meta-atom at various stretching ratios with (a) normal incidence, and (b) grazing incidence
[82]. (¢) Simulated transmission spectra of the meta-skin with various stretch ratios [83]. (d)
Measured transmission spectra of the proposed sensor with different stretched lengths [84].

Based on the same structure, Yang et al. [83] further presented a wearable mi-
crowave meta-skin with tunable and cloaking effects. The above meta-atoms are used
as unit cells of the meta-skin. These meta-skin consists of six metamaterial layers
with 15 x 15 unit cells. Like the second measurement configuration illustrated in
Fig. 4.12b, the direction of magnetic field H is vertical to the SRR. Thus, the cir-
culating current is stimulated in the SRR, and the magnetic resonance is generated.
Obviously, the resonance frequency of meta-skin, as illustrated in Fig. 4.12c, changes
with the stretch ratios. Besides, the resonance frequency also is modulated by
changing the spacing between two neighboring layers, which extends the frequency
tuning range of the meta-skin. Then, a dielectric nylon rod is wrapped by a single
layer metamaterial to demonstrate tthe cloaking effect. The measured results verified
that the proposed metamaterial can significantly reduce the scattering gain of the
covered object in the range of 8—12 GHz, which is beneficial for the cloaking effect.

The SRR, as mentioned above, is a well-known structure in sensor designs. Eom
et al. [84] employed this structure to design a stretchable sensor for detecting strain
direction and intensity. This sensor uses coplanar waveguide (CPW) technology,
and two complementary SRRs are etched on the ground plane. Utilizing the mi-
crofluidic channels, the liquid metal is injected into the high-stretchable Ecoflex
elastomer to form patterned resonant structures. According to the equivalent circuit
model of SRR, the resonance frequency can be determined by
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Two SRRs with different sizes, thus, introduce two resonance peaks at 2.03 GHz
and 3.6 GHz. The dual band is a distinguishing feature of this work. One resonance
peak is mainly affected by the deformation of one SRR, which can provide an
indicator to identify the direction of the applied strain.

Fig. 4.12d depicts the measured transmission spectra when the stretched length is
the same in two sides of the sensor. From this picture, both of the two resonance
frequencies have obvious red shifts with the increase of stretched length. The re-
lationships between the frequency shift and stretching length are linear and fit well
with the linear equations, providing precise detection of strain direction and intensity.

4.5.3 PoOLYDIMETHYLSILOXANE (PDMS)

Due to the merits of nontoxic, optically clear and remarkable elasticity, poly-
dimethylsiloxane (PDMS) is often used as a flexible substrate in THz and photonic
devices. In 2009, Olcum et al. [85] designed an elastomeric metal grating to control
the resonance condition of surface plasmon polaritons by tuning the periods. As the
strain increases, the elastomeric grating is stretched, its period is increased, and the
surface plasmon resonance wavelength has red shift. To realize broadband tunable
metamaterial in the infrared band, Pryce et al. [86] adhered the U-shaped Au SRRs
array on a PDMS substrate. In this design, the variation of period was negligible,
and the deformation of metamaterial mainly resulted in changing the coupling
between the unit cells, which affected the resonance frequency shift. Four kinds of
metamaterials with different arrays were investigated: SRR-bar, asymmetric cou-
pled SRR, square SRR and double SRR arrays. Not only were the stretched si-
tuations discussed, but the relaxed samples were also considered. The simulated and
measured results both demonstrated that the resonance frequencies of the proposed
metamaterials were tuned by the deformation.

With a complex Au nanorod array fabricated on a stretchable PDMS substrate,
a reconfigurable metasurface was reported in [87]. As shown in Fig. 4.13a, the
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FIGURE 4.13 (a) Schematic illustration of the proposed metasurface. (b) Measured in-
tensity distributions with various stretch ratios along the optical axis [87].
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relative position of unit cells can be changed by stretching the flexible PDMS, thus
continuously tuning the position-dependent phase discontinuity. This tuning me-
chanism was applied in the design of a reconfigurable optical device to adjust the
anomalous refraction angle of the visible light. To demonstrate the practical ap-
plication effect of the proposed metasurface in wavefront control, a flat zoom lens
was fabricated on PDMS. Fig. 4.13b illustrates the experimental intensity dis-
tributions along the optical axis. As the PDMS is stretched from 100% to 130%, the
focal length of lens can be continuously changed from 150 um to 250 pm. Taking
advantage of the shrink effect of PDMS, a tunable metamaterial with an adjustable
narrowing gap from 140 nm to sub-10-nm was proposed by Liu ta al [88]. The gold
disk arrays were fabricated on the PDMS substrate by interference lithography and
gold deposition technology. With the precise control of gap distance between
adjacent nanoparticles, the transmission spectra of metal metamaterial exhibit re-
markable red shift. Moreover, the relationship between the gap distance and applied
strain shows nearly perfect linearity. It is worthy to note that, due to the shrink
effect, the gap distance is reduced with increasing applied strain.

Besides, Lee et al. [89] proposed two single-layer flexible metasurfaces that can
be applied as a THz half-waveplate (HWP) and a quarter-waveplate (QWP). In this
design, a rectangular ring resonator array was fabricated on a stretchable PDMS
substrate to form the tunable flexible metasurface, as illustrated in Fig. 4.14a.
Owing to the strong coupling between the adjacent resonators, the proposed me-
tasurface obtains extraordinarily high anisotropic effective permittivity. The large
phase retardation (180°) and resonance frequency of the incident beam can be
achieved by deformation. As shown in Fig. 4.14b, the metasurface with small gap
distance acts as an HWP, and the metasurface with large gap distance works as a
QWP. In addition, these metasurfaces have spectral tunability.

Similar to the case of normal incidence discussed in 2015 [82], Liu et al. (2019)
[90] presented an SRR-based meta-atom to realize biaxial tunability. The square
metal SRRs composed of silver nanowires were transferred onto PDMS by using
the patterned filtration method. To demonstrate the biaxial tunability, the meta-
atom was placed inside a waveguide to introduce magnetic resonance. The si-
mulated and measured transmission spectra of meta-atoms with different strain
along the x- and y-directions are depicted in Figs. 4.14c and 4.14d, respectively.
With the increase of applied strain along the x-direction, the resonance frequency
gradually shifts from 11.927 GHz to 10.804 GHz. As the applied strain changes
from 0% to 100%, the resonance frequency has red shift, which can cover 90% of
the X-band. This design extended the tuning method and developed a novel
preparation method for the fabrication of meta-atoms, and these meta-atom-based
metamaterials benefit electromagnetic applications of wearable devices, sensors
and cloaking.

Recently, all-dielectric metamaterial has attracted much interest due to its low
intrinsic loss, high transmission, and high diffraction efficiency. For example, a
flexible THz all-dielectric metamaterial reported in our research was designed by
using the elastomeric medium, as indicated in Fig. 4.15a and 4.15b [91]. The
proposed metamaterial is composed of a single-layer ceramic microspheres em-
bedded in PDMS polymer. As the direction of applied strain is changed, the
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FIGURE 4.14 (a) Digital image of the proposed stretchable metasurface, (b) the meta-
surfaces works as an HWP and a QWP [89]. (c) Measured and simulated transmission
spectra of the tunable meta-atom in the strain of 0-50% along the x-direction and
(d) y-direction [90].

transverse and longitudinal coupling effects will be enhanced or reduced, which
will make the magnetic resonance shift to higher or lower frequency. Particularly,
a red shift of magnetic resonance will be achieved when the applied strain is along
the electronic field, and a blue shift will emerge when the applied strain is along
the magnetic field. This phenomenon can be explained with the dipole-dipole
coupling theory. All the simulated and measured results demonstrate the tunability
of the proposed metamaterial.

To solve the problem of polarization-dependence, a tunable all-dielectric
metasurface with polarization insensitivity was presented by Zhang et al. [92].
As illustrated in Fig. 4.15c¢, the square TiO, array was embedded in an elas-
tomeric PDMS substrate. In fact, the cross-section of square TiO, is an inverse
trapezoid with a corner around 72°. In the full visible range of 450—650 nm, the
TiO, metasurface stimulated by x-direction polarization beam or y-direction
polarization beam reflects different colors when the strain applied in the same
direction changes from 0% to 40%. As shown in Fig. 4.15d, the x-direction
polarization and y-direction polarization both can achieve the same effect,
which verifies the polarization-insensitive tunability of the proposed
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FIGURE 4.15 Transmission spectra of the proposed flexible metamaterial with (a) strain
direction along the electric field, and (b) strain direction along the magnetic field [91].
(c) Schematic diagram of a tunable TiO,-based metasurface, and (d) the simulated reflection
spectra with different strain and polarizations [92].

stretchable TiO, metasurface. This design paves a way to polarization-
insensitive full-spectrum color printing, and it has great application potential
in functional color display, anticounterfeiting, security bank notes and point-
of-care devices.

4.5.4 Paper

Recently, paper-based substrates have created an exciting avenue in the area of
flexible devices’ fabrication, as these are thin, light and inexpensive. Compared to
other flexible substrates, the most attractive feature of paper-based substrates is their
ability to be easily rolled or folded into 3D configurations to meet various design
considerations for different applications.
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In 2019, Zhang et al. from Shandong University reported an efficient pen-on-
paper approach to construct metasurfaces on paper with silver units for electro-
magnetic shielding [93,94]. By using a roller-ball pen filled with conductive ink,
Zhang et al. directly wrote metallic resonators on a paper substrate (Fig. 4.16a).
Compared to metal-based shields, which usually have been limited by their high
density, poor flexibility and limited tuning of shielding effectiveness, the paper-
based metasurfaces not only exhibited remarkable electromagnetic shielding
properties with a small thickness (thickness reduced more than 90% compared with
that of traditional shielding materials), but also had a high mechanical bearing
capacity, as well as lightweight characteristics, which made them ideal candidates
for specific frequency electromagnetic filters.

It is worth pointing out that the paper used as substrate comes from waste
bins. In Zhang’s work, their paper-based metasurfaces can be fabricated even on
a crumpled wastepaper, without hugely affecting the EM properties. The
transmission coefficient (S,;) was measured and compared with that of its ori-
ginal uncrumpled shape at various frequencies, as shown in Fig. 4.16b. Although
the absorption peak shows a slight shift toward higher frequency due to the
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FIGURE 4.16 (a) Schematic diagram of paper-based metasurface. (b) Comparison of S,;
between flat and crumpled printing paper-based metasurfaces. The transmission spectra of
paper-based metasurfaces. (¢c) Unfolded sample, and (d) folded samples [93].
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deformation of SRRs in a crumpled sample, the minimum S,; value of the
absorption peak still remains at —20 dB, which indicates a good shielding
performance even in the wrinkled state.

Moreover, both the shielding effectiveness and the shielding frequency range can
be designed specifically by controlling the geometric parameters. The interesting
part is that, due to the flexibility of substrate, the paper-based metasurface can be
folded or piled up to form 3D multilayer stacking, which provides tunable EM
properties for a wide variety of applications (Figs. 4.16c and 4.16d).

According to a recent report, households generate over 4 kg of paper waste every
week, let alone the tremendous amount of wastepaper generated by businesses.
Thus, the utilization of wastepaper as the substrate material for metasurface not only
would be an effective solution to the problem regarding the disposal of paper waste,
but also would create new opportunities for turning wastepaper into a solution for
eliminating electromagnetic pollution.

Based on the above discussion, the environmentally friendly nature and pliability
of paper, as well as the simple fabrication process, make paper-based metasurfaces
promising candidates for future “green” electronics.

4.6 CONCLUSIONS

One of the main factors that restricts the application of electromagnetic meta-
materials is bandwidth problems. The appearance of dielectric metamaterials not
only broadens the scope of metamaterial designs and reduces the loss, but it
also makes the physical properties of metamaterials tunable with the external
field. The emergence of dielectric metamaterials solves the problem of narrow
bandwidth of metamaterials to a certain extent, and it gives metamaterials new
opportunities for application. Based on the existing literature, this chapter in-
troduces the main tuning methods of tunable dielectric metamaterials and
flexible metamaterials, focusing on the four different tuning mechanisms,
namely magnetically, electrically and thermally tunable dielectric and flexible
metamaterials. Besides, there are also several tuning methods, such as geome-
trically tunable and rotation angle tunable. However, compared to the magne-
tically, electrically and thermally tunable metamaterials, these tunable
metamaterials are difficult to integrate with microwave devices. Therefore, we
do not introduce these articles in detail. The design idea of tunable metama-
terials, which is combined with the characteristics of natural materials, not only
provides a new idea for the design of metamaterials, but also is expected to be
widely used in microwave communication devices, such as filters, absorbers,
modulators, and so on.
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Infrared Range
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School of Electrical and Electronic Engineering,
Yonsei University, Seoul, Republic of Korea

5.1 INTRODUCTION

Metamaterials (MTMs) are state-of-the-art artificial media that usually consist of
metal and/or dielectric structures on a scale of sub-wavelength. MTMs demonstrate
interesting electrodynamic properties and effects that are not found in natural
materials, including negative refractive index [1,2], electromagnetic (EM) wave
cloaking [3-6], inverse Doppler effect [7], superlensing [8], energy harvesting
[9-11], plasmonic detection [12] and perfect absorption [13,14]. With the devel-
opment of nanotechnology, MTMs can be fabricated to fit the design of different
applications based on particular sizes and shapes, thereby allowing the possibility of
implementing artificial optical resonance characteristics that would not have been
found in nature.

In particular, near-perfect absorbers using MTMs can be utilized over diverse
frequency bands, such as microwave [15,16], terahertz, near-infrared [17-23], and
visible range [24,25]. Landy et al. first proposed a metamaterial perfect absorber
(MMPA), which is composed of two split-ring resonators that are connected by an
inductive ring parallel to the split-wire; it is highly absorptive over a narrow GHz
frequency [14]. The work has been expanded to MMPA research in the diverse
frequency regime, and various applications, such as solar cell [13,25], biological
sensing [26,27], thermal imaging [28], photodetection [29,30] and absorption fil-
tering [31]. Recently, advances in plasmonics have been combined with MTMs,
which led to many novel MMPA structures operating at the visible and infrared
wavelength regimes. Techniques based on the excitation of surface plasmon (SP)
have been traditionally used for biosensing, often by way of SP polaritons (SPPs)
and localized SP (LSP) [32-37]. Localization of SP was performed to produce
super-localized light volume for biomolecular detection [38—40]. The use of SP
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excitation may be extended for MTMs to produce enhanced effective absorption
characteristics with a small target volume while ensuring design flexibility.

MMPASs can be classified into narrow-band, multiple-band, and broadband ab-
sorbers depending on the bandwidth of absorption characteristics. Because MMPAs
consist basically of metal-dielectric-metal structures that may cause plasmonic re-
sonance, which is responsible for the narrow response of absorption, MMPAs tend to
be well customized for single bands [31,41,42]. Since applications, including solar
cells and photodetection, often need broad absorption characteristics, MMPAs have
often been developed as broadband absorbers, such as dual band [43,44], triple band
[45] and more [46,47]. In the infrared and visible frequency range, however, the
research on broadband perfect absorbers remains immature because the SPPs and
LSPs generated with sub-wavelength metallic structures produce narrow-band char-
acteristics. Although single narrow-band is designed rather easily and can be fabri-
cated for perfect absorption, broadband perfect absorption requires a more
complicated MTM structure and would, therefore, be difficult to design and fabricate.

Broadband MMPAs have been studied mainly with four techniques. The first is
planar arrangement tailoring the size of metallic patterns on the top layer used to
develop multiple resonances, as shown in Fig. 5.1a [48]. The second is vertical
arrangement stacking multiple metal-dielectric top layers. This achieves broadband
absorption, as shown in Fig. 5.1b [49]. The third is to add lumped circuit elements,
such as resistors, capacitors and diodes, as shown in Fig. 5.1c [50]. The welded
form accompanies various resonant modes connected together and reduces the
quality factor. Fig. 5.1d shows the metal and dielectric nanocomposites that trap
EM waves to be absorbed by metallic nanoparticles for excitation of LSPs [51].

In this chapter, we discuss theoretical backgrounds of MMPAs in Section 5.2.
Performance of various MMPA structures designed for visible and infrared fre-
quency regime is explored in Section 5.3. Narrow-band and broadband near-perfect
absorbers can be applicable to various optical devices, such as sensors, solar cells,
light-emitting diodes and spectroscopic elements: these possibilities are described in
Section 5.4. Concluding remarks are provided in Section 5.5.

5.2 PRINCIPLES OF NEAR-PERFECT ABSORPTION USING MTMS

5.2.1 THEORETICAL BACKGROUNDS

Conventional periodic structures, such as plasmonic crystal and grating, have been
employed as perfect absorbers [52-56]. However, MMPAs, which consist of three
components, i.e., metallic periodic arrays, a dielectric layer and a continuous me-
tallic film, have been widely studied as promising structures of MTMs due to their
high absorption, polarization insensitivity and design flexibility. First, metallic
periodic arrays play an important role in MMPA design because structural para-
meters, such as periodicity, size, shape and thickness, can be adjusted to satisfy the
impedance-matching condition under which zero reflection can be obtained at re-
sonant frequencies. In contrast, a dielectric layer acts as a spacer where an incident
EM wave can stay and be dissipated. The third continuous metallic film completely
blocks all EM waves accompanying no transmission.
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FIGURE 5.1 Conventional designs for broad MMPAs. (a) Planar arrangement. (Reprinted
with permission from Zhang, B., Y. Zhao, Q. Hao, B. Kiraly, [.-C. Khoo, S. Chen, and
T.J. Huang. 2011. “Polarization-independent dual-band infrared perfect absorber based on a
metal-dielectric-metal elliptical nanodisk array.” Opt. Exp. 19 (16):15221-15228. © The
Optical Society). (b) Vertical arrangement. (Reprinted with permission from Lin, Y., Y. Cui,
F. Ding, K.H. Fung, T. Ji, D. Li, and Y. Hao. 2017. “Tungsten based anisotropic metama-
terial as an ultra-broadband absorber.” Opt. Mater. Exp. 7 (2):606-617. © The Optical
Society). (c) Welded with lumped elements. (Reprinted from Gu, S., J.P. Barrett, T.H. Hand,
B.-I. Popa, and S.A. Cummer. 2010. “A broadband low-reflection metamaterial absorber.”
J. Appl. Phys. 108 (6):064913 with the permission of AIP Publishing). (d) Nanocomposites.
(Reprinted under a Creative Commons license from Keshavarz Hedayati, M., M. Abdelaziz,
C. Etrich, S. Homaeigohar, C. Rockstuhl, and M. Elbahri. 2016. “Broadband anti-reflective
coating based on plasmonic nanocomposite.” Materials 9 (8):636).

The absorption mechanism can be associated mainly with the dielectric loss
of the second layer, or the Ohmic loss, caused by the top metallic periodic ar-
rays. In the case of Ohmic loss, size and patterns on the top metallic layer can
affect the bandwidth as a result of multiple resonances and cause broadening. At
a lower frequency, metals have lower loss acting on a perfect conductor, i.e., the
loss of MTMs is related mainly to the lossy dielectric layer [57]. On the other
hand, at a higher frequency, absorption by MTMs is contributed predominantly
by the metallic absorption than in the dielectric layer. For this reason, for
MMPAEs in the visible and the near-infrared regime, a relatively thin dielectric
layer is sufficient, and a number of structural designs adopting top metallic
periodic arrays for MTMs have been developed along this direction. The overall
phenomena of perfect absorption can be described by various theories based
on effective medium approximation [58,59], equivalent circuits [60] and
interference [61].

A homogeneous absorbing medium with complex permittivity and permeability
in contact with the free space (air) is the simplest model of a perfect absorber. When
an EM wave is incident in the normal direction from the free space to the absorbing
medium, the reflectance is given by
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where Z(w) = Ju(w)uy/e(w)ep is the impedance of the perfect absorber and

Zy(w) = \Juoleo is the free-space impedance. When we comprise the perfect ab-
sorber as an MTM to obtain zero reflectance, because a continuous metal film in the
final MTM layer makes near-zero transmission, the impedance matching condition,
Z(w) = Zp(w) and u(w) = €(w), should be satisfied [62]. In other words, the im-
pedance of an MTM should be matched to that of the free space for perfect ab-
sorption. Therefore, the design and fabrication of MTMs for impedance matching
are important factors for determining the performance of MMPAs.

Although the top metallic arrays for MTMs consist of distinct structures that
are spatially inhomogeneous, MTMs may be regarded as homogeneous in a
so-called effective medium approximation. The representative effective medium
theories are Bruggeman’s and Maxwell-Garnett’s models. Bruggeman’s model
takes the condition as

n & — Ee_ﬁ'
25:1 fi——=0.
& + ZEe#

Here, f; and ¢; are, respectively, the volume fraction and permittivity of inclusion
materials i, and g,y is the permittivity of the effective medium [63]. The total sum
of volume fraction is unity, ¥, f; = 1. If we take the Maxwell-Garnet effective
medium theory, the composite medium is regarded as a collection of small par-
ticles distributed in a host medium. Permittivity of the effective medium satisfies
the condition as

Eefj’ — & _ & — &

o + 26, &+ 28

where ¢, indicates the permittivity of the host [64]. Effective media were also used
to describe the excitation of SPP and LSP [65,66], and they may be obtained by
fitting [67].

Another theory for understanding absorption mechanisms by MTMs is to use
equivalent circuits. Although commercial software, which solves Maxwell's equa-
tions numerically, can calculate optical properties of MTMs, such as reflection and
transmission spectra, it would be difficult to figure out a specific dependence of
properties on structural parameters, such as the periodicity, length and width of
MTMs. One of the analytical frames is the equivalent-circuit theory, which replaces
MTMs with equivalent inductors and capacitors based on structural parameters of
the metallic patterns. Fig. 5.2 shows a diagram of the equivalent inductor-capacitor
circuit (LC model), where inductors exhibit mutual inductance between parallel
layers (L,,) and the contribution of drifting electrons (L,). In addition, equivalent
capacitors are connected in series and composed of a capacitor (C,,) in two parallel
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FIGURE 5.2 The schematic diagram of MMPA baseline and its equivalent inductor-
capacitor circuits. (Reprinted with permission from Chen, Y.-B., and F.-C. Chiu. 2013.
“Trapping mid-infrared rays in a lossy film with the Berreman mode, epsilon near zero mode,
and magnetic polaritons.” Opt. Exp. 21 (18):20771-20785. © The Optical Society).

metallic layers sandwiching the dielectric layers and a capacitor (C,) to explain the
gap-capacitance between neighboring metallic patterns [68,69]. Consequently, the
total impedance of the circuit can be obtained as

iw(L, +L,) N
1 —*C,(Ly + L) iwC,,

Ziot = +iw(Ly, + L,).

The resonance frequency of the LC model for MTMs can be obtained from the
condition that the total impedance Z,= 0. Zhou et al. used the equivalent circuit
theory for the unit cell of the metal wire-pair structure [60]. The magnetic resonance
frequency is expressed as

1 1 1 co
C 2JIC  wlfegm,  AlJE

I

where L is inductance, C is capacitance, [ is the length of the short wires, g is the
permittivity in a vacuum, ¢, is the relative permittivity of the area between the
wires, 1, is the permeability in a vacuum, and ¢ is the speed of light in a vacuum.
The length of the metal wire-pair is inversely proportional to the resonance fre-
quency, which helps optimize structural parameters of MTMs. Matsuno et al. also
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applied an equivalent circuit model to MTMs, which results in the enhancement of
understanding for underlying resonance mechanisms [70].

Interference between the upper metallic patterns and the bottom metal thin film
was also suggested as another theoretical possibility for impedance matching in
MMPAs [61]. Strong absorption is interpreted as arising from destructive inter-
ference between direct reflection and multiple reflections that cause light trapping in
MMPA:s.

5.2.2 BANDWIDTH

MMPASs can be classified by the resonance bandwidth of absorption, as described in
Section 5.1. First, narrow-band MMPASs have been widely introduced in the visible
and infrared regimes because of intrinsically narrow bandwidth of SPPs and LSPs
caused by metallic MTMs. In particular, ultra-narrow-band MMPAs have been
developed for applications of high spectral resolution infrared spectroscopy.

Kang et al. presented metal-dielectric-metal nanostructured absorbers with cross-
shaped gold arrays [71]. The absorbers showed full width at half maximum
(FWHM) of 180 nm with near-perfect absorption (7 > 99.7%) at 5.83 um wave-
length. This result demonstrated ultrahigh spectral resolution, which can be applied
to enhance infrared sensing microsystems. He et al. also proposed MTMs for
electromagnetically induced absorption to achieve an ultra-narrow absorption peak
[72]. Fig. 5.3a shows the proposed structure — a metal bar stacked above a metal
film with a long slot. The top bar, which plays the role of a broad-linewidth dipole
antenna, and the bottom slot, which serves as a non-radiative magnetic quadrupole
antenna, were oriented perpendicular to each other for optimal near-field coupling.
Fig. 5.3b shows the simulated reflectance and absorption spectra with respect to the
S parameter, which is the lateral displacement of the top bar with regard to the
symmetry axis of the slot. When § is 70 nm, the absorption peak has a linewidth of
7.5 nm and exceeds 97% of absorption at 420 THz.

MMPA which consists of periodic arrays of infinite-length rectangular dielectric
bars inside a semi-infinite metal was known to accomplish near-perfect absorption
of 99.99% at the resonant wavelength of 1061.1 nm with a high-quality factor of
487 (obtained as the ratio of the peak frequency to the FWHM) [73]. Arrays of
triangular gold nanoribbons on a thin gold layer were also shown to produce 95%
absorption in the visible region with the FWHM of 1.82 nm [74]. Recently, the
dielectric-dielectric-metal structure showed an ultra-narrow absorption with FWHM
of 0.028 nm with a quality factor larger than 50,000 in the near-infrared regime
[75]. These ultra-narrow-band MMPAs can be useful for refractive index sensing
applications.

In contrary to the narrow single-band absorption, various applications, such as
selective optical filters, multiplexing detector arrays and surface-enhanced infrared
absorption sensing require dual and multiple bands. For example, multiple ab-
sorption bands may be used for detection and accurate identification of molecular
species, such as cells or bacteria, with convenience. H-shaped nanoresonators with
stacks of flexible polyimide and gold film substrate have demonstrated dual-band
MMPAs with measured absorption greater than 90% over a range of +50° incidence
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angles in the mid-IR waveband between 3.3 um and 3.9 pm [76]. An asymmetric
cross-shaped structure shown in Fig. 5.3¢, which consists of gold nanoparticles with
a magnesium fluoride (MgF,) film as a spacer layer, generates near-field coupling
between two antiparallel currents at the antenna and the metal film surface. The
structure was shown to enhance electric and magnetic dipole resonance, providing
tunable dual-band MMPA [77]. Fig. 5.3d shows the measured reflectance spectra of
the cross-shaped MMPA, which confirm tunable dual-band absorption with rela-
tively high-quality factors throughout the mid-infrared range.

Because structural parameters of MMPAs are highly correlated to the resonance
wavelength of single narrow resonators, a mixture of dual or multiple resonators
with different designs of unit cells leads to multiple-band or broadband MMPA at
visible and infrared regimes. The overall designs for the mixture can be based on
cut wire [78], multi-sized disk arrays [79], hole array grating [80], periodic cubes
arrays [81], multiple cross resonators [82], vertically aligned hyperbolic nanotubes
[83], stacked double-ring resonators [84], 2D trapezoid cavities [85], nanostructured
patterns [86] and tandem grating [87]. Fig. 5.3e shows the combination of four
patterned tungsten cross resonators with different arm lengths, which causes a
widely tunable absorption band ranging from 3.5 um to 5.5 um. A broadband near-
perfect absorption over 94% was observed experimentally for the combination of
four cross resonators with a period of 1,500 nm and a width of 450 nm, as shown in
Fig. 5.3f. The results imply that the bandwidth of absorption bands may be tuned by
adjusting the structural parameters of MMPAs.

5.3 PERFORMANCE OF VARIOUS MTMS FOR NEAR-PERFECT
ABSORPTION

MTMs have been used to achieve near-perfect absorption characteristics, often in
cooperation with electric and magnetic resonance coupling induced by the designed
structure. Various structures have been suggested for near-perfect absorption, in-
cluding periodic metal arrays, stacked structures and resonators. The combination
of nanomaterials may also produce near-perfect absorption, while metal was re-
cently substituted for dielectric materials in MTMs.

The performance of MMPAs can be estimated with an absorption ratio at the
resonance wavelength and bandwidth that accompanies near-perfect absorption.
These properties depend on structural parameters and material composition of
MTNMs. In this section, we explore the effect of these variations on the near-perfect
absorption performance by investigating light-field resonance coupling.

5.3.1 MEeTALLIC PERIODIC ARRAYS

Most MMPAs are composed of metal-dielectric-metal thin film triple layers where
the top metal layer is patterned with various periodic designs. Periodic metal
arrays on the top and bottom metal film are coupled and give rise to magnetic
resonance depending on the permittivity of the dielectric layer [13]. Fig. 5.4a
shows the simple metal-dielectric-metal thin film structure of MMPAs, which
consists of a periodic array of gold squares and gold thin film with a phase-change
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FIGURE 5.4 (a) Schematic and top view of periodic gold squares MMPA. (b) Simulated
reflectance and absorption spectra for the MMPA, Ge,Sb,Tes dielectric layer with ground
gold layer, and single Ge,Sb,Tes dielectric layer at normal incidence. (Reprinted under a
Creative Commons license from Cao, T., C.-W. Wei, R.E. Simpson, L. Zhang, and M.J.
Cryan. 2014. “Broadband polarization-independent perfect absorber using a phase-change
metamaterial at visible frequencies.” Sci. Repts. 4:3955). (¢) Schematic of MMPA composed
of nanocircle hole arrays. (d) Absorption spectra of the MMPA at the TE and TM modes.
Electric field distributions and the dipole plasmon mode of metal-dielectric-metal structure.
(Reprinted under a Creative Commons license from Wu, P., Z. Chen, H. Jile, C. Zhang, D.
Xu, and L. Lv. 2020. “An infrared perfect absorber based on metal-dielectric-metal multi-
layer films with nanocircle holes arrays.” Results in Phys. 16:102952).

material (Ge,Sb,Tes) layer [88]. Because a dielectric layer with a large imaginary
part of the refractive index can significantly enhance the absorption by increased
coupling to cavity resonance, the Ge-Sb-Te system was, therefore, chosen, which
has a high extinction coefficient over the visible wavelength range [89]. The in-
teraction between square arrays of gold on the top and the thin layer of gold at
the bottom brings about localization of EM fields within Ge,Sb,Tes. The size of
gold patterns and the thickness of the metal-dielectric-metal layer influence di-
polar resonances critically, which affects the impedance matching and can induce
strong absorption, while the square arrays induce polarization-independent ex-
citation of resonance [90]. Fig. 5.4b shows the simulated spectrum of reflectance
and absorption by the proposed MMPAs at normal incidence. The broadband
near-perfect absorption was obtained around 670 nm, with the absorption of
96.8% at 11=610 nm and 96.2% at 1, = 870 nm.

Recently, metal-shell/dielectric-core nanorod arrays were proposed as near-
perfect absorbers in the near-infrared regime [91]. Ag-shell/dielectric-core nanorods
with an Ag thin film layer produce SP resonance (SPR) and cavity plasmon re-
sonance, which, in turn, give rise to effective coupled-mode, thereby providing
near-perfect absorption. Strong LSP enhancement in the gap and cavity regions of
nanorod results in near-perfect absorption with an extremely narrow bandwidth.
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The proposed structure develops dual-band absorption spectrum as well as tun-
ability of near-perfect absorption with various materials for dielectric core and
diverse geometrical parameters of Ag-shell/dielectric-core nanorod, e.g., lattice
constant, shell thickness, outer radius and height. When the proposed Ag-shell/
dielectric-core nanorod was operated as an SPR sensor, sensitivity and figure of
merit were obtained as 757.58 nm/RIU (RIU is the refractive index unit) and 50.51
(RIU™"), respectively.

Periodic metal arrays include more than nanopost or nanorod arrays. Nanocircle
hole arrays can be easily applied to the implementation of fundamental metal-
dielectric-metal multi-layer perfect absorbers [92]. Fig. 5.4c shows a schematic
diagram of a MMPA, which consists of a gold-SiO,-gold multilayer with a nano-
circle hole in each unit cell on an Si substrate. Radius of nanocircle holes is opti-
mized to be R = 130 nm with the lattice constant set to be P = 500 nm. With an
optimized structure, 99.8% near-perfect absorption was obtained at the resonance
wavelength of 955 nm, as shown in Fig. 5.4d. Fig. 5.4d also shows the calculated
electric field distribution of the proposed structure in the lateral (xy) and axial (yz)
plane. With field enhancement within interface between gold and air at about
25 times, the resonant absorption was produced in connection with dipole plasmon
modes and trapping of electric fields in SiO, and nanocircle hole as a result of LSP
excitation. The absorption characteristic was determined to be independent of light
polarization and incidence because of structural symmetry.

5.3.2 STACKED STRUCTURE

Broadband near-perfect absorbers in infrared and visible regimes have been in-
vestigated with stacked structure. Mao et al. have proposed a broadband near-
perfect absorber, which is composed of alternating metallic grating and dielectric
layers on the metallic substrate in the visible region [93]. This structure uses three
symmetric Ag gratings and SiO, spacers with different widths. Average absorption
was obtained as 95.2% in the range from 350 nm to 650 nm and reaches 99.9% at
the wavelength of 370-450 nm. Near-perfect absorption is attributed to three me-
chanisms, i.e., excitation of SPPs at the Ag-air interface, Fabry-Perot resonances in
the slits of grating and magnetic polaritons in the SiO, layer. The proposed structure
can be applicable to solar energy harvesting.

A novel ultra-broadband near-perfect absorber has also been investigated based
on stacked structure in the range of visible to middle infrared wavelength [94].
Fig. 5.5a shows the proposed structure, which consists of a top Ti circular disk, one
single SiO dielectric layer, two Fe-SiO layers, and a bottom Fe mirror layer. The
MMPA exhibits average absorption higher than 97.2% in the range of 400-6,000
nm (from visible to mid-infrared wavelength), as shown in Fig. 5.5b. The band-
width of absorption over 90% attains almost 5,500 nm, and high absorption is
maintained regardless of polarization for light incidence smaller than § = 55°. The
result provides wider bandwidth than previously reported broadband MMPAs in the
range of visible to mid-infrared wavelength [95-99]. Strong LSP induced around
the two edges of the top Ti disk and two Fe layers exhibits broadband absorption at
different resonant frequencies. EM oscillation within a short wavelength range of
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FIGURE 5.5 (a) Schematic of the stacked MMPA. (b) Absorption spectrum of the MMPA
(red solid line) compared to that of the planar structure (black dashed line). (Reprinted under
a Creative Commons license from Liu, J., W. Chen, J.-C. Zheng, Y.-S. Chen, and C.-F. Yang.
2020. “Wide-angle polarization-independent ultra-broadband absorber from visible to
infrared.” Nanomater. 10 (1):27).

about 400-1,500 nm is mainly caused by the top Ti disk. On the other hand, the
lower Fe layer is responsible for enhanced EM oscillations at longer wavelength.
The MMPAs may find potentials in photodetector, thermal emitters, infrared
cloaking and solar energy harvesting.

5.3.3 RESONATORS

We now explore resonators as top metallic layers instead of simple metallic periodic
arrays, such as gold square posts, nanorods and nanocircle hole arrays, as mentioned
in Section 5.3.1. Landy et al. used electric ring resonators for the top periodic
structure to construct MMPA at the microwave regime [14]. An electric ring re-
sonator, which creates electric and magnetic resonance combined with cut wires,
becomes highly absorptive over a narrow frequency range. The general principle
can be extended to the range of visible and infrared wavebands.

We start by describing a simple cross resonator designed for MMPAs. Ma et al.
theoretically and experimentally investigated MMPA composed of a gold cross
resonator, which operates in the mid-infrared regime [100]. First, the absorption
characteristics of periodic single crosses were calculated with an arm length and
width of 1,000 nm and 200 nm, respectively, when deposited on 190 nm SiO,
and the bottom gold ground plane layer. Strong coupling to the localized electric
field in the dielectric spacer at the butt of the cross arm and magnetic response by
antiparallel currents in the cross and the ground plane result in dielectric loss [28].
The maximum absorption reaches 99.7% at 4.5 um due to the resonance, while
FWHM is a mere 0.61 um, corresponding to a quality factor set to 7.43.
Furthermore, broadband absorption was also investigated using multiplexed
cross resonators with four different arm lengths of 880 nm, 800 nm, 720 nm
and 640 nm, as shown in Fig. 5.6a. Since near-perfect absorption was obtained at
4.04 pm, 3.73 um, 3.43 um and 3.14 um for each cross resonator, a merged
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structure with multiplexed cross resonators was shown to generate a much wider
absorption band covering mid-infrared wavebands from 3 um to 5 um, with ab-
sorption higher than 50%. Fig. 5.6b shows the calculated absorption spectra of
single and multiplexed cross resonators. The spectra present combined four peaks
and power loss density at four absorption peaks at various wavelengths. In the
case of multiplexed cross resonators, the absorption spectrum exhibits a small red
shift of peaks compared with that of individual crosses [101]. The red shift is
caused by the coupling effect between neighboring metallic crosses, which does
not affect overall high-absorption characteristics.

In the visible range, broadband MMPA with a meander-ring-resonator was
investigated [102]. The structure consists of a periodic tungsten meander-ring-
resonator on dielectric SiO, layer and continuous tungsten film. The absorption
covers the whole visible range at about 90% from 370-854 THz. The strong ab-
sorption is attributed to the excitation of LSP, propagating SP and guide-mode
resonances [81,103,104]. Concentric multi-split circular ring resonators were also
proposed as a broadband MMPA in the visible range [105]. The MMPA is com-
posed of an array of gold concentric multi-split circular rings and plane mirror that
are separated by a SiO, dielectric spacer layer. Numerical simulation shows that the
absorption reaches 97.2% over the wavelength range from 580 nm to 800 nm re-
gardless of the light polarization. Strong resonant coupling and overlapping of re-
sonant frequencies in multi-rings accompanied near-perfect absorption. A gold
mixed-slot resonator was also demonstrated for polarization-independent wide-
angle broadband MMPAs in the visible range [106]. The strong broadband ab-
sorption stems from the excitation of SPP due to the dielectric layer arrangement
and thickness, and also the LSP, which is mainly affected by the shape and size of
lattice geometry. Propagation of SPP is also related to the interference of multiple
waves scattered by slot arrays.

Recently, Yi et al. have demonstrated a dual-band MMPA in the infrared regime,
which consists of four rectangular graphene resonators with a ring, as shown in
Fig. 5.6¢ [107]. The proposed MMPA is based on a periodic graphene resonator and
was experimentally implemented by depositing SiO, and gold mirror layers on a
Si substrate [108]. Fig. 5.6d shows two resonance absorption modes observed at
A1 = 2.5 um and 4, =74.5 ym with 99.4% and 99.9% absorption, respectively.
Localized electric field intensity appears mainly at the outer ring, inner edges and
corners of the graphene structure. The distribution represents dipole and quadrupole
resonance modes excited in the graphene resonator. The graphene-based MMPA
can be used for tuning the absorption spectrum with different Fermi level (Er) and
relaxation time (r) without changing geometric structures. The peak absorption
wavelength is blue-shifted as the Fermi level Ep increases and the peak width
narrows down with an increase of relaxation time z.

5.3.4 NANOCOMPOSITES

The periodic resonators or stacked structures often need complicated fabrication
processes such as electron-beam lithography or focused ion beam milling.
Therefore, MMPAs based on these structures suffer from high cost and lack of
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flexibility. However, if nanocomposites that consist of nanoparticles of one material
or multiple materials in a mixture are used in a stacked metal, MMPAs can present
almost 100% absorption with relatively simple fabrication steps at low cost, and
be compatible to current standard fabrication methods. Metallic nanoparticles
excite LSPs in the course of Mie scattering, thereby producing high absorption.
Resonance bandwidth can be controlled by size, shape, density and distribution of
nanoparticles [109-113].

Basic structures of nearly percolated film of nanocomposites (Au/SiO,) de-
posited on dielectric (Si0,) and thick metallic layer (Au) on a Si or glass substrate
have been widely investigated as MMPAs within the whole visible spectrum
[51,114,115]. In addition to Au/SiO, nanocomposites, those composed of Copper-
PTFE (polytetrafluoroethylene) were used to implement a broadband MMPA and
showed an average absorption of 97.5% in the whole visible range [116]. Because
nanocomposites can be prepared as an extremely thin film, MMPAs using nano-
composites have a potential to be fabricated on a flexible substrate and provide
an outstanding candidate for anti-reflection coating.

Recently, a SiO, dielectric layer, which is limited when converting absorbed
light energy into electron-hole pair generation, was alternated with Ge-Sb-Te
phase-change materials, a family of chalcogenide semiconductors, in the photo-
nics applications, such as multilevel storage, displays and integrated nanophotonic
systems [117]. Chalcogenide semiconductor thin-film MMPAs have also been
investigated in the mid-infrared and visible ranges [88,118,119]. Cao et al. in-
troduced MMPA showing polarization-independent absorption at ~92% that op-
erates in the spectral region from 400 nm to 1,000 nm using gold nanoparticles
clustered on a 35 nm thick Ge,Sb,Tes (GST225) chalcogenide film [120].
Fig. 5.7a,b present a schematic diagram and a SEM image of MMPA, which
consists of gold nanoparticles coupled to a GST225 thin film with a thin SizN,
protective layer. Coupling between plasmon modes in gold nanoparticles and the
lossy GST225 dielectric film results in high broadband absorption in the visible to
near-infrared spectrum, as shown in Fig. 5.7c.d.

5.3.5 DIELECTRICS

Most MMPAs are based on metal-dielectric-metal nanostructures, as discussed in
the previous section. However, semiconductors have recently been highlighted as
favorable alternatives to metals in plasmonics in the infrared region. Among many
semiconductor materials, silicon has a great chance to integrate MMPAs to photonic
devices, such as sub-wavelength interconnects, modulators and emission sources
[121,122].

Gorgulu et al. demonstrated ultra-broadband mid-infrared MMPA purely based
on silicon [123]. The proposed MMPA is composed of periodic silicon grating that
is arranged on silicon dioxide and silicon substrate, as shown in Fig. 5.8a. Fig. 5.8b
shows simulated reflection, transmission and absorption spectra of the MMPA at
normal incidence with a period of 7 um and 8 pm. Two different samples produced
broadband absorption in the wavelength range of 5-18.8 um and 5.4-20 um with a
period of 7 uym and 8 um, respectively. The absorption was higher than 90% on
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FIGURE 5.7 (a) Schematic of the nanocomposite MMPA composed of gold nanoparticles,
a thin Si3;N, protective layer, and the amorphous GST225 film. (b) SEM image of fabricated
device. (c) Measured and (d) simulated absorption spectra of the nanocomposite MMPA
at normal incidence. (Reprinted with permission from Cao, T., K. Liu, L. Lu, H.-C. Chui, and
R.E. Simpson. 2019. “Large-area broadband near-perfect absorption from a thin chalco-
genide film coupled to gold nanoparticles.” ACS Appl. Mater. & Interf. 11 (5):5176-5182.,
Copyright 2019 American Chemical Society).

average. Ultra-broadband absorption is associated with superposition of grating-
induced silica-side propagating SP and gap-plasmon modes due to the cavity be-
tween silicon layers. Weng et al. also proposed an all-dielectric MMPA with two
coupled sub-wavelength silicon nanodisk resonators embedded in a low dielectric
constant silicon dioxide material [124]. The peak absorption of this MMPA was
higher than 99%, with a bandwidth of 60 nm in the infrared regime. The silicon-
based MMPAs have potentials as infrared sensors, imagers and enhanced spec-
troscopy elements with simple fabrication and optoelectronic integration compatible
with the CMOS technology.

An all-dielectric Ge-based MMPA was also proposed as an ultra-thin semi-
conductor film because Ge has a high refractive index and, therefore, shows con-
siderable absorption in the near-infrared region [125]. An all dielectric Ge MMPA
composed of square arrays of Ge disks on a CaF, substrate was demonstrated to be
independent of light polarization for an angle of light incidence above 28° with
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MMPA with periods of P = 7 pm and P = 8 um. (Reprinted under a Creative Commons
license from Gorgulu, K., A. Gok, M. Yilmaz, K. Topalli, N. Bryikli, and A.K. Okyay. 2016.
“All-silicon ultra-broadband infrared light absorbers.” Sci. Repts. 6:38589).

absorption over 80% in the near-infrared region (800-1,600 nm) [126]. Near-
perfect absorption is attributed to the destructive interference between the electric
and magnetic dipoles excited inside each metasurface element and also to the
interference between the scattered and incident fields.

5.4 APPLICATIONS OF NEAR-PERFECT ABSORPTION IN THE
VISIBLE AND INFRARED RANGE

Until now, we have explored various MTM structures that exhibit near-perfect
absorption characteristics. The MTM structures can find useful applications in
various areas. Here, we describe some of the major applications that have used
near-perfect absorbers, for example, sensing techniques where MTMs can be used
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to detect concentration changes of various materials. We also address MTMs in
solar cells, light-emitting diodes and other applications.

5.4.1 SENSING

In this sub-section, we focus on sensing techniques using a near-perfect absorber
based on sub-wavelength periodic nanostructures that may be difficult to fabricate.
For this reason, many researchers have studied near-perfect absorbers in the giga-
hertz to terahertz range. In 2010, Liu et al. proposed a metal-insulator-metal
structure including gold disk arrays, an MgF, spacer and a gold film mirror as a
perfect absorber that is polarization independent and operates for a wide range of
incidence angles at wavelength 1.6 um, as shown in Fig. 5.9a,b [127].

In terms of figure of merit, the structure using gold disk arrays was suggested to
outperform that of gold nanorods by almost 4 times [128]. They showed the po-
tential of a metal-insulator-metal structure as a glucose sensor. After this pioneering
work, various metal-insulator-metal structures, cross-shaped aperture [129], four-
tined rod resonators [130], U-shaped antenna with nano-bar [131] and nanorod
combinations [132,133] have been reported as refractive-index sensors in the fre-
quency ranging from gigahertz to terahertz. As an example, the use of nanorod
combinations for refractive-index sensing is shown in Fig. 5.9c,d. In 2011, although
MTM structures for the visible wavelength are, in general, difficult to fabricate, Tittl
et al. reported a palladium-based plasmonic perfect absorber for hydrogen sensing,
as shown in Fig. 5.9e-h [134]. They used palladium grating to detect hydrogen and
obtained enhanced sensing performance with metal-insulator-metal structures that
consisted of a 65 nm MgF, spacer and a 200 nm gold film. Absorption of 99.5%
at wavelength 650 nm was reported, with a detection limit of 0.5% H,. Furthermore,
many studies have used a near-perfect absorber for surface-enhanced Raman
spectroscopy and surface-enhanced infrared spectroscopy to detect single molecules
and chemical reactions [77,135-137].

5.4.2 SoLAR CELLS

Near-perfect absorption can make a great contribution to improving the efficiency
of solar cells. For this reason, broadband MTM absorbers were studied for solar-cell
applications in the past decade [138-142].

In 2012, Wang et al. used amorphous silicon and perforated silver film to im-
plement highly absorbed solar cells for the entire visible range [143]. Fig. 5.10a
shows a honeycomb (top) and checkerboard array (middle), which act as a perco-
lation threshold structure changing from islands to holes. The reflectance with re-
spect to the wavelength and width of the perforated silver film is presented in Fig.
5.10b. The optimized checkerboard super-absorber structure shows low reflectance
(see Fig. 5.10c) and high absorption (see Fig. 5.10d) in the visible range. In 2016,
Azad et al. reported complex gold resonator arrays to demonstrate a broadband,
wide-angle and polarization-independent absorber, which achieves absorption
higher than 90% in the wavelength range from visible to near-infrared waveband;
yet, it shows low extinction at a long wavelength [144]. Fig. 5.10e shows the
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schematic of the suggested structure, while Fig. 5.10g is a SEM image of the
fabricated absorber. The simulation results of the spectrum produced by the sug-
gested complex gold resonator arrays are shown in Fig. 5.10f. Experimentally
measured results that show absorption higher than 90% in the wavelength 450 nm <
A <920 nm are in excellent agreement with the simulation, as shown in Fig. 5.10h.

5.4.3 LIGHT-EMITTING DIODES

A light-emitting diode is another application for which MTMs can be useful.
Plasmon resonance, induced by MTMs, allows the mechanism of light out-coupling
to be controlled [145]. Al nanoparticle arrays embedded in the color conversion
layer in solid state lighting devices were reported to have enhancement of light
generation and out-coupling [146].

Recently, Al nanodisc arrays have been used to tune the emission color of organic
light-emitting diodes (OLEDs) and increase the current efficiency by balancing the
ohmic damping of LSPR and collective lattice resonances [147]. Fig. 5.11a shows the
schematic of OLED with Al nanodisc arrays on ITO. A SEM image of Al nanodisc
arrays is also presented in Fig. 5.11b. Al nanodisc arrays are overcoated on a 50 nm
thick CuSCN layer, as shown in Fig. 5.11c. Fig. 5.11d shows the measured and si-
mulated extinction spectra, which determine the spectral position of collective lattice
resonance where the electroluminescence is selectively enhanced, as shown in Fig.
5.11e. Using this MTM structure, the current efficiency of blue-emitting phosphorescent
OLED was obtained up to 35%. Ding et al. applied a plasmonic cavity with a sub-
wavelength hole array, which shows the enhancement of light radiation and broadband
absorption, to OLEDs achieving 1.57-fold enhancement of quantum efficiency and 2.5-
fold higher ambient light absorption, compared to the conventional OLEDs [148].

5.4.4 OTHER APPLICATIONS

MMPAs can be useful in applications other than sensing, solar cells and light-
emitting diodes, for example, for implementation of spatial light modulators [149]
and photodetectors [150] and in stealth technology [35,151] and imaging [152].

Chen and co-workers proposed a prototype spatial light modulator based on
a pixelated hybrid graphene metasurface that includes gold antenna arrays, amor-
phous silicon spacers, Al,O3 gates and gold thin films, as shown in Fig. 5.12a. The
optical response of these structures was modulated by switching graphene con-
ductivity, as shown in Fig. 5.12a,b. They used the device for single pixel imaging.
The setup and reconstructed images are shown in Fig. 5.12c¢,d. In plasmonic de-
vices, hot electrons, induced by the non-radiative decay of SP, have been used in
photocatalysis [153—-156], photovoltaics [157-159] and photodetectors [160—162].
In 2014, Li and Valentine reported MMPA-based photodetectors with hot electrons
[150]. The photodetectors improve optical absorption using 15 nm plasmonic film
with an n-type silicon 2D grating substrate, as shown in Fig. 5.12e,f. It was reported
that the efficiency of the hot electron transfer process was enhanced with high
photo-responsivity. A broadband, omnidirectional and polarization-independent
response was also demonstrated, as shown in Fig. 5.12g-i.
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FIGURE 5.12 Various applications based on a near-perfect metamaterial absorber.
(a) Schematic of the hybrid graphene perfect absorber. (b) Experimentally measured re-
flection spectra according to different gate voltages. (c) The single-pixel imaging system
using the suggested spatial light modulator. (d) The imaging results of a cross-shaped object.
(Reprinted under a Creative Commons license from Zeng, B., Z. Huang, A. Singh, Y. Yao,
A.K. Azad, A.D. Mohite, A.J. Taylor, D.R. Smith, and H.-T. Chen. 2018. “Hybrid graphene
metasurfaces for high-speed mid-infrared light modulation and single-pixel imaging.” Light:
Sci. & Appl. 7 (1):51.) (e) Schematic and (f) SEM image of the polarization-independent
MMPA photodetectors. (g) Experimentally and simulated absorption spectrum of the
photodetectors. (h) Numerically calculated optical absorption spectrum with p- and
s-polarizations. (i) Experimentally and calculated photo-responsivity spectrum of the pho-
todetectors. (Reprinted with permission from Li, W., and J. Valentine. 2014. “Metamaterial
perfect absorber based hot electron photodetection.” Nano Lett. 14 (6):3510-3514.
Copyright 2014 American Chemical Society).
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5.5 CONCLUDING REMARKS

In this chapter, we presented absorption characteristics of MMPAs and showed
many applications in which MMPAs can be useful using diverse structures in the
visible and infrared range. Metal-dielectric-metal multilayers have been widely
investigated for MMPAs, and periodic top metallic structure plays an important
role, which brings about the excitation of SP. Many studies of MMPA were con-
ducted in the past with varied structural parameters such as periodicity, width,
length and size of MTMs so that absorption wavelengths can be tuned for custo-
mization. Multiplexed structures have led to multiple-band and broadband near-
perfect absorbers for various applications such as selective optical filters, multi-
plexing detector arrays, surface-enhanced infrared absorption sensing and solar
cells. Moreover, all-dielectric MMPA shows near-perfect absorption characteristics
in the infrared region substituting metallic structure, which allows simple fabrica-
tion and optoelectronic integration compatible with CMOS technology. The cap-
ability of near-perfect absorption by MTMs has been widely applied to diverse
optoelectronic devices: for example, selective acquisition of a single molecule
signal for sensors and spectroscopy, solar energy harvest for solar cells, enhance-
ment of light emission in light-emitting diodes, optical imaging and photodetection.
In the future, the properties and performance of MTMs for near-perfect absorption
are expected to be topics of more intense investigation in wider research areas,
combined with the development of nanotechnology, and to find more applications
for photonic devices.
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6.1 INTRODUCTION

The innovation of the new generation of artificial materials has contributed to
technological developments in materials science. The so-called metamaterials
(MTMs), which owe their unnatural phenomena to light—-matter interactions, were
theoretically proposed by V. G. Veselago in 1968 [1]. So far, the mechanical MTMs
[2], acoustic MTMs [3] and thermal MTMs [4] have enabled numerous practical
applications in communication, energy harvesting, health care, recycling energy,
self-driving motion, civil services and more [5-16].

A new branch, the so-called metamaterial perfect absorbers (MMPASs), which
was first realized by Landy et al. in 2008 under the concept of sub-wavelength
artificial materials, has grown because MMPAs can completely consume the energy
of incident electromagnetic (EM) waves. In particular, the unit-cell size of MMPAs
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was miniaturized to be far smaller than that of traditional absorbers (involving
wedge absorber, ferrite, natural composite materials, etc.) [17-19]. Moreover, be-
cause of their flexibility of structure, MMPAS can be controlled from the microwave
to the optical region of the EM spectrum.

Because of the revolution of 5G-communication technology, the development
of telecommunication devices based on MMPAs has become a serious issue
in the lower frequency bands. Low-frequency MMPAs (LFMAs) are not only
used for camouflage, but also are applied to various fields, such as improved
readability within radio-frequency identification (RFID) portals [20,21], power
imaging [22], chip-less RFID tags [23] and sub-GHz wireless systems [24].
However, for real applications of LFMAs in the radio region, the scale-down
of reported structures is a huge challenge due to the limitation of permitted di-
mensions for the unit cell. For instance, in Costa et al. [25], the LFMA has a
periodic unit-cell dimension of ~A/2 and a thickness of ~A/44 at 686 MHz, where
A is the operation wavelength. In many situations, these sizes are still too large
to be applied to the practical devices operating in lower bands [VHF-UHF TV,
FM radio, navigation aids, cell phones and GPS (30 MHz — 3 GHz) gadgets].
Therefore, new technologies integrated with LFMAs are being investigated
so that they can be used in the real-world products.

6.2 SCALING DOWN OF THE SIZE OF LFMAS
BY OPTIMIZING STRUCTURES

Generally, the peak position of an LFMA is designed with the equivalent effective
inductor of inductance L.¢ and the equivalent effective capacitor of conductance

Cesr by using formula f= 1/27,/L.y Cor [26,27]. Thereafter, Leg is defined by

the unit-cell pattern, whereas C is further optimized by the coupling between
parallel metallic plates. However, broadband LFMAs are more complicated and
harder to be achieved than single- or multi-band ones. The current miniaturization
of LFMAs is mainly conducted under the condition of enhancing the values of
Cegr and Legr simultaneously. Following this idea, Cao et al. [28] proposed a model
of thin LFMAs in the L-band (1-2 GHz), whose unit cell consists of a pair
of electric ring resonators (ERRs) and the complementary ERR (CERR) with
a high dielectric substrate sandwiched in between. As shown in Fig. 6.1, two
key parameters are taken for the miniaturized LFMA: the short CERR and the
high permittivity substrate (permittivity of 100 and low loss tangent of 0.004).
Consequently, as presented in Fig. 6.2, the near perfect impedance matching
is observed at 1.264 GHz, and the absorption coefficient is equal to near-unity,
whereas the reflection and the transmission coefficients are close to zero. In this
case, the ultrathin thickness is only around 0.4% of the wavelength with a quite
narrow frequency band. Theoretically, this type of absorber can exhibit a good
absorption (over 90%) in a wide incident angle range up to 49°.

Optimization of a small or thin pattern on the metasurface has emerged as an
efficient tool that further reduces the unit-cell dimensions of LFMAs [29-33]. For
instance, we demonstrated an ultrathin LFMA, which had a thickness of only 0.41%
of the absorption wavelength, by increasing the effective capacitance through the
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(a) Front view Side view Back view

Copper foil

Copper foil

FIGURE 6.1 Schematic of proposed L-band LFMA for (a) ERR and CERR patterns and for
(b) combined unit cell. The optimized geometrical values were a =a; =72, a, =74, w=w; =7,
c=1,¢c.=18,g=25,8.=139,d=1, and d. = 7.4 mm. The dielectric constant of substrate
was chosen as ¢ = 100 + 0.4i [28]. Reprinted with permission from Cao et al. [28].

large cross-section metasurface in the VHF band (30-300 MHz). The absorption was
maintained at over 90% for the oblique incident angle (up to 45°) and for
polarization-independent behavior [30]. In addition, we optimized a small-size LFMA
operating at radio frequency using a spatial wire to enhance L. [34,35]. The ab-
sorption feature was created by the magnetic resonance appearing at a very low
frequency, where the periodicity and thickness were miniaturized as 5.8% and 1.38%
of the absorption wavelength at 377 MHz, respectively. We found that the length
of the zig-zag wire, which induced a large L. due to the long-moving length of the
surface current, plays an important role in obtaining the small-size absorbers [35].

6.3 FABRICATION OF LFMAS, ALLOWING MORE
FUNCTIONALITIES

Most MMPAs have been realized generally on rigid substrates, such as FR-4
[17,36], silicon [37,38] and vanadium oxide [39]. Because these materials are
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inflexible, recent hard MMPAs are limited to only planar surfaces. On the other
hand, a few advanced MMPAs, based on flexible substrates (polyimide), have been
proposed [40—42]. To fabricate the MA structure on a polyimide substrate or any
other flexible material, researchers have used photo-lithography, where the tradi-
tional masks and laminated printed-circuit boards are preferred.

Inkjet printing technology (IPT) has been employed for the development of some
LFMAEs, since this led to quick, low-cost and easy fabrication for the low-frequency
band and has been used for many relevant electronic components [43—60]. IPT
has been featured in the literature by showing a series of successfully fabricated
samples of antennas [46,49,50,54-56], RFID tags [43,44,59,59,60] and MTMs
[47,51,56,57]. For IPT, both special material printers and modified conventional
inkjet printers have been employed. By using very-low-cost inkjet printing setups,
which comprise the standard printers loaded with metal-based inks, the fabrication
errors need to be considered carefully, and these errors often put limitations on
the design procedure [56]. The typical conductivity issues can be mitigated partially
via post-processing (e.g., heat curing after printing), and very good flexibility is
achieved by selecting the proper ink type (e.g., metal/liquid ratio) and substrate
(e.g., type of photograph paper). Flexible, cheap and environmentally friendly
components can be fabricated in such optimized fabrication setups, whereas the
structures should still be carefully designed to overcome the inherent limitations in
printing resolution [57].

One of the pioneering studies that applied the inkjet printing technique to
LFMAs was suggested by Kim et al. [61]. In this work, they designed a flexible
MMPA on a polymer film, and the conductive patterns were inkjet-printed using
silver-nanoparticle inks. Compared with previous lithography-fabrication processes,
the inkjet-printing one is very fast, simple and inexpensive because the pattern can
be printed from a graphic file, even using a home printer. In addition, no chemical
waste is generated, no post-processing is necessary, and no additional cost is
needed. Therefore, IPT is very useful in realizing printing on flexible materials,
such as polymer films and papers. To demonstrate the flexibility, the inkjet-printed
MMPA was deployed on a cylindrical object in their study. At 9.21 GHz, the
simulation and the measurement results for both the absorber models showed
an absorption exceeding 99%, and the results were in good agreement at the re-
sonant frequency. Afterward, another study was devoted to the fabrication of thin,
polarization-independent and multi-band frequency-selective structures (typically
in a low-frequency band from 2 GHz to 10 GHz) that were also suitable to
be fabricated via very-low-cost inkjet printing [62]. These structures needed to be
made of multiple (unconnected) elements that were easier to print and were based
on resonating structures, as shown in Fig. 6.3.

Along with the innovation of optimizing LFMAs, origami and kirigami,
Japanese art forms that date to at least the 17th century, could be regarded as
potential candidates to motivate more unique patterns and shapes for LFMAs from
paper folding (ori- means folding) and cutting (kiri- means cutting). Origami and
kirigami inspire engineers to design active materials and smart structures that are
bent, stretched and curved by overcoming traditional design constraints and by
rendering products and systems with remarkable performance characteristics and
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FIGURE 6.3 (Top panel) Fabrication and test of MA structures including the U-shaped
resonators. (a) Inkjet printer and standard oven for heat curing. (b) Printed samples (layers).
(c) A focused view on the printed U-shaped resonators. (d) Measurement setup, including
two horn antennas. (Bottom panel) Simulated and measured power transmission coefficient
for the structure. Both (a) left-handed and (b) right-handed circularly-polarized illuminations
are considered [62]. Reprinted with permission from Eris et al. [62].

features. These techniques offer promising approaches to control mechanical,
acoustic and EM properties through reconfigurable functionalities [63-67]. Due
to shape change and simple tailoring of topology characteristics, origami- and
kirigami-based MTMs have been proposed as a solution to create deployable
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continuous-state tunable structures, in which an origami pattern enables the
change in the overall shape of the structure, thereby realizing the on-demand
reconfigurability. For example, origami can be used to achieve tunable chirality
and a frequency-selective surface, whereas kirigami brings interesting results
of flexural wave control and reconfigurable toroidal circular dichroism, as shown
in Fig. 6.4 [68].

Although researches have achieved early results, the current IPT still has some
limitations that need to be assessed, such as the conductivity of ink after manu-
facturing and processing, the capability of different types of metallic nano-inks,
and the dielectric loss and material behavior, based on high-order resonances and
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FIGURE 6.4 (a) Multi-functional and (b) active (tunable) MTMs by using origami tes-
sellation [68]. Reprinted with permission from Li et al. [68].



156 Metamaterials

integration with two-dimensional advanced materials (graphene, MoS,, WS, and
more). In addition, although the MTM structures based on origami and kirigami
provide undeniable advantages, especially in the field of mechanical engineering,
the application of origami and kirigami resonances is limited due to difficulty se-
lecting the folding model or IPT with high practical capability, the mechanical
support system, and tunability within the allowed time domain. Therefore, we
predict that more effective models of origami and/or kirigami LFMAs will be
explored soon, as well as improved manufacturing technology to bring MTM
devices into practical operation in the low-frequency region.

6.4 MINIATURIZATION OF LFMAS BASED ON INTEGRATED
PARASITIC ELEMENTS

During the past decades, LFMAs have been miniaturized quickly by several
techniques in terms of integrated parasitic elements, including the hybridization
method of multi-resonances [69-72,73], low-conductive materials [74-77], flex-
ible substrates [61,78,79] and lumped electronic elements (resistor, capacitor,
inductor, etc.) [80-89]. These efforts have been made toward improving future
LFMAs, and broadband absorption and ultra-small unit cells are simultaneously
expected at lower frequencies. Since the lumped LFMAs have more control over
the internal models due to their unchanged EM properties, they are considered
to be advantageous in creating new applications in civilian and military tasks.
In this regard, Zhang et al. demonstrated a tunable LFMA by applying a bias
voltage [89]. As shown in Fig. 6.5, they confirmed that the resonance state was
excited and the absorption peak was tuned with a parasitic resistor (600 ) and
capacitor (0.5-5 pF). Fig. 6.6 presents the measured results, which can be tuned
from 0.68 GHz to 2.13 GHz (reflection less than —10 dB). In particular, the total
thickness (6 mm) is only 3.3% of the center wavelength.

Meanwhile, we also proposed some efficient models of perfect absorption by
MTM by means of simultaneous optimization of perfect impedance matching
and fundamental magnetic resonances in the VHF and UHF bands (0.1-3.0 GHz).
These works explain how we reduce effectively the size of single-/dual-/triple-/
broadband LFMASs by integrating parasitic capacitors through interconnects and
low-conductive polymers [74,75,81,81,87].

As shown in Fig. 6.7, we commenced an efficient solution for an ultrathin,
flexible and broadband LFMA operating from the VHF radio to Bluetooth/LTE
band (200—4,000 MHz) [74]. The active role of low-conductivity material was
integrated in our proposed absorber, instead of using only the usual passive role of
continuous metallic layer in the traditional sandwiched structures. This new im-
provement for common MMPAs let the energy of incoming EM waves (from 0.2
GHz to 3.6 GHz with a fractional bandwidth of 179%) be consumed totally inside
an extremely small unit cell (the thickness and periodicity were 1,362 and 72 times
smaller than the longest operating wavelength, respectively). Additionally, the
proposed hybrid LFMA could absorb the incoming EM wave in a broadband fre-
quency, up to 40° of the incident angle and for the overall polarization angles of
normal-incident wave.



Advances in Metamaterials 157

() o, R ——

-5 Vg

-10 J,lh 4 -o-0.5 pF
~ 15 ] 1'“ ll |, —o-1 pF
Q LWl W l =>2 pF
=201 1y ! i) '/ -+ 3 pF
= -25 4 (' ¢‘ \" - 4 pF
5 | —~5 pF
9D -30 !
S ' |
x -35 ' )

-40 :

-45 : : ; ;

05 1.0 15 20 25 3.0

Ground plane

Frequency(GHz)

y=m— Acos(ax) 5]
-
A y(mm) - 300 Q
| 101 —o- 600 Q
| o -15 1 T —i- 900 Q
| k= 20 - h -»=1200 Q
= " ——~1500 Q
: X 2 25 a
> @_’ -30 :
10 & 35 i
-40 :
-45 . : . .
0.5 1.0 15 2.0 25 3.0
- Frequency(GHz)

FIGURE 6.5 [Left panel] Schematic geometry parameters of the proposed tunable LFMA
with (a) three-dimensional view of single unit cell, and (b) curve of metallic pattern.
Optimized parameters are: p =30, hy =1, h, =5, w=2,g=1,m=14,A=12,x=08,y=1,
a = /10 mm. [Right panel] Dependence of the simulated reflection on a parasitic element:
(a) R and (b) C, [89]. Reprinted with permission from Zhang et al. [89].

Among these suggestions, the next generation of ultrathin and angularly stable
LFMAs, which have an extremely thin thickness (0.12% of the operating wave-
length at 102 MHz, for example), has received the most attention [75,81]. All
proposed LEFMAs meet high requirements of a wide range of incident angles (from
30° to 55°) and polarization-independent performance, and they satisfy the practical
applications.

6.5 EM BEHAVIOR IN CONVENTIONAL LFMAS

First of all, investigations of MTMs were mostly demonstrated from the frequency
regions ranging from GHz to optical. The most pressing issue, then, was how to
devise MTMs working in the low-frequency region, such as a few GHz or MHz,
and attract more interests. Unfortunately, since the operational wavelength is in-
creased in the low-frequency range, the unit-cell size of MTMs is also larger.
To overcome this obstacle, researchers review the nature of resonance in MTMs,
which is described by the equivalent LC-circuit model.

In some pioneer works, researchers exploited the dependence of resonance
frequency on inductance by optimizing the geometry of MMPAs [34,35]. The key
idea was that, if the MMPA structure could support a long motion path of induced
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FIGURE 6.6 [Top panel] Photos of (a) whole fabricated sample, and (b) magnified picture
of single unit cell. [Bottom panel] Dependence of measured reflection spectra on the applied
bias voltages [89]. Reprinted with permission from Zhang et al. [89].

surface current, a large effective inductance would be created. Consequently,
the resonance frequency, which was inversely proportional to inductance, was
decreased to a lower frequency. Fig. 6.8 shows a typical LFMA structure, based
on the aforementioned idea. The structure consisted of a teflon dielectric layer
between a continuous copper layer and a copper layer patterned in a snake-like
structure. As shown in Fig. 6.9, when the snake length m was increased, the
induced surface current flowed on a longer motion path, leading to the decrease
of resonance frequency. The absorption peak occurred at a low frequency of
1.99 GHz when the snake length was largest in the investigation, m = 7.5 mm.
According to the equivalent circuit model, the resonance frequency is also
dependent partly on the dielectric constant of material. By exploiting this aspect,
Cao et al. proposed a LFMA operating in the L-band based on high-permittivity
substrates, as shown in Fig. 6.1 [28]. Fig. 6.9 presents the calculated effective
parameters of the LFMA, including impedance, permittivity, permeability and
refractive index in the investigated frequency region. Due to the substrate with
high permittivity of 100, the matching condition of the absorber, which was re-
sponsible for the eliminated reflection, was achieved at 1.264 GHz with the real
and imaginary parts of impedance of 1.023 and 0.002, respectively. In addition,
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FIGURE 6.7 [Top panel] (a) A unit cell of flexible broadband LFMA integrated with a
low-conductivity layer and its equivalent LC-circuit model (right-top inset with direction of
flowing current, denoted by red arrows). (b) Extracted effective impedance and absorption
spectrum of the proposed LFMA. (c) Photos of fabricated sample, whose inset shows
zoomed flexible capability for 2 x 2 unit cells. (d) Setup for the reflection-coefficient
measurement. [Bottom panel] (a) Simulated and (b) measured absorption spectra according
to the incident angle of EM wave for the TE-polarization. [74]. Reprinted with permission
from Khuyen et al. [74].

the imaginary part of the refractive index was also high at this frequency, which
caused loss and low transmission. Consequently, the near-perfect absorption oc-
curred at 1.264 GHz. It is noteworthy that the absorption frequency deviates
slightly from the frequency of the highest imaginary part of the refractive index.
However, 15.83 of the imaginary part of refractive index at 1.264 GHz still



160 Metamaterials

-3036

1.99 GHz, m = 7.5 mm 2.08 GHz, m = 6.5 mm

arm a/n

2.19 GHz, m = 5.5 mm 2.33 GHz, m = 4.5 mm

2.46 GHz, m = 3.5 mm 2.60 GHz, m = 2.5 mm

FIGURE 6.8 Simulated induced surface currents at absorption frequencies according to
snake length [35]. Reprinted with permission from Yoo et al. [35].

satisfied to create extremely low transmission. In the LFMA, the calculated
permeability and permittivity showed that there was a magnetic resonance at
1.264 GHz and two electric resonances at 1.08 GHz and 1.35 GHz. The results
indicate that the magnetic resonance is the main mechanism of perfect absorption
at 1.264 GHz, which is in agreement with most of the reported MMPAs.
Another interesting idea is to add an extra coupling between the MTM and the
external EM wave in the available design space, which enhances the values of Cggr
and Leg simultaneously [89]. For example, for the proposed unit cell in Fig. 6.5, the
resonance frequency f of the simplified circuit (as shown in Fig. 6.10) is designated as

J1/(C'L' — C"?R"?
f= 6.1
2

where

R = R (6.2)
(Cy + Cy)*R2a? + 1
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and
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(C; + Gy + 1/RW?

c=1/ — Ly |. (6.3)
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In this case, the resonance frequency f is dependent strongly on the intrinsic
effective values (L; and C,;) and also on the lumped elements (C, and R).

Physically meaning, the LFMA (thickness of d) can be regarded as a typical
inhomogeneous asymmetric structure. Therefore, its reflection coefficient r (w) and
transmission coefficient 7 (w) are acceptably calculated by using the conventional
method [28]:

—ikd cos 6,
t(w) = ¢ (6.4)
cos(nkd cos 6,,) — é(Z (w, 8,) + Z(w, 6,,)"Hsin(nkd cos 6,,)
r(w) = %[Z (w, 8,) — Z(w, 8,,)"'Isin(nkd cos 8,,). (6.5)

Since 6,, is the refraction angle of the EM wave inside the LFMA, k denotes the

wave number of air, and the normalized impedance Z (w, 6,,) tends to unity, Egs.
(6.4) and (6.5) can be further simplified to

t(w) ~ el (n—1)kd cos Qm’ (6.6)
r@) =0 6.7)

Here, the complex effective refractive index and the refraction and transmis-
sion coefficients are defined as n(w) =n'(w) + n" (@), |r(@)|* = R(w) and
|t (w)]> = T (w), respectively. In other words, since the effective impedance of
LFMA matches perfectly with that of the surrounding environment, there is no
reflection on the metasurface; then, the absorption A(w) = T (w) — R(w) = e7°,
where o = 2n"'kd cos 6,,. Therefore, the physical mechanism of the so-called
conventional LFMAs is described by both the perfect impedance matching
and the extreme enhancement of attenuation factor ¢ around the low-resonant
frequency.

6.6 CONCLUSIONS AND PERSPECTIVE

We briefly reviewed how to reduce the size of single-/multi-/broadband LFMAs
by increasing the effective inductance and the effective capacitance of conven-
tional meta-patterns. Simultaneously, by integrating the parasitic elements
(capacitors, resistors, inductors and low-conductivity materials), the next gen-
eration of ultrathin and angularly stable LFMAs has been further realized with
more advantages. The creation of small-size LMPAs is important and fulfills the
requirements for the applications of MTMs in the low-frequency region, espe-
cially at the MHz regime. Particularly, these results have gained plenty of in-
terests, caused by their high-potential applications in the radio band, such as
radio-frequency shielding devices, single-/dual-frequency filters and single-/
multi-mode switching devices. In addition, these LFMAs might also be
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promising candidates for military and civilian tasks or future health care appli-
cations since they can absorb harmful EM radiation from handheld wireless
telephones, cellular wireless radio services, PCS (personal communications
services), Wi-Fi, smart home devices, etc. However, research in areas of three-
dimensional/flexible printed LFMAs and reconfigurable origami-/kirigami-meta
patterns is still a huge challenge to be explored. Besides, for innovative devel-
opment, the adoption of LFMAs in real-world applications should be extensively
performed, such as AI (artificial intelligence), machine learning, 5G/6G and
IoT (internet of things), to promote multiple-user MIMO (multiple-input and
multiple-output) approaches at lower frequencies, and many more.
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7.1 INTRODUCTION

Recently, the field of plasmonics has been the subject of extensive research, giving
rise to a perfect match of electronics and photonics at the nanoscale. Plasmons are
collective oscillations of charge carriers in metal and semiconductors. The former
can either be localized as the eigen-mode of nanocomposite or propagate over
extended surfaces. Doing so, the phenomenon of sub-wavelength light confinement,
thereby resulting in giant electric field enhancement into specific nano-sized regions
(called hotspots), is enabled [1]. These attractive features open wide avenues for a
range of applications, such as optical sensing [2,3], quantum electrodynamics [4,5],
non-linear optics [6,7], photovoltaic technologies [8], and medical diagnosis and
treatment [9,10]. A deep physical insight has been gained to engineer plasmonic
devices with tunable plasmon frequencies and associated electric field spatial dis-
tribution. This can be reached by designing different metallic micro- and nanos-
tructures [11-14] and by exploiting widely studied phenomena, such as Fano
interactions [15,16] with other excitations, plasmon hybridization [17,18] and
electromagnetically induced transparency [19,20].

The system is treated as non-local if its behavior at a given point is affected by its
state at another spatially divided area. Quantum states of light and matter are in-
herently non-local. The former reflects the fundamental wave—particle duality [21].
Quantum entanglement is treated as one of the most amazing illustrations of non-
localities in nature [22,23]. Inherently weak photon—photon interactions enable their
efficient demonstration in optics with photons [24,25].

Metamaterials, composed of sub-wavelength artificial unit cells, open up wide
avenues in optical applications, such as perfect lenses [26] and invisibility cloaks
[27,28]. Unusual hyperbolic dispersion curves [29-39] supporting radiative modes
with unbounded wave numbers give rise to tremendous interest in hyperbolic
metamaterials (HMMs). Because of the extreme anisotropy in the uniaxial per-
mittivity tensor, HMMSs give rise to unique properties. The hyperbolicity occurs
when one of the diagonal tensor components is opposite in sign from the other two
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components. This unique material dispersion is attributed to the novel optical
properties of HMMs. This includes a negative refractive index in a waveguiding
geometry [40], nominally unbounded density of photonic states [41], and the ex-
istence of an ENZ (epsilon-near-zero) wavelength range for one of the permittivity
components [42].

It is worthwhile to note that the scale on which metamaterials can be patterned
is entering the nanometer regime in light of novel nanofabrication techniques.
Therefore, the non-local response of metal is important [43-53]. The localized
surface plasmon polariton (SPP) resonance peak can be significantly blue-shifted
due to the non-local response. Also, the non-local response can cause the mod-
ification of field enhancement of a nanoscale plasmonic structure [46-50,54].

Graphene has attracted significant attention because of its remarkable features,
thereby giving rise to many interesting phenomena in the field of metamaterials,
such as a negative refractive index, cloaking, perfect focusing, phase dis-
continuities and polarization manipulation. In recent years, the fabrication and
characterization of graphene-based metamaterials (designed for THz and optical
frequencies) have shown rapid progress, thereby promising applications in many
fields, such as security, biology and chemistry. This chapter studies active gra-
phene metamaterials, graphene nanocomposites with tunable and switchable
properties, and novel functionalities.

The electromagnetic (plasmonic) properties of single- and multilayer graphene
systems (including analytic expression for dynamic conductivity and dispersion
equations) have been the subject of intense study [55—63]. Single- and double-layer
structures have been proposed as “promising lasing media” for THz radiation.
Terahertz emission from an optically pumped graphene was reported, for instance,
in Karasawa et al. [64].

One may consider a composite of graphene sheets, divided by sub-wavelength
dielectric inserts, as a composite material with uniaxial electric features. Thus,
hyperbolic graphene-based metamaterials stand for artificially designed materials.
The main goal of the former design is related to attaining strong anisotropic effects.
The permittivities related to different polarization directions exhibit opposite signs
[65-69] in the frame of this phenomenon. For instance, it has been suggested that
these structures possess unique properties, such as imaging [65]. Moreover, further
dramatic manifestations are shown by optical topological transitions recently found
in electromagnetic metamaterials. It is worth noting that these optical properties
are not subject to the restrictions of the Fermi exclusion principle [66]. A periodic
metal-dielectric nanostructure metamaterial is an example of one of the probable
realizations of hyperbolic medium. In this relation, the hyperbolic nature of iso-
frequency contours takes place because of the excitation of near-field plasmon
Bloch waves [68]. Moreover, HMMs have been considered from theoretical per-
spectives as electromagnetic absorbers for scattered fields. The described phe-
nomenon was experimentally shown by placing scatterers on top of HMMs.
Consequently, enhanced absorption was demonstrated; however, this design was
neither perfect nor narrow-band absorption [69]. The isofrequency wave vector
dispersion in a uniaxially anisotropic medium can be elliptic for some polarization.
Moreover, a hyperbolic relation leading to a number of fascinating physical features
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can evolve [70,71]. The transition from the elliptical to hyperbolic regime takes
place in the case of metamaterials. A simple way for realizing such transitions is
offered by graphene-based metamaterials. Investigations of hyperbolic media and
HMMs have provided a fertile ground for many applications recently because of
their rather simple geometry and a number of fascinating features, such as high
density of states, all-angle negative refraction and hyperlens imaging beyond the
diffraction limit [71,72]. For instance, graphene metamaterials and metasurfaces
have been proposed to make amplifiers and lasing devices [73—75]. Our approach,
on the contrary, allows for narrowing the quasibound leaky part of dispersion
diagrams by using the enhanced system.

This chapter consists of four main parts. First, we analyze the propagation of
SPPs — coupled oscillation of surface charges and electromagnetic field [1] — at the
boundary of two-layered and multilayered nanostructured metamaterials. Inspired
by the recent exploration of SPPs in nanostructured metamaterials [76], we deal
with several remarkable matters, namely (i) we calculate the dispersion properties
and propagation lengths of SPPs at the boundary of nanostructured metamaterials
(employing realistic material parameters; the former allows comparison of poten-
tials of these materials in plasmonics); (ii) we determine crucial features influencing
the propagation length and absorption enhancement and prove that the latter can
be enhanced by two orders of magnitude in some cases (the former can give rise
to practical applications); and (iii) we investigate the outcomes of stacking of
graphene layers and dielectrics into one-dimensional (1D) superlattice aiming to
modify the dispersion relation of SPPs [77]. Due to the dependence of the optical
response of materials on its bulk dielectric function &(®), it is imperative to take its
possible variation into account. We approximate &(w) by exploiting the Drude
model, aiming to properly address questions i—iii. In the second part, we consider
metamaterials from the perspective of non-local effective medium approximation.
Moreover, we analyze two different instances, i.e., the nanowired and nanos-
tructured metamaterials cases. We study a non-local environment employing a
plasmonic nanowire metamaterial system. The former was employed to allow for
a topological transition between elliptic and hyperbolic dispersions.

The work is systematized in the following way. We describe the effective medium
formalism in the case of local and non-local approaches of a composite metamaterial.
Then, we present an analytical approach providing sufficient explanation of elec-
tromagnetism in nanowire metamaterials, considering the non-local optical response
taking its origin from the homogenization technique. The formalism might be used to
characterize optics of coaxial-cable-like media [78-80] and other uniaxial compo-
sites. Based on the presented theoretical approach, one may reconcile the local and
non-local effective medium approaches frequently employed to characterize the op-
tics of nanowire media in different limits [81]. Moreover, we relate the origin of
optical non-locality to the collective (averaged over many nanorods) plasmonic ex-
citation of nanowire media due to the presented formalism. Doing so, we provide the
methodology to fulfill the additional boundary conditions in nanowire composites.
We illustrate the established approach using the instance of plasmonic nanowire
metamaterials. These are designed employing an assembly of systemized plasmonic
nanowires [82—85] embedded in a dielectric host. To get a full picture, we vary the
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unit cell geometry of the composite. Moreover, we have considered metamaterials
with different unit cell types, viz. the rectangular and hexagon. We make an as-
sumption that the system is operated in the effective medium regime (its unit cell
S <« A¢ with 4y being the free-space wavelength). In our previous works, the ani-
sotropic multilayer metamaterials were designed in order to realize propagation of
SPPs mainly based on the effective medium theory. However, the effective permit-
tivity tensor, including the optical non-locality, is not well studied in the analysis.
Therefore, in the present work, new kinds of metal-dielectric multilayer metamater-
ials are designed to have the extremely anisotropic effective permittivity tensor for the
demonstration of the propagation of SPPs, based on a theoretical analysis of the
effective permittivity tensor, including the optical non-locality. We discuss the effects
of non-local optical response of HMMs. We conclude by presenting an application of
nanostructured metamaterial. Here, we systematically investigate the dispersion re-
lations supported by the HMM model based on a graphene-dielectric composite
heterostructure [86-90]. The goal is to model and create a new generation of active
plasmonic graphene-based metamaterials with the optical features electrically en-
gineered by two-dimensional (2D) heterostructures [87].

Plasmonic crystals, a class of particularly interesting metamaterials, consist of
stacked graphene layers arranged periodically with sub-wavelength distance and
embedded in a dielectric host [88]. The HMM based on a semi-infinite system of
graphene-dielectric multilayers was considered in Iorsh et al. [89]. The study was
conducted at a temperature of 4 K. Therefore, the graphene losses were neglected,
and purely real permittivity and wave vectors were considered. In this study, gra-
phene was treated as a 2D honeycomb system with the thickness of a monolayer of
carbon atoms. Thus, it was considered to be a type of gapless semiconductor
[91,92]. The surface waves at the boundary of graphene-based HMM and isotropic
media were discussed in Xiang et al. [93]. Hence, we consider the interface
separating the anisotropic media and dielectric.

We also discuss recent approaches to incorporate active photo-excited graphene
layers into the HMM and explore opportunities based on this configuration. We
consider the presented problem from different perspectives and start our analysis
from the simplified model. We suggest the enhancement of SPP properties by
considering the improved structure with air spacers.

7.2 METAMATERIAL HETEROSTRUCTURES

The starting point for our consideration is a multilayer metamaterial made of stacked
graphene sheets separated by dielectric layers, as depicted schematically in Fig. 7.1a,
along with the simplified two-layered composites (Fig. 7.1b). It is worth noting that
the ribbon-array structure possesses an intrinsic optical anisotropy. For light polar-
ization parallel to ribbons, the single-particle optical response of Dirac electrons takes
place, while in the case of perpendicular polarization, plasmons can be excited.
The effective-medium approach is applied, aiming to describe the optical re-
sponse of such a system. The former proposition is justified if the wavelength of
radiation considered is much larger than the thickness of any layer. It is based on
averaging the structure parameters. Hence, we consider in this chapter the effective



Photonic Metamaterials 173

dr Dielectric, €, Graphene, €5
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Graphene, g;  Dielectric, ¢,

Dielectric, €,y Dielectric, g4y

(b) Dielectric, &, Graphene, g3

A

Graphene, €, Dielectric, g,

FIGURE 7.1 An interface separating two different infinite heterostructures designed by
alternating graphene and dielectric layers; (a) multilayered structures, and (b) two-layered
structures. Herein, the indexes 1 and 2 correspond to the graphene and dielectric layers,
respectively.

homogeneous media for two semi-infinite (multilayered) periodic structures. The
effective permittivities are as follows [23-25]:

ef = dyy&y + N (gd) + §dy)

[ = (7.1)
dzy + N(dl + dg)
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1 _ _ a&&y(dy + Nd, + Ndy)

el (7.2)
dzyE]Ez + Nd] &y + NdzE]Ezy
_ _dr
Here, N = a+d,
If oy =&, dy = d»
P LGt (7.3)
Ndy+ d,(N + 1)
Ei _ 8& (d2 + Ndl + Ndz) (74)
dzE] + Nd1€2 + NdzE]
fN=1
d\g + 2dy¢
g = ———22 (1.5)
d + 2d,
Ei - M (7.6)

dl & + 2d2 &

where I and II refer to the first and second (left and right) metamaterials under
consideration, respectively. The dispersion relation for the surface modes localized
at the boundary separating two anisotropic media [26] is proposed by matching the
tangential components of the electrical and magnetic fields at the boundary. We
assume that the permittivities & 3(w) are frequency dependent as the corresponding
layers are represented by graphene. We have temporarily assumed that the thickness
of the graphene layer is d;, associating an equivalent permittivity with this single
layer.

Egs. (7.5) and (7.6) serve as the perfect proof of the effective medium ap-
proximation [21] applied for the multilayer structure (Fig. 7.1a) under considera-
tion. As a matter of fact, we obtain a predictable result: the permittivity components
in the case of &y = &, doy = d» and N = 1 coincide with the relations for the case of
the two-layered metamaterial structure (Fig. 7.1b).

We will treat graphene as isotropic with the surface conductivity written as
[27,28] ¢ = ie*u/mh?(w + i/T), where w, h, e, u and 7 are angular frequency, Planck
constant, charge of an electron, chemical potential (i.e., Fermi energy) and phe-
nomenological scattering rate, respectively. The Fermi energy u can be obtained
from the carrier density n,p in a graphene sheet; u = hvg /anp, v is the Fermi
velocity of electrons. The carrier density n,p can be electrically controlled by an
applied gate voltage, thus leading to a voltage-controlled Fermi energy u [29]. Here,
we made an assumption that the electronic band structure of a graphene sheet is not
influenced by the neighboring layers. Doing so, the effective permittivity &, of
graphene can be calculated as [30] ¢, = 1 + io/gpwd,, where d, is the thickness
of the graphene sheet, and ¢, is the permittivity in the vacuum. Fig. 7.2 displays the
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FIGURE 7.2 The influence of N on the real part of ¢ (solid lines) and g (dashed lines).

contribution of the term N (geometry) in the permittivity functions. The calculations
were performed if d; = 0.35 nm, d,y = d, = 10 nm, g = 18.8 and &y = 2.25.

One can dramatically control the frequency range of surface wave existence
by modifying the permittivities and thicknesses of layers [32] employed in the
nanocomposites. To get a deep physical insight into the problem, evaluate the
tangential components of electric and magnetic fields at the interface, and obtain
a single surface mode with the propagation constant, seeking to get the unique
dispersion relation for surface modes confined at the interface between two
metamaterials [26].

1 NI 1
(g — & )eL &

B=k , (7.7)

1 1.1
& —&g

where k is the absolute value of the wave vector in a vacuum and f is the
component of the wave vector parallel to the interface.

It is important that Eq. (7.5) is valid only under the condition of surface con-
finement, which can be presented in the following form:

k2, =k — Blel)el <0

kzz, n= & — 52/5||”)Ef <0

A clear insight into the wave propagation depends on the concept of propagation
length referred to as the distance that the wave travels along the interface
until the energy has been reduced to ¢! of its original value. As the energy
is proportional to the square of field (energy~|H|*~e 2™®)X¥)  the propagation
length is [31,32]

1

L,= G (7.8)




176 Metamaterials

7.2.1 DisPERSION PROPERTIES

In this section, we compute the dispersion relation and evaluate the propagation
lengths and absorption for SPPs at the boundary of both, the two-layered nano-
composite and multilayered metamaterial, following the approach of de Broglie
[21]. A two-layered heterostructure supports several SPP modes (see Poddubny
et al. [33]), and we will concentrate on the higher-frequency optical mode.

In Fig. 7.3, the dispersion curves for the case g =g, & =¢4 and
d, = dy # d3 # d, are reported. Fig. 7.3a presents the dispersion curves for different
Fermi levels, whereas Fig. 7.3b,c presents the propagation lengths along with the
absorption enhancement for the same parameters. The circles and dashed lines
correspond to the two different types of nanocomposites using different values of
Fermi energy.

Despite the presence of visible changes in the dispersion properties, the most
dramatic feature to take into consideration is the drastic enhancement of the
propagation length followed by the decrease of Fermi level. Thus, the increase of
frequency range of the surface waves’ existence is particularly notable, if we raise
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FIGURE 7.3 (a) Dispersion relations of SPPs at the boundary of nanocomposites for dif-
ferent Fermi levels Ef, if ¢ = &, & = €4 and d, # dp # d3 # dy; (b) propagation lengths and
(c) absorption.
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the Fermi energy. Doing so, we can conclude that the propagation length of SPP in
the case of nanocomposites is strongly influenced by the concentration of both the
surface and bulk carriers. Because the Fermi level can be engineered by gating,
the sensitivity provides a fertile ground for tuning the propagation length by al-
most two orders of magnitude without making a dramatic impact on the SPP
dispersion relation.

It is worthwhile to note that we have studied the simplest case of the dis-
cussed phenomenon. We chose the considered case because it can be solved
analytically [21] and provides the physical insight, though the effect will hold
for other cases analogously. This can be explored further by considering other
cases. Therefore, we next perform calculations of the dispersion curves and
propagation lengths for the case ¢ =&, & #¢&4 and d) = dr # dy = dy; Fig. 7.4
shows the obtained results.

Compared to the two-layered structure, the multilayer nanocomposite demon-
strates 1) greater dependence of dispersion curves on the layer thickness, and
2) dramatically increased frequency ranges for the surface wave existence.
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FIGURE 7.4 (a) Dispersion relations of SPPs at the boundary of nanocomposites for dif-
ferent Fermi levels Ef, if ¢ = &, & # €4 and d, # d» # d3 # dy; (b) propagation lengths and
(c) absorption.
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FIGURE 7.5 (a) Dispersion relations of SPPs at the boundary of nanocomposites for dif-
ferent thicknesses of dielectric layer d,, if g = &, & # €4 and d) = d3, d, = d4; (b) propagation
lengths and (c) absorption.

In Figs. 7.5 and 7.6, graphical representations of dispersion relation are presented
for both the structures under consideration. Calculations are performed for the cases
=8, &% ¢ and d| = d3, dy = dy. In addition to the good agreement between the
dispersion equation, these figures show the presence of Ferrell-Berreman modes in
the low frequency range.

This investigation of SPPs in multilayered graphene waveguides [34] de-
monstrates that effective optical conductance linearly depends on the number of
layers in the stack in the limit of long wavelengths. Consequently, it seems rea-
sonable to apply heterostructures made of alternating layers of thin films of
graphene and dielectric, aiming to engineer the dispersion curve of a fundamental
mode of SPP by increasing the number of layers. The growth of such superlattice
employing Bi,Se; films has been reported in Tumkur et al. [35]. Since the SPP
frequency depends on conductance, one can shift it up for a given wave vector f,
increasing the number of unit cells in the superlattice. The illustration of the
contrary effect is presented in Figs. 7.5 and 7.6 for the case ¢ = &, & # & and
dy = ds, dy = dy allowing for the increase of frequency range of surface wave
existence with the thinner graphene layers.
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FIGURE 7.6 (a) Dispersion relations of SPPs at the boundary of nanocomposites for dif-
ferent numbers of graphene layers N, if ¢ = &, & # €4 and d| = d3, d, = d4; (b) propagation
lengths and (c) absorption.

7.3 NON-LOCAL RESPONSE OF METAMATERIALS

7.3.1 NANOWIRES

The optical response of nanowire composites resembles that of uniaxial media with
the optical axis parallel to the direction (z) of nanowires. Consequently, the di-
electric permittivity tensor characterizing the features of modes propagating in the
nanowire composite is diagonal with the components ¢, = ¢, = ¢, , and &;.

One may apply the effective permittivity aiming to describe the optical features of
metamaterial. The former approach can be applied to evaluate the absorption spectra
of the composite. The described formalism is valid if all the characteristic sizes of
composite, such as the nanorod radius and period, are much smaller than the wave-
length of light. The optical features of a nanorod composite are similar to the prop-
erties of a homogeneous uniaxial anisotropic medium with the optical axis parallel to
the nanorods (Fig. 7.7) because of the symmetry. Macroscopically, a diagonal per-
mittivity tensor € with €, = €,, = € # €, is used to describe these optical properties.
Aiming to conduct the analysis, a metamaterial sheet was treated as homogeneous,
characterized by either the local [14] or non-local [15] effective medium approaches.
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FIGURE 7.7 Schematic illustration of the hexagonal (a) and rectangular (b) unit cell of a
nanowire composite.

7.3.1.1 Local EMT

Following the conventional, local effective medium characterization, the permit-
tivity of metamaterial is presented by the Maxwell Garnett approach [16—19]:

e (L4 pleag+ (1 = peg

= 7.9
T pea + (L= preg 79

€78 = pepg + (1 — p)ég (7.10)

Here, ¢; and &y, are the permittivities of the dielectric and silver [20], respectively,
and p is the fill coefficient of the metal inside the unit cell. It is worth noting that

_ nd?
P =3k
the rectangular unit cell. The spectral properties of the components of effective
permittivity tensor of metamaterial are depicted in Fig. 7.8.

. . . d? .
in the case of the hexagon unit cell, and it becomes p = Z—Sz in the case of

7.3.1.2 Non-local EMT

A more complicated, non-local effective medium response should be considered if
the optical loss in Ag nanorods is negligible. In this case, a local effective medium
approach of metamaterial becomes inappropriate. It is worth mentioning that the
components of permittivity tensor perpendicular to the optical axis are still calcu-
lated by the Maxwell Garnett approach (g, = &y, = £M%) in the case of non-local
EMT. On the other hand, the component of permittivity tensor along the optical axis
becomes dramatically influenced by the wave vector as follows:
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FIGURE 7.8 Local effective medium parameters of metamaterials (Ag nanowires in di-
electric (¢; = 2.4)) calculated based on the geometry of nanorod metamaterial: rectangular
unit cell (a, b); hexagon unit cell (¢, d). S = 80 nm in (a, c¢); d = 10 nm in (b, d).

C2 2
e (k) = £ k2 — — (n’) (7.11)
Epp T+ €
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& — (N,

where nZ[ is the effective refractive coefficient of the cylindrical surface plasmons
that propagate in a nanowire metamaterial with the nanorod permittivity €44, and nl
is the limit of nZl for perfectly conducting nanorods.

The extended considerations presented above can be applied for the case of
propagation of waves at an angle to the optical axis. Here, the case k, = 0, k, # 0 is

considered. It is comparatively straightforward to obtain a set of two uncoupled
dispersion relations. In the case of nanorod metamaterials, the first of these,

ki+ k2= "8 w?/c?, defines the propagation of transverse-electric (TE) polarized
2
waves. The second, Ez(kz)<kz2 — &y %) = —E}f’ﬁkf, defines the propagation of

transverse-magnetic (TM) waves. The latter relation can be rewritten as [21]

) w? g;t‘g w?
(k2 — kz”)(k? — e ;) =- gy ke (7.13)

The former proves the fact that the nanorod metamaterials support two TM-
polarized waves propagating with different coefficients. The similar mode pattern
takes place in the case of other non-local materials [22].
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It is clearly demonstrated by Eq. (7.13) that the off-angle (k, # 0) propagation of
the two TM-polarized waves in anisotropic wire media can be mapped to the mi-
croscopic model of the optical features of a nanowire metamaterial. Following the
presented formalism, the two TM modes are characterized by the components of the
effective permittivities taking their origin from the (i) transverse (electron oscilla-
tions perpendicular to the nanowire axes) and (ii) longitudinal (electron oscillation
and the wave vector parallel to the nanowire axes) parts of the cylindrical plasmons
of wires. The off-angle wave vector stands for the coupling constant. This non-
locality is considered only in the effective medium model because of the homo-
genization technique. It is worth noting that, in the microscopic model of the na-
norod metamaterial, all the quantities are local.

We used three different numerical techniques, providing the full-wave solutions
of Maxwell equations aiming to analyze the problem under consideration. First, we
employed the finite-difference time-domain method incorporating the approximate
dispersion model, given by Eq. (7.11). Second, we used a more accurate description
of non-local EMT (Eq. (7.13)), aiming to solve Maxwell’s equations in the fre-
quency domain with the non-local transfer matrix formalism. Finally, we employed
the finite-element method (FEM) to assess the validities of effective medium de-
scription of this complex media. Due to the utilization of FEM calculations, one
may consider the full three-dimensional (3D) structure of the composite without
assuming any homogenization. From the implementation perspective, the FEM
results use significantly more memory and time to make calculations than the local
or non-local EMTs. Understanding propagation of light through the interface be-
tween the local and non-local layers requires one additional boundary condition
(ABC). As shown in de Broglie [21], the continuity of E, and D, can be used to
introduce such ABCs from the first principles. Doing so, we extend the technique
first introduced in de Broglie [21]. Thus, the fields of the two waves propagating in
the wire media are represented as

E.(y, 2) = E" + (y" + y') Ellmo) (7.14)
E (v, 2) = y"™E! + y'Ellx0) (7.15)
ek, g —¢ | _ ke —gf

where "8 = — ek e —c? T T ek —gf”

We increase diameter d and the distance between nanowires S, aiming to figure
out the origin of the SPP modes. The outputs of these investigations are depicted
in Fig. 7.9. When § is increased, the energy band of SPP modes gets closer and
eventually converges to the light line because the coupling between nanorods be-
comes weaker. The modes in Fig. 7.9a and 7.9c are still distinguishable, while the
modes in Fig. 7.9b and 7.9d almost overlap with each other.

7.3.2 NANOSTRUCTURES

A similar multilayer HMM geometry, as in the experiments by Tumkur et al. [10]
is considered in Fig. 7.10. Here the unit cell is considered as a sub-wavelength
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FIGURE 7.9 The influence of pore diameter d (a, c¢) and distance S (b, d) on the mode
patterns for different metamaterial geometries: rectangular unit cell (a, b); hexagon unit
cell (c, d).

Metal

FIGURE 7.10 Schematic of multilayered metamaterial (MM).

metal-dielectric nanostructure. The former is relatively simple and cheap to fabri-
cate [10] and allows analytical investigation. Aiming to describe a former meta-
material from the perspective of an effective medium theory, a local-response
approximation (LRA) is usually employed, i.e., the spatial dispersion is neglected.
This gives the effective dispersion relation as

kz2 k||2 w?
= oy (7.16)

loc loc —

3 g

Z

where €/ = a(ayleg + anle,)", agl” = azeq + apen, and ky = (k] + k)2
Despite the fact that we discuss metal-dielectric bilayer structures, the theory
under consideration may also be extended to structures where metal is replaced by

other materials with a Drude response [30].
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Here, we go beyond the LRA. Thus, the optical properties of HMMs are stu-
died by exploiting the linearized hydrodynamic Drude model (HDM) within the
Thomas-Fermi approximation [18-20]. In the HDM, the metal supports both the
usual divergence-free (“transverse”) and rotation-free (“longitudinal”) waves.
Above the plasma frequency, both types of waves can propagate. The dispersion
kr (w) of the transverse waves is given by ¢! (w)w? = k%c2 while k; (w) of the

longitudinal waves follows from E,ﬁ (k, w) = 0; in terms of the dielectric functions

2

w
elwy=1- —2L— (7.17)
w + iwy
2
w
ek, wy=1—- ——2—— (7.18)

w + iwy — B2k?

Here, y is the Drude damping, and @, is the plasma frequency. The non-local
parameter £ is equal to v/3/5 vp, with vr representing the Fermi velocity. While €,

is the familiar Drude dielectric function, E,ﬁ depends on vp and describes the non-
local response.

7.3.2.1 Dispersion and Effective Material Parameters

In this section, we employ a transfer-matrix method for both the transverse and
longitudinal waves, combined with the aim to calculate the exact dispersion equation
for the infinitely extended HMM. The method under consideration is quite similar to
the one developed by Moch’an et al. [31]. However, we corrected the ABC that was
employed for simplicity in Jacob et al. [31]. An ABC is required to complement the
usual Maxwell boundary conditions, and all boundary conditions together make the
solution to the coupled Maxwell and hydrodynamic equations unique.

We find the exact analytical dispersion relation considering the infinite HMM
with arbitrary unit cell size a and metal and dielectric filling fractions. The effective
material parameters of the HMM are derived by a mean-field theory and can be
applied to many geometries. The effective material parameters are obtained in
the limit of vanishing unit cell size, as follows:

2 locy.d 2.T
woc _ —d_nloc _ _a kLG & — ki’ & 719
EZZ - EZZ’ E“ - €|| 2 2T ( . )
ki — ki'e,,

where Ez"é and g represent the effective parameters of metamaterial when the metal

d

layer is replaced by a free-space layer, with &%= a(as/eq + a,)~!, and

ag! = agey + a,. It is worth noting that k7 = (w? + iyw — w;)B% Both the non-
local effective material parameters in Eq. (7.19) differ from the corresponding
parameters for the local response.

Dealing with the arbitrary unit cell size a and metal and dielectric filling frac-
tions, we concluded that the exact dispersion relation for the infinite HMM is
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ERe =k + gl w?
nloc
C E”

7.3.2.2 Surface Plasmon Polariton Supported by the Nanostructured
Metamaterial

g = (7.20)

Jacob et al. [32] demonstrated SPPs supported by a single metal layer. To under-
stand this better, we will investigate SPPs supported by nanostructured metama-
terials dealing with different properties of single metal layers in various theories.
The bulk modes of hyperbolic metamaterial result from the coupling of SPPs
of neighboring metal layers. We will investigate the SPPs supported by the
nanostructured metamaterial analytically in the quasistatic limit.

In Fig. 7.11, we analyze the effect of retardation on the SPP dispersion of the
nanostructured metamaterial for non-local response. All the modes depicted in Fig. 7.11
have finite-frequency solutions with f approaching infinity, which leads to the char-
acteristic hyperbolic curve of the HMM that extends to infinitely large wave vectors.
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FIGURE 7.11 Real (a), (b) and imaginary (c), (d) dispersion curves of the SPP mode
supported by the nanostructured metamaterial in the non-local response approximation.
(a), (c) Er=2¢eV, (b), (d) a,, = 0.35 pm.
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Dealing with the TM-polarization first, the quasilocal case shown in Fig. 7.11
exhibits a dispersion relation similar to the one obtained by Ruppin in Poddubny
[33] but for a lossy medium. The ability to obtain the curve is either by a very low
non-locality or the classical derivation going from the purely local wave equation,
and the interface condition is denoted as the quasilocality phenomenon. Instead of
two divergent branches in the lossless case, it is now one connected curve that
exhibits back-bending in the place of divergence. Different from the lossless case,
following this scenario not all solutions outside the light cone fulfill the SPP
conditions. Scaling up to a variable Fermi energy case (Fig. 7.11b), the dispersion
relation stays similar to the case (a), although a slight broadening can be observed
for the dispersion curves. Fig. 7.11d shows that the variable E has led to the almost
vanishing peak, but it did not alter the peak frequency much.

The frequency ranges of the surface wave can be tuned by modifying the Fermi
energy, which is consistent with the dependence of g on the Fermi energy, as
shown in Noginov et al. [34]. It should be mentioned that the decrease in Fermi
energy u will move the dispersion curves to lower frequencies; in contrast, the
increase moves the curves to higher frequencies. As seen in Fig. 7.11, the smallest
asymptotic frequency is achieved by employing the smallest Fermi energy. The
former tunability property suggests that the surface wave can be engineered by
the Fermi energy of graphene sheets.

It is of particular interest to examine the effect of controlling the fill factors of
dielectric and graphene sheets, as shown in Fig. 7.11b. First, we discuss the
influence of the thickness a,, of dielectric on the dispersion curve (see Fig. 7.11b).
We find that the upper limit moves to the higher frequencies as a,, is increased.
This is consistent with the effect of a,, on the frequency range of ¢, .

7.4 TUNABLE THZ STRUCTURE BASED ON GRAPHENE HMMS

Fig. 7.12 schematically demonstrates HMM heterostructure made of stacked gra-
phene layers divided by dielectric spacers.

The electron-hole pairs split the Fermi level into two quasi-Fermi levels Ep, = &
and Ep, = —¢, respectively, in the case of a graphene monolayer being optically

pumped. Accordingly, one can model the dynamic conductivity of graphene by
means of non-equilibrium Green’s function, presented as follows [30]:

oo i 4 L rs(afl(s) B afz(_E))dE
ah? w — jr | J0 o o
(=€) = £ (e)
w — jrY)? — 4e2/n?

. q? N
—Jﬁ(w—n h fo ( (7.21)

where f;(e) = [1 + e En/keT]=10 £ (e) = [1 + e E/kT =1 4 is the electron
charge, ¢ is energy, kp is Boltzmann’s constant, T is temperature, o is the angular
frequency, and 7 is the relaxation time of charge carriers. It is assumed that 7 =
2-107'% 5. The contribution of intra-band transition is represented by the first term of
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FIGURE 7.12 Schematic of an interface separating
infinite-layered nanostructure metamaterial designed by
alternating graphene and dielectric sheets and dielectric
medium; waves propagate in the z-direction.

Eq. (7.21). On the other hand, the impact of inter-band transition is described by the
second part of the expression. In the case of absence of optical excitation, one can
model a graphene layer by the local surface conductivity formula [31,32]:

L)
= kT [(Er (Bt 4 )
ah?(w — jr Y\ kT

e = [ hCashe 72

h? w — jr N — 4e2/n?

where f, (¢) = [e€~EP/®T) 4+ 111 js the Fermi-Dirac distribution, and Ej is the
Fermi energy of the doping level in the passive graphene case.

The computed frequency dependence of the real part of conductivity is shown
in Fig. 7.13 for a graphene monolayer with 7 = 77 K. Increasing the Fermi level
leads to the increase of the absolute value of the real and imaginary parts of
conductivity.

Graphene shows significant loss due to the possible scattering owing to the
intra-band free-carrier absorption. In general, graphene naturally is treated as
a lossy material at the THz spectral region [33]. Fig. 7.13 demonstrates the
existence of the spectral range such that the imaginary part of conductivity
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FIGURE 7.13 Dependence of the real (a) and imaginary (b) components of graphene
conductivity on the frequency.
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exceeds the real part. Because of this frequency region lying in the mid-infrared
(IR) range, graphene-based HMM demonstrates an enhanced performance in
the mid-IR regime than the THz range. In fact, the performance of graphene for
realizing HMM can be improved by doping, as shown in Fig. 7.13. A large
Er can turn off the inter-band absorption by the Pauli blocking and increase the
Im(o) required for achieving negative &, . Additionally, doping can suppress
the intra-band scattering by screening charged impurities [33,34].

Here, we study a multilayer HMM made of clustered graphene monolayers
and dielectric spacers. The proposed design is schematically shown in the inset
of Fig. 7.14, aiming to enhance the light-matter interaction. One can model
this structure as an anisotropic uniaxial medium with the effective permittivity
gerr calculated as e = (XX + J9) + £.2Z [35] by means of the effective
medium approximation (EMA) theory. The transverse relative permittivity ¢, is
g=¢ —j&g" =¢4 — j%od [36], with ¢, and d being the permittivity and thickness

of each dielectric spacer, and ¢ is the conductivity of graphene expressed
by Egs. (7.21) and (7.22). The longitudinal permittivity &, is equal to &;. The
mentioned formalism is widely applied to study the surface waves at the
graphene-based metamaterial interface [37-39]. This is valid because of
the graphene having insignificant thickness compared to the dielectric spacers.
In the case of graphene monolayers, the hyperbolic dispersion is attained at the
frequency range with the real component of the transverse effective permittivity
&' being negative, while ¢, is always positive. It is worth mentioning that only
the TM-polarized waves can demonstrate hyperbolic dispersion, as shown in
Podolskiy and Narimanov [40].

35

Re(e,), u=0.5eV
Re(e), u=0.3eV
Re(et), p=0.1eV
— — ~Im(e), p=0.5eV
—— —Im(e), p=0.3eV .
- —- Im(et), u=0.1eV

0.5 1 1.5 2 2.5 3
w, Hz x10'?

FIGURE 7.14 Real and imaginary components of the effective transverse relative per-
mittivity of the graphene (in the inset) HMM multilayer structure. Dielectric spacers with
thicknesses d and permittivities ¢, separate the graphene layers. ¢; = 2.2 and d = 0.1 pm.
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The real and imaginary components of the effective transverse relative permit-
tivity, respectively, are depicted in Fig. 7.14 for the THz HMM made of graphene
(presented in the inset of Fig. 7.14) with e, = 2.2 and d = 0.1 um. It is assumed that
every graphene monolayer is uniformly photo-doped to have the same quasi-Fermi
level. This takes place because of the graphene being transparent to the near-IR and
visible pump waves, without the loss of generality. Fig. 7.14 demonstrates that the
photo-pumped graphene-based HMM has a negative imaginary part of the effective
transverse permittivity &” (gain) over a broad frequency range, where Re(e,") and
Re(e,) have opposite signs (i.e., hyperbolic dispersion).

The non-local permittivity becomes negative for higher frequencies. This leads
to a hyperbolic shape of the isofrequency contours because the component &, is
always positive. However, the real part €, changes its sign to positive in the lower
frequency range. Thus, an effective hyperbolic medium is changed into the elliptic
one. This is direct evidence of strong non-local properties of the graphene-based
metamaterials.

We study the dispersion diagrams obtained after the homogenization of HMM.
Consequently, in Fig. 7.15, the dispersion diagrams for the structure (of Fig. 7.12)
are presented. One can engineer the frequency ranges of the surface wave by
modifying the Fermi energy. This is consistent with the dependence of € on the
Fermi energy.

One can conclude from Figs. 7.15 and 7.16 that the bound SPPs approach a
maximum, finite wave vector at the surface plasmon frequency w, of the system.
A lower bound is set by this limitation on both the wavelength A, = 27/Re[g] of
surface plasmon and the amount of mode confinement normal to the interface. The
described phenomenon takes place because of the specific nature of SPP fields in
the dielectric, that is, e~ ®M, Moreover, the quasibound, leaky part of the dis-
persion relation between wy, and w,, is allowed, with w,, being the plasmon fre-
quency. It is possible to narrow the quasibound leaky part by using the enhanced

13
3><10

7
B, 1/m x10°

FIGURE 7.15 The impact of Fermi energy on the dispersion of surface waves. ¢; = 2.2
and d = 0.1 pm.
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FIGURE 7.16 The impact of thickness of dielectric layers upon the dispersion of surface
waves. g = 2.2 and u = 0.1 ym.

system. Doing so, we aim to investigate an infinite periodic multilayer composite,
as shown in Fig. 7.17. Its unit cell is composed of a graphene sheet and a dielectric
layer of atomic ¢ and relative permittivity &,. The demonstration of narrowed
quasibound leaky part is clearly observed in Fig. 7.18. To describe the optical
response of such a system, we apply the effective medium approach, which is
justified if the wavelength of radiation considered is much larger than the thick-
ness of any layer. It is based on averaging the structure parameters [36], i.e.,

&t + &,
Elllzﬂ (7.23)
t+ 1,

FIGURE 7.17 The infinite HMM structure made of patterned graphene sheets (described
by &) stacks between dielectric spacers. P is the period, W is the width of air slots, and ¢
is the thickness of each dielectric spacer layer. Wave propagation takes place along the
z-direction.



Photonic Metamaterials 191

13
3><10

25

u=0.5eV (Fig. 6) |
— — —light line

4=0.3eV (Fig. 6)
p=0.1eV (Fig. 6) |
— — —u=0.5eV (Fig. 1)
— — — pu=0.3eV (Fig. 1)
— — —pu=0.1eV (Fig. 1) |

5 6 7
x10°

FIGURE 7.18 Dependence of the dispersion property on the Fermi energy with the
structure dimensions as P = 1.9 pm and W = 0.5 um.

E&p(t + 1,)
g = Zrte T8 (7.24)
Eily + it

Aiming to deal with the enhanced system (Fig. 7.17), the nanostructured unit cell is
treated as the metamaterial layer. By following it with the air gap, the effective
medium approximation is applied again, i.e.,

EirWHe/ (P —=W)
g = ; (7.25)

Eair& P
Eair(P - W) + EIIIW

LA

€

(7.26)

The dispersion-related diagrams of the proposed structure are plotted in Figs. 7.18—
7.20. One can tune the frequency of the near-zero group velocity using different me-
chanisms, including (i) the quasi-Fermi level of graphene, (ii) the geometry of HMM
and (iii) the dielectric material that constitutes the HMM.

By presenting a modal analysis, we now show that the physical origin of bulk
absorption in metamaterials is due to the excitation of leaky bulk polaritons, called
as the Ferrel-Berreman (FB) modes [41-43]. As a matter of fact, the volume charge
oscillations at the ENZ of metal (bulk or volume plasmons) are formed by the bulk
metal. The important property to note now is that these excitations are in the form of
a completely longitudinal wave and, hence, cannot be excited with the free-space
light (which is a transverse wave). The top and bottom interface couple in the case
of metal films of thicknesses less than the metal skin depth, permitting for collective
charge oscillations across the film. In such a case, the bulk plasmon is no longer
purely longitudinal and can interact with the free-space light at frequencies near the
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FIGURE 7.19 Dependence of dispersion property on the thickness of air slots with the
structure dimensions as P = 1.9 um and u = 0.5 eV.
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FIGURE 7.20 Dependence of the dispersion properties on the thickness of the dielectric
layer with the structure dimensions as P = 1.9 um, W = 0.5 ym, 4 = 0.5 eV.

metal ENZ [44]. Ferrell addressed this approach for metallic foils in Raza et al. [45]
and Berreman for polar dielectric films in David and Garcia de Abajo [46].
Radiative excitations, which we call the FB modes, are supported by multilayer
metamaterials with the employed graphene layers. It is worth mentioning that these
FB modes are different from SPPs supported by metal foils. In the case of SPP
modes, the energy propagates along the surfaces of metal, whereas in the FB modes,
the volume charge oscillations are set up across the foil, and the energy propagates
within the bulk of the metal. The bulk polaritons under consideration have trans-
verse wave vectors similar to the free-space light and exist to the left of the light
line. Thus, in Figs. 7.18-7.20, it is interesting to observe the FB modes.

The dispersion relations of the SPP modes in nanostructured metamaterials have
been studied before [37]. Here, the distance dy has been increased to find the
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origins of the SPP modes. The outputs of these computations are demonstrated in
Fig. 7.19. As the wave vector becomes smaller, the dispersion curves of all the
modes meet together for all the cases (Figs. 7.18-7.20). Moreover, the dispersion
lines appearing on the left-hand side of the light lines in Figs. 7.15, 7.16, 7.18-7.20
are the radiative modes. This fact indicates the radiation of terahertz in free space.
This is very important for the generation of THz waves. It should be mentioned that,
it is possible to control the frequency range of radiative modes by choosing the
appropriate structure.

7.5 CONCLUSIONS

In the first part of this chapter, we reported on the dispersion properties of het-
erostructures. We showed different examples of plasmon structures fabricated from
graphene layers. In particular, the results of this work can be summarized as
follows:

* Dispersion relation and propagation lengths of SPPs at the boundary of na-
nocomposites were investigated using realistic material parameters. The
multilayered heterostructure is identified as the material of choice if the in-
crease of frequency range of surface waves existence is desired.

e The key parameters influencing the propagation length were found to be
(i) the Fermi level Er, and (ii) layer thicknesses. Lowering Er by gating is a
feasible way to control the propagation lengths of SPPs. Additional en-
hancement of propagation lengths can be implemented when dealing with the
caseof g =g, 2¢e,and d) = dy = d3 # dy.

* Because the structures under consideration possess similar properties for the
cases g =&, & F &4 and d1 * d2 * d3 * d4; §=8&8,68*¢& and d] = d3, d2 = d4,
it is possible to obtain the desired functionality using the thinner structures.

In the second part of chapter, we discussed a formalism to treat the optics of
non-local nanowire metamaterials across the whole optical spectrum. The de-
scribed theory can be applied to characterize the optics of other wire-like
composites together with the coated-wire structures and coax-cable-based sys-
tems [78-80]. We investigated the SPP modes in silver nanowire systems by
means of non-local EMT. The calculated dispersion relations of the SPP modes
were considered for different types of metamaterial unit cells, i.e., either
rectangular or hexagonal. We presented the dispersion relations for varying
geometries of metamaterial unit cells.

In the third part, extremely anisotropic metal-dielectric multilayer metama-
terials were designed based on the transfer-matrix method, including optical non-
locality. We discussed equations for an interface between a non-local, homo-
geneous and isotropic metamaterial and dielectric, and we derived the dispersion
expression for TM polarization. Using the results, we obtained the dispersion
relation for SPPs and discussed the effect of gradually increasing Fermi energy Er
on it. We observed that the tuning parameter has no significant effect in the case
of TM-polarized light.
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In the fourth part of this chapter, we studied a lasing graphene HMM system,
considering patterned photo-pumped graphene-dielectric nanocomposites. The
graphene nanocomposites were treated from different perspectives, i.e., starting
with the simplified model and ending up with the system of higher complexity,
aiming to increase the frequency range of the SPP existence. Our approach allowed
for narrowing the quasibound leaky part of dispersion diagrams by using the en-
hanced system. We investigated the system from both the analytical and numerical
perspectives. We presented that super properties can occur in the THz spectral
region because of the studied patterned graphene-based HMM device. Furthermore,
the geometry and quasi-Fermi levels of the investigated graphene HMM can make a
dramatic impact on the properties of the system under consideration. Additionally,
we attained the engineerable THz properties in a broad frequency region by
changing the dimensions and geometry of the considered HMM structure. The
modeled system has an atomic thickness. This makes it an ideal candidate to be
used as a compact THz source in the envisioned THz on-chip integrated circuits.
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8.1 INTRODUCTION

Hyperbolic metamaterials (HMMs) are highly anisotropic, uniaxial, sub-wavelength
artificial nanostructures characterized by indefinite or hyperbolic dispersion rela-
tion, where the principal components of electric permittivity or magnetic perme-
ability tensors have different signs [1]. Since these anisotropic materials exhibit
hyperbolic isofrequency (k,, k,, k;) contour, they are called HMMs. The hyperbolic
isofrequency surface with the existence of high-k modes is unique to HMMs and
is not observed in other types of anisotropic materials. The high-k modes of
HMMs are the propagating optical modes across the structure with infinitely large
momentum in the effective medium limit.

HMMs are usually composed of metallic and dielectric elements with na-
noscale dimensions, whose interplay endows the overall metamaterial with re-
markable anisotropic properties, and they can easily be fabricated using
conventional thin film deposition techniques [2]. Among different geometries
showing hyperbolic dispersion [3], two systems are particularly interesting. They
are metallic nanowires immersed in a dielectric matrix and stacked metal/di-
electric multilayers [1-3]. However, metal/dielectric multilayers are the most
studied HMMs due to their straightforward fabrication, and they have been used
as the technological core in many applications. To date, various metal-dielectric
combinations have been proposed to realize hyperbolic dispersion over a wide
spectral range from ultraviolet to terahertz (THz). In comparison to conventional
metamaterials, HMMs show lower optical losses due to single resonance.
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Therefore, these effective bulk metastructures with extraordinary optical proper-
ties are exciting for a range of new applications, including sensing, single-photon
sources, nano-imaging, negative refraction and focusing [4—15]. The thermal flux
engineering and the occurrence of super-Planckian thermal energy transfer have
been demonstrated using these mediums [16,17]. Moreover, HMMs revealed
themselves to be a stimulating platform for the investigation of sophisticated
phenomena belonging to fields that are traditionally very far from them, config-
uring themselves to be a theoretical and experimental toolbox for exploring new
frontiers in cosmology and astrophysics [18].

In recent years, tunable features of nanophotonic devices have become a popular
research area because they enable reconfigurability and miniaturization. In parti-
cular, the components of future active photonic devices could be tunable and
reconfigurable, since it is important for existing applications and for future appli-
cations in artificial intelligence and smart processing networks, such as optical
neural networks, to meet new integrated requirements. In this direction, the field
of HMM appears to be following a similar trend [19]. A number of ways to tune
the optical properties of HMMs has been demonstrated by incorporating different
functional materials in the HMM geometry, which are liquid crystals, graphene,
topological insulators, hexagonal boron nitride, phase transition materials and
chalcogenide phase change materials (PCMs).

In this chapter, we discuss the recent progress in active HMMs including dif-
ferent tuning mechanisms and materials. We start the chapter by discussing the
basic physics of HMMs and related physical effects. Then, we discuss the central
theme of the chapter as active HMMs. We provide a critical review of this field,
realizing active HMM s in different spectral regions from visible to THz frequencies
using different functional materials. We further present the applications of active
HMMs in biosensing, supercollimation of light, THz modulators and reconfigurable
photonic devices. Finally, we conclude the chapter with an outlook of HMMs.

8.2 PHYSICS OF MULTILAYERED HYPERBOLIC METAMATERIALS

The overall optical response of an HMM can be qualitatively predicted in the
framework of the so-called effective medium theory (EMT) because the individual
components of HMMs are deeply sub-wavelength [20]. It is worth noticing that
the simple approximation provided by the EMT does not allow consideration of the
effect of strong non-local response of these structures, so many corrections have
been introduced in recent times [21]. However, the EMT is still able to capture
some specific remarkable features of wave propagation inside HMMs. Since HMM
is a one-dimensional sub-wavelength crystal by stacking multiple metal/dielectric
bilayers, a birefringent optical response is artificially induced, as a result an ex-
traordinary optical axis arises in the direction perpendicular to the surface plane,
and the optical response of HMM in the plane parallel to its surface results dra-
matically different from the one detected in its bulk. If the number of bilayers
is large enough, and their thickness is deeply sub-wavelength, it is possible to
homogenize the optical response of HMM. According to EMT, the uniaxial overall
optical response of HMM can be homogenized; hence, the components parallel and
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perpendicular to the HMM surface plane can be calculated by applying simple
boundary conditions [20,22].

Consider a case in which the electric field is polarized along the HMM surface
plane, which leads to the calculation of ¢)|. Here, the electric field must be con-
tinuous at the interfaces between the metal and dielectric. That is,

E,=E; = Ey 8.1)

with the subscripts m, d and eff standing for metal, dielectric and “effective”, re-
spectively. The effective electric flux can be expressed as the sum of flux densities
in the metal and dielectric, i.e.,

Dy | = &\ Eefy = oy D + Jfq Da 8.2)

where f is the fill-fraction of individual layers; f;= (t/(t,,), with t; being the
thickness of the j’h material ant t,,, the total thickness of the unit cell.
We obtain the expression for g by placing Eq. (8.1) in Eq. (8.2),

L &gty + Ept,
g = 44 tmm (8.3)
g+ 1,

To calculate £ we consider that the electric flux D; is continuous at the interfaces
when the electromagnetic field is polarized perpendicularly to the HMM surface
plane,

Dgﬁf’l = fJ_Eeﬁr =D, + D, (84)

The effective electric field can be expressed as the fill-fraction averaged electric
field in every single component, that is

Eeﬁ me Em + f;l Ed (85)
And, the expression for & can be obtained by placing Eq. (8.5) in Eq. (8.4),

g = Ean(ta + tn) (8.6)

Enty + Egty,

The two components of the effective local permittivities of a multilayered HMM are
shown in Eqs. (8.3) and (8.6).

Now, the dispersion relation describing the wavelength dependence of wave
vector can be calculated by starting from Maxwell equations in the harmonic
regime:

kx E =wuyH (8.7
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kxH=—-w%E (8.8)

In Egs. (8.7) and (8.8), k is the wave vector,  is the frequency, U 1s the vacuum
permittivity and T is the complex dielectric permittivity tensor. When the dielectric

permittivity of material changes in all the three spatial directions, € assumes the

form of a diagonal matrix with components &,,, &, and &_.. Multiplying both the

terms on the left- and right-sides of Eq. (8.7) by kx, we get
kxkxE=awukxH (8.9)

where w = kyc, with ¢ as the speed of light in vacuum, given as c=(.90,uo)_m.
Substituting Eq. (8.8) in Eq. (8.9) leads to

kxkxE—-ki€E=0 (8.10)

In general, a uniaxial crystal with the extraordinary optical axis along the z-direction
is characterized by a dielectric permittivity tensor, given as

g 0 O
=10 e 0 8.11)
0 0 g

Since Eq. (8.10) constitutes the eigenvalue equation for the electric field, it can be
manipulated to obtain the general dispersion relation for a uniaxial crystal as

k+k? k2 o2
74__“

=— (8.12)
€ Ex C
Since ¢, = ¢, = ¢ and ¢, = g for HMMs, Eq. (8.12) becomes
k2 + k2 k2 2
e (8.13)
c

& E”

Equation (8.13) represents the dispersion relation of an HMM modeled via the
effective parameters ¢ and ¢, . Four cases can be distinguished based on the signs of
g and ¢, ; they are

1. The HMM behaves as an effective anisotropic dielectric wheng; > 0 and
g > 0.

2. The HMM manifests the so-called fype I anisotropy, behaving as a metal
in the bulk and as a dielectric in the plane, when g < 0 and g > 0.
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3. The HMM manifests the so-called type II anisotropy, behaving as a dielectric
in the bulk and as a metal in the plane, when g > 0 and ¢ < 0.
4. The HMM behaves as an effective anisotropic metal when g < 0 and g < 0.

The equifrequency contours of Eq. (8.13) can be plotted by fixing the frequency and
varying the wave vectors. First, we consider a case of a conventional anisotropic
dielectric, where the resulting equifrequency contour is an ellipsoid in the wave
vector space. In this case, the permitted wave vectors result in a confined ellipsoid
whose larger and smaller semi-axes are determined by the extraordinary and or-
dinary refractive index values for a precise frequency. This case is illustrated in
point 1, where the HMM behaves as an effective dielectric. Equation (8.13) assumes
the shape of an open hyperboloid for the type I anisotropy, and of a closed hy-
perboloid for the type II anisotropy, when the cases mentioned in point 2 and 3 are
satisfied. As mentioned in point 4, the case of anisotropic metal has no solution in
the real wave vector plane, but it leads to a dispersion as that calculated in the case
of effective dielectric, in the complex wave vector space.

Fig. 8.1a illustrates the schematic of a typical multilayered HMM with the
above-mentioned four cases. In Fig. 8.1b, we show the bi-dimensional conical
section in the K,-K, plane of the equifrequency contours for the hyperbolic ani-
sotropies. Here, the type I regime is characterized by an open hyperboloid, whereas
for the type II regime, the hyperboloid is closed. In both the cases, there are ideally
no upper limits in the values of K, and K, which indicates that extremely high wave
vectors are allowed in these materials. These modes with such huge wave vectors
are usually called high-k modes [2]. Engineering of high-k modes has been ex-
tensively used to modify the spontaneous emission enhancement of fluorophores
placed close to the HMMs and, hence, to achieve the broadband Purcell effect [6].
Moreover, they have been used to achieve extreme sensitivity in biosensing [5].
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FIGURE 8.1 (a) Schematic of a multilayered hyperbolic metamaterial with references to all
three homogenized dielectric permittivities and a scheme of the four possible combinations
with relative anisotropy type. (b) The bidimensional conical section in the x—z plane
representing the equifrequency contour for the type II (red) and type I (blue) hyperbolic
dispersion. Reproduced with permission from Sreekanth et al. [22].
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8.3 ACTIVE HYPERBOLIC METAMATERIALS

Conventional HMMs are made of alternating multilayers of metallic and dielectric
materials, which can only provide a fixed hyperbolic dispersion relation over a wide
spectral band from UV to infrared. For these HMMs, the hyperbolic dispersion is
fixed to a specific spectral band and cannot be changed because their property is
predetermined by the layer materials and filling fraction during fabrication.
However, tunable hyperbolic dispersion over a wide spectral range, without
changing the components and/or filling fraction, is required for future reconfigur-
able photonic device applications. One way to realize active HMM is by in-
corporating functional materials into HMMs. In the following sections, we discuss
the tuning of hyperbolic spectral band in different spectral bands by using various
functional materials.

8.3.1 VisiBLE TO NEAR-INFRARED SPECTRAL BAND

Realizing tunable hyperbolic dispersion in the visible and near infrared (NIR)
wavelengths is particularly important for various applications. It is possible by
using active materials, such as liquid crystals (LC), phase transition materials (VO,)
and chalcogenide PCMs. In the NIR wavelengths, a nanosphere dispersed liquid
crystal (NDLC)-based HMM has been proposed for tunable hyperbolic dispersion
[23]. By applying an external electric field, the orientation of a nematic liquid
crystal (NLC) director can be changed, and, therefore, the effective permittivity and
the dispersion relation of HMM can be altered. For this active HMM, the reflected
and refracted waves can be tuned from normal to negative reflection/refraction
when a TM-polarized wave is incident at the boundary between NDLC and the
vacuum. In addition, a liquid crystal-based tunable HMM composed of NLC and
silver nanowires was proposed for visible wavelengths, where the hyperbolic dis-
persion was tuned between 454 nm and 475 nm [24]. However, the large spectral
tunability is not possible with LC-based HMMs due to a smaller refractive index
contrast between the extraordinary and ordinary refractive indices (An = An, — An,,).
Phase transition materials, such as VO,, undergo a metal-insulator transition at
68 °C. This volatile phase transition property is attractive for tuning the response of
HMMs in the NIR frequencies. By stacking VO,/TiO, multilayers and using the
metal-insulator phase transition in VO,, the dispersion was tuned from elliptic to
hyperbolic [25].

8.3.1.1 Chalcogenide Phase Change Material-based Active HMMs

The interesting optical properties of chalcogenide-based PCMs have opened the
door for photonic data storage again because the optical constants of these materials
can be rapidly activated thermally, optically or electrically [26-28]. For visible and
NIR wavelengths, PCMs offer one way to tune the properties of optical structures.
In comparison to LC- and VO,-tuned photonic devices, PCMs maintain their
structural state, and the energy is only required during the switching process. This
versatile and rapid modulation of such materials makes them suitable for a wide
range of reconfigurable photonic device applications. The ideal PCMs, such as
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FIGURE 8.2 Experimentally determined optical constants of PCMs in amorphous and
crystalline phases (a) GST and (b) Sb,S;. Reproduced with permission from Sreekanth
et al. [22].

Ge,Sb,Tes (GST), exhibit a substantial optical constant change when switched
between the states from amorphous to crystalline. More importantly, GST can be
reversibly switched on a sub-nanosecond time scale billions of times. The real and
imaginary refractive indices of GST in amorphous and crystalline phases are shown
in Fig. 8.2a. As can be seen, GST shows a large refractive index (n) contrast in the
infrared wavelengths by switching the phase from amorphous to crystalline, and
low-loss (k) at >1,500 nm wavelength. However, GST is a lossy dielectric material
with low refractive index contrast in the visible regime. Therefore, GST can be used
as a potential tunable material for realizing reconfigurable photonic devices in the
infrared spectral band.

An active HMM made of GST/Ag/Ge multilayers has been proposed to tune the
hyperbolic to elliptical dispersion in the NIR wavelengths (Fig. 8.3a) [29]. As
shown in Fig. 8.3b, this HMM shows type I hyperbolic dispersion for a wide wa-
velength range from 400 nm to 1,200 nm when the GST is in amorphous phase, and
the hyperbolic dispersion band in the NIR wavelength can be changed to elliptical
dispersion by switching the GST phase to crystalline. For TM-polarization, the sign
reversal of the Poynting vector component parallel to the interface, resulting in the
negative refraction of the wave, can be changed into the positive refraction by
switching the phase of the GST layer from amorphous to crystalline (Fig. 8.3c).
However, many of the GST tunable structures are not viable due to inter-diffusion
of noble metals (Au and Ag) with phase-changing chalcogenides, when noble
metals are in direct contact with chalcogenides [30].

Since GST is a lossy PCM in the visible wavelengths, and noble metal-based
HMMs are severely limited due to strong energy dissipation in noble metals
at visible wavelengths, we proposed a low-loss and tunable Sb,S;-TiN HMM for
visible wavelengths [31]. In this HMM, Sb,S; is a low-loss PCM with a bandgap
of 2 eV, which renders it transmissive in the visible spectrum. As shown in
Fig. 8.2b, the dielectric function of Sb,S; exhibits a substantial change in the
visible frequencies when the structure of material is switched from amorphous to
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FIGURE 8.3 (a) Schematic of PCM-based active HMM when GST is in amorphous and
crystalline phases. (b) Real parts of effective permittivities of HMM in amorphous and
crystalline phase. (c) Simulated electric field amplitude and the direction of power flow when
the TM-polarized plane wave incident at an angle incidence of 60° on the amorphous and
crystalline HMM. Reproduced with permission from [Krishnamoorthy et al., Adv. Opt.
Mater. 6: 1800332 (2018)] John Wiley and Sons.

crystalline phase. To avoid typical diffusion problems in noble metals, TiN has
been selected as a plasmonic component in the designed HMM. The fabricated
active Sb,S;-TiN HMM consists of 10 alternating thin layers of Sb,S; and TiN on
a glass substrate. In Fig. 8.4a, we show the cross-sectional scanning electron
microscope (SEM) image of Sb,S3;-TiN HMM and the sharp TiN-Sb,S; interfaces
clearly visible, which confirms that there is no diffusion of TiN into Sb,S3. The
deposited HMM sample is in amorphous phase. To switch the phase of Sb,S;
from amorphous to crystalline, the sample was annealed at 300 °C for 30 min
under vacuum environment (at low-pressure argon environment), since the crys-
tallization temperature of Sb,S5 is > 285 °C.

Since the HMM consists of five bilayers of Sb,S;3-TiN, and their thickness is
deeply sub-wavelength, we used EMT to obtain the effective permittivity compo-
nents. In Fig. 8.4b, we show the real parts of effective permittivities of amorphous
and crystalline HMM. It is evident that the amorphous HMM shows type I hy-
perbolic dispersion at A > 580 nm, and the hyperbolic spectral band is slightly blue-
shifted to 564 nm wavelength with the crystallization of Sb,S;. The observed blue
shift is due to the decrease in effective index of crystalline HMM compared to the
amorphous HMM.

We further demonstrated the tunable Brewster angle in Sb,S;-TiN HMM [32]. We
also performed angular reflectance measurements for p- and s-polarizations using a
spectroscopic ellipsometer. Fig. 8.4c depicts the obtained results for the amorphous
and crystalline HMMs. As can be seen, in the elliptical region (A < 600 nm), HMM
shows minimum reflection for both polarizations, especially at higher angles of
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incidence for p-polarization (Fig. 8.4c(i)—(iii)) and lower angles of incidence for
s-polarization (Fig. 8.4c(ii),(iv)). However, HMM shows minimum reflection only for
p-polarization at higher angles of incidence in the hyperbolic region (A > 600 nm). It
evidences that the Sb,S;-TiN HMM supports Brewster modes due to hyperbolic
dispersion. Interestingly, a red-shift in reflectance spectra and broadening of mode are
observed after switching the Sb,S; structural phase from amorphous to crystalline. It
shows that the tuning of the Brewster angle is possible with phase change of Sb,S3
layers in the HMM. The obtained Brewster angles of HMM, when Sb,S; is in the
amorphous and crystalline states, are 70° at 725 nm and 69° at 750 nm, respectively.

8.3.2 MiD-INFRARED TO THz SpecTRAL BAND

8.3.2.1 Graphene-based Active HMMSs

Since graphene is a plasmonic material in the MIR to THz frequencies, it has been
widely used to design active HMMs for this spectral band. Iorsh et al. [33] first
proposed an active HMM based on multilayer graphene, where two-dimensional
graphene sheets are separated with dielectric spacers. The dispersion relation of
graphene-based HMM can be tuned from elliptic to hyperbolic by using an external
gate voltage via controlling graphene-free carrier density. In particular, it con-
comitantly changes the in-plane HMM conductivity. This ability to control the
electrical conductivity of graphene offers an easy mechanism to control the HMM
dispersion and its resultant optical properties in the MIR to THz frequencies. Many
graphene-based tunable HMMs have been theoretically and numerically demon-
strated [33-35]. Recently, a graphene/Al,O; multilayered HMM has been experi-
mentally realized in the MIR wavelengths [36].

We proposed and numerically demonstrated a graphene-based HMM for tuning
the negative group index spectral band [37]. As shown in Fig. 8.5a, for graphene/
dielectric stack, we modeled each single-layer graphene (SLG) as a surface con-
ducting sheet with conductivity o, = ie’u/(7h*(w + i/T)) with w as the angular
frequency, e as the electron charge, T as the electron relaxation time and u as the
chemical potential, which is a function of carrier density (u « /N, ). The complex
dielectric constants of graphene are obtained from the expression,
g =1 + i(gyny/koty), where 1, ~ 377 Q is the impedance of air, #, is the effective
graphene thickness and k¢ = w/c is the vacuum wave vector with ¢ being the speed
of light. We considered SLG to have an effective thickness of 0.5 nm, and the
electron relaxation time was assumed to be 1 ps. The dielectric constant and
thickness of dielectric layer were considered to be 2.25 and 50 nm, respectively.

The EMT-derived real parts of effective permittivity component g; with fre-
quency are shown in Fig. 8.5a. The hyperbolic dispersion is obtained for certain
frequencies in which the values of real parts of g; are negative. However, in the
elliptical region, the values of g; result positive and approach the permittivity of
the dielectric layer at higher frequencies. For a chemical potential, u = 0.2 eV, the
transition from elliptical to hyperbolic dispersion occurred at a critical frequency of
24 THz. Fig. 8.5b shows the tuning of the hyperbolic spectral band with the increase
in chemical potential of graphene. We observe a broadband tuning of critical
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FIGURE 8.5 (a) Schematic of graphene-based HMM and the frequency-dependent varia-
tion of real parts of g;. (b) The frequency-dependent variation of real parts of g; with
chemical potential. 2D map (incident angle vs. frequency) of group-index of refraction for
(c)u=0.2eV, and (d) u = 0.8 eV. Reproduced from [Sreekanth et al., Appl. Phys. Lett. 103,
023107 (2013)], with the permission of AIP Publishing.

frequency by slightly changing the chemical potential of graphene, as the obtained
critical frequency for u = 0.2 eV and u =0.8 eV is 24 THz and 49 THz, respectively.

To demonstrate the negative energy refraction in THz frequencies, we calculate
the effective phase (n,) and group (n,) indexes of an anisotropic medium. In fact,
the effective phase and group indexes are related to the angle of incidence (;,.). For
low material absorption, these parameters can be calculated using

n, = Je+ |1 = I egsing 8.14
»= /8 Z, Josine. ®.14)

| |
ng == \/5” - 1(1 - l)sosinezm (8.15)

€ & &

where ¢ is the permittivity of air.
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In Fig. 8.5¢c,d, we show the 2D map of group-index of refraction for chemical
potentials 4 = 0.2 eV and u = 0.8 eV, respectively. As can be seen, the group-
index results positive in the elliptical region and negative in the hyperbolic region.
However, the calculated phase index is completely positive in both the hyperbolic
and elliptical regions (not shown here). It indicates that the graphene-based HMM
provides negative group and positive phase indexes of refraction in the THz
frequencies at oblique incidence, which allows forward wavefront propagation
and negative energy refraction. This is because the electric field vector E and
electric displacement vector D are not usually parallel in HMM. As a result, the
Poynting vector S (direction of energy flow) and wave vector k (along the wa-
vefront normal) are not parallel. Therefore, HMM exhibits negative refraction
with respect to S but positive refraction with respect to k when the boundary
condition in which tangential component of k is conserved at the interface.
Moreover, the directions of k and S depend on the effective phase (n,,) and group
(n,) indexes of refraction, respectively. It is important to note that the negative
group index spectral band can be widened to MIR frequencies by increasing the
chemical potential of graphene.

A combination of hexagonal boron nitride (hBN) and monolayer graphene can
be used to realize tunable HMMs [38]. Hexagonal boron nitride is a dielectric that
naturally forms vdW-bonded layered atomic planes. More importantly, hBN
shows hyperbolic dispersion because the optical constants of hBN have different
signs in the basal plane and normal plane since the out-of-plane vdW bonds do not
conduct, but the in-plane covalent bonds are conductive. The dispersion tuning
ability of graphene/hBN heterostructure is due to the hybridization of SPPs in
graphene with the hyperbolic phonon polaritons in hBN. Also, note that the modes
are dominated by hyperbolic plasmon-phonon polaritons, and the tunability is
achieved by changing the gate voltage of the top graphene layer.

8.3.2.2 Topological Insulator-based Active HMMs

In recent years, topological insulators (TIs) have received much attention for THz
plasmonics [39]; thus, they have been investigated for tunable HMM applications
[40]. The common TIs are Bi,Se; and Bi,Te;, which are characterized by unusual
gapless edge or surface states, and a full insulating gap in the bulk. At THz fre-
quencies, quintuple-layered Bi,Se; was theoretically investigated to realize hy-
perbolic dispersion. In general, TI-based HMMs support highly directional and
deeply sub-diffractional hyperbolic phonon polaritons [40]. More importantly, the
dispersion relation of TI-based HMMs can be tuned by doping their surface states.
Thus, high-speed dynamically tunable THz photonic devices could be realized
using TI-based active HMMs.

We proposed a topological insulator-dielectric insulator-based superlattice
structure and showed that the negative group index spectral band can be tuned from
THz to MIR frequencies [41]. In Fig. 8.6a, we illustrate the proposed Bi,Te;-GeTe
HMM superlattice structure, which comprises alternating layers of Bi,Te; and
GeTe. We used Bi,Te; as the TI because the crystal structure of Bi,Tes is similar to
that of Bi,Se;, and GeTe is a PCM. For the effective permittivity calculations, the
permittivities of Bi,Te; were obtained from the Drude-Lorentz model
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FIGURE 8.6 (a) Schematic of proposed Bi,Te;-GeTe HMM and real parts of the uniaxial
permittivity components. (b) Group index spectrum for different angles of incidence when
GeTe is in amorphous phase. (c¢) Calculated 2D map of reflection spectra as a function of
incident angle and frequency. (d) Real parts of the uniaxial permittivity components when
GeTe is in crystalline phase and group index spectrum for different angles of incidence.
Reproduced with permission from Sreekanth et al., Opt. Commun. 440, 150 (2019).
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with €., = 51, wp = 207.06 THz, ¥, = 5.507 THz, w,,; = 44.91 THz, w,; = 2.0095
THz and 7, = 0.2998 THz. The dielectric permittivity of amorphous GeTe at THz
frequencies is 15. In Fig. 8.6a, we plot the calculated real uniaxial permittivities of
Bi,Te;-GeTe HMM for a TI fill fraction of 0.35, which demonstrates broadband
type II hyperbolic dispersion from THz to MIR frequencies, where €*(w) <0
and €% (w) > 0.

In Fig. 8.6b, we show the calculated group index of refraction with different
angles of incidence for the amorphous phase of GeTe. One can see that the negative
group index of refraction is obtained at incident angles greater than 35°, and
the negative group index spectral band is widened with increase of incident angle.
We observed a broad group index spectral band (2 THz to 5 THz) due to the
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broadband type II hyperbolic dispersion of the Bi,Te;-GeTe HMM. Fig. 8.6¢ shows
the calculated fraction of incident light reflected at the air/Bi,Tes;-GeTe HMM in-
terface as a function of frequency and incident angle. Since Bi,Te;-GeTe HMM is
an isotropic dielectric medium above 30 THz, a solid blue-yellow curve obtained
above 30 THz represents the Brewster angle condition for TM-polarization. From
2 THz to 5 THz, a discontinuity in the reflection spectra (reflection peak) with
incident angle (35° to 80°) is obtained in the negative group index spectral band.
For the crystalline phase of GeTe, the uniaxial permittivity data of HMM is
shown in the inset of Fig. 8.6d, where we used the dielectric permittivity of crys-
talline GeTe at THz frequencies. It shows that both the type I and type II hyperbolic
bands are present in Bi,Te;-GeTe HMM. As shown in Fig. 8.6d, the angle-
independent positive and negative group index of refraction is obtained in the
type II and type I hyperbolic bands, respectively. The change of negative to positive
group index in the type II hyperbolic band is due to the fact that the uniaxial
permittivity component, £°(w) of crystalline Bi;Te;-GeTe HMM is considerably
larger when the GeTe phase is switched from amorphous to crystalline. These
results indicate that the Bi,Te;-GeTe superlattice structure is an alternative re-
configurable HMM for THz and MIR frequencies. An important advantage of these
HMMs is that the optical properties can be tuned by switching the phase of GeTe
from amorphous to crystalline as well as by doping the surface states of Bi,Tes.

8.3.2.3 Superconductor-based Active HMMs

High-Tc superconductors (HTS) can be used to realize hyperbolic dispersion in the
infrared and THz frequencies since the superconductivity in most HTS materials
could be achieved above the liquid nitrogen temperature. The superconductor-based
HMM increases the superconducting critical temperature, which could be con-
sidered to be a metamaterial route to high temperature superconductivity [42].
Here, we discuss the realization of tunable HMMs using the superconductor-based
multilayered geometry [43,44].

As shown in Fig. 8.7a, the proposed superconductor-based HMM consists of
alternating thin layers of high-Tc superconductor, such as YBCO, and dielectric
material, such as LAO. We selected this combination because YBCO is the widely
used high-Tc superconductor with the transition temperature above liquid nitrogen
temperature, and LAO is a suitable dielectric material for lattice-matched deposition
of YBCO thin film. We used EMT to calculate the complex uniaxial permittivity
components for the THz frequency band from 0.3 THz to 1.1 THz, where the total
thickness of HMM was set to 1.6 um, and the experimentally determined permit-
tivities of YBCO and LAO were used. Note that the LAO permittivity is ~25,
which is constant even with the temperature change, and the permittivity of YBCO
significantly changes with frequency and temperature. In our calculations, we used
the experimentally determined complex permittivities of 25 nm thick YBCO thin
film with a fill-fraction of 50%.

The calculated real and imaginary parts of parallel and perpendicular permittivity
components for different temperatures are shown in Fig. 8.7b,c, respectively. We
consider a temperature range from 100 K to 20 K because the superconducting
transition temperature of YBCO is 80-93 K. One can see that the real and
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FIGURE 8.7 (a) Schematic of YBCO-LAO HMM. EMT-derived permittivity components
for different temperatures. (b) Real parts of parallel and perpendicular permittivity compo-
nents. (c) Imaginary parts of parallel and perpendicular permittivity components. Reproduced
from [Sreekanth et al., J. Appl. Phys. (2020)], with the permission of AIP Publishing.

imaginary permittivities of both components are positive above the transition
temperature (100 K), and real (g;) shows negative permittivity when the temperature
is varied below the transition temperature of YBCO. It shows that the YBCO-LAO
HMM is a dielectric material (elliptical dispersion) above the superconducting
transition temperature of YBCO. Interestingly, the YBCO-LAO HMM shows
type II hyperbolic dispersion in the superconducting phase of YBCO. More im-
portantly, the type II hyperbolic dispersion bandwidth increases with decreasing
temperature as the frequency-dependent conductivity of YBCO increases with
decreasing temperature in the superconducting phase. These results evidence the
transition of elliptical to hyperbolic dispersion with broadband tuning of hyperbolic
dispersion bandwidth by changing the external stimulus as temperature.

8.3.3 ArrLicaTIONS OF AcTivE HMMs

The tunable optical properties of HMMs can find various potential applications.
Here, we show potential applications of active HMMs in different spectral bands,
such as reconfigurable sensing, supercollimation of THz light and THz modulators.

8.3.3.1 Reconfigurable Sensing

We show the reconfigurable sensing of an active HMM with extreme sensitivity
biosensing for small molecule detection using the Goos-Hinchen (G-H) shift
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interrogation scheme [31]. The G-H shift describes the lateral displacement of the
reflected beam from the interface of two mediums when the angles of incidence are
close to the coupling angle [45]. For this purpose, we used an active Sb,S3-TiN
HMM. The BPP mode of HMM is excited using the prism coupling principle. A
p-polarized light with wavelength 632.8 nm was used as the excitation source,
because this wavelength belongs to the hyperbolic region of HMM, and the
effective index of HMM is less than that of the used BK7 prism index (1.5), so that
the momentum matching condition is satisfied (Fig. 8.4b). For both phases of Sb,Ss,
the excited BPP mode of Sb,S;-TiN HMM is shown in Fig. 8.8a. Due to the non-
volatile phase change of Sb,S; from amorphous to crystalline state, the effective
index of HMM decreased. As a result, (i) the minimum reflected intensity at re-
sonance angle is declined, (ii) the linewidth of reflection spectrum is decreased and
(iii) the coupling angle is slightly shifted. We related the excited mode with the
dispersion relation of HMM and confirmed that the excited mode is the fundamental
BPP mode of Sb,S;-TiN HMM, which is a low-k mode [31]. The phase singularity
at the coupling angle can be actively tuned by switching the phase of Sb,S;
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FIGURE 8.8 (a) Excited BPP mode of Sb,S;-TiN HMM for both phases of Sb,Ss,
(b) Calculated tunable G-H shift of HMM, (c) Real-time tunable refractive index sensing by
injecting different weight percentage concentration of glycerol in distilled water, and
(d) Measured marginal G-H shift for different concentrations of biotin in PBS (10 fM to
1 uM). Reproduced with permission from [Sreekanth et al., Adv. Opt. Mater. 7:1900081
(2019)] John Wiley and Sons.
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from amorphous to crystalline since the phase difference between the TM- and
TE-polarized light experiences a sharp singularity at the coupling angle.

We realized enhanced and tunable G-H shift at BPP mode excitation angle of
Sb,S;-TiN HMM, because the phase derivative at the coupling angle determines
the magnitude of the G-H shift. It is evident from Fig. 8.8b that the maximum G-H
shift is possible at the coupling angle where there is a sharp change in phase
difference. More importantly, tunable G-H shift is realized by switching the phase
of Sb,S; from amorphous to crystalline. To show the phase change induced
tunable G-H shift experimentally, we performed refractive index sensing using a
differential phase-sensitive setup [31]. We recorded the G-H shifts by injecting
different weight ratios (1%—10% w/v) of aqueous solutions of glycerol into the
sensor channel. In Fig. 8.8c, we show the real-time refractive index sensing data,
where we report the measured G-H shift change with time due to the refractive
index change of glycerol solutions. The clear step function in G-H shifts indicates
that small refractive index changes can be recorded. Also, note that the tunable
G-H shift is possible by switching the Sb,Sj structural phase from amorphous to
crystalline. As can be seen, the maximum G-H shift is possible for crystalline
HMM because the crystalline phase of Sb,S3 provides higher phase change at the
coupling angle. The obtained maximum and minimum refractive index sensitivity
for the crystalline and amorphous phases of HMM is 13.4 x 107’ RIU/nm and
16.3 x 1077 RIU/nm, respectively. By exploiting this tunable sensing feature, a
reconfigurable sensor device can be developed for future intelligent sensing ap-
plications. We note that the obtained tunable range is relatively smaller; however,
the G-H shift tunability can be further improved using longer wavelength sources
and higher refractive index prisms.

Since the G-H shift interrogation scheme provides enhanced refractive index
sensitivity, it can be used to detect small biomolecules at extremely low con-
centrations. In order to demonstrate this, we first sputtered an ultrathin film (10 nm)
of gold on the top of the crystalline HMM sample. We followed the well-known
streptavidin-biotin affinity model protocol for the capture of biotin by functiona-
lizing streptavidin on the gold surface [5]. The refractive index change, caused by
the capture of biotin on the sensor surface, was recorded by measuring the G-H
shift. We injected different concentrations (10 fM to 1 uM) of biotin prepared in
PBS into the sensor channel with a sample volume of 98 pl, and the corresponding
G-H shift with increasing concentration was recorded. For biotin concentrations
from 10 fM to 1 uM, the response of sensor with time was analyzed by calculating
the marginal G-H shifts (§GH = |GH,ps — GHpipninl). Fig. 8.8d shows the recorded
marginal G-H shifts after a reaction time of 40 min, where an increase in marginal
G-H shifts with increasing biotin concentration is obtained. The detection limit of
sensor device is less than 1 pM. In short, we envision that small molecules, such as
exosomes, can be detected even from bodily fluids using the proposed HMM-based
plasmonic platforms.

8.3.3.2 Supercollimation of Light

Realizing the supercollimation effect, the sub-wavelength focusing in THz fre-
quencies is particularly important for developing high-resolution THz imaging
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devices for potential applications including security screening, biodetection and
weather navigation. As mentioned above, the dispersion relation of TI-based
HMMs can be tuned by doping their surface states. Here, we show that Bi,Se;
supports highly directional hyperbolic phonon polaritons, and it can be used to
realize supercollimation of light in THz frequencies.

Bi,Ses is a 3D TI composed of Se-Bi-Se-Bi-Se quintuple atomic planes that are
separated by insulating Van der Waals bonds [41]. The layered structure of Bi,Se;
is depicted in the inset of Fig. 8.9b. Importantly, this layered structure exhibits
strong anisotropy of their phonon modes. We note that the dominant (x-y)-axis and
z-axis phonon frequencies of Bi,Se; are 1.92 THz and 4.05 THz, respectively [40].
Bi,Se; exhibits extremely anisotropic dielectric permittivity since these phonon
mode frequencies are separated by a factor of two. As a result, the real part of the
uniaxial permittivity components, €*(w) and €(w), are indefinite for a certain
range of THz frequency band, and Bi,Se; exhibits hyperbolic dispersion in the THz
EP+ERP | EP _ @

&% () @) 2
We used the following model and parameters to determine the uniaxial permittivity

components of Bi,Se; [40]:

frequencies for TM-polarization,

a2
@ =i+ Y ©ry o= (8.16)
T B a2 2 oa =Xz ’
j=1,2 Ct)m’j — W — l]/j w

where ¢, =29, ei= 174, w,, ;= 1.92 THz, w, | = 21.1 THz, w,,, = 3.75 THz, w, , =
1.65 THz, wy, | = 4.05 THz, w; | = 8.5 THz, w,,, = 4.61 THz, w;, = 4.67 THz and
yjf": 0.105 THz. Fig. 8.9a,b, respectively, show the real and imaginary parts of uniaxial
permittivity components (€*(w) and €°(w)). As can be seen, the real permittivity
components alter sign from positive to negative with frequency, while both the ima-
ginary components are always positive. It is clear from the inset of Fig. 8.9a that the
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FIGURE 8.9 Frequency-dependent uniaxial permittivity components (¢*(w) and &*(w)) of
Bi,Ses; (a) real and (b) imaginary components. Inset of (b) represents the schematic of
quintuple-layered Bi,Se;. Reproduced with permission from Sreekanth et al., Opt. Commun.
440, 150 (2019).
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region A represents dielectric band (e*(w) > 0 and €*(w) > 0), region B represents
the type II hyperbolic band (¢*(w) < 0 and €*(w) > 0), region C represents the
Reststrahlen band (e*(w) < 0 and €*(w) < 0) and region D represents the type I
hyperbolic band (e*(w) > 0 and €*(w) < 0). It shows that Bi,Se; supports both the
type I and type I hyperbolic dispersions at THz frequencies; however, it is not possible
with graphene-based HMMs [37]. We note that the fype II hyperbolic dispersion has
a maximum bandwidth of 2.14 THz that belongs to the bandwidth difference between
two phonon frequencies at 1.91 THz and 4.05 THz. In addition, the Reststrahlen
band (4.05 THz to 4.4 THz) and type I hyperbolic band (4.6 THz to 4.9 THz) are
narrow with a bandwidth of 0.35 THz and 0.3 THz, respectively.

Highly directional and deeply sub-diffractional hyperbolic phonon-polariton
mode supported by Bi,Se; can be used for supercollimation of light and super-
lensing. It is known that the propagation of wave inside HMM within the hyperbolic
dispersion spectral band is allowed only at the resonance cone (RC) angle. The half
of the resonance cone angle is given by azc = a tan[—(e* (w)/e% (w))"?]. The su-
percollimation of light inside HMM happens when agc = 0, and it is possible when
e*(w) = 0 or €¥(w) = . In Fig. 8.10a, we show the calculated half of the RC angle
of Bi,Se; HMM. The minimum angle close to zero is obtained at 4.05 THz, which
is the inversion point of rype II and Reststrahlen band.

To demonstrate the supercollimation of THz light at 4.05 THz, we performed
numerical simulation using 2D finite difference time domain (FDTD) method. In

80 4.05 THz

0.8

Z (pm)

06

04

0.2

Normalized intensity

—3.5THz

—4.6THz

—4.05THz

-60 -40 -20 0 20 40 60
X (um)

0.0

FIGURE 8.10 (a) Half of the resonance cone angle as a function of THz frequencies.
(b) Propagation of plane wave through Bi,Se; HMM at four THz frequencies. (c) Line profile
of normalized intensity recorded at the bottom of quintuple layered Bi,Se;. Reproduced with
permission from Sreekanth et al., Opt. Commun. 440, 150 (2019).
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our simulation, light coming from an 85 um slit placed on the top of a Bi,Se; HMM
for different frequencies was analyzed. Here, we considered the quintuple-layered
Bi,Se; as a single layer with thickness 150 nm and uniaxial permittivity compo-
nents. The periodic and perfectly matched layer boundary condition was im-
plemented along the x- and z-axes, respectively, and the incident polarization of
light was set to TM. In Fig. 8.10b, we show the simulated propagation of plane
wave at four different frequencies, corresponding to type II (3.5 THz), the inversion
point of fype II and Reststrahlen band (4.05 THz), the inversion point of
Reststrahlen band and type I (4.6 THz) and type I (4.8 THz). In addition, the line
profile of normalized intensity recorded at the bottom of Bi,Se; is shown in Fig.
8.10c. It is evident that the supercollimation effect only occurred at 4.05 THz,
because the RC angle is close to zero. The intensity spectrum broadens with the
increase in RC angle. It is important to note that the supercollimation frequency can
be changed by tuning the inversion point of type II and Reststrahlen bands, which is
possible by doping the surface states of Bi,Se; [40].

8.3.3.3 THz Modulator

In THz technology, THz modulators are one of the important components that can
find applications in communications, spectroscopy and imaging. By integrating
photonic structures with tunable conductive materials, such as semiconductors,
superconductors, perovskites, 2D materials (graphene, MoS,, etc.), phase materials
and liquid crystals, various solid state and non-solid-state THz modulators with both
broad and narrow bandwidth responses have been demonstrated [45—-48]. We note
that most of the narrow bandwidth THz modulators rely on narrow-band resonance
effects, such as using metamaterials and plasmonic systems, which required intense
lithography steps. However, broad bandwidth operation is important for many
applications, and it can be achieved with non-resonant graphene-based solid-state
devices [49].

The active control of THz modulators with high intensity and phase tunability is
essential for various applications. It can be realized by developing THz modulators
with high modulation depth, broad operation bandwidth and high modulation speed.
Moreover, active control of polarization state of light in different spectral bands can
find a plethora of applications in optics. It is important to note that two conditions
must be satisfied to realize effective reflective type active polarization switches
[50]; that is, (i) s-polarized reflected intensity should be unity with and without
external stimulus, and (ii) the absolute modulation depth of p-polarized reflected
intensity at the resonance should be close to 100%. The second condition essentially
allows active switching. However, it is a challenging task to realize 100% mod-
ulation depth in THz frequencies. In this context, we propose and numerically
demonstrate a THz modulator or an active polarization switch using a high Tc
superconductor-based HMM. We show that above 98% intensity modulation and
100% phase tunability is possible by exciting the Brewster mode of HMM and
varying the external stimulus as temperature.

As shown in Fig. 8.4, the type I HMMs support Brewster mode since the real (g)
components are positive. However, the type Il HMMs do not support Brewster
mode since the real (g) components are negative. Since the YBCO-LAO HMM is a
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type I HMM (Fig. 8.7), it can be used for the intensity and phase modulation of
THz light by selecting the incidence angle close to Brewster angle. The basic
principle of the proposed THz modulator is based on the optical topological tran-
sition of YBCO-LAO HMM from elliptical to type II hyperbolic dispersion. The
YBCO-LAO HMM supports Brewster mode in the dielectric phase of YBCO. This
means that both the intensity and phase of THz light can be modulated at Brewster
angle by varying the temperature above and below the superconductor transition
temperature.

By using TMM calculations, we simulated the angular reflection spectra for p-
and s-polarizations by considering the HMM as a multilayer of YBCO and LAO
thin films, and using a single-layer effective medium approach. We also simulated
the reflection spectra using COMSOL simulation software. We note that the results
obtained using three approaches are almost similar. Therefore, we present the re-
sults obtained by TMM, where we consider the HMM as a multilayer of YBCO and
LAO thin films. In Fig. 8.11, we show the 2D map of angular reflectance spectra for
two temperatures, one above (100 K) and one below (20 K) the transition tem-
perature. It is clear that the HMM supports Brewster angle (86°) at 0.98 THz in the
dielectric phase of HMM (100 K), where the p-polarized reflected intensity is al-
most zero (Fig. 8.11a) and s-polarized reflected intensity is 100% (Fig. 8.11b).
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FIGURE 8.11 Simulated angular reflectance spectra for (a) p-polarization at 100 K,
(b) s-polarization at 100 K, (c) p-polarization at 20 K and (d) s-polarization at 20 K. Reproduced
from [Sreekanth et al., J. Appl. Phys. (2020)], with the permission of AIP Publishing.
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However, when the temperature is reduced to 20 K, the p-polarized reflected in-
tensity is increased to 77% (Fig. 8.11c) while keeping 100% s-polarized reflected
intensity (Fig. 8.11d). For all temperatures, we found that the s-polarized reflected
intensity keeps 100%. More importantly, the reflected intensity of p-polarized light
can be tuned from zero to a maximum value at the Brewster angle by varying the
temperature from 100 K to 20 K. The modulation depth (MD) of p-polarized
reflected intensity is given by [49]

|r?

MD = (1 - ) x 100% (8.17)

with r being the minimum reflectance at off-state and r,,, being the maximum
reflectance at on-state.

Fig. 8.12a illustrates the active tuning of p-polarized reflected intensity at the
Brewster angle (86°) by varying the temperature. One can see that close to zero
reflectance is obtained for 100 K at 0.98 THz, and the reflected intensity increased
with decreasing temperature. In addition, the reflected intensity saturates at lower
temperatures because of the saturation behavior of permittivity components of
HMM. The calculated modulation depth of p-polarized reflected intensity at
0.98 THz is over 98%, where we considered off-state reflectance at 100 K and on-
state reflection at 20 K. The proposed YBCO-LAO HMM fulfills the two conditions
required to realize efficient reflective-type active polarization switches since
YBCO-LAO HMM shows active control of polarization state of light by operating
around the Brewster angle.

Since the reflection phase undergoes ~mn phase shift at the Brewster angle [32],
YBCO-LAO HMM can be used for the modulation of phase of light. Fig. 8.12b
shows the simulated reflected phase difference between p- and s-polarized light for
different temperatures at 86°. In the dielectric phase of HMM at 100 K, around 180°
phase shift is obtained, whereas the phase shift is reduced to 0° when the tem-
perature is decreased to 70 K, due to the type II conducting phase of HMM.
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FIGURE 8.12 (a) Simulated p-polarized reflectance spectrum at 86° for different tem-
peratures. (b) Simulated phase difference at 86° for different temperatures. Reproduced from
[Sreekanth et al., J. Appl. Phys. (2020)], with the permission of AIP Publishing.
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Interestingly, 100% tunability in reflection phase is possible when the temperature
is slightly tuned below the transition temperature. Moreover, the calculated inser-
tion loss (log;o|7naxl 2y of the YBCO-LAO HMM-based THz modulator is ~—2.3 dB.
It is important to note that the realized phase tunability and insertion loss are
much better compared to a graphene-controlled Brewster angle device-based THz
modulator [49].

The observed 98% intensity modulation and 100% phase tunability are only due
to the phase transition of YBCO-LAO HMM from the elliptical (dielectric) to
the type II hyperbolic dispersion. To further emphasize this, we show in Fig. 8.13
the electromagnetic field distribution of the air-HMM-air system simulated using
TMM. Fig. 8.13a,b shows the simulated magnetic field (H,) distribution for 100 K
and 20 K, respectively. The simulation is performed for the p-polarized light at
0.98 THz and 86°. It is visible that the H -field transmits through the HMM when
the temperature is 100 K, which is due to vanishing reflection at Brewster angle.
However, for 20 K, the H,-component becomes almost zero beyond HMM due to
maximum reflection. The simulated field distribution further indicates the dis-
appearance of Brewster angle when the dispersion of HMM is changed from el-
liptical (dielectric) to type II hyperbolic. Even though the YBCO-LAO HMM shows
maximum modulation depth at the Brewster angle, above 90% intensity modulation
is still possible by selecting an operating angle around the Brewster angle. For the
experimental realization of this concept, the multilayered HMM can be fabricated
by physical vapor deposition of alternating thin films of YBCO and LAO since the
lattice matched deposition of YBCO thin films on LAO is possible (Ceramic
coating GmbH, Germany), and an optical cryostat equipped fiber laser-based THz
time-domain spectroscopy setup can be used to perform the angular reflection
measurements at cryogenic temperatures [51].

8.4 SUMMARY AND OUTLOOK

To design active HMMs for different spectral bands and their applications, it is
important to consider suitable functional materials and approaches to achieve the
tunability. Liquid crystals, phase transition materials (VO,), and phase change
chalcogenides-based active HMMs exhibit hyperbolic dispersion in the visible and
NIR spectral bands. Even though high-quality plasmonic resonances are possible by
combining LC with plasmonic materials and LC is transparent across a broad
spectrum from the visible to NIR, it is difficult to form multilayered LC structures.
Phase transition material-based active HMMs such as VO,/TiO, can be tuned by
changing their temperature. However, since VO, has a volatile phase switching
mechanism, the energy needs to be supplied to maintain the optical state. Therefore,
phase change chalcogenides-based active HMM is the only design where no energy
is required to maintain the optical state due to their non-volatile switching me-
chanism. However, prototype PCM, such as Ge,Sb,Tes, is not a good choice for
visible wavelengths because it is highly lossy. The inter-diffusion of noble metals
with chalcogenide is a critical issue. The combination of low-loss PCM, such as
Sb,S3 with plasmonic TiN, can solve these issues at greater extent. Since
Ge,Sb,Tes is a low-loss PCM with a large refractive index contrast between its
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structural states in the infrared regime, it can be combined with heavily doped
semiconductors to form ideal active HMMs because heavily doped semiconductors
have metallic properties at infrared wavelengths. However, it is important to con-
sider the thermal design when using phase changing chalcogenides to design active
HMMs, because PCM must be annealed above its melting temperature, and sud-
denly quenched at ~109Ks™" to freeze in the amorphous state to switch reversibly.

To date, tunable materials, such as graphene, hBN, and Tls, have been used to tune
hyperbolic dispersion in the MIR and THz spectral bands, by changing the chemical
potential of the surface state through an external gate voltage. While most metallic
materials are not suitable to form HMMs in this spectral range, graphene is the best
choice. However, the active tuning of individual layers of graphene in the stack is
quite challenging. In this context, the hBN-based active HMMs can be made prac-
tically tunable by stacking it with graphene. It has a multilayered structure with
monolayer graphene on the top, and exhibits a hyperbolic dispersion relation with
tunable features. TIs are also potential tunable materials to achieve tunable hyperbolic
dispersion across the similar wavelength band. A multilayer stack made of TI and
PCM can also be used to tune the hyperbolic dispersion spectral band from MIR to
THz. High-Tc superconductors are also promising functional materials to tune the
hyperbolic dispersion in the THz frequencies thermally.

The dynamic control of spontaneous emission enhancement in different spectral
bands is possible with the discussed active HMMs [52]. The tunable HMMs are
particularly important for reconfigurable photonic structures. Realizing efficient
tunable hyperbolic metamaterials from visible to THz spectral band will extend the
research scope of hyperbolic dispersion phenomenon and its applications. The
discussed active HMMs in different spectral bands can be used to realize cost-
effective reconfigurable photonic devices for future applications, such as optical
switches, modulators, single photon sources, beam splitters and sensors.
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9.1 INTRODUCTION

Today, nanotechnology is in the research limelight. Much of the attention has been
paid to the formation of novel engineered nanomaterials, followed by their char-
acteristic features and possible applications. Formation of nanoengineered materials
certainly introduces complications due to the need for miniaturized material
structures with architectures and morphologies of interest. As the relevant materials
and/or devices are nanoscale sized, their synthesis attracts interest for scientific
investigations. The procedure to form nanoengineered mediums is very different
from the ways adopted for designing bulk materials of specific shapes. The tech-
nique exploited for bulk materials begins with a larger structure from which smaller
structures are derived. In contrast, nanostructured materials can begin at the atomic
level and then build up to the nanoscale size.

Carbon is one of the most abundant elements found in nature, and it forms many
compounds. In addition, it is one of the most common resource materials to form
nanostructured composites. Carbon-based compounds have a variety of applica-
tions. In particular, carbon forms the basis of all known lives as well as all organic
chemistry. Because of the flexibility of the carbon bond, carbon-based systems
show an unlimited number of structures, with a variety of physical properties due to
the dimensionality of these structures. Owing to the versatile bonding ability of
carbon, it possesses the ability to react with many other elements, thereby allowing
carbon-based compounds to find a wide range of applications in everyday life.

In the context of carbon-based (or carbon-derived) mediums, graphene — a
two-dimensional (2D) allotrope of carbon — has become a revolutionary material
because its charge carriers behave like massless Dirac-Fermions, the feature that
results in many exotic properties of graphene [1,2], which can be utilized in a
variety of electronic and optical applications. Graphene plays an important role as
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it is the basis for the understanding of the electronic properties in other allotropes
of carbon. It is made out of carbon atoms arranged in a hexagonal structure,
thereby forming a one-atom-thick, tightly packed layer of carbon atoms, which is
recognized to be the thinnest known lattice structure. As such, it constitutes a
conceptually new class of 2D materials as these extend in only two dimensions,
i.e., the length and width; the third dimension, the height, is assumed to be
vanishing. Apart from its being an extremely lightweight material, graphene
exhibits many amazing characteristics, such as having high electron mobility
(100 times faster than silicon) and being an excellent conductor of heat (2 times
better than diamond) — the hallmark that allows it to have great potential in the
current thrust of nanotechnology research [3].

In the context of photonics technology, graphene behaves extraordinarily, which
makes it a promising optical material [4]. For instance, the surface plasmons excited
in graphene are confined much more strongly than those in noble metals, and they
can be coupled with electrons, photons or phonons [5,6]. Furthermore, the tunability
of plasmons in graphene-based structures may be achieved with better ease because
the charge carrier can be easily controlled by electrical gating and doping with low
loss [2]. The presence of graphene can even help the tuning of plasmonic waves in
noble metals [4].

Metamaterials can be engineered by amalgamating noble metals and dielectric
mediums in order to observe varieties of optical properties that can be useful for
different photonic applications [7—15]. Interestingly, the exotic characteristics allow
graphene-based structures to be useful in designing metamaterials to realize several
optical components and/or devices [16-20]. Graphene has the property to enhance
the absorption of light waves [21,22]. Within this context, graphene-based nanos-
tructured slab waveguides can sustain slow light [23,24] and also can be used to
suppress propagating modes [25]. Both of these phenomena have great importance
in photonics technology. Investigators also reported the effect of plasmon-induced
transparency [26-28] in graphene-based engineered metamaterials [29-31]. Apart
from these, the use of graphene-supported structures comprising phase change
mediums has also been quite attractive in applications like absorbers and sensors
[32-34]. In most of these applications, graphene serves the purpose of tuning the
spectral characteristics.

Pivoted to the aforementioned technological importance of graphene, this
chapter touches upon research results of a few forms of graphene-supported
metamaterials for various applications, such as filtering, wideband absorption
and sensing.

9.2 FUNDAMENTAL PROPERTIES OF GRAPHENE

As discussed in Section 9.1, 2D graphene-based metasurfaces have attracted
the R&D community because of possible control over the conductivity of
graphene — the feature that offers tunability in the spectral bandwidth of
metamaterials. Graphene-supported metamaterials are more conveniently used
in the terahertz (THz) regime of the electromagnetic (EM) spectrum, in which
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the tunability of graphene can be achieved with better ease [35-37]. The
conductivity can be achieved by adjusting the external parameters, such as
chemical doping, mechanical stretching or electrical gating, which adjust the
Fermi level of graphene [2]. The use of monolayer as well as multilayer gra-
phene [38] has been widely reported in developing varieties of narrow-band
and broadband absorbers [39-41]. Apart from these, many forms of
metasurface-substrate combinations have been investigated to achieve on-
demand spectral characteristics for various technological applications [42—45].

As to the complex conductivity of graphene, which can be written as
0y (W) = gy, + jog, it depends on the radian frequency w, scattering rate of charged
particle (representing the loss mechanism), temperature and chemical potential. The
imaginary part of graphene conductivity can attain negative and positive values in
different frequency ranges, depending on the chemical potential [2]. The un-
conventional electrical conductivity of graphene remains the determining factor in
the absorption of EM waves. The complex-valued surface conductivity o, (w) of
graphene is determined by the well-established and experimentally valid theoretical
model [46,47]. o, (w) consists of the algebraic sum of the two parts, namely the
inter-band and intra-band conductivities [48,49], i.e.,

Og (@) = Ginter (@) + Tingra (@) 0.1

The conductivity of graphene is given by the Kubo formula [25]:

o(w, u.) = 20k T = 1nd2 cosh| e
¢ ah? | (w —jT) 2kgT

je? 2u. — h(w — jT
LAY o Skl ) 9.2)
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where #i (= h/2m) is the reduced Planck’s constant, kg is Boltzmann’s constant, 7T is
the absolute temperature, ¢ is the electronic charge, and I is the rate of scattering,
which is inversely proportional to the electron relaxation time, and u, is the che-
mical potential of graphene [2]. The two terms in Eq. (9.2) relate to the intra- and
inter-band transitions of charge carriers. The inter-band transition of electrons
mainly happens at frequencies above the Pauli Blocking frequency (i.e., w > 2u./h)
[50], in the vicinity of which the real part (of the inter-band term) increases and
attains the universal value of conductivity oy = e?/4#. It is noteworthy that the inter-
band transitions dominate in the visible frequency range. On the other hand, the
intra-band transitions significantly exceed the inter-band kind in the frequency
range of far-infrared (IR) to the mid-IR. In other words, when the Fermi level is
more than half of the photon energy, the intra-band conductivity dominates because
the inter-band conductivity is insignificant (due to Pauli blocking) [32].

According to the Drude model, the surface conductivity o, (w) of graphene is
related to the Fermi energy level E; through the relationship [2]
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with T being the momentum relaxation time. Also, the relative permittivity &, () of
graphene is related to its surface conductivity g, (@) as

O LAC)

9.4)
L€

where 1, is the thickness of the 2D graphene layer and & is the free-space permittivity.

The chemical potential of graphene depends on the carrier density, which can be
controlled by the external gate voltage, electric field, magnetic field and/or chemical
doping [2]. The electronic modeling of graphene characterizes its conductivity
along the surface plane (of graphene), which is a scalar quantity under the DC
electrostatic field. In the absence of DC magnetostatic bias, the application of DC
electrostatic bias (Ep) makes the conductivity to be [50]

Oxx = Oyy = O'g[/l(EO)] 9.5)

Eq. (9.5) shows that the conductivity g, of graphene is a function of its chemical
potential x,, which, in turn, is a function of the electrostatic bias Ey. As such, the
value of u. depends on the DC gate voltage V, because of its relation to the field
through V, = Eod, d being the thickness of graphene medium.

The relationship of the 2D surface charge density 7, to the gate capacitance C of
graphene is described as [51]

1 2 o

n = —CEy= . IO € [ﬁj (€ — ) — f; (6 + ,uc):ldE (9.6)
In this equation, vy is the Fermi velocity of electrons in graphene medium, which is
usually taken to be 10° m/s; the meanings of other symbols are as used before.

As discussed above, metamaterials exploit monolayer or multilayer graphene
mediums to realize varieties of absorber devices. A monolayer graphene has a thickness
of ~0.49 nm. However, the structure of bilayer graphene can have two different forms:
AA and AB. In the case of the AA type, the layers are exactly aligned [52], whereas in
the AB type, half of the atoms lie directly over the center of a hexagon in the lower
graphene layer, and the remaining half (of the atoms) lie over an atom [53]. Lin et al.
[54] showed that the N-layer AA-stacked graphene sheets have a band structure
consisting of N Dirac bands, which are shifted in energy. Consequently, the optical
conductivity of an AA-stacked graphene in the THz region can be determined as

2 o 42 IN + 1
(@) = 28T Ly [ cosn[ Ltz cosmrINE 1N g 5
N (@ = jy) ) ma 2kgT
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with N as the number of graphene layers and o as the interaction energy of mis-
oriented (or AA-stacked) graphene layers. The value of aj is 217 meV, while the
separation distance (of the AA-stacked layers) is 3.6 A [54]. The authors demon-
strated that the results derived using this formula remain in good agreement with the
experimentally obtained values.

Since the use of graphene facilitates the tuning mechanism owing to varying
electrical properties through altering gate voltage, which, in turn, changes the
chemical potential (of graphene), it has now become indispensable in designing
micro- and nanoengineered mediums that contribute to this class of metamaterials.
In the following sections, some of these metamaterial configurations are touched
upon, wherein graphene is amalgamated to the structure, in some way or the other,
in order to achieve spectral characteristics suitable for certain photonic applications.
In general, the discussions are pivoted to the use of graphene-based photonic
structures in the areas of filters, absorbers and sensors.

9.3 WIDEBAND THZ FILTERING

Because it is easier to tune graphene in the THz frequency regime, it has been
highly useful in designing THz devices. Several kinds of graphene-embedded ab-
sorbers have been reported [55-57]. As discussed before, mono- and/or multilayer
kinds of graphene can be used with suitable biasing in metamaterials for a variety of
applications. Pivoted to this, the transmission properties of certain forms of periodic
multilayer structures have been studied. To be more explicit, the periodic config-
uration is composed of SiO, dielectric and bilayer graphene mediums. Such peri-
odic structures have also been studied when a nanolayer of magnesium fluoride
(MgF,) medium was inserted as a defect medium. The SiO,-based micro- and
nanostructured mediums have been of immense use in THz devices owing to re-
latively small tangent loss at the THz frequencies [58,59]. Apart from this, MgF, is
a low refractive index (RI) medium and exhibits broadband transmission in this
frequency regime [60].

A variety of methods have been reported to analyze propagation through mul-
tilayered mediums, including the plane wave expansion [61], finite difference time
domain (FDTD) [62], transfer-matrix [63,64] and Green function [4,65] methods.
Among these analytical techniques, the transfer-matrix method (TMM) remains
highly attractive owing to its simplicity, and it also can be implemented in both the
isotropic and anisotropic mediums with defects [66,67]. To analyze the afore-
mentioned problem, we will explore the TMM technique [68].

As to the schematic of the structure, a periodic stack of SiO, and bilayer gra-
phene sheets may be taken, as shown in Fig. 9.1a. Fig. 9.1b exhibits the same
configuration with the difference that a layer of MgF, is inserted at the midpoint of
the structure. In Fig. 9.1a, the unit cell of the periodic structure is composed of a
Si0, layer and bilayer graphene sheet, and, therefore, the overall structure com-
prises N + 1 bilayer graphene sheets sandwiching N number of SiO, layers.

Fig. 9.2 exhibits the frequency dependence of relative permittivity of the mul-
tilayer structure in Fig. 9.1a. In order to plot these figures, the SiO, layer has been
taken as 6.9 um thick, along with its relative permittivity €, to be 2.225. Also, the
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(a) Bilayer graphene (b) Bilayer graphene
”~ ~~

20N
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FIGURE 9.1 Schematic of the periodic structure comprising (a) bilayer graphene and SiO,
mediums, and (b) the same as (a) with a MgF, defect layer.

thickness of bilayer graphene sheets is 0.9 nm. Fig. 9.2a,b depicts the frequency
dependence of the real (¢”) and imaginary (¢'’) parts of transverse permittivity €, in
the 0-50 THz frequency range upon exploiting the effective medium approxima-
tion, and using the parametric values as y = 1.32 meV, T = 300 K, and the 4 -values
as 1.0 eV, 1.25 eV and 1.5 eV [68].

Notice in Fig. 9.2 that the real part of permittivity €’ > 0 is above frequency
5.6 THz; below this frequency, €’ < 0. The permittivity component €’ comes close
to a saturation value of ~2.0 near 20 THz frequency and above. The figure shows
that the effect of altering graphene chemical potential on €’ is more obvious for
frequencies <10 THz. However, it remains less significant for €’’, which is positive
valued. To be more specific, Fig. 9.2a exhibits ¢’ to be negative at ~5.5 THz,
corresponding to 4. = 1.0 eV, whereas u, = 1.5 eV increases this frequency value
to ~8.0 THz. Beyond these frequency values, and upon reaching the Pauli blocking
frequencies at w = 2u./h, waves can propagate through the multilayer structure
(of Fig. 9.2a) with low loss. The real ¢’ part of transverse permittivity approaches

() (b)
5 5
4
3
- =
2
1
0
10 20 30 40 50 0 30 40 50
Frequency (THz) Frequency (THz)
e =1 @V p=125eVv; — n=1.5eV

FIGURE 9.2 Effective permittivity vs. frequency plots; (a) real part, and (b) imaginary part.



Nanoengineered Metamaterials 233

(a) (b)

#e (V) 11, (V)

—— dA=6A5 pm; dA=6'9 pm;  — dA=7.3 pm

FIGURE 9.3 Effective permittivity vs. u, plots for different ds-values; (a) real part, and
(b) imaginary part.

the dielectric permittivity at high frequencies due to a lower contribution of gra-
phene conductivity compared to €, — the relative permittivity of SiO,. On the other
hand, €'’ exhibits a sharp decrease in the low-frequency regime and becomes almost
vanishing above 28 THz frequency.

In connection with Fig. 9.1, apart from the chemical potential of graphene,
the effective permittivity value of multilayer configuration greatly depends
on the thickness d of dielectric medium as well. With this viewpoint in mind,
Fig. 9.3 depicts the dependence of €’ and €'’ components on graphene chemical
potential corresponding to different values of d [68]. It can be seen that ¢’ and ¢’
show gradual decrease and increase in their values with increasing u,.

Upon exploiting the TMM, the effect of bilayer graphene sheets on the spectral
characteristics of the proposed multilayer configuration (of Fig. 9.1a) can be ob-
served. Within this context, Fig. 9.4 illustrates the obtained transmission char-
acteristics in the 0-30 THz frequency range considering 12 periods of GIA layers in
the design with the chosen three values of 4, viz. 1.0 eV, 1.25 eV and 1.5 eV [68].
Furthermore, the dielectric layer thickness has been kept as 6.9 um, and the incidence
wave has been assumed to fall upon the surface vertically. Notice in
Fig. 9.4 that u, = 1.0 eV yields the width of the first stop-band as ~4.5 THz, which
increases to ~6 THz corresponding to x#. = 1.5 eV. The second stop-band, u, = 1.0 €V,
gives the width to be ~2 THz, which increases to ~3 THz corresponding to 4, = 1.5 eV.
Clearly, such a wide stop-band can be considered as the one of its kind reported among
recent research results.

Upon introducing a MgF, defect layer of 5.8 um thickness in the multilayer
structure (as shown in Fig. 9.2b), the transmission characteristics corresponding to
the values as 1.0 eV, 1.25 eV and 1.50 eV, as obtained upon exploiting the TMM,
can be seen in Fig. 9.5 [68]. To plot these, the incidence waves have been con-
sidered to fall upon the structure surface vertically. Notice that the increase in u,
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FIGURE 9.4 Transmittance vs. frequency plots for different y -values considering N = 12.

results in larger width of the stop-band, and the position of defect mode moves
toward higher frequencies. Furthermore, the peaks in transmission spectra are
suppressed due to high reflections as these move near the center of stop-band.
Clearly, p. = 1.5 eV yields the width of the stop-band ~3 THz.

The above results reveal that the optical response of periodically arranged di-
electric and bilayer graphene sheets yield fairly wide stop-bands, the width and
position of which can be governed by suitably controlling the graphene chemical
potential. The obtained spectral characteristics show that the use of 12 periods of
bilayer graphene-SiO, combination along with 1.0 eV graphene chemical potential
yields a ~3 THz stop-band, which is fairly large. Apart from this, the incorporation
of a MgF, defect layer in the middle of the periodic arrangement essentially yields
alterations in the transmission properties, which is attributed to the presence of
defect modes. In this case as well, the increase in chemical potential results in
relatively wider stop-band. All these results indicate the possible prudent photonic
applications of the structure in designing tunable wideband filters, absorbers and
Sensors.
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FIGURE 9.5 Transmittance vs. frequency plots for different x -values considering N = 6.
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9.4 OPTICAL FILTER

Surface plasmon polariton (SPP) waves propagating along the metal-dielectric in-
terface can be effectively exploited to devise optical components [12,14,15,69-72].
This becomes possible owing to the surface plasmon resonance (SPR) condition
being highly responsive to the light-matter interaction — the phenomenon precisely
governed by the shape, size, type of medium and operating conditions. The mag-
netic response of metamaterials due to SPP has also been reported [73,74], with the
emphasis on the effect of tailoring the SPP waves by altering the metasurface
configuration.

As stated before, metamaterials have been vital in optical filtering applications
[75,76]. The geometry of unit cell (in metamaterials) plays vital role in tailoring
spectral properties. Since graphene is capable of manipulating EM waves through
proper biasing, thereby directly influencing the optical response, varieties of
graphene-based filters have been reported in the literature [71,77-79]. In line
with this, a new kind of graphene-over-graphite nanorods type of metamaterial
configuration has been reported, which can be utilized for wideband filtering in
the optical regime [80]. In constructing the device, CYTOP glass substrate has
been used, which is embedded with graphite nanorods in a periodic arrangement;
and the top surface (of substrate) being coated with bilayer graphene. Fig. 9.6
shows the schematic, the spectral features (i.e., the transmission characteristics)
of which have been studied (in the visible regime of EM spectra) in terms of
the effects due to the chemical potential of graphene as well as the excitation
incidence obliquity.

In the schematic, the top bilayer of graphene is of 0.9 nm thickness, which is
placed over a planar CYTOP glass substrate. It can be seen in Fig. 9.6 that the
substrate has nanoholes (of radius r), which are filled up with graphite. As such, the
structure becomes like a graphite-nanorods-embedded substrate, the top surface of
which has been coated with bilayer graphene. This has been simulated to extract the
transmission characteristics in the visible and NIR regimes [80]. Since the resonant
frequencies can be manipulated by appropriately changing the graphene chemical
potential, transmission spectra of graphene-embedded design can be altered — the
feature that enables one to obtain an electrically tunable filter without reconfiguring
the structural parameters.

Fig. 9.7 illustrates the effective permittivity €, plots of graphite nanorods em-
bedded CYTOP glass substrate. Within the context, both the SiO, and graphite are

Graphlte nanorods 9

Bilayer graphene
Substrate - "

FIGURE 9.6 Graphene-over-graphite metamaterial structure.
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non-dispersive in nature, and therefore, the relevant dispersion characteristics are
expected to yield straight lines parallel to the A-axis, as shown in this figure [80].
The x- and z-components of permittivity can be written as

€ = P + ecyrop (1 — p) 9.8)
and

1_p_ 0d-p

9.9)
€& & €cyror

respectively. Herein, o is the volume fraction element of graphite in the
metasurface, which is defined as the ratio of total volume occupied by graphite
nanorods in the dielectric substrate to the total volume of substrate. It can be seen
in Fig. 9.7 that the increase in p results only in a larger value of effective
permittivity, the value of which remains unchanged with increasing wavelength.
This is due to the non-dispersive behavior of graphite and dielectric substrate.

The transmission characteristics of such a metamaterial have been studied
considering the radius of the embedded graphite nanorods and their volume fraction
element o to be of 25 nm and 0.013, respectively [80]. Apart from these, four
different values of graphene chemical potential 4 have been considered; those are
0.5eV, 1.0 eV, 1.5 eV and 2.0 eV. It is worth mentioning that the RI of CYTOP
glass substrate is 1.36.

Now, focusing on the transmission characteristics, Fig. 9.8 shows the wa-
velength dependence of transmittance in the span of 500—900 nm considering
the normal incidence of waves [80]. This figure demonstrates achieving fairly
wideband transmission, though it does not remain perfectly flat. It can also be
seen here that the increase in chemical potential results in a little increased
transmission (the inset in this figure, which is the magnified plot of a section,

25 L

| = — e —a—a— P =0. N
€ P 0.013

€err(4)
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X
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FIGURE 9.7 €. vs. A plots.
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FIGURE 9.8 Transmittance vs. A plots corresponding to 25 nm graphite nanorod radius
and 6 = 0°.

makes it more obvious). Since the transmission spectra corresponding to 1.5 eV
and 2.0 eV chemical potentials are almost similar, the use of 0.5 eV and 1.5 eV
only should be fine, so far as the biasing of graphene is concerned; the following
studies assume this.

In order to observe the impact of incidence obliquity, Fig. 9.9 has been plotted
with the incidence angle varying in a range of 0°-60° in a step of 20°, considering
the two values of u as 0.5 eV (Fig. 9.9a) and 1.5 eV (Fig. 9.9b) [80]. It is obvious
that the transmission generally remains high, and the change in chemical potential
introduces minor alterations only in the transmission spectra. For high obliquity
(e.g., 8 = 60°), transmission decreases slowly with increasing wavelength as such
an incidence situation introduces more anisotropy to the waves impinging upon the
top graphene layer. As Fig. 9.9 demonstrates, in certain incidence circumstances,
the metamaterial configuration exhibits nearly wideband and even perfect trans-
mission — the property that is only slightly affected upon a small increase in
u-value. Finally, the obtained results indicate that the stated kind of graphene-over-
graphite metamaterial can be used as filters in the visible and NIR regimes.
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FIGURE 9.9 Transmittance vs. 4 plots for (a) 0.5 eV, and (b) 1.5 eV graphene potentials
under varying 6.
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9.5 PLASMON-INDUCED TRANSPARENCY IN
GRAPHENE-BASED METAMATERIALS

The basics of plasmonics and the propagation of SPP waves were discussed in the
beginning of Section 9.4. Within the context, the phenomenon of localized surface
plasmon (LSP) is interesting due to important applications, such as enhanced
Raman scattering and many others [81,82]. Within the context, the interaction
between two or more plasmonic particles would generate plasmonic modes, which
can be either super-radiant (resulting in the radiative mode having a low quality
factor) or sub-radiant (thereby giving rise to dark modes having a relatively large
quality factor), essentially depending on the coupling of incident light with the
plasmonic mode [83]. Interestingly, such plasmonic modes can be utilized in tuning
the resonance frequency [84].

The concept of dark mode with a metastable level in an atomic system originates
the phenomenon of electromagnetically induced transparency (EIT) in a medium
[26,85,86], which possesses many potential applications, such as slow-light control,
bio-chemical sensing, filtering, switching and nonlinear devices [87—89]. It is ba-
sically a quantum effect caused by the interference between coherent transitions
excited in an atomic system by incidence EM fields. EIT can be exploited for the
cancellation of absorption of EM wave propagating through metamaterials at a
desired frequency, which would otherwise be non-transparent [90-93] — this is
called plasmon-induced transparency (PIT) [26]. As such, PIT is the plasmonic
analogue of EIT. It involves coupling between two distinct resonators in a meta-
material unit cell, wherein one of the resonators is super-radiative (yielding a re-
latively broad resonance feature with low Q-factor owing to a strong coupling to the
incident field), called the “bright” resonator, and the other one is sub-radiant
(showing a much sharper resonance linewidth with relatively large Q-factor), called
the “dark” resonator. The dark modes usually cannot directly couple with the ex-
ternal field, but can be excited by the local field caused by the bright mode via near-
field coupling. The destructive interference between these strongly coupled bright
and dark resonator modes gives rise to a well-defined narrow-band transparency
window. The phenomenon of PIT remains prudent in engineering metamaterial-
based configurations because the geometrical parameters of these can be altered in
order to achieve PIT tuning. Some of the notable applications are realizing slow-
light propagation [27] and improvements in non-linear effect [94].

As described earlier, graphene is attractive in photoelectric modulation [95,96] —
the feature that could be exploited to design THz functional devices and left-handed
materials [97-100], modulators and switches [101-104]. In the context of PIT,
several hybrid graphene-metal metamaterial structures have been reported to gen-
erate PIT effects in the THz regime [105-107]. For instance, Yee et al. [108] de-
monstrated a tunable PIT by using nanoengineered graphene-based metamaterial,
and Shi et al. and He et al. [29,30] discussed achieving PIT in the THz regime by
using graphene complementary metamaterials. Hybrid metal-graphene metama-
terials can also be used to control the amplitude of the PIT window [31].

In this stream, an attempt has been made to achieve PIT by using a metasurface
comprising a fractal-like structure (made of specifically designed silver nanospheres
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FIGURE 9.10 Schematic of the metamaterial structure.

of two different radii) at the top, as shown in the unit cell structure of Fig. 9.10
[109]. The schematic is basically a three-layer metasurface-graphene-dielectric
configuration wherein the used silver nanospheres (at the top) are suitably arranged
to attain a fractal design. Such a metamaterial has been studied for the TM-
polarized incidence with an emphasis on the transmission characteristics under
varying volume fraction elements (of Ag nanosphere), incidence obliquity and
graphene chemical potential x,..

The effective permittivity of metasurface can be evaluated by exploiting the
effective medium theory [110], according to which the parallel and perpendicular
components are, respectively,

A +PenD + A - fley

A = T e + (L% Dea

(9.10)

and
e @) =fe, (D) + (1 = feg (9.11)

In these equations, €, and €; are the permittivity of metallic and dielectric mediums,
respectively. Also, f is the fill-factor of silver in the unit cell of the metasurface, the
variation of which will essentially alter the dispersion characteristics of the meta-
surface. Notably, the value of ¢, can be obtained by using the Lorentz-Drude
model [111].

Considering the fill-factor f to be 0.08 and 0.2, Fig. 9.11 illustrates the plots of
the real (R; Fig. 9.11a) and imaginary (J; Fig. 9.11b) parts of effective permittivity
against wavelength [109]. Notice that the R(g))-components remain negative,
whereas the imaginary J(g)-components are positive; the values of both increase
with the increase in f as well as A under the same sign. Furthermore, both the
R(€1)- and J (€ )-components become nearly vanishing corresponding to f = 0.08,
thereby making the medium to be highly transparent in the used span of operating
wavelength. Also, these permittivity components do not exhibit dispersion.



240 Metamaterials

(a) (b) 25
0 —S(¢,(\)f=008) J
— (e, (A)f = 0.08) 20 }|—S¢(e, f=0.08) .- -
\ ——R(e, .f=0.08) - =Sl (M)f=02) _-"
50 | = =Rl ()F=02) |4 o 15[z o8 fm02) [ -7 -
“g — -R(e, f=0.2) < — -
w -
© ~ < 10k~ ]
-100 | T~<
-~ - - 5 -4
= 0
3000 3200 3400 3600 3800 4000 3000 3200 3400 3600 3800 4000
A (nm) A (nm)

FIGURE 9.11 ¢, vs. 4 plots of the (a) real, and (b) imaginary parts.

The transmission spectra of the structure in Fig. 9.10 have also been investigated,
as shown in Figs. 9.12, corresponding to R} = 500 nm and R, = 250 nm [109]. The
bilayer graphene thickness has been taken to be 0.9 nm, and the unit cell has a
surface area of 0.2 x 0.2 um?. Considering the normal as well as oblique incidence
of the TM-polarized incidence waves, Fig. 9.12 illustrates the plots for three dif-
ferent u -values, namely 0.1 eV, 1 eV and 2 eV. Herein, the presence of four PIT
windows (corresponding to four bright-dark modes) with the peak transmissions
positioned at nearly 3,050 nm, 3,150 nm, 3,600 nm and 3,950 nm wavelengths can
be noticed. Also, the transmission windows become broader with increasing A.
However, relatively sharper transmission windows at low operating wavelengths
essentially indicate a fairly large Q-factor.

As to the effect of graphene chemical potential, Fig. 9.12 determines that the
increase in 4, results in small red shifts in transmission peaks, and also the trans-
mittance increases by a small amount. Furthermore, the increase in incidence ob-
liquity causes reduced transmittance, thereby proving the use of normal incidence to
be the best to attain strong light-matter interaction in order to achieve high trans-
mittance with improved Q-factor, irrespective of the u_-value.

Based on these results, PIT can be achieved for the normal as well as oblique
incidence of TM-polarized waves, which is evident from the sharp peaks in
transmission spectra. Also, the case of normal incidence enhances transmittance.
Further, the change in chemical potential does not significantly alter the PIT peak
positions; instead, it merely contributes to a small increase in transparency. This
feature of achieving transmittance through altering the obliquity of incidence waves
and chemical potential of bilayer graphene triggers applications in sensing, filtering
and absorption of radiation.

9.6 GRAPHENE-BASED ABSORBER

Metamaterial-based absorbers have been of key research importance due to ex-
hibiting perfect absorption with certain kinds of configurations (demonstrating al-
most vanishing reflection) in particular frequency regimes [112—114]. Within this
context, the propagation of SPP waves along the metal-dielectric boundary has been
described above. However, the drawback remains due to material losses [115],
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thereby affecting the functionality of metamaterial-based structures. Avoiding such
demerit, graphene-supported metamaterials have been suitably attractive for op-
toelectronic applications. The use of graphene allows strongly confined SPP waves
in graphene layers [4,65], which may be controlled through dynamical tuning of
conductivity (of graphene). Also, graphene-based metasurfaces exhibit strong ab-
sorption characteristics [116,117].

9.6.1 CONED-GRAPHENE METASURFACE DESIGN

Among the varieties of graphene-based metamaterial absorbers reported in the
literature, one of the unique designs would be the multilayered metasurface com-
prising coned graphene that forms a conductor-insulator-conductor (CIC) absorber
[118]. Here, the metasurfaces are mounted at the top and bottom of a relatively thick
SiO, dielectric substrate. In this absorber configuration, the dielectric medium is
sandwiched between metasurfaces comprising arrays of coned graphite structures,
as shown in Fig. 9.13. Within the context, the cascaded graphene structure ulti-
mately yields a cone-shaped graphite medium. Also, different kinds of absorbers
made of multilayered and/or cascaded graphene-based mediums have been reported
[119,120].

It must be noted that the conventional metamaterial absorbers are made of
three layers, among which the bottom layer is usually a highly reflecting medium
(e.g., silver) that causes vanishing transmission of the incidence radiation,
thereby resulting in trapping of energy within the dielectric section. However,
in the present investigation, the bottom reflector has been replaced with the
coned-graphite medium. As such, the incidence angle 6 is important in order to
determine the spectral characteristics. This is because of the LSPs, propagating
along the interface, affect the near-field regions (of the medium interface).
Furthermore, the variation in graphene Fermi energy E; would govern the pro-
pagation of SPP waves over the effective contact area of coned-graphite layers
with a SiO, substrate.

Following the schematic of Fig. 9.13, the absorber has the array of graphite
cones as the metasurfaces above and below the SiO, dielectric medium of thickness
t;. Here, each metasurface unit cell contains a graphite cone [118]. Such an absorber

v
Graphite cones»based
metasurface

FIGURE 9.13 Schematic of coned-graphite metasurface-based absorber.
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has been modeled as the unit cell configured along the z-direction, and the infinite
arrays of graphite cones extend periodically along the x- and y-directions. The
incidence waves fall upon the top metasurface at an angle 8, as shown in Fig. 9.13.
The normal as well as oblique incidence of plane waves upon the metasurface
provide the absorption spectra of the structure.

The absorption characteristics of this metamaterial can be evaluated by the ex-
pression A(w) = 1 — R(w) — T (w). Here, R and T are, respectively, the reflection
and transmission coefficients, with their respective values to be determined by the
S-parameters as R (w) = |S;1/> and T (w) = |S21]>. As such, we consider the scattering
matrices, and their relationship between the incidence and the outgoing waves at the
input and the output ports, respectively.

Because the effective permittivity of metasurface is required to be evaluated
before observing the absorption characteristics, the permittivity of graphene &, is

=1+ 19

(9.12)
€,y

with o being the conductivity of graphene, and ¢,, @ and 7, being the free-space
permittivity, angular frequency and thickness of the graphene layer, respectively.
The effective permittivity of the used metasurface can be evaluated by exploiting
the Maxwell-Garnett theory [121], according to which

€ +2e;+2f (e, — €
Eop = Eg " S (& — &) (9.13)
&+ 264 — f (g — €q)

Here, €, and f are the dielectric permittivity and volume fraction element of graphene,
respectively.

Fig. 9.14 shows wavelength dependence of effective permittivity of a coned-
graphite-based metasurface [118]. Here, f has been considered as 0.31, and two

(b) 4
(@) 5348 x10
0
TSI —Ef=0.25eV
| — = e
_ 2m6 _
5 S 6
W, 2345 &
& E -8
2.344
-10
2.343 12
2.342 -14
500 1000 1500 500 1000 1500
Wavelength (nm) Wavelength (nm)

FIGURE 9.14 Wavelength dependence of the (a) real, and (b) imaginary parts of effective
permittivity £, of the coned-graphite metasurface.
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different values of Ey as 0 eV and 0.25 eV. Figs. 9.14a and 9.14b, respectively,
depict the plots of the real (Re) and imaginary (Im) parts of effective permittivity
& against wavelength in the 500-1,500 nm span. These figures show that Re (e.4)
exhibits exponential increase with 4 (Fig. 9.14a), though the increase remains faster
corresponding to low values of wavelength. Also, the increase in Ef results in a little
increase in gy, which remains nearly uniform throughout the operating regime.
Fig. 9.14b shows that, in the absence of bias (i.e., Ef = 0 eV), Im(e,;) becomes
vanishing. However, the use of Ef = 0.25 eV makes Im(c.4) negative for the entire
wavelength span; &, is more negative corresponding to smaller wavelengths.
As such, the metasurface under consideration shows the negative component of
effective permittivity.

Figs. 9.15 and 9.16 illustrate the absorption spectra, as obtained against wave-
length, for the E¢-values as 0 eV and 0.25 eV, respectively [118]. To plot these,
each unit cell of metasurface has been considered as comprising one graphite cone
and having its surface area as 130 x 130 nm?>. Also, the metasurface assumes 20 nm
thickness, which is equal to the height of cones, and f= 0.31. Considering the
varying incidence obliquity in the range of 0°-80°, the spectral plots are obtained
for the TE- (Figs. 15a and 16a) and TM- (Figs. 9.15b and 9.16b) mode incidence
excitations. Apart from these, the SiO, layer thickness has been taken as 1,000 nm.

It can be observed from these figures that multiple absorption peaks appear in the
entire wavelength span, the amplitudes of which go on decreasing with increasing
wavelength. It can be noticed that, for vanishing Ef, the TE-polarized incidence
exhibits very high absorption (~98%) in the visible regime corresponding to grazing
incidence with 8 = 80° (Fig. 9.15a); the minimum absorption is attained for normal
incidence. The oblique incidence exhibits large absorption in the visible regime; in
the IR regime, however, the absorbance keeps on decreasing. The multiple ab-
sorption peaks in the operating wavelength span appear due to multiple reflections
within the dielectric medium [118].

For the TM-polarized incidence excitation, corresponding to all incidence
obliquities, the absorption is increased in the IR regime, as compared to what has
been found before for the TE-polarized incidence (Fig. 9.15b). The case of TE-
polarized grazing incidence (6 = 80°) exhibits larger absorption in the visible
regime, as compared to the TM-polarized grazing excitation, thereby indicating
strong resonance conditions corresponding to the respective wavelengths.

Upon increasing E; to 0.25 eV, we observe upon comparing the results in
Fig. 9.16 with those in Fig. 9.15 (corresponding to 0 eV) that the absorption plots do
not exhibit significant changes. As such, alterations in Fermi energy of multilayered
graphene leave the absorption features almost unaffected, and therefore, the op-
eration of the proposed CIC absorber under varying EM fields remains stable.
Remember that the range of the operating wavelength remains greatly important. In
the present case, however, the metasurface comprised of nano-coned graphite array
does not exhibit significant alterations in spectral characteristics upon changing the
chemical potential of graphene.

It can be seen from the above-mentioned results that such a doubly identical
graphite-coned metasurface configuration can be used as absorber in the visible
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regime of EM spectrum. The absorber operates efficiently in the situation of grazing
incidence of the TE-polarized incidence excitation. This is owing to strong re-
sonance achieved in this case, which remains almost unaffected by small changes in
graphene chemical potential.

9.6.2 GRAPHENE EMBEDDED PHASE CHANGE MEDIUMS AS ABSORBER

Phase change mediums (PCMs) have been attractive owing to possible usage in
sensors and absorbers [122—124,125]. Some of the notable examples of such PCMs
are vanadium dioxide (VO,), strontium titanate (SrTiO3), germanium-antimony-
tellurium (GST), zirconium nitride (ZrN), etc. The use of these in forming meta-
materials has been reported by many investigators for temperature and/or strain
sensing applications.

The inherent property of phase change in PCMs remains the hallmark. For ex-
ample, VO, is attractive owing to its constitutive and other conductive properties
being temperature dependent [126]. Interestingly, VO, shows metallic character-
istics when the temperature is equal to or above a certain value, and attains the
dielectric phase when it is less than that [127-129]. Within the context, Inomata
et al. [130] reported micro-structured VO, resonator-based sensors, wherein the
resonant frequency varies linearly with temperature, and also, remains hysteresis-
free. Yi et al. [131] developed dual-functional temperature sensor based on the
coupling between VO, nanocrystal films and silver (Ag) nanoparticles. Dey et al.
[132] reported VO, nanorods-based temperature sensor with efficient thermal
conductivity over a temperature range of 20—100 °C. Baqir and Choudhury [133]
studied temperature sensing characteristics of specially designed VO, metamaterial-
based structure, wherein the metasurface comprises VO, nanodisks arranged in the
form of array, and mounted on a periodic stack of SiO,-Al,O5 planar structure.
However, the major drawback of VO, medium is that the phase transition happens
at a relatively low temperature (~68 °C) [134,135].

Among the PCMs, the VO,-based systems are more useful to achieve perfect
absorption in the IR wavelengths, whereas the GST-based (i.e., Ge,Se,Tes) systems
provide nearly perfect absorption in the IR and visible spans. Apart from this, unlike
the VO,, the phase of GST (amorphous or crystalline) remains stable in maintaining
the primary state even in the absence of external control. Interestingly, the PCM-
based devices can be tuned electrically [136], thermally [124], and/or optically
[137,138].

Tunablility of structure is of great importance in designing active metamaterials
and plasmonic absorbers [139,140]. Within the context, the properties of PCMs
(such as the GST mediums)-based metamaterials can be tuned by suitably ex-
ploiting graphene layers in the structure, which would allow heating of the system.
Notably, applying 200 ms electrical pulses of different amplitudes gradually de-
creases the resistivity of GST layer from high (the amorphous state) to low (the
crystalline state) values, and the intermediate crystalline states can be configured by
adjusting the amplitude of the excitation pulse [141].

Microheating systems have been important in designing miniaturized photonic
devices [141]. Within the context, refs. [142—144] report techniques to exploit
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FIGURE 9.17 2D schematic of the GST-graphene-SiO, mediums in a multilayered planar
configuration.

graphene as the microheater for GST mediums. In line with this, multilayer planar
configuration has been investigated to achieve tunable absorption characteristics,
wherein graphene layers act as microheaters for the embedded GST medium [34].
In particular, the structure comprises two graphene microheaters, each having tri-
layer graphene thickness of ~1 nm. The absorption characteristics of the structure
have been determined in the visible and IR regimes. The study includes the effect of
two different phases of GST (amorphous and crystalline) on the absorption prop-
erties. Fig. 9.17 shows the schematic of the proposed structure, which is a planar
multilayer configuration. Herein, the bottom Ag mirror layer is 50 nm thick, and
there are 02 stacks of GST-graphene-SiO, mediums followed by a thin SiO, layer
on top as the capping layer, in order to prevent the upper GST medium from
evaporation and providing better confinement of heat.

In view of Fig. 9.17, the wavelength-dependence of the real (¢,) and imaginary
(€;) parts of permittivity, in the case of monolayer graphene (with chemical po-
tentials u, as 0.5 eV and 1 eV) [34], have been shown in Fig. 9.18. It can be

observed in this figure that the real part exhibits the positive and negative

50 T T T . : .
0 e i N itizem
- —§R(e);uc=0.5 eV
- —-S(e); =0.5 eV
o 3O ]
—§R(e);;¢c=1 eV
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FIGURE 9.18 Wavelength dependence of monolayer graphene permittivity corresponding
to the u, -values 0.5 eV and 1 eV.
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FIGURE 9.19 Wavelength dependence of GST permittivity in the amorphous () and
crystalline (c¢) phases.

dependence on wavelength, whereas the imaginary part is positive only with al-
tering wavelength. Further, the real parts of permittivity have sharp peaks, the
positions of which, upon increasing u., move toward longer wavelength. Though
the imaginary components do not exhibit sharp peaks, the maxima of these also
shift to longer wavelength with the increase in 4. As such, the graphene chemical
potential would serve as the tuning parameter to alter the optical properties.

Fig. 9.19 shows the dispersion behaviour of GST in the amorphous () and
crystalline (c) states [34]. To plot the real SR (¢) and imaginary J(¢) components, the
optical constants of mediums have been used in the context of refs. [145,146]. It can
be observed that the permittivity dependence on wavelength is more prominent up
to 2.5 um in the case of c-phase of GST, whereas the at-phase exhibits it up to 1.5 um
only. Beyond these wavelengths, the permittivity values of the c- and a-phases be-
come almost independent of wavelength.

As to the absorption characteristics, the influence of GST layers, in terms of their
thickness values (i.e., dgsr1 and dgsrz), on the spectral features has been observed.
Fig. 9.20 illustrates such a spectral plot when the value of dgsr is varied in the range
of 90-150 nm, keeping the other parameters fixed [34]. For instance, Fig. 9.20
corresponds to the situation of dgsr; = 90 nm, d;; = 100 nm, dy = dg = 50 nm,
dy, = 1 nm (i.e., a trilayer graphene), and 4. = 0.1 eV. More specifically, this figure
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FIGURE 9.20 Plots of absorbance A vs. wavelength under varying dgsri.
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exhibits the wavelength dependence of absorbance A considering the TM-polarized
incidence excitation impinging on the top SiO, surface normally (i.e., 8 = 0°).

It can be seen in Fig. 9.20 that the absorption spectra has two spans of wave-
length in the visible (600-1000 nm) and IR (1300-1570 nm) regimes, wherein
resonances have been observed. In these, the value of dggri has been varied from 90
nm to 150 nm in a step of 10 nm, and the second group of peaks shows shifts in
dgsri their positions to higher dgsr; wavelength with increasing dgsri. It can be
noticed that, in the visible span, significant amount of broadening of resonance
absorption happens with ~99% absorption. Apart from this, red-shifts in absorption
peak can be observed in the visible and IR regimes with increasing dgsr.

Considering the effect of varying dgsr» on the absorption spectra, Fig. 9.21
shows the relevant plot, wherein values of dggro increase in a range of 50-110 nm
in a step of 10 nm [34]; the positions of prominent peaks also shift to increased
wavelength with the increase in dgsr». In this plot, the parametric values have been
as stated before, and dgsr; = 130 nm. It can be clearly observed in this figure that
the lower GST layer thickness leaves significant impact on the absorption char-
acteristics; in the IR regime, the resonance peaks are well-resolved now, whereas in
the visible range, those remain almost intact. It is noticeable that the increase in
dgsro results in red-shifts of absorption peaks in the IR regime, and the shifts are
linearly scaled for a larger GST layer thickness. It is worth mentioning that most
of the environmental gas sensors operate in the mid-IR regime, and therefore, such
a characteristic feature remains prudent for designing tunable optical gas
sensors [147].

Being GST a phase change medium, which essentially depends on the tem-
perature, the thermal tunability of the structure can be studied by manipulating the
RI of GST layer(s) in both the a- and c-phases. The permittivity of GST for dif-
ferent ratios of crystallinity can be stated by the effective permittivity theory and
Lorentz-Lorenz relations [148,149]; according to these

€ (1) — 1 _mec(/l) -1 () —1

+ (1 —m) 9.14)

) +2 e (A)+2 €,(A) +2

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
A (pm)

FIGURE 9.21 Plots of absorbance A vs. wavelength under varying dgsrs.
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(a)

Wavelength (;:m) Wavelength (;:m)

FIGURE 9.22 Plots of (a) RI n, and (b) extinction coefficient k vs. wavelength for
0 <m <1 - the a-state (lower solid line), the c-state (upper solid line), and intermediate
states (gray dotted lines).

Nefr (A) + Jker (A) = (J€efr (A) 9.15)

with m being the ratio of crystallinity with its value varying from O (pure amor-
phous) to 1 (purely crystalline). In these equations, €.4 (1), €.(4), and €, (1) are the
wavelength-dependent effective permittivity of GST medium, and its permittivity
values in the c- and a-states., respectively. The wavelength dependence of GST
layer RI is shown in Fig. 9.22. In view of the legend of this figure, it can be
observed that with increasing m the RI gradually moves from the a-state (i.e.,
m = 0) toward the c-state (i.e., m = 1) [34].

As such, the kind of graphene embedded GST medium-based multilayer struc-
ture considered here can present high absorption in the visible and IR regimes; the
positions of resonance peaks can be altered by varying the GST medium properties.
The incorporation of two GST layers in the structure yields nearly perfect ab-
sorption. Herein, the graphene microheaters can be utilized to achieve GST phase
transition, thereby introducing the property of tunability. Apart from this, the GST
crystallization process adds additional tunability of the absorption spectra.

9.7 USE OF GRAPHENE IN SENSING

The use of sensors has been vital in almost every sector of human life that includes
domestic, industries and the environment related measurements [150-152]. In this
stream, the implementation of graphene has become significantly popular.
Interestingly, graphene has reshaped the landscape of photonics technology. In
particular, the IR and mid-IR response of graphene can be read through plasmonic
characteristics, which can be dynamically tuned — the feature that has been greatly
exploited in biosensing applications [153,154].
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Pivoted to this, for example, graphene-supported tunable mid-IR biosensors
were reported, which demonstrate potentials for quantitative protein detection and
chemical-specific molecular identification [154]. In this work, a graphene layer
has been synthesized by the chemical vapor deposition (CVD) technique, and
transferred to a 280 nm thick native silica oxide of a silicon substrate. The in-
vestigation reported plasmonic features upon applying an electrostatic field
across the SiO, layer through a bias voltage in the range of 0-120 V to dyna-
mically control the chemical potential of graphene. Finally, the experiment could
detect protein molecules, the primary material of life enabling most of the critical
biological functions.

Monolayer graphene film-coated microfiber-based Bragg grating sensor has been
reported to function as a gas sensor [155]. In the configuration, a fiber Bragg grating
is first fixed on a MgF, crystal substrate with a low RI. After that, the graphene film
is coated over the fiber exploiting the CVD method to form the device. While in
operation, gas molecules are adsorbed by the graphene film, which results in al-
terations of the effective RI of fiber Bragg grating structure. This basically happens
due to significant carrier movement of graphene. In reality, the device is con-
ceptualized on the advantage of strong polar gas absorption and surface field en-
hancement of graphene film, which could detect ammonia (NH3) gas of very low
concentration ~0.2 ppm.

The above discussions indicate that patterned graphene structures have been of
great importance in the application viewpoint when these are amalgamated with
other suitably configured mediums. This could trigger the invention of many forms
of tunable devices utilizing graphene-based metamaterials [156,157].

The use of graphene remains proper for heat spread in the neighboring mediums
[158,159], which allows the implementation of PCMs along with graphene for
certain sensing applications. Among the others, SrTiO5 exhibits a high dielectric
constant, which essentially depends on the change of ambient temperature [160]. As
such, SrTiO; would be prudent in designing fairly rugged thermal sensors in the
THz regime [161,162].

In this stream, a tunable dual-band metamaterial-supported thermal sensor has
been investigated, which operates in the THz regime; Fig. 9.23 shows the schematic
of the metasurface only having a pixelated pattern [163]. However, such a
design of pixelated nanostructured mediums was conceptualized before, as reported

Graphene

SrTiO,
FIGURE 9.23 Top view of the pixelated metasurface
unit cell.
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elsewhere [164—166]. As can be seen, the metasurface consists of squared pixels of
graphene that are symmetrically distributed over the surface of SrTiOj; thin film.
This yields a pattern of periodically arranged graphene-SrTiO; pixels, as the figure
shows. The chemical potential u of graphene can be varied for the tunability pur-
pose, which will alter the constitutive properties of the metasutface, thereby varying
the spectral characteristics of the sensor.

In the thermal sensor configuration, the metasurface of certain thickness (say /)
is grown over a relatively thick (having a thickness of 500 nm) SiO, dielectric
medium (not shown here) of the permittivity value as 2.1. The size of the pixels
can vary. However, in this investigation, all pixels are square shaped. The
transmission characteristics of such a structure have been evaluated by con-
sidering the area of each pixel (in the metasurface) as 50 x 50 nm?” and the SrTiO;
thin film thickness as 50 nm. Fig. 9.24 illustrates the plots of the real (Fig. 9.24a)
and imaginary (Fig. 9.24b) parts of effective permittivity against the operating
frequency (in the range of 1-6 THz) under u as 0.4 eV. For this purpose, the
permittivity of SrTiO; has been considered for two different values of ambient
temperature, namely 250 K and 400 K. Also, the volume fraction element of
graphene is considered to be 0.0043.

It can be seen in Fig. 9.24 that the real part exhibits the positive and negative
dependence on frequency, whereas the imaginary part is positive valued only.
With increasing frequency, the real part of effective permittivity becomes more
positive. Further, the values of both the parallel and perpendicular components
of the real part decrease with increasing temperature. Nevertheless, within the
2-6 THz frequency span, the effective permittivity is found to remain very high
due to the presence of SrTiO3, which possesses large relative permittivity over the
used operating frequency range. Before 1.6 THz, the real component of effective
permittivity is negative valued, and it becomes more negative as the operating
frequency is reduced. Fig. 9.24 clearly determines the metasurface to be of the
dielectric and Type I hyperbolic metamaterial kinds depending on the operating
frequency.
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FIGURE 9.24 Dispersion characteristics of metasurface; (a) real part, and (b) ima-
ginary part.
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FIGURE 9.25 Transmission spectra of the metamaterial under varying temperature and
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Fig. 9.25 shows the transmission spectra of metamaterial in the range of
1-7 THz under the ambient temperatures as 250 K, 300 K, 350 K and 400 K. Also,
the graphene chemical potential has been considered as 0.4 eV. In this figure,
corresponding to each value of ambient temperature, the structure exhibits 02
transmission dips. However, the increase in temperature by 50 K results in a shift
of frequency minima by ~0.6 THz or more. This essentially demonstrates that
the proposed design can be used for thermal sensing. It must be added here
that Fig. 9.25 has been obtained under the normal incidence of waves. However, it
has also been found that, upon altering the angle of incidence, positions of
transmission minima do not shift; only the magnitude of transmission varies a
little without affecting much the positions of transmission minima. As such, the
investigated pixelated-graphene supported thermal sensor can be used in a fairly
wide temperature range of 250-400 K. Indeed, alteration in graphene chemical
potential introduces tunability to the structure.

9.8 SLOW-LIGHT STRUCTURES AND MODE FILTERING

We have explored various mechanisms, including the use of materials, to reduce the
group velocity of light propagating in a medium. As discussed before, graphene
enables slow-light propagation in plasmonic structures [23,24]. The cited references
[167-169] demonstrate slow-light at telecom frequencies due to the surface plas-
monic effect. Slowly varying surface plasmons in graphene- and silicon-based
graded grating structures have also been reported [170]. In addition, the EIT in
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nanostructured graphene induces a significant amount of group delay with its
magnitude larger than that offered by the metallic structure [29].

In the context of slow light in graphene-supported guides, the study of group
velocity of a specially designed silica-clad slab waveguide structure having the core
region comprising a gold nanolayer and a graphene monolayer, sandwiched be-
tween the core-clad interface, revealed the guide to behave as an optical filter in the
visible regime [25].

Fig. 9.26 exhibits the schematic of the waveguide structure. Considering the
propagation of time ¢-harmonic and the axis z-harmonic EM waves along the optical
axis, the TE mode excitation provides the electric (E-) field components [171] as

E. ., =E, {Cfm kA“x} eloilx| < d (9.16a)
’ sin ka,x
Eq_y = E {e7fso} es®|x| 2 d (9.16b)

in the core and clad sections, respectively. Here, Ey and E; are the E-field amplitudes.
Also, the magnetic (H-) field components corresponding to the TM mode in the
core/clad sections will be

s k, .
HC_V _ HO {Cf)g Aux}ejwt|x| < d (9173)
i sin kayx
H._y = Hy{e7Fso* Y /x| > d (9.17b)

respectively, with Hy and H; being the field amplitudes. In these equations, the
subscripts ¢ and ¢!/ in the left-hand sides represent the situations in the core and clad
sections, respectively. In these equations, ka, and ksio, are the wave numbers of
gold and silica mediums, respectively, which assume the forms

kaw = \eau @)k — B2 (9.18a)
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FIGURE 9.26 Schematic of the proposed graphene-based waveguide structure.
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and

ksio, = B> — €sio.ko (9.18b)

Here, kg is the free-space wave number, and 8 is the propagation constant in
medium. The real value of § yields propagation, whereas the imaginary part cor-
responds to absorption of waves (in the guide).

Now, using Maxwell’s equations, and the continuity conditions of the tangential
components of electric/magnetic fields at the core-clad interface, after some
mathematical steps, one may derive the dispersion relations as

ksio, + jwgy (@)

[f] (;8)]Even = tan(kaud) — 0 (9.19a)
kAu
for the even-order TE modes, and
ksio, + joo, (w)
s (B)loas = cotlkpud) + —=25 7 — (9.19b)

kAu

for the odd-order TE modes [25]. Corresponding to the TM modes, the dispersion
relations in the cases of even- and odd-order modes assume the forms

eau (@) ksio, _
&si0,kau (@) (1 + g, (w))

s B = tan(ks,d) — 0 (9.20a)

and

eau (@) ksio, _
€sio, kau (@) (1 + g, (w))

2 (B)]o = cot(kaud) +

0 (9.20b)

respectively [25]. In these equations, &a, and &sijo, are the permittivity of gold and
silica mediums, respectively, and g, (w) is the frequency-dependent conductivity of
graphene.

Interestingly, Egs. (9.19) and (9.20) provide f3-values corresponding to the TM
mode only, whereas no solutions exist corresponding to the TE mode [25]. As such,
one can infer that the proposed graphene-based waveguide configuration does not
support the presence of TE mode. Apart from this, it has been found that the guide
supports the sustainment of zero-order TM mode (i.e., the TM; mode) only.

Considering the operating wavelength to be 450 nm, Fig. 9.27 exhibits graphi-
cally the solutions corresponding to the TE and TM modes. Herein, Fig. 9.27a
determines that both the even- and odd-order modes have similar dispersion
characteristics. In Fig. 9.27b, the solid and dashed lines, respectively, depict the
presence of even- and odd-order modes [25]. This figure shows the existence of
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FIGURE 9.27 Solutions for the (a) TM, and (b) TE modes in the waveguide structure in
Fig. 9.26.

only the zero-order root of 8 at its value 4.8 x 10’ m™", corresponding to the TM,

mode in the entire visible spectral range. This clearly indicates that the proposed
waveguide does not support the TE modes. In other words, it filters out the TE and
the other higher-order TM modes, thereby affirming the proposed graphene-based
structure to serve the purpose of mode filtering.

9.9 CONCLUSION

This chapter gave a glimpse of the importance of the graphene medium and its
application in designing certain forms of metamaterial-inspired photonic compo-
nents. In particular, we placed emphasis on filters, absorbers and sensors to be used
in the THz, visible and IR regimes of the EM spectrum. In line with this, we
touched upon a few relevant metamaterial designs and provided demonstrations
of their usefulness in respective applications. In all these device configurations,
graphene was primarily exploited to tune the spectral characteristics. In summary,
the suggested graphene-embedded designs are attractive as they offer tunability.
However, it remains more prudent to devise photonic components in the THz
regime because they may more easily attain tunability.
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10.1 INTRODUCTION

A plasmonic metamaterial is one that, through interaction with electromagnetic
radiation, produces artificial optical properties based on surface plasmon effects.
The resonant oscillation of free electron gas in metals formed by the interactions of
incident light with dielectrics and metals, known as surface plasmon resonance, is
currently being used widely for biosensor applications. Sensing applications benefit
from the tunability features of plasmonic resonance produced in the many meta-
materials used for various vibrational modes in the region of IR spectroscopy [1-8].
The term metasurface is now widely used for metamaterials that are created as
metallic patterns on the surface of substrates via the lithographic processes that are
typical of planar fabrication technology. There are many molecular vibrations that
occur in the mid-IR spectral region [9].

Organic molecules are complex chemical compounds of which many are found
in living systems. Many of the chemical bond vibrations in these molecules exhibit
stretching band spectra that are in the IR, typically at wavelengths in the range
between 2.5 um and 12.00 pum [4,5,10,11]. Many organic compounds, for example,
17p-estradiol (also known as E2), consist largely of atoms, such as hydrogen and

DOI: 10.1201/9781003050162-10 269


https://doi.org/10.1201/9781003050162-10

270 Metamaterials

carbon, that form strong molecular bonds. Significant characteristics for identifying
the molecular bonds spectrally are through vibrational intensity and the positions of
particular spectral features [12]. In this chapter, a numerically designed and fab-
ricated metallic structure-based metasurface has been used to detect the significant
features of C—H bonds in the E2 analyte, which is a type of human hormone re-
sponsible for the development of sex organs — with a molecular mass of 272.4 g/mol
[13,14]. Furthermore, this hormone can be found naturally in the environment
through human excreta or through some anthropogenic activities [15]. The high
demand for E2 in clinical analyses and in determining the performance of human
systems, as well as its occurrence in water treatment, has motivated inter-
disciplinary research groups to investigate and report on various sensor techniques
[13,16,17]. We report on asymmetric split-H (ASH) structure-based metasurfaces
that use plasmon resonances for identification and enhancement of the molecular
vibrations of C—H bonds in E2.

10.2 THE ASYMMETRIC SPLIT-H STRUCTURE

Several forms of metallic metasurfaces have been reported in the literature, for ex-
ample, surfaces based on arrays of split-ring resonators, U-shaped, nanorod, chiral,
dipole and metasurface holographic movies [18-22]. In 2014, Yuan et al. studied
asymmetric H-shaped structures that had no gap in the bar of the H-pattern [23]. Our
group has pointed out that the plasmon resonance behavior produced by the basic
structure can be improved by introducing a small gap in the bar of the
H-structure. Basic metamaterial structures that include a nanometer-scale gap and
multiple sharp edges have been demonstrated to form hot spots that can produce
enhanced electric (E-) fields at or near resonance [24-26]. The E-field enhancement
from the hot spots can greatly exceed the strength of the incident field [1,7]. In this
chapter, the individual asymmetric split-H (ASH) elements in the arrays have both
a 50 nm gap and multiple sharp edges of the arms, as shown in Fig. 10.1a,b.
Fig. 10.1a also shows a normal incidence radiation on the plane of ASH arrays, with
the direction of propagation constant (K) orthogonal to the periodic arrangement of a,-

L L

FIGURE 10.1 Schematic diagram of (a) gold ASH arrays deposited on a substrate, showing
the periodic arrangements along the a,- and a,- axes, with the incident light propagation
along the z-axis, and (b) detailed schematic of a single ASH structure.
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and a,- axes of the ASH structures. An appropriate optimization of the design and
periodic arrangement of arrays has been demonstrated to exhibit high sensitivity
[7,24-26]. The ASH design is composed of two conventional gold (Au) dipole
nanostructures, separated by a nanometre-scale gap and two asymmetric vertical arms
(Fig. 10.1). Metasurfaces based on the arrays of asymmetric split-ring resonators
(ASRRs) have been introduced because of their trapped-mode resonance feature, as
well as exhibition of a double-reflection Fano-resonance [27]. The combined presence
of both a trapped mode and two Fano-resonances is particularly relevant for the
potential use of these structures in sensing applications. The arm lengths of our ASH
design are tuned to produce plasmon resonance peaks within the mid-infrared region.

10.3 NUMERICAL MODELING AND NANOFABRICATION

10.3.1 NuUMERICAL MODELING

Three-dimensional finite-difference time-domain (FDTD) software was used for
the modeling and numerical simulation of the ASH arrays. The simulations
enable optimization of the geometry — for example, the nanometre-scale gap
dimensions, sharp edges, arm lengths and the periodic spacing arrangements in
arrays. The FDTD method used covers a wide range of wavelengths in a single
simulation run. The material properties were included in the simulations by
applying the Drude model for the optical properties of a gold-film structure
deposited on top of a fused silica substrate, with material data from Palik em-
bedded in the software [28]. The basics of the FDTD time-stepping relationship
show that the updated value of E-field in time is dependent on the stored value
of E-field and on the numerical curl of the local distribution of the magnetic (H-)
field in space [29]. Similarly, the updated value of H-field in time is dependent
on the stored value of H-field and on the numerical curl of the local distribution
of E-field in space.

Our simulations have used periodic boundary conditions along the x- and
y-axes, with equal periodicity, to simulate an infinite array in both directions. A
perfectly matched layer (PML) was used for the z-axis, over the wavelength range
from 2 pm to 8 um. The ASH array structures were excited by a plane wave
propagating along the z-direction orthogonal to the E- and H-fields components of
the x- and y- axes, as shown in Fig. 10.1a. A transmission monitor was placed
between the substrates and nanostructures — and the reflection monitor was placed
above the gold nanostructures.

Three different split-H nanostructures — the symmetric split-H (SSH), the
asymmetric split-H (ASH) and the double asymmetric split-H (D-ASH) — were
modeled for comparison with the same gap size throughout. Fig. 10.2 shows the
transmittance and reflectance spectra for both the orthogonal polarizations. The E
polarization applies with the E-field across the gap in the bar of H-shaped
structure, while the Ey polarization applies with the electric field parallel to the
vertical dipole. The SSH structure (Fig. 10.2a) has identical vertical arm lengths.
When L, and L, are of the value 1.6 um, the gap (g) is 50 nm and the horizontal
bar (H) is 0.35 pm, the single resonance peak appears in both the polarizations at a
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FIGURE 10.2 Schematic diagrams with transmittance and reflectance spectra from
simulations of (a) SSH, (b) ASH and (c) D-ASH structures. The transmittance and reflectance
spectra shown are for a 2.8 pm period arrangement in both (i) Ey- and (ii) Ex- polarizations
with reference to the vertical and horizontal arms.

wavelength of 4.40 um. This behavior is due to the symmetric vertical arm length
producing a single resonance peak. The nanostructures modeled were then
modified to the ASH form (Fig. 10.2b) by changing the size of the vertical arm
length L,, keeping the arm length L, the same. By adjusting the arm length to
introduce asymmetry into the structure, two separate vertical resonance peaks
appear at wavelengths of 3.8 um and 4.8 pm for the Ey-polarized excitation.
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Between the two resonances, the reflection trough at 4.40 um with a Q-factor
value of 5 can also be identified as exhibiting trapped mode characteristics.

Lastly, the D-ASH structures (Fig. 10.2c) were varied, for all the different arm
lengths, in the vertical and horizontal directions. The obtained results show two
separate resonance peaks produced in both polarizations. The asymmetric
horizontal bar is H; = 0.8 um and H, = 0.7 pm, and the sizes of L; and L, remain
constant. The measurements show that, under the Ex-polarized excitation, double
resonances are exhibited at the wavelengths of 3.8 um and 5.00 um, while under the
Ey-polarized excitation, resonances occur at the same wavelengths as for an ASH at
3.8 um and 4.8 um. Changing the two different arm lengths in the structure not only
produces two distinct resonance peaks, but it also tunes the positions of the
resonance peaks [30].

An additional simulation was performed to understand the coupling effect
between the dipoles within an ASH with separate arm lengths, as shown in
Fig. 10.3. The equal arm lengths within the individual ASH structure produce a
single resonance that is similar to the resonance hybridization model that has been
explored by Giessen et al. [31,32] and explained in other work [33,34]. The
plasmonic dipole-like modes of the arm lengths L (Fig. 10.3a) and L, (Fig. 10.3b)
are excited at distinct frequencies, w; and w,, respectively (Aiw represents the
photon energy). The resonances occur at the respective wavelengths of 4.8 pm
(dashed line) for the longer arm and 4.2 um (dotted line) for the shorter arm,
which correspond to the plasmonic eigenmodes |w;) and |w;). The interaction
between these two modes results in new coupled modes as hybrid combinations of
the plasmonic eigenmodes: a mode with the frequency |w,) that corresponds to a
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FIGURE 10.3 Schematic and simulation results for the component geometries of ASH
structures. Illustration of structures with (a) the arm length L, of the ASH producing the
resonance indicated by the green dashed line, (b) the arm length L, of the ASH segment
producing the resonance indicated by the orange dotted line, and (c) the complete ASH
producing the doubly resonant behavior indicated by the black line.
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“symmetric” plasmonic mode of the combined structure (a higher energy mode), and
a mode with frequency |w_) that corresponds to an “anti-symmetric” plasmonic mode
of the combined structure (a lower energy mode). The reflection dip at a wavelength
of 4.4 um is due to resonance hybridization between the two arms of ASHs that are
positioned close to each other and produce two resonances: one at a wavelength of 3.8
pm and the other at a wavelength of 4.8 um (solid black line).

Another illustration of the plasmon hybridization is shown in the schematic
energy band diagram in Fig. 10.4. The hybrid resonances show a red shift for the
arm length L, from 4.8 um to 5.0 um and a blue shift for the arm length L, from
4.2 ym to 3.8 um. The coupling between the two vertical arm lengths L, and L,
leads to the symmetric and asymmetric resonances |w,) and |w_). The resonance
is red-shifted due to a reduced energy level (increasing wavelength). It is
observable that the resonance |w;) (dashed line) amplitude is much higher than
the amplitude of |w, ) (dotted line), as demonstrated in Fig. 10.3. Because of the
resonance hybridization, the amplitude of the symmetric resonance |w, ) is much
higher than that of the asymmetric resonance |w_). Furthermore, the resonance
linewidth of the asymmetric resonance |ew_) is narrower than the linewidth of the
longer arm resonance |w; ).
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FIGURE 10.4 Energy level diagram showing schematically the resonance hybridization
that occurs in the ASH structure. The coupling effect between the two dipole arms with
lengths L, and L, produces two new modes, the higher energy “symmetric” mode and the
lower energy “anti-symmetric” mode.
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10.3.2 NANOFABRICATION ON FUSED SILICA AND ZINC SELENIDE SUBSTRATES

The arrays of ASHs were initially designed using the L-edit software, with the arm
dimensions L; and L, being 1.1 pm and 0.9 um, respectively, while the arms of the
SSH structures in other arrays were chosen to be 1 um, with the pattern widths (w)
being 100 nm. Produced reflectance resonance peaks in the wavelength ranged from
2 um to 8 pm to cover the region required for application. The thermal and optical
properties of fused silica are superior to those of the other types of glass due to
purity and simple composition. As a result, fused silica is widely used in laboratory
equipment, sensor devices and in dielectric and semiconductor device fabrication.
Applications of this material mostly exploit its wide transparency range within
the electromagnetic spectrum, ranging from the ultraviolet, through the visible
spectrum and some way into the IR regime. The ASH arrays were patterned on
fused silica and single crystal zinc selenide substrates using electron beam lithography
(EBL). Thorough cleaning of the substrates was performed using acetone, methanol
and IPA, and then a bilayer of polymethyl methacrylate (PMMA) was spun on.
The lift-off process was used after metallization of the pattern with 50 nm gold
(Au) and 10 nm of titanium (Ti) for adhesion purposes. The same nanofabrication
procedures were used as detailed in Mbomson and Mohamad Ali Nasri [14,26]. The
used zinc selenide and fused silica substrates had thickness dimensions of 1 mm and
750 um, respectively, and larger plates were then cleaved to nominally square areas of
12 mm?. The benefits of using different substrate materials in relation to sensor
applications are discussed in Section 10.4.2 of this chapter.

10.4 RESULTS AND DISCUSSION

The reflectance spectra of light from the fabricated gold ASH arrays have been used
to characterize the plasmon resonance properties of the resulting metasurfaces. We
have used the Fourier-transform infrared spectroscopy (FTIR) technique in the
reflectance mode to observe the spectra. The mercury cadmium telluride (MCT)
detector of the FTIR equipment was cooled with liquid nitrogen and the signal
intensity was checked. The fabricated ASH sample was placed on the stage and
positioned in the optical path. After the sample area was defined, an uncontaminated
gold mirror was used for the reference measurement prior to measuring the ASH
arrays. The experimental work focused on the production of improved distinct
plasmon resonance peaks by varying the gap in the ASH bar and the periodic
arrangement of the array. In this chapter, we present the results of measurements on
the arrays of both the SSH and ASH arrays with 50 nm gaps and 2 um periodic
spacing along both the x-and the y-axes, as shown in the micrographs of Fig. 10.5.

10.4.1 ImpAcT OF HORIZONTAL AND VERTICAL SPACING OF THE PERIODIC
ARRANGEMENT AND VARYING GAP OF ASH ARRAYS
Work on the impact of spacing in periodically arranged dual-polarized ASH

metasurface arrays has been described in Mbomson [35], including both the
numerical simulations and FTIR measurements on the fabricated D-ASH arrays.
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FIGURE 10.5 SEM image of (a) SSH, and (b) ASH arrays fabricated on fused silica
substrate.

The asymmetric feature of ASH nanostructure was orthogonally designed in both
the x- and y-axes of the electric mode. A Q-factor value of 26 was achieved both
experimentally and in numerical simulation, through increase of the period of
ASH array metasurface to a sufficiently large value [35]. This Q-factor value is
comparably high to other work on metal film-based metasurfaces described in the
literature [36]. The asymmetric nanostructures produce three distinct plasmonic
resonance peaks that are strongly dependent on the polarization state of the incident
electromagnetic waves. By applying a sufficiently large periodic spacing in the
dual-polarization dependent asymmetric H-shaped (ASH) nanostructure array, a
high Q-factor value can be achieved in the MIR region.

Variation of the gaps (g) in the bar-sections of dual-polarized ASH (D-ASH) arrays
was also carried out (Fig. 10.2b). The sizes of the horizontal (H) bar section of the
D-ASH structure were maintained constant at 0.875 um and 0.675 um (the structure
formed by the gap in the horizontal bar-section), and the respective vertical (L) dipoles
were of the lengths 1.6 um and 1.4 um. However, the gap size between the horizontal
bars section, shown in Fig. 10.6, was varied from no gap up to 200 nm. The Ey
polarization gave a variation in resonance peak position when the gap sizes were varied,
as shown in Fig. 10.6b. When the ASH gap is closed, i.e., the gap is 0 nm, the total arm
length of the horizontal bar is equal to 1.55 um, and a single resonance appears at a
wavelength of 7.5 um due to the changes in the length of the horizontal bar section. The
single resonance is attributed to the excitation of the surface plasmon along the vertical
dipole being parallel to the E-field, as shown in Fig. 10.7. The peak positions are af-
fected by the length, as discussed earlier in Section 10.3.1. When the gap was increased
to 10 nm, the resonance was blue-shifted and two plasmon resonances were produced.

Fig. 10.7 shows the magnitude of E-plots of the z-component for D-ASH
structures with varying gap over the range from 0 nm to 200 nm. The E-field was
only along the horizontal asymmetric bar because the incident light was set to
be polarized along the x-axis. The E-field monitor was placed in the center of the
D-ASH structure, and the E-field maxima appear at the ends of the vertical dipoles
or the horizontal bar. The dark blue color shows the minimum E-field intensity and
dark red color shows the maximum E-field. It must be noted that the maximum
brightness values on the two color scales are different in Fig. 10.7. When the gap in
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FIGURE 10.6 Effect on varying the gap sizes from 0 nm to 200 nm on the reflection spectra
for (a) Ey polarization, and (b) Ex polarization.
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FIGURE 10.7 E-field plot for plasmonic resonance at a wavelength (a) 7.5 um when the
D-ASH has a 0 nm gap (i.e., no gap) in the bar section, and the plasmonic resonance at a
wavelength (b) 4.28 um with a 200 nm gap, as shown in reflectance spectra Fig. 4.2b.

the horizontal bar is 0 nm, large E-fields appear at the ends of the vertical arms,
compared to the situation for 200 nm gaps, where the E-field maxima occur in the
area around the gap. These areas form “hot spots”, where the strong E-field,
associated with the trapping of optical energy, produces enhanced absorption and
resonance shifting in the presence of bio-material.

10.4.2 Errect OF DIFFERENT SUBSTRATES

The response of metamaterial nanostructures is not solely dependent on the size and
geometric parameters of the patterned metallization, but also on the choice of the
substrate material used. The criteria for choosing a suitable substrate include, in
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particular, the transmission range in the IR regime [28,37]. Generally, optical
glasses have a refractive index (n) range between 1.4 and 2. One possible alternative
substrate, single crystal zinc selenide, is transparent with a light-yellow colour — and
has advantages for use with aqueous solutions. This is because it has a wide
transmission wavelength range, from 0.6 um up to 21 pum. In comparison, fused
silica (SiO,) substrates have a useful operating range from around 0.2 pm to 4.0 pm.
Fused silica substrates, due to their low refractive index and transmittance range up
to 4.0 um, can be used in realizing metamaterial structures and metasurfaces with
plasmonic resonances at shorter wavelengths (in the range from the visible
through the near IR to shorter wavelengths in the mid IR regime). Both the substrate
materials are highly transparent and insoluble in water, in contrast to other dielectric
optical materials, such as calcium fluoride (CaF,).

The ASH nanostructures were modeled with patterned gold metallization on the
top of fused silica (Fig. 10.8) and single crystal zinc selenide (Fig. 10.9) substrates.
The ASH structures were modeled using the same values on the two different planar
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FIGURE 10.8 (a) SEM image of ASH on fused silica substrate. (b) Simulation results of
ASH on fused silica substrate with the incident light polarized parallel with the asymmetric
arms with lengths L; = 1.6 um and L, = 1.2 ym.
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FIGURE 10.9 (a) SEM image of ASH on zinc selenide substrate. (b) Simulation results of
ASH on zinc selenide substrate with the incident light polarized parallel with the asymmetric
arms with lengths L; = 1.6 ym and L, = 1.2 pm.
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substrates with the arm lengths L; and L, being 1.6 um and 1.2 pm, respectively.
The center-to-center of gap spacing in the ASH array was 1.1 um along both the
x- and y-axes. The refractive index n = 2.43 of the zinc selenide substrate was
taken from the data sheet supplied by the Crystran company — and the data for fused
silica were obtained from Palik [28,37]. Because zinc selenide substrates have a
higher refractive index than that of fused silica, the ASH structure resonances shift
toward longer wavelengths, producing plasmonic resonances at 5.5 um and 6.8 pum.
Fig. 10.8b shows a resonance peak with large absorption (approximately 0.4), as
well as large reflectance at 9 um, due to the intrinsic longer wavelength IR prop-
erties of the fused silica substrate. Fig. 10.8b also shows the corresponding plas-
monic resonances at wavelengths of 3.8 um and 4.8 pm. Although the transmission
range and refractive index of zinc selenide are larger, the reflection loss increases by
30%, as shown in Fig. 10.9b. The designed dimensions of ASH structures on the
zinc selenide substrates have been reduced to a smaller size to obtain resonances
at shorter wavelengths, and thereby match with the targeted wavelengths.

10.4.3 VARIATION OF THE ASH ARM-LENGTH ON ZNSE SUBSTRATE

In previous work, we focused on designing and developing the ASH structure on a
fused silica substrate [7,35]. Although the array metasurface resonances can be
manipulated to some extent by changing the periodic arrangement, in particular,
the horizontal and vertical spacing of the individual elements, the overall size
and the arm lengths in the ASH structure also have a direct effect on the
resonances. In the present design, the periodic arrangement was set constant, and
the arm-lengths of ASH structures on a ZnSe substrate were varied to produce
resonance peaks at the targeted wavelengths. The periodic arrangement was set
with a spacing of 1.1 pm along both the x- and y-axes. The ASH structures on
ZnSe substrates are smaller than the sizes of corresponding ASH structures on
fused silica substrates, as explained in Section 10.4.2, due to the ZnSe substrates
having a higher refractive index than the fused silica substrates.

In order to optimize and demonstrate the coupling of ASH the structures,
simulations were performed by changing the arm length L, and keeping a
constant arm length L, or vice versa. The arm length L, was varied at 0.7 um
and 0.75 um, while the arm length L, was varied from 0.5 pm to 0.6 um, in
order to exhibit a plasmonic resonance in the wavelength range between 2 um
and 4 um. As the arm length is varied, the two resonance peaks are modified due
to the presence of reflection dip. Table 10.1 shows the simulation and experimental
results that are obtained by varying the arm length L,. The resonance wavelength
exhibits a red-shift, and linearly increases as the arm length increases, as
shown in Fig. 10.10a, b. When the structures are less asymmetric, the resonance
becomes broader and the amplitude of resonance peak at a wavelength of 3.5 pm
is reduced. The value of Q-factor has been calculated; the average Q-factor is
8 for the arm length L, and 6 for arm length L,. The reflection dip yields the
Q-factor of 12.

To investigate the sensing capabilities of ASH structures fabricated on ZnSe
substrates, the effect of a thin (50 nm) layer of different refractive index
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TABLE 10.1

Simulation and Experimental Results of Varying the Arm Length L, with
0.5 pm, 0.55 pm, 0.6 pm and 0.65 pm. The Arm Length L, remains constant.
The other parameters remain unchanged. All figures were labeled with ASH
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dielectric material covering the metasurface was simulated (Fig. 10.11a). The
value of refractive index was varied from 1.20 to 1.59, through the refractive
index of water at n = 1.33 and that of PMMA at n = 1.46 [38]. The sensitivity
was calculated from the refractive index change after the deposition of a
thin layer of PMMA. The resonance of the bare ASH was red-shifted — and
the resonance wavelength increased close to linearly with arm length,
corresponding to a sensitivity value of 760 nm/RIU (Fig. 10.11c). Hence, the
resonance wavelengths shifted by around 350 nm from their initial positions for
the bare ASH structures.

5 b
(a) - ®) o5
1k s 1= A SH |
e n=1.20 |
n=1.25 |
§ s 11 == 1 .30 ‘
0.8 s 1= 1.33 ‘ b
® ————n=1.40 | )
g —n=1.46 I =
2 0.6 e 1=1.50 | ] s
S ———n=1.59 [ Z 0.2
k- &
0.15
|
|
! 0.1 ‘

2 2.5 3 3.5 4 3.2 3.4 3.6 3.8 R
Wavelength (pum) Wavelength (pm)

¢
500 T T T

400

300

A)X(nm)

200

100 L L .
1.2 1.3 1.4 1.5 1.6

Refractive Index (n)

FIGURE 10.11 Simulated transmittance spectra of a 50 nm thick layer with different re-
fractive indexes on an ASH-based metasurface modeled on ZnSe substrates. (b) Expanded
view of the simulated transmittance spectra of (a). (c) Resonance shift (AL nm) versus
refractive index (n) plot of the deposited layer for the ASH yields a linear relationship.
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10.5 SENSING TECHNIQUES

A number of different sensing techniques have been employed by different researchers
for assaying of organic molecules [39-43]. These methods, for example, screen-printed
carbon electrodes (SPCEs) [39], gas chromatography-mass spectrometry (GC-MS)
[40], gold electrode surfaces used for the detection of estradiol via under-potential
deposition (UDP) [41] and aptamer-based optical fiber detection of 17f-estradiol [42],
have demonstrated only limited sensitivity — while the laboratory-based experimental
work involved remains challenging. The development of surface enhanced infrared
absorption (SEIRA) technique, which often uses plasmon resonances produced by
nanostructures or nanoparticles [43], has been shown to be effective for the specific
assays of 17f-estradiol (E2) [44,45]. In our recent work, we emphasized the value of
identification and interpretation of Fano resonances associated with the bond vibrations
of E2 and their characteristic signatures [7]. Other researchers worked on the detection
of E2 using a variety of methods with emphases on, for example, the interaction
between E2 antigen and its receptor, as well as the use of molecular imprinted
polyurethane [46,47].

In this chapter, we described the application of plasmon resonance sensor
techniques based on the double resonance peaks produced by our designed ASH
structures to evaluate the vibrational resonances present in E2. Articles on
vibrational resonances of C-H bonds with other types of organic molecule,
for example, polydimethylsiloxane (PDMS), 1-octadecanthiol (ODT) and
poly-methyl-methacrylate (PMMA), that have also shown molecular bond stretch
vibrations in the mid-IR region, have been published [4,5,8]. We carried out
numerical simulations and experiments on E2 to study molecular bond vibrations
that exist in the analyte. E2 is an example of organic molecule that exhibits
vibrational resonances due to the presence of both the C=C and C-H bonds. These
two bonds are, among the other molecular bonds, present in the range between
2 um and 8 pm of the mid-IR spectrum. The C—H bond has very strong vibrational
resonances that are observed over the range between 3.31 um and 3.55 pm — with
double resonance peaks, as shown in Fig. 10.12.

The reflectance spectra shown in Fig. 10.12 were obtained from the FTIR
measurements and provide a comparison between the sensitivity values for the
deposition of equal amounts of E2 at a concentration of 37 pmole/ml on the surface
of fabricated SSH and ASH arrays. The sensitivity calculations for ASH structures
were obtained from the red shift of resonance peak from 3.57 ym to 3.94 ym (a
change in wavelength (AL) of 370 nm; (Fig. 10.12b.)) For SSH arrays, the red shift
was from 3.23 um to 3.37 um with a A\ of 140 nm (Fig. 10.12a). The change in
refractive index, An of 0.46 was calculated from ng, = 1.46 and n,;, = 1. From these
results, the sensitivity values of 804 nm/RIU and 340 nm/RIU were obtained for the
ASH and SSH arrays, respectively. Hence, the sensitivity value obtained for an SSH
array metasurface is approximately 41% of that for an ASH array metasurface.
From these results, we propose that an optimized ASH-based metasurface has
promising features for application in high sensitivity bio-sensor devices, as we have
shown in this section and in Mbomson et al. [7].
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FIGURE 10.12 Reflectance spectra showing the red shift in the resonance peaks from
an initial wavelength(s) of (a) 3.23 um for the SSH structures. Note: The small dip on the plot
of (a) at 3.3 um is possibly due to imperfections in the fabrication process. (b) Initial
wavelengths of 3.05 pm and 3.57 pm for the two peaks of ASH structures. The other spectral
features are from water vapor at 2.85 um, CO, at 4.20 um and the C-H resonance stretch at
3.31 pm to 3.55 um.
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FIGURE 10.13 Reflectance spectra from measurement and simulation plots from ASH
with E2 showing red-shifted resonance peaks due to refractive index change in the ASH
surroundings — for three different samples. Ripples at 2.8 um are from H,O vapor,
C-H vibrational resonance bond stretch from 3.31 pm to 3.55 um and CO, at 4.2 um.

The presence of C—H bond in E2 was evaluated, as shown in the measurement
and simulation reflectance spectra of Fig. 10.13. The figure summarizes the
work presented in this chapter by using plasmonic resonance peaks to demon-
strate red shifts caused by positive changes in the refractive index of the medium
above the metasurface array. Numerical modeling leads to the identification of
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Fano-type resonance associated with E2, formed by the superposition of Lorentz
resonance on a slowly varying dielectric medium background to produce
wavelength-dependent negative and positive changes in the refractive index of
analyte layer. For modeling, the background relative permittivity (£ = 2.13)
of the analyte was obtained from the expression £ = (nEz)z, where n (= 1.46)
was used as the refractive index of the analyte. The Lorentz permittivity
(&, = 0.0012) was used, together with the Lorentz linewidth (J;) of approxi-
mately 4 x 10'? rad/s in the numerical simulation, to provide a resonance peak
closely matched with the experimental measurements. The vibrational re-
sonances of C—H bonds are also enhanced by the gold ASH array metasurface,
as can be observed in the figure — and has been calculated in the cited references
[7,14,27]. The characteristic behavior of the ASH-based metasurface as a sensor
device with high sensitivity is shown in Figs. 10.12 and 10.13.

10.6 CONCLUSIONS AND FUTURE WORK

The use of ASH arrays as sensor metasurfaces has been investigated — and future
work will continue to provide a sensitive sensor platform for specific molecule
detection. With low-cost synthesis, aptamers can be used as an alternative to
antibodies [48]. Aptamers are single-stranded deoxyribonucleic acid (DNA)
molecules and were isolated by Kim et al. [17]. They can be used as bio-recognition
elements to bind specifically to targeted E2 molecules of (E2). The DNA aptamer
strand used was 76-mer (basic molecular repetition units) long and had a molecular
weight of 23 kDa. The 5’ end of this aptamer was modified with a thiol linkage for
sulfur gold (S-Au) bonding on the gold surface, and the other 3’ end was kept label
free. The 6-mercapto-1-hexanol (MCH) was used as a blocking agent to prevent
non-specific binding on the gold ASH surface [11]. The aptamer was attached to the
sensor surface and MCH was used to block the free spaces on the sensor surface and
to capture E2 only.

Arrays of ASH metamaterial structures with multiple sharp edges and a 50 nm
gap have been designed and fabricated, and then used to realize metasurfaces for
assays of 17f-estradiol (E2). The parameters of ASH nanostructure arrays, such as
the periodic arrangement of array, the effect of changing the substrate, and also
variation of the vertical arm lengths L; and L, have been described in this chapter.
All of these parameters affect the resonance wavelengths. The asymmetric
structures give double resonance peaks with a dip that is controlled by the
coupling between the two arms. Metasurfaces based on the arrays of asymmetric
metamaterial structures have been shown to be well suited for organic sensing
applications, because of their tunable resonance characteristics that can be affected
by their overall geometric size, gap size, periodic arrangement, high Q-factor
resonance and also the surrounding dielectric environment.

D-ASH nanostructures were reported to produce a Q-factor of 26 in the
x-polarization, which is comparable with the highest values reported for metallic
nanostructures in the mid-IR regime [35]. The double resonance peaks produced
by the ASH structures can be used to enhance the sensitivity for two different
molecular bonds — and also, enable dual polarization mode operation. Such ASH
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structures can be used to find close matches with the molecular resonances of target
organic compounds — and by the use of surface enhanced IR spectroscopy (SEIRA
spectroscopy) as a detection tool for mid-IR sensing. Plasmon resonances produced
in ASH arrays have enhanced the vibrational resonances of C—H bond by a factor
of 2.62 x 10°. The limit of detection obtained from numerical simulation is 0.15
femtomole [14] for E2 with a molecular weight of 272.4 g/mol. A high sensitivity
biosensor has been achieved with calculated value greater than 2700 nm/RIU at
3.59 um and figure of merit (FOM) of 9 [14]. The resonance of C—H bond stretch
vibration obtained using Lorentzian modeling closely matches the experimental
results, as shown in Fig. 10.13. Plasmonic metamaterial-based sensor structures are
effective for detection and analysis of the presence of vibrational resonances in
molecular analytes, for example, 17f-estradiol.
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11.1 INTRODUCTION

Studies have reported on the acoustic analogues of surface plasmon polaritons,
which arise at the boundaries between highly conductive and dielectric media due to
the coupling of light with free electron oscillations [1-7]. The principal challenge
is the apparent nonexistence of an acoustic analogue of noble metals with acousto-
plasmonic responses. However, spoof plasmons [8—16] can arise along patterned
conducting grooved surfaces without requiring plasmonic responses. A corre-
sponding acoustic phenomenon may, therefore, arise in the form of an acoustic
surface wave at the boundary between a fluid and a hard-grooved surface [17-19].
Understanding of this analogy opens up avenues in the field of controlled propa-
gation of surface acoustic waves and their applications.

In contrast to conventional acoustic surface waves, in which sound propagates on
the surface of solids and the properties are closely dependent on the material
parameters [20], acoustic spoof surface waves (ASSW) propagate along the inter-
face between the background medium and a corrugated rigid plate, due to coupling
between the oscillation inside the individual holes and the mutual near-field cou-
pling between the adjacent holes. The geometrical parameters of corrugations
provide a large degree of freedom to control the dispersion properties, which has led
to a number of applications, such as collimation of sound [21-23], extraordinary
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acoustic transmission [24-26], acoustic rainbow trapping [27-29], acoustic gas
sensing [30], acoustic sensing enhancement [31], acoustic wave focusing [32,33],
beam forming [34], beam steering [35], temperature-controlled acoustic surface
waves [36] and surface acoustic waveguides [37].

In this chapter, acoustic surface waves propagating at the boundary between a
fluid and a hard-grooved surface are discussed, along with their applications.
Section 11.2 provides an in-depth theoretical analysis of the dispersion relation of
ASSW and shows how ASSW can be controlled by tailoring geometrical para-
meters and the parameters of the surrounding medium. Owing to the peculiar nature
of ASSW, there is a wide range of potential applications, including sound trapping
and collimation, extraordinary energy transmission, enhanced sensing and acoustic
lensing, which are discussed in Section 11.3. A new type of acoustic waveguide
based on two corrugated surfaces separated by a fluid gap is presented in
Section 11.3.7, as well as its possible application for acoustic delay lines, mod-
ulators and sensors.

11.2 THEORETICAL BACKGROUND

Surface acoustic waves have been extensively investigated in different forms, de-
pending on the nature of the media forming the interface that supports them [38].
Since ASSWs occur between a corrugated surface and a background medium, the
analysis of acoustic surface waves occurring on a fluid-fluid interface is of parti-
cular interest for understanding the behavior of ASSWs. To begin with, we consider
the condition for the existence of a surface wave at the fluid—fluid interface, which
is given by the equation [21]

kZI 4
—+—5=0 (11.1)
P P
where k', and k"', are the inverse of the decay lengths of the acoustic surface waves
in the mediums I and II, respectively, and p' and p" are the corresponding mass
densities. Since fluids with negative mass densities do not exist in nature, it is clear
that the surface waves cannot be realized in such a configuration. An alternative
solution to achieve surface wave propagation was proposed in the form of a peri-
odically corrugated surface. Its typical configuration is shown in Fig. 11.1, where a
surface wave travels along the x-direction, i.e., at the interface of a one-dimensional
(1D) array of grooves with a background medium. The array is characterized by the
geometrical parameters, d, a and h, referring to the period, width and depth of the
grooves, respectively.

The dispersion relation for the supported surface waves can be derived using an
effective medium approximation, under the assumption that the period of grooves d
is much smaller than the guided wavelength 1>>d. In this regime, the periodic
corrugated surface can be treated as an equivalent anisotropic homogeneous
medium characterized by an effective density tensor. Assuming symmetry and in-
finite extent in the y-direction, the relevant components of mass density and bulk
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FIGURE 11.1 A typical grooved surface that supports propagation of acoustic surface
waves.

modulus tensors for the corrugated surface are labeled as pyj, py and , respectively,
where j takes the values I and II, denoting the top (fluid) and bottom layer, re-
spectively. For the fluid-filled corrugated structure, the effective material para-
meters can be defined as p,” = (d/a)pgia pi'"'—> o, Whilst keg= (d/a)ky, [15]. In
the top layer, the effective parameters are equal to the material parameters of fluid,
which we consider to be air: p” =pair=1.21 kg/m3 and x,; = 1.41 x 10° Pa. Since
the corrugated surface is assumed to be made of a perfectly rigid body, the wave is
purely evanescent in the z-direction and propagates in the x-direction. The disper-
sion relation for the acoustic surface wave can be expressed as [17,28,36,37]

2
k(@) = ko\/l + (3) (tan koh)? (11.2)

where w is the angular frequency and k is the wave number in medium I. Fig. 11.2
shows the dispersion relation of the acoustic waves propagating in air (ko) and of
the acoustic surface waves supported at the air/grooved surface interface, with
geometrical parameters, d = 5 mm, a = 1 mm and & = 24 mm (ky).
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FIGURE 11.2 Dispersion diagram of the acoustic surface wave on a grooved surface.
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FIGURE 11.3 Acoustic pressure distribution indicating the dependence of wavelength on
groove geometry variation (operating frequency fy = 3.4 kHz a) & = 21 mm, b) 7 = 23 mm,
¢) h =24 mm and d) & = 24.5 mm).

One can note that the two dispersion relations exhibit similar properties at low
frequencies. However, as frequency increases, strong dispersion emerges for the
ASSW, and the effective wave number asymptotically approaches infinity, causing
a stop-band to appear. Similar to surface plasmon polaritons (SPPs) in optics, at the
certain frequency f,,, the wave number tends to infinity, and f,, depends on the
geometrical parameters of the grooved surface as

_a
Jon 4h

(11.3)
These results indicate that the ASSW can be controlled and manipulated by varying
the surface geometry. This is illustrated in Fig. 11.3, where the acoustic pressure
field distribution over a grooved surface is shown for four different values of groove
depth. One can note that, for the defined operational frequency, the wavelength of
the surface acoustic wave varies significantly.

The dispersive nature, and the fact that the dispersion mainly depends on the
geometrical parameters of the grooved surface, allows for arbitrary manipulation of
the ASSW properties. Consequently, this opens up room for a number of potential
applications, which are presented in the following section.
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11.3 APPLICATIONS

Owing to their strong dispersion, acoustic surface waves on grooved surfaces can be
used in many applications, such an acoustic wave trapping, extraordinary trans-
mission and wave propagation control, some of which are presented in the fol-
lowing subsections.

11.3.1 SrowINg DowN Acoustic SURFACE WAVES ON A GROOVED SURFACE

Slowing down optical waves with resonating photonic structures introduces
controllable optical delays and allows temporary storage of light in all-optical
memories and switches [28]. Similarly, acoustic surface wave propagation
along a periodically grooved rigid surface surrounded by air can be engineered
by geometrical means. These highly localized acoustic surface waves give
rise to strong acoustic field confinement along the grooved rigid surface,
whereas the slowing down of sound can eventually reduce the group velocity to
zero [28].

In Devaux et al. [26], a metamaterial was designed, consisting of an array of
grooves with constant periodicity and graded depths perforated on a rigid plate, to
control the acoustic propagation (Fig. 11.4).

The group velocity of the acoustic surface wave in such a configuration can be
expressed as

v = €0 (11.4)

K ko) (tan(koh))? +1
1+ 5 tan kgh)? + koh(—")i
ke ke/ [(eottiom)? +152

P h
Medium I
Yoz, = A ——— = =t
I R e idreguiae Effective Medium I: Metamaterial i
Medium Il

FIGURE 11.4 Metamaterial with graded depths perforated on a rigid plate and the effective
medium model of the composite structure. (From Zhu et al. [28])
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where ¢ is the speed of sound in air, kg is the wave number in air, 4 is the depth of
grooves, and k, is the surface wave number calculated from the dispersion relation
Eq. (11.2). An interesting property of graded acoustic artificial structures, implied
by the dispersion relation, is that they can control not only the propagation direction
of the wave, but also the spatial distribution of its energy. This is illustrated in Fig.
11.5, which shows the group velocity along the graded metamaterial normalized
with respect to the speed of sound in air. One can note that waves of different
frequencies stop at different locations.

This is also confirmed in the experimental results for the sound intensity dis-
tribution on the surface (Fig. 11.6), where different frequencies slow down and stop
at different positions. The stop positions depend on the frequency and the angle of
linear change in the depth of grooves.

One should note that the same phenomena can be realized by linearly changing
another geometrical surface parameter. Instead of the depth, for example, the width
of grooves can be changed, as shown in Jia et al. [29]. Furthermore, the shape of the

0 100 200 300 400
Distance (mm)

FIGURE 11.5 Calculated group velocities of acoustic waves (normalized to the speed of
sound in air). (From Zhu et al. [28])
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FIGURE 11.6 Experimental results of acoustic field intensity variation along the meta-
material. (From Zhu et al. [28])
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graded surface does not have to be a plate in order to realize spatial frequency
separation; it can be a cylindrical rod with gradually changing geometrical para-
meters, for example [27].

11.3.2 EXTRAORDINARY TRANSMISSION ASSISTED BY ACOUSTIC SURFACE WAVES

Discovery of extraordinary optical transmission has opened a new line of research
within optics with a number of applications [4]. Such peculiar transmission is
achieved in a two-dimensional (2D) array of sub-wavelength holes in a metallic
film, with the help of surface plasmon polaritons, and it has also inspired realization
of another optical phenomenon — collimation of light in a single hole surrounded by
a finite periodic array of indentations.

In analogy with the electromagnetic case, the main contributors necessary for
the appearance of both enhanced transmission and collimation in acoustics are
the acoustic surface waves [21]. Acoustic wave extraordinary transmission was
first demonstrated in Christensen et al. [21], and to that end, a grooved surface,
such as the one shown in Fig. 11.1, was used. Fig. 11.7 shows the normalized-to-
area transmission spectrum across the single sub-wavelength slit for a normal
incident acoustic plane wave propagating in air as well as the transmission
spectrum in the case where the aperture is a slit of the same size but flanked by
periodic grooves.

A resonant peak appearing at a wavelength close to the period of array clearly
dominates the spectrum. For sound of that particular wavelength, the transmitted
intensity is 70 times larger than the one impinging directly over a single slit
opening. Namely, at the output side, grooves act as radiators to effectively couple
acoustic surface waves to radiative waves in free space when the phases are mat-
ched [25]. Fig. 11.8 shows the experimental results of the full range intensity field
pattern at the resonance frequency, which agrees with the simulation and calculation
results, also shown in Fig. 11.8.

= =Non-Corrugated
3t —— Corrugated 4

Normalized-to-area transmittance

FIGURE 11.7 Transmission of sound through a single sub-wavelength slit, where d is the
period of the grooves.
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FIGURE 11.8 (a) Experimental, (b) simulated and (c) calculated results of full-range in-
tensity field pattern in the x—z plane at the resonance frequency, showing the collimation
effect. (From Yu et al. [25])

11.3.3 Acoustic SURFACE WAVE CONTROLLED BY TEMPERATURE

In the previous section, we showed how the propagation properties of surface waves
can be controlled by the geometrical parameters of corrugated surfaces.
Nevertheless, the dispersion relation (Eq. (11.2)) indicates that the physical prop-
erties of the surrounding medium can also be used as a mechanism to control wave
propagation. From the ideal gas state equation, the gas medium density can be
obtained as a function of temperature, i.e.,

- P
po(T) = RT (11.5)

where R denotes the specific gas constant, and 7 is the temperature in Kelvin; thus,
the temperature-dependent dispersion relation can be expressed as

M \/ (a)2 2( M )
k(T=w,— |1 +|—| tan*| hw,| —— (11.6)
xRT d kRT

where x is the adiabatic constant. Fig. 11.9 shows the dispersion relations for
different temperatures. One can note that the acoustic plasma frequency and the
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FIGURE 11.9 Experimental, simulated and theoretical dispersion curves at different
temperatures. (From Cselyuszka et al. [36])

position of stop-band depends on the temperature, implying that the temperature is
suitable for wave propagation control. The temperature dependence of wave
number k,, and the phase velocity for a defined frequency (3.4 kHz) and geometrical
parameters are shown in Fig. 11.10.

While the phase velocity exhibits normal variation with temperature, the wave
number exhibits somewhat different behavior, i.e., it rapidly increases at a specific
temperature that corresponds to a critical value 7., whereas below 7., no
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FIGURE 11.10 Temperature dependence of phase velocity and wave number at 3,400 Hz.
([From Cselyuszka et al. [36])
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propagation can occur. The critical temperature 7, from Eq. (11.6), as a function of
the operating frequency f and the depth of grooves h, is

16132

T.
¢ kR

(11.7)

For the defined operating frequency f,, = 3.4, kHz and geometrical parameters d = 8§
mm, ¢ = 5 mm and & = 24 mm, T, = 264.9 K. The discussion above does not hold in
close vicinity 7., where the wave number becomes too large and the effective
medium concept is lost since the guided wavelength becomes comparable with the
period d. The effective media concept can thus be applied as long as the guided
wavelength is larger than approximately 4d, i.e., k, < 7/2d.

11.3.4 SrowiNng DowN AcousTtic SURFACE WAVES BY APPLYING
TEMPERATURE GRADIENT ALONG THE WAVE PROPAGATION/SPATIAL
SPECTRAL SEPARATION

In the previous section, we showed that the wave slows down with increasing wave
number, and the sound intensity also increases to a maximal value immediately
before the surface wave stops. If the temperature of the surrounding medium de-
creases gradually along the propagation direction, the acoustic surface wave will
slow down and stop when the temperature reaches the specific value 7. In this
manner, an acoustic wave of a given frequency can be trapped at any desired point
along the surface, simply by tuning the temperature of the surrounding medium.
This is illustrated in Fig. 11.11, where three arbitrary cases are shown, each ob-
tained by using a different linear temperature gradient. The trapping temperature is

280

1240

Normalized sound intensity [W/mz]
Temperature [K]

200

100 200 300 400 500
Length [mm]

FIGURE 11.11 Acoustic surface wave trapping at arbitrary locations along the grooved
medium is obtained by applying different temperature gradients (f = 3.4 kHz). (From
Cselyuszka et al. [36])
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FIGURE 11.12 Spatial acoustic spectral analysis is obtained as acoustic waves of different
frequencies are trapped at different positions along the surface. (From Cselyuszka et al. [36])

shown in inset with a black horizontal line. In each case, trapping occurs at the
position along the grooved surface where the surrounding temperature reaches T..

Alternatively, for a given temperature gradient, the surface waves of different
frequencies will be trapped at different points along the surface, as shown in
Fig. 11.12. In this manner, spatial spectral analysis of acoustic surface waves can
easily be realized.

11.3.5 TEMPERATURE-CONTROLLED TUNABLE GRADIENT REFRACTIVE INDEX
(GRIN) AcousTtic MEDIUM

The temperature gradient can also be applied in a direction transverse to the pro-
pagation direction. In that manner, an acoustic gradient refractive index (GRIN)
medium can be obtained [36]. The temperature profile can be easily changed
without changing the geometrical properties of structure. So, the same structure can
be used for different applications. Such a concept is illustrated in Fig. 11.13, where
the middle of the acoustic surface waveguide has a finite width section built in, and
its refractive index is tailored to be a gradient in transversal direction [36].

The temperature in the host waveguide is kept constant, while the temperature
profile in the middle region can be set to achieve the desired refractive index profile
function. The refractive index between the host waveguide and the GRIN lens can
be calculated as the ratio between the wave numbers in two different media. With
the linear refractive index profile in the GRIN medium, the incident plane wave can
be bent by an arbitrary angle [29]. The bending angle is a function of the width and
thickness of the lens and the maximal value of the refractive index. The temperature
profile for the defined refractive index profile is calculated from the dispersion
relation (Eq. (11.7)) and the two calculated temperature profiles, which correspond
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FIGURE 11.13 Illustration of the GRIN structure.

to the linear index profile along the lens, are shown in Fig. 11.14. Both profiles have
a similar shape and the same maximum temperature, which corresponds to the host
medium temperature, while the lowest temperatures differ by 10 K. The profiles
correspond to the wave bending profiles with ®, = 15° and ®, = 30° bending angle.
This is confirmed by the pressure field distributions shown in Fig. 11.15, where the
incident plane wave is, indeed, bent by the defined angles ® = 15° and ® = 30° after
the interaction with the GRIN medium.

Different propagation properties can be achieved by applying more complex
refractive index profiles. For instance, the most common refractive index profile in
the GRIN medium for focusing is the hyperbolic secant refractive index profile
[39—41], which exhibits no distortions [42]. With different hyperbolic secant tem-
perature profiles, the focal length can be varied. To demonstrate versatility and
tunability of such profiles, Fig. 11.16 shows the acoustic intensity distribution on
the same surface with two different hyperbolic secant temperature profiles. Whereas

(a) (b)
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300 300
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270 : L L L 260 L " L "
0 100 200 300 400 500 0 100 200 300 400 500
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FIGURE 11.14 Temperature T; [K] in the lens along the direction transverse to propaga-
tion direction for bending the acoustic surface wave by a) ® = 15° and b) ® = 30°.
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FIGURE 11.15 Acoustic pressure phase distribution on the surface a) ® = 15° and
b) ® = 30°.
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FIGURE 11.16 Distribution of sound intensity on the surface with (a) lower and (b) larger
focal length.
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in the first case the ASSWs are focused at 120 mm from the lens, in second case, the
focal distance is three times larger.

11.3.6  GAs SENSING WiITH ASSW/AcousTic MACH-ZEHNDER INTERFEROMETER

Besides temperature, the wave number of ASSW is very sensitive to other
physical properties of the background medium, which can be employed for
sensing applications. Namely, gaseous fluid is characterized by its bulk modulus
and mass density, which are a function of temperature and molar mass and which
affect the acoustic dispersion relation. Thus, the dispersion relation and stop-
bands of ASSW can be used to determine the properties of the surrounding
medium.

This possibility was demonstrated in Cselyuszka et al. [43], in which an acoustic
Mach-Zehnder interferometer [44] was employed to determine the properties of a
binary gas mixture of air and CO. The ASSW-based Mach-Zehnder interferometer
(aMZI) configuration is shown in Fig. 11.17. It consists of an input waveguide, after
which an acoustic wave is split into two signals, i.e., into sensing and reference
waves, and which are afterward combined at the output waveguide. The acoustic
waveguides in all sections are based on corrugated surfaces that support the ASSW
modes.

Due to the interference of the reference and sensing waves, the amplitude of the
output wave depends on the relative phase difference between the two waves at the
point where the waves are superimposed. In this manner, the wave interference, and
consequently the phase difference, is converted into amplitude modulation. The
phase difference can be calculated as

AD = (ky — k)L (11.8)

where ki and kg are the ASSW wave numbers in the referent and sensing arms,
respectively, and L is the length of the sensing part.

Referent arm

77777

Sensing arm

FIGURE 11.17 Structure of the aMZI based on ASSW.
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The ASSW wave number can be calculated from the dispersion relation (Eq. (11.2)),
while the acoustic wave number in the binary gas mixture can be expressed as

ky = @ (11.9)

WIC1+ W2l | wy wy

\/W1€V2 +wacy [ﬁl + ﬁz] RT
where w is the angular frequency, R is the universal gas constant, T is temperature,
w is the relative concentration of gas, ¢, and ¢, are the specific heat capacities of gas
on constant velocity and constant pressure, respectively, and M is the molar mass of
gas. The indices 1 and 2 in the subscript relate to gas 1 and gas 2 in the binary
mixture. The wave numbers kz and kg are calculated using Eqgs. (11.1) and (11.9),
whereas w, is equal to zero in the case of k, since it is related to the pure air,
whereas in the case of ky, the parameter w, is varied since k, is related to the
sensing arm.

To demonstrate the gas-sensing potential of aMZI, consider a scenario in which
the aMZI is used for monitoring relative gas concentrations in the CO/air mixture.
To that end, the background medium above the sensing arm is set to be the gas
mixture CO/air with predefined relative concentration of CO, whereas the back-
ground gas above the rest of the structure is pure air [45]. The operating frequency
and length L can be optimized to achieve the phase difference A® in the range 0 <
AD <.

The phase difference between the reference and sensing arms as a function of
CO concentration in the gas mixture is shown in Fig. 11.18. It corresponds to the
predefined CO concentration range from 0% to 1.5%, and it implies linear

0.9 r
0.8 1
0.7 +

Frequency [kHz]
w

06

0 100 200 300 40
0.5 Wavenumber [1/m]

AD/n

0.4 -
0.3

—— Linear fitted

011 O Simulation

0.5 1 1.5
Concentration [%]
FIGURE 11.18 Normalized phase difference between the two branches of interferometer

as a function of CO concentration in the gas mixture. The inset shows the dispersion variation
due to concentration changes.
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FIGURE 11.19 Transmission coefficient of aMZI as a function of CO concentration in
binary gas mixture.

dependence and high sensitivity of the structure behavior to the small changes in
the CO concentration. The simulated transmission coefficient of the aMZI as a
function of CO concentration using the calculation method from Cselyuszka
et al. [46] is in Fig. 11.19. The results are in excellent agreement with the
theoretical predictions, and they also imply the high sensitivity of the structure
to the CO concentration.

Acoustic pressure field distributions for different CO concentrations are shown
in Fig. 11.20, and they confirm the operating principle of the acoustic Mach-
Zehnder interferometer. For the CO concentration of 0%, the reference and sensing
waves are in phase, whereas for the CO concentration of 1.5%, they are out of phase
and thus cancel at the output.
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FIGURE 11.20 Acoustic pressure distribution for different CO concentrations in the gas
mixture a) 0%, b) 0.9% and c¢) 1.5%.
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11.3.7 SPOOF-FLUID-SPOOF AcousTiC WAVEGUIDE AND ITs
APPLICATIONS FOR SOUND MANIPULATION

Among the most common plasmonic waveguide structures, metal-insulator-metal
(MIM) waveguides have received special attention for guiding SPPs [47—-49]. The
spoof plasmon analogue of MIM is the doubly corrugated waveguide, which
comprises a spoof-insulator-spoof (SIS) waveguide [50,51]. In this section, the
acoustic counterpart of the plasmonic MIM structure, based on the ASSW concept,
is presented.

Two corrugated rigid surfaces separated by a gap filled with a fluid medium form
the spoof-fluid-spoof (SFS) acoustic waveguide (Fig. 11.21). The parameters d, a
and & stand for the period, width and depth of grooves, respectively, while g is the
height of the fluid gap between the rigid corrugated surfaces. For the sake of
simplicity and without losing generality, a lossless 2D case is considered, where the
structure extends infinitely along the z-direction, and the acoustic wave propagates
in x-y plane.

The dispersion relation of the SFS waveguide is derived using an effective
medium approximation, and they can be written as

FIGURE 11.21 (a) Schematic structure and (b) realization of waveguide under analysis,
formed by two corrugated rigid plates separated by an air gap of height g.
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%kg tan (ko) = /B2 — k2 tz;111r1(§1/52 _ koz) (11.10)
%ko tan(fiko) = /% — k& coth(g,/ﬁZ — koz) (11.11)

where kg is the wave number in the fluid, and f is the propagation constant in the
SFS waveguide. The two solutions imply two propagation modes — even and odd,
i.e., symmetric and anti-symmetric modes in the SFS waveguide. The symmetric
and anti-symmetric modes refer to the symmetry or anti-symmetry of the pressure
and transverse velocity fields p(y) and v,(y) as a function of y within the fluid
region. When the air gap between the corrugated plates is large, the SFS waveguide
modes split into two single ASSWs, and in the limit g — o, both Eqgs. (11.10) and
(11.11) become Eq. (11.2), which is the dispersion relation of a single ASSW.
Fig. 11.22a,b shows the symmetric and anti-symmetric modes, respectively, for the
SFS waveguide. The insets show the corresponding spatial distribution of the
acoustic pressure within the waveguide for each mode.

The acoustic pressure field distribution inside the waveguide shows the expected
characteristics for both modes — in the symmetric case, the field distribution along
the y-direction is symmetrical, whereas the anti-symmetric mode exhibits anti-
symmetric features. The symmetric mode is the dominant mode in the SFS wa-
veguide, without a cut-off frequency, and it is weakly dispersive at low frequencies.
However, as frequency increases, strong dispersion occurs, and the effective wave
number asymptotically approaches infinity. Nevertheless, due to the finite size of
the period d > 0, the propagation constant has a maximum at f = 7/d, beyond which
the mode hits a stop-band.

The second mode is anti-symmetric with a cut-off frequency, and it has a very
flat dispersion, implying slow sound waves. A smaller gap induces a smaller group
velocity for the symmetric mode, and the maximal frequency, which is supported in
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FIGURE 11.22 Dispersion curve of (a) symmetric and (b) anti-symmetric mode. The insets
show the spatial pressure distribution inside the waveguide for the corresponding modes
when £ = 100 mL ([From Cselyuska et al. [37])
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FIGURE 11.23 Dispersion curve of (a) symmetric and b) anti-symmetric mode for dif-
ferent values of gap size. The insets show the allowed spectral zones and forbidden spectral
zones for each mode, as a function of the gap size. (From Cselyuska et al. [37])

the SFS waveguide, correspondingly decreases. Similarly, the anti-symmetric mode
becomes even flatter as the gap height decreases, causing a corresponding nar-
rowing of the operating frequency range.

Fig. 11.23a,b shows the dispersion properties of the symmetric and anti-
symmetric modes with different gap thicknesses, whereas the insets show the al-
lowed propagation zone for each mode as a function of the gap size. Such sensi-
tivity and extreme slow-wave features, especially for the anti-symmetric mode,
make the proposed acoustic waveguide a good candidate for acoustic wave mod-
ulation and sensing applications. While the anti-symmetric mode supports truly
extreme dispersion features, in practice the symmetric mode may be more easily
excited and detected.

Fig. 11.24 shows the measured wave number as a function of the gap height g,
and it reveals that the dispersion significantly depends on the gap height, which is
further confirmed by the inset showing the simulated values of the guided nor-
malized wavelengths versus the height of the air gap.

The concept is further demonstrated in Fig. 11.25a—c, which shows the acoustic
pressure field distribution for different values of g and the case of g —> .

The previous analysis shows that the model dispersion of SFS waveguide is very
sensitive to the gap height, and this behavior can be expected if other geometrical
and/or fluid parameters are varied. Also, this indicates a strong potential of the
proposed structure for acoustic wave modulation or sensing. For instance, the
dispersion and group velocity in the SFS waveguide can be dynamically changed by
mechanically adjusting the gap g, creating a tunable delay line, while extreme
sensing features can be achieved if the sensed analyte is the fluid in the gap.
Moreover, the flat dispersion property of the antisymmetric mode of the proposed
structure and its finite cut-off frequency can be exploited as a near-zero medium,
which implies a number of possible applications, such as acoustic super coupling
and extreme non-reciprocity [52,53].
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FIGURE 11.24 Analytical and measured wave number as a function of air gap height
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gap height are shown in the inset. (From Cselyuska et al. [37])
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FIGURE 11.25 Measured acoustic pressure distribution along the structure at the operating
frequency for different values of g: (a) g = 1.25 mm, (b) g = 5 mm and (c) single corrugate
surface (g — o0.) (From Cselyuska et al. [37])

11.4 CONCLUSION

In this chapter, the acoustic spoof surface wave propagation along the interface
between the background fluid medium and a corrugated rigid plate was presented.
We explained the theoretical background of the phenomenon and provided the
dispersion relation for the acoustic wave propagation on the surface. We presented
the versatility and potential of the phenomenon through applications, such as
slowing down the surface acoustic waves, extraordinary transmission, propagation
control by temperature, spatial spectral analysis of wideband acoustic waves, gas
sensing and steering of acoustic spoof surface waves. Also, a new type of acoustic
spoof-fluid-spoof waveguide was presented, which is an analogue of the metal-
insulator-metal plasmonic waveguide. We explained properties of the guided
acoustic modes and their dispersion relations and showed that the group and phase
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velocities can be controlled by changing the waveguide geometrical parameters,
thus enabling the application of this technology in acoustic delay lines, modulators
and sensors.
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12.1 INTRODUCTION

An antenna (or antenna array) is an essential element of any electromagnetic (EM)
system. Wireless technology has been growing exponentially since the beginning of
this century due to application domains such as e-health, internet of things, and
smart buildings. This fast growth can continue if we develop smart antenna systems
that can combat a widened spectrum with energy efficiency, at low cost, and with
small size, and can operate in variable embeddings, such as chip packaging, the
human body, matching networks, etc.

One of the possible candidates for compact wireless antenna systems is a patch
antenna. These antennas are very popular printed aperture antennas due to their
simple design, low cost, light mass, low profile and ease of integration with circuits
and forming arrays.

The design features of patch antennas make it tempting to miniaturize their
volume profile by means of an increase in the dielectric constant of the substrate.
Indeed, the simplest design of a rectangular patch antenna is defined by the
formulas [1,2]

_ G +03)(W/d +0.264)
L= Y for 0.824 d(amff—o.zss)(wmm.sy
g+1 & —1 d —1/2
Ep = L 4 [1 + 12—] ,
e 2 W » (12.1)
_ < 2
T %N 1+e
L,=L + 6, lewmlongﬁd,
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FIGURE 12.1 Patch antenna with composite substrate in spherical coordinate system.

where L is the length of patch, W is the width of patch, f, is the resonance frequency
of antenna, .. is the effective relative permittivity of antenna, c is the speed of
light in vacuum, d is the thickness of patch, ¢, is the dielectric constant of substrate,
L, is the length of antenna, and W, is the width of antenna (see Fig. 12.1).

Looking at Egs. (12.1), one may state: the greater the value of relative perme-
ability ¢,, the smaller the linear dimensions L, and W, of the antenna patch. If this
conclusion is true, it leads to the idea of miniaturization of a patch antenna: an
increase in relative permittivity of the antenna substrate leads to a decrease in the
antenna volume profile. Several attempts to realize this idea were made at the end of
the last century; see, for example, Mongia et al. and Colburn and Rahmat-Samii
[3,4]. Although miniaturization was achieved in these studies, the performance of
such antennas was considerably degraded. This was because of a strong capacitive
coupling between the antenna patch and the antenna ground plane. In order to
decrease the above coupling, it was proposed to replace a homogenous high per-
mittivity dielectric by an inhomogeneous composite/metamaterial with the same
value of constitutive parameters [5—7]. Such usability of composites/metamaterials
is possible due to the idea of tuning the effective frequency-dependent relative
permittivity and relative permeability of these artificial materials through in-
dividually adjusting the dimensions of the electric and magnetic resonant inclusions
in the unit cell.

Initially, double negative metamaterials, metamaterials with low effective re-
fractive index or mu-negative materials were used for miniaturizing the patch an-
tennas; see, for example, the cited works [8§—13]. Metamaterials with an increase in
the effective refractive index are much less commonly used for creating the com-
posite substrates, although the idea of replacing a homogenous high permittivity
dielectric substrate with a composite/metamaterial substrate with a high value in the
complex effective refractive index for miniaturization purposes is more logical.
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Moreover, this idea was proposed long ago [14-16]. Thus, the utilization of com-
posites/metamaterials in creating miniaturized patch antennas is still a very chal-
lenging problem. Nevertheless, creating an appropriate miniaturization concept can
be considered a sufficient condition for design and fabrication of pilot samples of
novel compact antennas.

This section is devoted to creating the concept of miniaturization of rectangular
patch antennas on metal-dielectric composites/metamaterials with enhanced effec-
tive relative permittivity (i.e., Re(e,) > 1). It is assumed that we consider only
non-magnetic substrates (i.e., Re(e,) = 1).

12.2 2D MODEL OF A RECTANGULAR PATCH ANTENNA WITH
ONE-LAYER WIRE COMPOSITE/METAMATERIAL SUBSTRATE

12.2.1 STANDARD DESIGN

According to the above hypothesis, tuning the electric properties of composite
substrates enables one to improve the performance of rectangular patch antennas.
The idea of using a dielectric matrix with a built-in wire grid as a composite arose
when a relevant experiment was reported by Zouganelis et al. [17]. According to the
results, putting a flat metal-dielectric composite sample (Fig. 12.2) on the top of
patch antenna (Fig. 12.3) results in improved directivity of the antenna. The sample
is presented as the parallelepiped dielectric matrix with a built-in wire grid.
Moreover, the sample is located on the top of the antenna in such a way that its
wires are exactly parallel to the antenna patch. This phenomenon was explained in
short in Rybin and Shulga [18] using the ray-optic effect based on Snell’s law.
Later, in Rybin [19], this theory was developed for the case of patch antennas with
wire grids embedded into dielectric substrates. In this study, we present the full-
wave analysis of patch antenna with a one-layer wire grid embedded into dielectric
substrate (Fig. 12.1). The analysis is based on the approach of given surface current
distribution [20,21].

Consider 2D geometry of the rectangular patch antenna with a composite
substrate depicted in Fig. 12.1, with respect to a Cartesian coordinate system
(Fig. 12.4). The perfect conducting patch of zero thickness is placed in the plane

FIGURE 12.2 Composite samples. Left: Sample with holes. Right: Same sample with iron
wires inside the holes.
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FIGURE 12.4 2D geometry of rectangular patch antenna on composite substrate with one-
layer wire grids.

with x = 2h and —=L/2 < 7 <L/2, -W/2 <y < W/2, where W and L are the width and
length of the patch, respectively. The non-magnetic wire grid is contained in the
plane x = h and is backed by a perfect conducting wall at x = 0. The grid is
composed of an array of copper wires of circular cross-section. The radius of wires
is r. The wires are parallel to the z-axis and spaced at a distance d between the
centers. The substrate host dielectric material (0 < x 2h) has a relative permittivity
e, and a relative permeability u,. The microwave approximation of the relative
permittivity of wires ¢g; is given by [22]

g (@) = 1 + aliwe (12.2)
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where g is the permittivity of the vacuum, and o; is the conductivity of the wire
material. The microwave approximation of the relative permeability of the wires y;
is given by [23]

2 Bk
kgr Jo(ksr)

Hi (@) = 12.3)

where kg (w) = kog+/& (@), J, (x) is the mth order Bessel function of a real variable x
of the first kind, J,, (x) is the wave number in the free space, and w is the circular
frequency.

Let a plane monochromatic EM wave of frequency w, with the electric field
component of magnitude E( be excited by a surface current j of the antenna patch in
such a way that the electric intensity vector, parallel to the z-axis, is incident on the
wire grid with angle of incidence 6, as shown in Fig. 12.4. The primary electric
intensity vector is given by

=]

£ n _ Ein (x, y)Z) — Eoe—ikz(x cos B+y sin 9)'2:), (124)

where k, = kg is the wave number in the 2nd (x > 2k) space domains which is the
free space, and z, is the unit vector of the z-axis. The time factor ¢*’ is omitted
throughout the study. Then, considering the results in Wait [24], neglecting the
evanescent waves and under the conditions r << d, r << h, gives for the Ist (0 <x <
2h) space domain

E] = E] ()C, y)Z) — Eoeilqy sina(eiqu cosa 4 Re—iklx cos ot)_Z), (125)
and for the 2nd space domain

E,=E)(x, y)'zo — A-e—ikey sin 8 p—iky (x—2h)cos 6_;0, (12.6)
Here [24]

1n2
R=—14  CACRONITRI D) — 6 a2
(Z1/2 cos @)(1 — g~2ikih cos 6) + Zg

with k; = [g,,u,, ko as the wave number in the substrate host dielectric of the 1st

space domain, Z; = /uyi,,/€0&n as the impedance of host dielectric of the 1st space
domain, and Z, is the surface impedance of the wire grid given by [24]

iuyowd d ) d [Hew
Z, = log—+A|+ (1 +i)— |—, 12.8
& 2 ( 5 2nr ( ) 2nr\ 20; ( )
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where u is the permeability of vacuum and the summand A4 is given by

1 i 1 — e—4n(h/d)v"(m+(d//11)sin 8)> —(d/ ) 1 — e—4n(h/d)\f’(m—(d//11)sin 6)* —(dIA)
A=— +
2 m=1 | J(m + (d/A)sin 82 — (d/4y)> J(m — (d/2)sin 6)> — (d/,)?
2
— —], (12.9)
m

In this equation, 4, is the wavelength in the 1st space domain.
It is assumed throughout that d << A, and d = 2h. That is why the factor A4 is

negligible compared with log(d/27r) and lim Alg—p, = e 2"/(e™?" — 1). In this
di—0

study, we neglect the evanescent waves. That is why we are not able to evaluate the
antenna performance parameters associated with the near-field distribution.

The approximations for the magnetic intensity vector in the 1st and 2nd space
domains are to be defined using Faraday’s law. The appropriate straightforward
algebra gives

- E — —
H(x,y) = —70[E1+(x, y)- sin a-xg — E'=(x, y)- cos a-y,] (12.10)
1

- E>(x,
Hy(x, y) = —%

2

[sin B-xy + cos B-y,] (12.11)

where
Elt(x y) — eikly sin 8 (eiklx cos 6 + Re—iklx cos 9) (1212)

Let us present the current flow on the patch in the form

—

j =j-6(x — 2h)z0 = —jy-8 (x — 2h)-e~HeysinO.7 (12.13)

where j, (= const.) is to be predetermined.

The unknowns E,;, A and a can be calculated by imposing the boundary
conditions for the tangential electric and magnetic fields to be continuous at the
interface x = 24, i.e.,

Ejle=on = Exle=op (12.14)

[xo X (Hy — H)le=on = j-Z0, (12.15)
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where x; is the unit vectorvector of the x-axis. Substituting Eqs. (12.5)—(12.13) into
Egs. (12.14) and (12.15) finally gives

JoZ2Zy
Ey = - — , (12.16)
Z1cos 8-E'* (2h, 0) + Z, cosa-E'~(2h, 0)
inZ2Z
JoZ241 (12.17)

Eo = ,
0 Z cos6-E'* (2h, 0) + Z, cosa-E' (2h, 0)

where cos a = \/ 1 — (sin?6/e,u,,), and Z, = Zy is the impedance of host dielectric

of the 22nd space domain.
The efficiency of the antenna is to be evaluated by the formula [1]

_ Baa _ Re(F) (12.18)
Pr Pr

where P, is the total radiated power, and P, is the complex input power of the

antenna, which can be determined following Rybin et al. [21] (it is assumed that Im

(P,) is due to energy that is mostly stored in the vicinity of the wire grid and is just

partially stored in the vicinity of antenna patch) as

1 = JoS
P=——| E,j ds=2—A, 12.19
5 Jg B2 > ( )

and Pr is the power delivered to the antenna terminal from generator via a trans-
mission line with § = w x L as the patch area. Py is given by [1,25]

Pr =Bu + By (12.20)

Here, P,;,, is the power dissipated due to ohmic losses, given by
P, =lj i PR, ds (12.21)
onm 2 s y4 .

with R, as the ohmic resistance of the antenna patch. Throughout the study, we
consider a perfectly thin copper patch along with R, = RS, where R, = \/wu/20; is
the surface resistance of a highly conductive non-magnetic metal in the microwave
frequency range [26].

Substituting Egs. (12.19) and (12.21) in Eq. (12.20) finally gives
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'22

S
Pr = 05 Re(a) + Dho (12.22)
2 20;
Substituting Eqs. (12.19) and (12.22) in Eq. (12.18) finally yields
o )
P P I el (12.23)
Re(4)\ 20;

To calculate both the normalized gain and directivity, the radiated far-field re-
presentation in the polar coordinate system is required. According to Balanis [1],
we have

e~*07 1 4 cos B

Eo = iko S-S 0F 6, p)sin ¢,

—kor [ + cos O

E, = iko"_———1 (6, p)cos p,

(12.24)

where the expression for the radiation pattern f (6, @) is to be evaluated as follows:

(6, ) = -[s E»(2h, y)-elkew+ikzdydz=
=4|A[-S- sin C(%(cos ® — 1)sin 6)- sin c(% sin 9 sin go)- sin C(aﬂ sin @ cos go)
2 ) 5
(12.25)

where 1, = 4¢ is the wavelength in the 2nd space domain, and sin c(x) = sin (7zx)/7x.
Then, the expression for the radiation density is given by

ki (1 + cos 6)?

Ue®, ¢) =
( qO) 87’[220 4

IF ©@. 9P, (12.26)

and the expression for the directive gain is given as

U@®B,9) _ (2koSIAD? (1 + cos 6)?
D(©, ¢) = 4n Re(R)  nZo Re(A)

- sin ¢ ( (cos ¢ — 1)sin 9) sin ¢ (}% sin O sin go)- sin ¢? (% sin O cos qo).
(12.27)

As can be seen from Eq. (12.27), the maximum value of directive gain is achievable
for © = 0°, and its value, notably, the directivity, is given as

_ 8kg (S|Ale=0)?

= . 12.28
"™ 1Zy Re(A) oo (12.28)
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At the same time, the maximum gain can be written as

8k2 _o)? S Tamg )
Gmax = €Dmax = — e (1 * 4 ﬂ) : (12.29)
Zo Re(A)lo=0 Re(A)lp=0 \ 20

Taking into account Eq. (12.25), we are able to derive the expression for the nor-
malized gain in the form [1]

g6, p)=
_ (1+ cos 0)2 If(6, ) _ (1+ cos 6)? . Z(L _ . )
T4 ek 2 sin ¢*( - (cos ¢ — 1)sin 0 (12.30)

. w .
- sin cz(l— sin 6 cos go).
0

Now, the expressions for the normalized gain along two principle planes are given
as follows. For the H-plane, we set ¢ = 09, which gives Eg = 0 in Eq. (12.30), i.e.,

2
% sin c2(/1E sin e), (12.31)

g4(0) = limg(ep, 6) =
»—0 0

and, for the E-plane, we set ¢ = 90°, which gives E, = 0 in 12.30, i.e.,

2
w sin CZ(AL sin e). (12.32)

gp(0) = lim g(p, 0) =
p—90° 0

Throughout this study, the assessment of antenna performance is mostly based on

the modeling of the normalized gain along the two principle planes as well as the

estimation of both the efficiency and maximum power gain. However, the eva-

luation of the near-field intensity will also be performed.

Let us create a simple design of rectangular patch antenna with a dielectric
substrate. It is assumed that the substrate will be created from RT-duroid-5880
(¢, = 2.2). The antenna operates at the resonant frequency f, = 7.3 GHz. We also
assume that 2 = 0.0004 m and d = 2h. Then, using 12.1 finally gives L = 0.0132 m,
W =0.016 m.

The dimensions of antenna with composite substrate is the same as the dimen-
sion of antenna with dielectric substrate. Let us evaluate the material parameters of
the composite substrate (i.e., &, 4, ¥), assuming that copper wires with circular
cross-section are chosen as inclusions. In order to do that, we take into account that
the above-mentioned use of composites/metamaterials is possible. This is due to the
idea of tuning the effective frequency-dependent relative permittivity and relative
permeability of these artificial materials by individually adjusting the dimensions of
the electric and magnetic resonant inclusions in the unit cell. That is why the values
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of &, U, r can be evaluated using the effective medium theory (EMT) [27]. The
appropriate calculations finally give ¢, = 2, u,,, = 1, r = 0.00009 m.

In this study, we use finite-difference time-domain (FDTD) simulations of the
S11-spectra, the far-field patterns in the E- and H-planes, the efficiency and power
gain for four patch antenna models, and the intensity of near-field around them.
Thus, four design models are considered in the study. The first model considers
the FDTD simulations for patch antenna with dielectric substrate; let us call it the
standard homogenous numerical model/design. The second model corresponds
to the FDTD simulations for patch antenna with composite substrate; we call it the
standard inhomogeneous numerical model/design. The third model assumes the
FDTD simulations for the miniaturized patch antenna with composite substrate
obtained and discussed in the next paragraph; we call it the miniaturized in-
homogeneous numerical model. Finally, the fourth model considers the analytical
simulations using Eqs. (12.22)—(12.32) for patch antenna with composite substrate;
we call it the standard inhomogeneous analytical model/design.

We now use the above-given classification of antennas throughout the study. The
commercial FDTD software PLANC FDTD (Ver. 6.2, created by the Information
and Mathematical Science Laboratory Inc.) is used in this study for making nu-
merical simulations. In fact, the above-obtained values of r, h, d, ¢,,, 4, f,» L and
W are being used in the parameter settings of software for performing the above-
mentioned FTFD numerical simulations for antenna performance.

The results of the FDTD simulations of the S11-spectra for all the considered
antennas are shown in Fig. 12.5. Throughout this study, we are going to call any
first peak of the S11-parameter spectrum as the main peak. As one can observe from
the figure, the first peak in the S11-spectrum of each numerical model is shifted
from the “theoretical” resonant frequency (7.3 GHz). It occurs due to the fringe
phenomenon on the patch edges and the spatial dispersion in the case of in-
homogeneous models. Indeed, the numerical model with dielectric substrate

20f : J

i : L L
6.8 7 72 74 76 78 8 82
Frequency (GHz)

FIGURE 12.5 Simulated S11-spectra for (a) standard homogenous numerical model, (b)
standard inhomogeneous numerical model and (¢) miniaturized inhomogeneous numerical
model.
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resonates at 7.307 GHz and with composite substrate, resonates at 7.385 GHz. Note
that the proposed analytical model does not take into account the fringe phenom-
enon on the edges of antenna patch. Thus, by replacing a homogenous high per-
mittivity dielectric substrate with an inhomogeneous metal-dielectric composite/
metamaterial with the same values of both the effective relative permittivity and
permeability leads to the redistribution of the reactive part of load antenna im-
pedance between patch and metal inclusions. It results in increasing the energy
stored in the EM field radiated by the antenna due to a “more effective” use of the
magnetic component of the radiated EM field compared to the case of the antenna
with dielectric substrate. We can also observe from Fig. 12.5 that the antenna with
composite substrate is better impedance-matched than the antenna with dielectric
substrate.

The far-field patterns in the H- and E-planes for all the antenna models evaluated
at their own resonant frequencies are presented in Fig. 12.6 and Fig. 12.7. As seen
from these figures, no significant differences are observed between the analytical
far-field patterns and the numerical ones except for the back lobes. The back lobes
are, in fact, almost absent in the far-field patterns of analytical model. This is due to
considering the antenna model infinite in the direction of z-axis.

The analytical modeling (using Eqs. (12.23) and (12.29)) and numerical FDTD
calculations (using the commercial software) have shown: (i) the maximum power
gain of standard homogenous numerical model is 4.6 dB, and it is found at 6 = —2%;
(ii) the maximum power gain of standard inhomogeneous analytical model is 4.84

FIGURE 12.6 Far-field patterns in the H-plane (in dB) of (a) standard inhomogeneous
analytical model, (b) standard homogenous numerical model, (c) standard inhomogeneous
numerical model and (d) miniaturized inhomogeneous numerical model evaluated at the
resonant frequencies.
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FIGURE 12.7 Far-field patterns in the E-plane (in dB) of (a) standard inhomogeneous
analytical model, (b) standard homogenous numerical model, (c) standard inhomogeneous
numerical model and (d) miniaturized inhomogeneous numerical model evaluated at the
resonant frequencies.

dB, and it is found at 6 = OO; (iii) the maximum power gain of standard in-
homogeneous numerical model is 5.01 dB, and it is found at 8 = 20, Also, it is
found that the appropriate efficiency value is 40.72% for the case of standard
homogeneous numerical model, 42.76% for the case of standard inhomogeneous
analytical model, and 43.98% for the case of standard inhomogeneous numerical
model. These results are in good agreement with the main idea of the study pre-
sented in the introductory section.

In this study, the FDTD simulations for near-fields around the antenna in two
mutually perpendicular directions have been performed. The appropriate field
distributions are depicted in Figs. 12.8 and 12.9. As can be observed from these
figures, the implementation of composite/metamaterial substrates results into con-
siderable decrease in the intensity of near-fields around the antennas. This result is
especially important with a viewpoint of creating gadgets because of the possibility
of a considerable decrease in the negative impact of EM irradiation on humans and
living objects. Moreover, as shown in Rybin and Shulga [28], such antennas can be
basically used for creating novel transponders.

Thus, taking into account the above performance analysis of all the considered
antenna models, we can suppose that the proposed analytical model of rectangular
patch antenna can be used for designing patch antennas of a new generation.

12.2.2 MINIATURIZED DESIGN

Let us find a miniaturized design of antenna for the given above values of d, ¢,, u,,
and f,, if it is possible. Taking into account numerous FDTD simulations, we were
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FIGURE 12.8 Near-field calculated in the cross-section y = 0 m of patch antenna for
(a) standard homogenous numerical model at the frequency 7.307 GHz, (b) standard in-
homogeneous numerical model at the frequency 7.383 GHz and (c) miniaturized
inhomogeneous numerical model at the frequency 7.326 GHz.

able to obtain the appropriate antenna design with L = 0.0117 m and W= 0.0156 m.
Throughout the study, we will call the appropriate antenna design the miniaturized
inhomogeneous numerical model/design. The evaluated resonant frequency is
7.418 GHz. It is important to mention that the miniaturized design theoretically
gives the most impedance-matched antenna compared to all the previously con-
sidered antenna designs in the study. Moreover, no significant differences are
observed between the far-field patterns of the miniaturized antenna design and that
of the other antenna designs presented at their own resonant frequencies except the
back lobes (Figs. 12.6 and 12.7).

The FDTD simulations have shown that the maximum power gain of the stan-
dard homogenous numerical model at the resonant frequency is 6.06 dB, and it is
found at § = —2°, while the appropriate efficiency value is reached 50.93%. At the
same time, the intensity of near-field around the miniaturized patch antenna is
less than that of the standard patch antenna on a dielectric substrate (Figs. 12.8
and 12.9).
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(@)

(b)

0.000e+000

(©)

FIGURE 12.9 Near-field calculated in the middle cross-section along the x-axis of patch
antenna for (a) standard homogenous numerical model at the frequency 7.307 GHz, (b)
standard inhomogeneous numerical model at the frequency 7.383 GHz and (c) miniaturized
inhomogeneous numerical model at the frequency 7.326 GHz.
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In order to evaluate the advantage of the miniaturized design in the volume
profile with regard to the analytical design, let us use the volume profile minia-
turization gain factor (VPMGEF) introduced in Rybin and Shulga [29]:

Wmin'Lmin

VPMGF = (1—
W-L

)'100%, (12.33)

where L,,;, and W,,;, are the length and width of the patch of the miniaturized
design, respectively.

Substituting the appropriate dimensional values in Eq. (12.33) gives the value of
VPMGEF to be 13.4%. In fact, VPMGF can reach larger values for large real part of
the effective relative permeability of composite/metamaterial substrates.

The last miniaturized design has shown that the miniaturization of rectangular
patch antennas on enhanced non-resonant composite/metamaterial substrates (Re
(e,) > 1, Re(u,) 2 1) is possible in principle. Moreover, its quantitative estimation
can be evaluated by using 12.33. However, 12.33 says nothing about how to cal-
culate the miniaturized values of L,,;,, and W,,;,. In other words, the appropriate
miniaturization concept for rectangular patch antennas is required. The concept will
be able to bring breakthroughs in the domain of compact antennas with extra
capabilities of reconfigurable and wearable antenna systems with regard to band
tuning operating, beam steering operating, and so on.

12.2.3 MINIATURIZATION CONCEPT FOR ANTENNA WITH ONE-LAYER WIRE
COMPOSITE/METAMATERIAL SUBSTRATE

We found above that the volume profile of a rectangular patch antenna on substrate
created on basis of enhanced non-resonant composite/metamaterial is being de-
creased by increasing the value of real part of complex effective relative permit-
tivity of substrate. In this way, it is logical to answer the question: to what extent
can we increase the value of real part of complex effective relative permittivity of
substrate in order to miniaturize the antenna volume profile? In order to answer the
question, we have to solve the minimization problem of volume profile of a rec-
tangular patch antenna with variable/parameters: the resonant frequency f, = w/2x
of the antenna (or its wavelength 4, = c/f,), the thickness of the antenna substrate d,
and the effective relative permittivity ¢, of the antenna substrate.

Taking into account that the antenna part of volume covered by the patch is equal to
V = §.d, the above-mentioned miniaturization problem for the antenna volume profile
is reduced to the non-linear problem of mathematical programming with the objective
function presented by the maximum gain of patch antenna G,,,, as a function of S and
A (or f, = c/4,). Here, the thickness of substrate d and ¢, is already the given para-
meters. Thus, the mentioned miniaturization problem is defined as follows:

max Gax (S, 4,);

A
4d < N < 10d,

(12.34)
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where the last two inequalities define the condition for the composite/metamaterial
to be non-resonant (semi-resonant, in fact) [28]. It means that the resonance phe-
nomena related to wave diffraction on the lattice of wires are not taken into account
while the resonances inside the wires are taken into account.

Note, the maximization in Eq. (12.34) can give us the optimal value of the
antenna patch area S, but it cannot give us the appropriate values of antenna patch
length L and the antenna patch width W. In order to be able to obtain the values of L
and W together with the optimal value of S, let us subdivide the above-mentioned
optimization problem into two other problems. The first one is the following
maximization problem:

Max Ging (S);} (12.35)

S>0,

where the maximum gain G, is a function of S, while ¢,, d and 4, (or f;) are the
given parameters. The second problem is with regard to the system

Smin (Er’ d) = L(Er’ d)'W(Ers d),

Ar
4d < ﬁ < 10d,

(12.36)

where the patch area S is the solution of the problem in Eq. (12.35). Here, A,
(or f,) is the given parameter.

Substituting Eq. (12.29) into 12.35 and solving the resulting problem by means
of the minimization method of classical calculus finally gives the expression of the
minimal antenna patch area in closed form:

C-2B
Smin = —BC (12.37)

8k02 Wézo jo Wi,
where B = — and C = -0
7Zo Re(A)lo=0 Re(@)lo=0 \ 20;

The appropriate calculations finally give S,,;, = 0.18252 x 107> m?.
Substituting Eq. (12.37) and 12.1 into the equality of system, Eq. (12.36) finally
gives the following transcendental equality:

JonZo oy 120 — 16k 1Al3g

_1
1—¢gf 2
16Ky 1Zo [ 1205 1Al3=q J1+12V2 @/ ) T+e,

0'824ﬂ.d &—1+(1.6+¢,) 1+12\/7(d/1r)\/1+6r 1+0.264-\/§(d//1,)\/1+5,
V2T 140484 +6) 1+ 1272 (@I AT +e, ) T+e +08-V2(@/ A +e)’

‘Re(A)lg=0 = %/13 ((1 +6) —

(12.38)

Equation (12.38) must be solved with respect to any of the variables: er, Ar (or fr)
and d. The remaining two variables are defined as already-given parameters in
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this case. Considering that we have already set the variables ¢, and d in advance,
and the variable always “floats” in our numerical simulations, then 12.38 will be
solved with respect to the variable f,. The found value of the variable f, and the
already-given parameter of ¢, can be used to obtain minimal values of L and W

using 12.1:
”min = C 2 5
o N 15 (12.39)

L - Smin
min vvmin’

where f,,, is the solution of 12.38. As can be observed, this equation has no
analytical solution in closed form and can only be solved numerically using, for
example, the corresponding functions of the MatLab software. The appropriate
solution gives f,,, = 7.481 GHz, W,,;, = 0.01585 m, L,,;,, = 0.01152 m, that are in
relatively good agreement with the numerical results that give f,,, = 7.418 GHz,
Win = 0.0156 m and L,,;, = 0.0117 m.

Despite the fact that 12.38 was obtained for the specific structure of substrate,
it can also be used for a relatively arbitrary metal-dielectric composite filling the
substrate matrix — we just need to be able to calculate the amplitude of the
electric intensity vector component of the EM wave in a far region, which is, in
fact, the main excited wave. Once again, we would remind that the approx-
imation in 12.29 has been obtained by not taking into account the fringe phe-
nomenon on the edges of the antenna patch. That is why the near-field
distribution can actually be more complex. As a result, the S11-spectrum of the
antennas with composite substrates can contain additional peaks of interest
except for the peak of the main wave. Let us give a simple example. For this
purpose, we consider the S11-spectrum of the miniaturized inhomogeneous
numerical model in the frequency range of 5-20 GHz (Fig. 12.10). As may be
observed from the figure, the second, third, fourth and fifth peaks situated at the
frequencies 9.556 GHz, 11.29 GHz, 13.72 GHz, 14.45 GHz, 15.93 GHz, 16.84
GHz and 18.57 GHz, correspondingly. These peaks are of interest with a
viewpoint of the possibility for the miniaturized antenna to be a reconfigurable
one in frequency functionality.

FDTD simulations for the far-field patterns, efficiency and power gain at the
above-mentioned frequency peaks have shown that the peak located at the fre-
quency 16.84 GHz may be of some interest. Indeed, comparing the far-field patterns
of the last peak with the far-field patterns of the main (first) peak (see Figs. 12.11
and 12.12), we can assume that miniaturized patch antennas on composite/meta-
material substrates can be multi-band and even multi-directional. This is especially
evident from 3D radiation patterns depicted in Fig. 12.13. The maximum power
gain at the frequency 16.84 GHz is equal to 6.97 dB, and it is found at & = —10°. The
appropriate efficiency value is 71.73%. This result is quite interesting from the point
of view of designing reconfigurable compact antenna systems in frequency func-
tionality and polarization.
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FIGURE 12.10 S11-spectrum of the miniaturized inhomogeneous numerical model.

180

FIGURE 12.11 Far-field patterns in the H-plane of miniaturized inhomogeneous numerical
model evaluated at (a) the main peak frequency (7.383 GHz) and (b) 16.84 GHz.
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FIGURE 12.12 Far-field patterns in the E-plane (in dB) of miniaturized numerical model
evaluated at (a) the main peak frequency (7.383 GHz) and (b) 16.84 GHz.

Taking into account the case of standard numerical model with composite
substrate, it is logical to conjecture that the intensity of near-field distribution
around the miniaturized antenna at the frequency 16.84 GHz is quite low. Indeed,
according to the FDTD simulations performed for near-field distributions (regarding
patch antenna) in two mutually perpendicular directions, their intensity is very low
(Figs. 12.14 and 12.15). It says much for the above-mentioned idea for using the
additional resonant frequencies of patch antennas on composite/metamaterial sub-
strates. The appropriate FDTD simulations have also shown that the same quali-
tative result takes place for the standard inhomogeneous model. This enables one to
draw a general conclusion about the multi-directional and multi-band nature of
patch antennas on composite/ metamaterial substrates. Such a design can avoid the
use of multiple antennas, for instance, by integrating receiving and transmitting

S

w -

FIGURE 12.13 3D far-field patterns of the miniaturized numerical antenna model created
at (a) the main peak frequency, and (b) 16.84 GHz.
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FIGURE 12.14 Near-field calculated in the cross-section y = 0 m for (a) standard
homogenous numerical model calculated at the frequency 7.307 GHz, and (b) the minia-
turized numerical antenna model calculated at 16.84 GHz.
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FIGURE 12.15 Near-field calculated in the middle cross-section along the x-axis of
patch antenna for (a) standard homogenous numerical model calculated at the frequency
7.307 GHz, and (b) the miniaturized numerical antenna model calculated at 16.84 GHz.

functions into the same communication systems or the same antennas operating in
the GSM 1,800 MHz and WLAN 2.4 GHz application bands.

12.3 FAR-FIELD FOCUSING FOR RECTANGULAR PATCH
ANTENNAS WITH COMPOSITE/METAMATERIAL
SUBSTRATES

12.3.1 FABRY-PEROT APPROACH FOR A PATCH ANTENNA WITH SUPERSTRATE

The idea of using superstrates to improve the performance of patch antenna is not
new [30-32], but still attracts the attention of researchers working on designing
compact antenna systems [33-35] and the near-field phase transforming structures
developed for directive radio-frequency (RF) front-end antennas for applications
like point-to-point communication and satellite communication [36]. Moreover, a
hard material superstrate can play the role of protection to antenna from environ-
mental hazards.

Note that most of the above-mentioned publications deal with non-magnetic
substrates. Thus, in this study, we will consider ferrite superstrates. The substrate
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FIGURE 12.16 Metamaterial patch antenna with magnetic superstrate.

positioning is going to be defined in terms of Fabry-Perot cavity theory, which will
be developed appropriately.

Let us consider the miniaturized patch antenna on composite substrate designed
in the previous paragraph. At the same time, we assume that the antenna is covered
by a superstrate that has the same geometry as the substrate (Fig. 12.16), where &fis
the relative permittivity of superstrate and uy is its relative permeability. It is also
assumed that the superstrate is situated at a distance ¢ from the antenna patch. The
expression for evaluating the value of ¢ will be derived later. In order to do that, we
are going to consider the antenna patch surface as the lower surface of the Fabry-
Perot cavity. At the same time, we are going to consider the lower surface of the
superstrate as the upper surface of the cavity. Then, the upper component of the
cavity is accepted as a layer of thickness, whereas the lower surface of the cavity is
accepted as a half-space with the refractive index nqg = (eor) %, Where .4 is defined
by the second formula in 12.1.

Let us assume that R = |R|e’* is the full reflection coefficient of superstrate,
T = |T|e" is the full transmission coefficient of superstrate, and o= Ipllei51 is the
Fresnel reflection coefficient of the lower surface of the cavity. The component of
electric intensity vector E in the far-zone consists of the vector sum of partial rays
of the electric field component, as a result of the reflections from the cavity surfaces
(Fig. 12.17). Then, using the approach of work in Boutayeb et al. [37], it is logical
to write down the expression for the component of the electric intensity vector:

E©)=EyD(®)T- i (|R|‘|pl|-e_"d’)”, (12.40)
n=0

where @ = 21—”» cos 8 — g — §;, D(B) is the electric field pattern, and 4, is the

resonant wavelength of the patch antenna.
The sum in the right side of Eq. (12.40) is the infinite geometric progression.
That is why 12.40 can finally be rewritten in the form

£@) = EyD(0)T

=0 12.41
1 — IRlipJe=® (1240

where, as shown in Wan et al. [38],
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FIGURE 12.17 Ray distribution between the superstrate and free space.
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419, exp {_Z/Trl - cos 6}

R=p +
! 1—,5,2exp{—i%”1» (:059}7
(12.42)
5 nip? exp{—i%ﬂL cos 9}
T=nt+ = - P
1—p exp{—i%l» cos 9}
where the Fresnel coefficients g, #, §,, f, are defined by
Erefp + COS 6 — €y — SIN* 6 ; 2 [y - cOs B
Pr= G+ COS A+ \[gyr —sin’a’ = Eref - COS A+ gy — sin26 (12.43)

\/'emff —sin%6 + cos 6

_ \,"E,eff —sin?6 — cos 6

R e — 4=
! [Erefr — SIN?6 + cosat

Taking into account Eq. (12.41), the power pattern Px(6) can be written in the form

T2
Py (6) = 7]

S ID©OP. (12.44)

1 — 2|R||p;|- cos @ + |R]?

P P

As seen from Eq. (12.44), the power pattern achieves its maximum value in the
forward reflection direction (8 = 0°) when cos ¢ = 1. The last conclusions lead to the
formula for evaluating the optimal value of ¢ as a function of parameters of the
patch antenna and superstrate:

t= £(5R + ;). (12.45)
4

Eq. (12.45) provides the maximum possible value of the power pattern Pg(6).
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12.3.2 MAIN RELATIONS FOR EVALUATING THE PERFORMANCE OF PATCH
ANTENNA WITH METAMATERIAL SUBSTRATE AND FERRITE SUPERSTRATE

Taking into account Eq. (12.44), the radiation density of the antenna with super-
strate can be defined by

k¢ (1 + cos6)? T

U®,¢) =
©.9 8727, 4 1 — 2IRlip,l- cos @ + |RPlp

& If 6, p)P.
(12.46)

where 0 and ¢ are the angles of the spherical coordinate system (see Fig. 12.1), and
(0, @) is the radiation pattern without superstrate, given by Eq. (12.25). Then, the
radiation pattern of the antenna with superstrate is given by

AT L L
foup(6, @) = 4S—————— sinc| — (cos ¢ — 1)sin 6 |- sin ¢| — sin O sin
an(®. ) =4S p sl ( T (Cosp =1 ) ( T co)

- sin c(/lE sin 6 cos go) (12.47)

r

Using Egs. (12.18) and (12.45) enables one to derive the expression for the effi-
ciency of antenna under consideration in the form

. -1
. S
¢ = JTIReA) (1 ) w”“) (12.48)

"1 —|Rlig/ Re(A)\ 20;

The expression for the directive gain is given by

_ (2koSIAD? (1 + cos 6)? |7 %
T xzZ Re(4) 1 —2[Rllpl+IRP 10,2

x sin c2 (%(cos @ — 1)sin 9)- sin c2(

D6, ¢)

L

— sin 0 sin ¢)- sin ¢? (E sin 8 cos qo).

1,
(12.49)

As one can observe from Eq. (12.49), the maxima of directive gain is achievable at
6 = 0°. Then, the maxima of gain is given by

G —op. = 8K ITPRe(A)lo-y S*1AP
7Zo (1= IRlIOD® Re(A)loo + oS [ 22
0;

(12.50)

Taking into account Egs. (12.45) and (12.46), we derive the expression for the
normalized gain in the form
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2 (9 )|2 2 2 2 (1 _lRl pll)2
©, ) = (1+ cos 0)° Vs (&P _ (L+ cos 0) |TP - (Re(4))
§L% 4 Woup (6, 9) 0 4 (A =IRllg)* | ITP- (Re(A))?
9=0°
x sin ¢? (/1£ (cos @ — 1)sin 9)- sin ¢? (% sin 6 cos (p)- sin ¢? (% sin 9).
(12.51)

The expressions for the normalized gain along the two principle planes are given as
follows. For the H-plane, we set ¢ = 0° in Eq. (12.51):

(1 + cos 6)? |TR-(Re(A))? | (1 — IRllg,)?
4 (I = |Rlloh* | ITI-(Re(A))?

gy (0) = lim g(p, 0) =
p—0°

9=0"
- sin c2(/1K sin 6) (12.52)
and for the E-plane, we set po = 0° in Eq. (12.50):
. 1+ cos 0)? T (Re(A))? | (1 — [Rlip,)?
0@ = lim gp.6)= ¢ 2 ITP-Re() [ (1= Rlp)?
p—90° 4 (I =Rl )= | IT17-(Re(A))” [{,_ o
. o L .
-sin ¢ T sin 6 |. (12.53)

Let us make the analysis of performance of the antennas on composite substrates of
the previous section with ferrite superstrate. In order to do that, we initially define
the constitutive parameters of the antenna. In order to be consistent with the results
of Wan et al. [38], we are going to use the following values of the superstrate: &=
9.66 —0.174i and u,= 1.2-0.974i. It means MgO*Fe,O3 is chosen as the superstrate
material. It is worth mentioning that its linear dimensions are exactly the same as
the linear dimensions of superstrate. The values of other parameters, except the
value of #, are chosen from the previous paragraph. The calculations using Eq.
(12.44) give t = 0.0004 m.

The results of FDTD simulations regarding the S11-spectra of antenna designs
with ferrite superstrate are shown in Fig. 12.18. As can be observed from the
figure, these antenna designs are well impedance-matched, especially the minia-
turized antenna design. Moreover, the miniaturized design has a broader beam-
width as opposed to the case of no superstrate (Fig. 12.4). At the same time, the
resonant frequency of the miniaturized design with ferrite superstrate is the most
blue-shifted with regard to all the above considered numerical antenna designs
(it resonates at 7.404 GHz), whereas the standard design with ferrite superstrate
resonates at 7.312 GHz. This frequency is the closest to the theoretical resonant
frequency (7.3 GHz).
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FIGURE 12.18 Simulated S11-spectra for (a) standard inhomogeneous numerical model
with ferrite superstrate, and (b) standard miniaturized numerical model with ferrite superstrate.

The results of FDTD simulations of far-field patterns for all the antenna designs
with ferrite superstrates are presented in Figs. 12.19 and 12.20. As seen from these
figures, no significant differences are observed between the far-field patterns of the
last two antenna designs (with ferrite superstrates) and all the previous simulated
ones (without ferrite superstrates) in the H-plane, while worse coincidences of the
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FIGURE 12.19 Far-field patterns in the H-plane (in dB) of (a) standard inhomogeneous
analytical model with ferrite superstrate, (b) standard inhomogeneous numerical model with
ferrite superstrate, and (c) miniaturized inhomogeneous numerical model with ferrite su-
perstrate evaluated at the resonant frequencies.
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FIGURE 12.20 Far-field patterns in the E-plane (in dB) of (a) standard inhomogeneous
analytical model with ferrite superstrate, (b) standard inhomogeneous numerical model with
ferrite superstrate, and (c) miniaturized inhomogeneous numerical model with ferrite su-
perstrate evaluated at the resonant frequencies.

far-field patterns are observed in the E-plane. As can be observed from Figs. 12.19
and 12.20, the analytical model has back lobes, which was not the case in the
absence of ferrite superstrate. This is because the superstrate has finite dimensions.

Right now, we are going to show that the presence of ferrite superstrate can be
energetically advantageous. Indeed, the appropriate FDTD simulations and analy-
tical calculations have shown: (i) the maximum power gain of the standard in-
homogeneous analytical model with ferrite superstrate is 6.01 dB, and it is found at
0 = 0°% (ii) the maximum power gain of the standard inhomogeneous numerical
model is 5.92 dB, and it is found at 6 = —2°; (iii) the maximum power gain of the
miniaturized inhomogeneous numerical model is 6.59 dB, and it is found at 8 = 0°.
Also, it has been found that the appropriate efficiency value is 49.37% for the case
of the standard inhomogeneous analytical model, 46.01% for the case of the
standard inhomogeneous numerical model, and 54.34% for the case of the minia-
turized inhomogeneous numerical model. These results are in good agreement with
the main idea of Wan et al. [38]: using a ferrite superstrate can improve the per-
formance of the patch antenna. It takes place because of two mechanisms: (1) the
mechanism of Fabry-Perot resonant cavity, which is already very well-known; and
(2) increased energy stored in the magnetic component of the EM field radiated by
the antenna due to the tendency of the magnetic moment of ferromagnetic super-
strate to be aligned with the magnetic component of the EM field produced by the
antenna and to reinforce it by virtue of its own magnetic fields. Note that the ferrite
superstrate can serve as one of the antenna housing panels.

The FDTD simulations of near-fields for both the antenna designs with ferrite
superstrates in two mutually perpendicular directions have shown that these fields
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FIGURE 12.21 Near-field calculated in the cross-section y = 0 m of patch antenna with
ferrite superstrate for (a) standard inhomogeneous numerical model at the frequency 7.322
GHz, and (b) miniaturized inhomogeneous numerical model at the frequency 7.404 GHz.
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FIGURE 12.22 Near-field calculated in the middle cross-section along the x-axis of patch
antenna with ferrite superstrate for (a) standard inhomogeneous numerical model at the
frequency 7.322 GHz, and (b) miniaturized inhomogeneous numerical model at the
frequency 7.404 GHz.

are mostly concentrated under the superstrate, while the intensity of near-fields is
considerably less than the intensity of near-fields of the initial patch antenna with
dielectric substrate (Figs. 12.21 and 12.22). This, in turn, means that such antennas
can be used for gadgets.

12.4 2D MODEL OF RECTANGULAR PATCH ANTENNA WITH
TWO-LAYER WIRE COMPOSITE/METAMATERIAL SUBSTRATE

12.4.1 THe MAIN ANALYTICAL RELATIONS

Let us complicate the model of our antenna compared to the one considered in
Section 12.2: consider the model of Section 12.2 with two layers of non-magnetic
metallic wires symmetrically embedded into the host dielectric substrate
(Fig. 12.23).

First of all, let us neglect the evanescent waves as done in Section 12.2
regarding the case of the one-layer wire composite substrate. It is also supposed that
r < d = h. Then, considering the double-layer grid of antenna in free space as a
four-terminal network with its own S-matrix (Fig. 12.24) enables to write
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FIGURE 12.23 2D geometry of rectangular patch antenna with one-layer wire composite
substrate.
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=S , (12.54)
I:LII:| [LII]
where the scattering matrix S is symmetrical in our case, i.e.,
S S I' K
S = = , 12.55
[521 S K T ( )

where I and K are the Fresnel reflection and transmission coefficients, respectively,
at the left and right plane boundaries of the layer.
Let us derive the elements of matrix S. According to the results of Wait [24],

LII — Eoeikg (h cos B+y sin 0)

F} - _Eoe—iko(h cos 6—y sin 6)’
F}I - EO Ge—ikg(h cos B—y sin 6),
Ll - _EO Ge—iko (h cos 6—y sin 6)

(12.56)

where G is defined by Eq. (12.7).
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Substituting Egs. (12.55) into Eq. (12.54) and resolving the resulting equations
with regard to I" and K finally gives

_ hRE-LiLy
K= F?—L}
7 —Li

= FL —FyLy
Ff-Lj

>

(12.57)

Substituting Eqs. (12.56) into Eqgs. (12.57) gives

G.1l+ e—Zikgh cos 6
K=>i— o,
2 " sin(2koh cos 6)
G.1— e—Zikglx cos 6
- El sin(2koh cos 0)

(12.58)

The expressions of full transmission 7; and reflection Ry coefficients are very well
known

K2 cos a cos @ - e¥krcosa

T = — -
f 1 —T2cos 6 cos a - e2krcosa? (12.59)
R, = T(cos 6 — cos a) - e2ikr cosa ’
T 1T -T2cos B cos a - elikreosa”

where k, = ko /e, ; € and u,, respectively, are the effective relative permittivity
and permeability of the substrate composite. Note that, in order to be absolutely
accurate, we must replace in all expressions of Section 12.2 the constitutive para-
meters of the index m with the same parameters of index c. However, the accuracy
of all analytical results still remains acceptable even without the above replacement.
This is caused by the fact that, in all the obtained approximations, only a small
value of metal volume fractions (nr*/d* < 0.25) is considered.

Taking into account that the antenna substrate is backed by a perfect conducting
wall (x = 0), the approximation of the electric intensity vector in the 2nd space
domain is given by

-

E, = E, (x, y)'Z) = R, -e~ikoy sin 8p—iko(x~2h)cos 0. 7 (12.60)

where Ry, = Ry — T]%.

In order to be able to analytically evaluate the antenna performance, the
boundary-value problem, similar to that of solved in Section 12.2 can be solved
with regard to the antenna presented in Fig. 12.23. The approximation for the
electric intensity vector in the substrate domain (0 < x < 2h) is given by

E_:l — El (x’ y)Z) — [Cl+eik1(x cos a+y sin a) + Cl—e—ikl (x cos a—y sin a)]_z). (1261)
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The approximations for the magnetic intensity vector in the Ist and 2nd space
domains are to be defined through Faraday’s law. The appropriate straightforward
algebra finally gives

- 1 — —
Hi(x,y) = —?[F”(x, y)-sinaxo — F'~(x, y)- cosa-ypl,  (12.62)
1

- E N . - -
H(x, y) = —y[sm 6-X0 + cos B3], (12.63)
0
where
Fl: ()C, y) - eik,y sin 8 (Cl+eik,x cos 6 + Cl—e—ik,x cos 6), (1264)

Let us present the current flows on the patch in the form

—

j =j8(x = 2h)z9 = —jy-6(x — 2h)-eikysin®.7 (12.65)

where j, = cont. is already given. The unknowns Cj* and o can be calculated by
imposing the boundary conditions that the tangential electric field is continuous at
the interface, i.e., x = 2h:

Eilc=op = Eoli=op, (12.66)

and the boundary conditions for the tangential magnetic field at the interface x = 2h:

[xo X (Hy — H)l=on = j-Z0, (12.67)

where x, is the unit vector of the x-axis. Indeed, substituting Egs. (12.59), (12.60)
and (12.64) into Egs. (12.65)—(12.66), finally gives the equations with regard to the
variables Cy*:

Rt = F'*(2h, 0), } (12:68)

Z. cos 6-F'*(2h, 0) + Z, cos a-F'~(2h, 0) = j, ZoZ,.

where cos o = /1 — (sin®6/e,u,), Z, = Juoi,/eoe, is the impedance of the

composite material. Solving Eq. (12.68) with regard to the variables Cj°
finally gives:
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7xk, h cos 8

Cl'= =——(oZoZ, — Rix[Z, cos 6 — Z, cos a]),

ZZO cos a
o—2ikrh cos 0

(12.69)
(Rt [Z, cos 6 + Zy cos al — j,ZoZ,).

- 27 cos a

As seen from the results in the current section and the results in Section 12.2.1, the
field structure of antenna depicted in Fig. 12.2 is coincident with that depicted in
Fig. 12.21. It enables one to generalize some results of the theory in Section 12.2.1
to the case of antenna depicted in Fig. 12.23 without repeating the tedious algebra of
Section 12.2.1 with regard to deriving the main approximations describing the
performance of this antenna. Thus, the approximations for the main parameters
describing the performance of the antenna depicted in Fig. 12.23 are determined as
follows:
The efficiency of the antenna is given by

. —\—1

NEEE?)

e=|14+ 02 [Zh) (12.70)
Re(Riw) | 20;

The radiation pattern of the antenna is given by
. L . . L . .
f 6, @) = 4R,,|-S- sin ¢ /I_(COS @ — Dsin @ |- sinc¢ - sin O sin ¢
0 0

- sin c(E sin 6 cos qo). (12.71)
Ao

The directive gain of the antenna is given by

(2koS IRi)* (1 + cos 6)*
D(e qO) 7Zo Re(A)

-sin ¢ ( (cos @ — 1)sin 6) sin ¢ (i sin 6 sin (p)- sin ¢? (% sin 6 cos qo).

(12.72)

The maximum value of the directive gain of the antenna is achievable for 6 = 0°,
and the directivity is given by

8k¢ ~0)?
Doy = 0 (SIRole=0) ) (12.73)
Zo Re(Rior) lo=0

The maximum gain of the antenna is given by

(12.74)

max

. -1
8ko (S |Rioilo=0)? 1+ JoS Wity
7TZO Re (Rior) =0 Re(Rion)le=0 \ 20;
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It is obvious from Egs. (12.69)—(12.73) that the expressions for the normalized gain
of the antenna and its normalized gain along the two principle planes are given by
12.30 and Egs. (12.31) and (12.32), respectively.

In order to make both the analytical and numerical analysis of antenna
performance, we evaluate the values of the radius of inclusions r using the free-
space method [39]. The appropriate calculations give: r = 0.00045 m. It is
interesting to mention that using the formulas in Rybin and Shulga [27] gives
almost the same results. Thus, it is tempting to conclude: if the values of the
metal volume fractions are the same, the values of the effective parameters
will also be the same. The last conclusion is valid only for small values of the
metal volume fraction (7'cr2/d2 < 0.25). This is because the dependence of
the values of effective parameters on the metal volume fraction is non-linear
(the dependence seems almost linear for low values of the metal volume
fraction) [27,28].

The miniaturized design for the antenna depicted in Fig. 12.23 can be found
from the algorithm based on Egs. (12.36)—(12.39) if the coefficient A is replaced
with the coefficient R,,,. Running the appropriate procedure finally gives
almost the same results for ¢,, L, and W with a given value of the substrate
thickness. Indeed, the theoretical calculations for the miniaturized antenna
design (S,uin = 0.00017628555 m?) give: f,, = 7.531 GHz, W,,;, = 0.01574 m,
and L,,;, = 0.0112 m. Last results are in good agreement with the results of
numerical experiment: f,,, = 7.512 GHz, W,,;, = 0.0156 m, L,,;, = 0.0113 m.
Notice that f, = 7.512 GHz for the standard numerical design.

Putting the values of L,,;,, Wi, L, and W into 12.33 gives: VPMGF = 16.5%,
that is a slightly better value of the volume profile miniaturization gain factor
compared with the case of one-layer wire grid substrates. At the same time, blue
shifts of the main frequencies are stronger for the case of two-layer wire grid
substrates (Fig. 12.25). This is mostly caused by two reasons: (i) a more compli-
cated distribution of the reactive part of the load antenna impedance around the
wires for the case of two-layer wire grid substrates, and (ii) relatively clear dia-
magnetic behavior of the antenna substrate for the case of two-layer wire grid
substrates (in fact, Re(u,) = 0.95 for the case of the two-layer wire grid substrate
and Re(u,) = 0.98 for the case of one-layer wire grid substrates, whereas 12.1 is
created for Re(u,) = 1).

The results of FDTD simulations of the far-field patterns for the antenna designs
with two-layer wire grid superstrates are presented in Figs. 12.26-12.27.

As seen from Figs. 12.26 and 12.27, no significant differences are observed
between the far-field patterns of the numerical antenna designs with one-layer wire
grid superstrates and the far-field patterns of the antenna designs with two-layer
wire grid superstrates.

The analytical modeling (using Eqgs. (12.69) and (12.73)) and numerical FDTD
calculations have shown: (i) the maximum power gain of standard inhomogeneous
analytical model is 5.17 dB, and it is found at 8 = —1°; (ii) the maximum power gain
of standard inhomogeneous numerical model is 5.26 dB, and it is found at 6 = -1°%
(iii) the maximum power gain of miniaturized inhomogeneous numerical model is
5.81 dB, and it is found at & = —1°. At the same time, it has been found that the
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FIGURE 12.25 Simulated S11-spectra for (a) standard homogenous numerical model,
(b) standard inhomogeneous numerical model and (c) miniaturized inhomogeneous numer-

ical model.

appropriate efficiency value is 40.72% for the case of the standard inhomogeneous
analytical model, 44.82% for the case of the standard inhomogeneous numerical
model, and 49.36% for the case of the miniaturized inhomogeneous numerical
model. Moreover, according to the results of appropriate FDTD simulations, we can

------- (d 180

FIGURE 12.26 Far-field patterns in the H-plane (in dB) of (a) standard inhomogeneous
analytical model, (b) standard homogenous numerical model, (c) standard inhomogeneous
numerical model and (d) miniaturized inhomogeneous numerical model evaluated at the

resonant frequencies.
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FIGURE 12.27 Far-field patterns in the E-plane (in dB) of (a) standard inhomogeneous
analytical model, (b) standard homogenous numerical model, (c) standard inhomogeneous
numerical model and (d) miniaturized inhomogeneous numerical model evaluated at the
resonant frequencies.
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FIGURE 12.28 Near-field calculated in the cross-section y = 0 m of patch antenna for (a)
standard homogenous numerical model at the frequency 7.307 GHz, (b) standard in-
homogeneous numerical model at the frequency 7.518 GHz, and (c) miniaturized in-
homogeneous numerical model at the frequency 7.515 GHz.

conclude that the intensity of near-fields for the case of antennas with two-layer
wire grid substrates (Figs. 12.27 and 12.28) is quite comparable to the intensity of
the near-fields for the case of two-layer wire grid substrates (Figs. 12.8 and 12.9).

Table 12.1 compares the parameters of all the considered antenna designs.
Analyzing the contents of Table 12.1 enables us conclude that: (i) the perfor-
mance of miniaturized design is greater than the performance of appropriate
design; (ii) using the ferrite superstrates enables one to considerably improve
the performance of patch antennas; (iii) using the composite metal-dielectric
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FIGURE 12.29

Metamaterials

7.403e+001
(V/m)

0.000e+000

Near-field calculated in the middle cross-section along the x-axis of patch

antenna for (a) standard homogenous numerical model at the frequency 7.307 GHz, (b)
standard inhomogeneous numerical model at the frequency 7.518 GHz, and (c) miniaturized

inhomogeneous numerical model at the frequency 7.515 GHz.

TABLE 12.1

Main Characteristics of Antennas

Design

Standard numerical without
superstrate

Standard analytical without
superstrate

Standard numerical without
superstrate

Miniaturized numerical without
superstrate

Standard numerical with
superstrate

Standard analytical with
superstrate

Miniaturized numerical with
superstrate

Standard numerical without
superstrate

Standard analytical without
superstrate

Miniaturized numerical without
superstrate

Frequency
(GHz)

7.307
7.3
7.385
7.418
7.322
7.3
7.404
7.518
73

7.515

E (%)

40.72

42.96

43.98

50.93

46.1

49.37

54.34

44.82

40.72

49.36

Dmax
(dB)

4.6

5.05

5.01

6.06

5.92

6.01

6.59

5.26

5.17

5.81

VPMGF  Substrate
(%)

- Dielectric

- Composite with

one-layer wire grid

- Composite with

one-layer wire grid
13.4 Composite with one-
layer wire grid
- Composite with
one-layer wire grid
- Composite with
one-layer wire grid
13.4 Composite with
one-layer wire grid
- Composite with
two-layer wire grid
- Composite with
two-layer wire grid
16.5 Composite with
two-layer wire grid
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substrates can make patch antennas multi-band and multi-directional; (iv)
adding the wire layers to the composite substrates enables one to slightly de-
crease the volume profile of patch antennas; (v) using composite substrates with
multi-layer wire grids blue-shifts the main resonant frequency of patch antennas
compared to composite substrates with one-layer wire grids; and (vi) adding
the wire layers to the composite substrates does not improve the performance
of patch antennas. The last two conclusions are the reason why patch antennas
with multi-layer wire grids embedded into dielectric substrates with ferrite
superstrate are not being considered in this study.

12.5 CONCLUSION

Theoretical foundations for designing microwave patch antennas with one- and
two-layer wire grids embedded in the dielectric substrates are presented in this
chapter as well as the principle of miniaturization of such antennas. Such antennas
have improved performance compared to patch antennas on dielectric substrates
with the same numerical values of constitutive parameters. The first type of an-
tennas are reconfigurable in frequency functionality and polarization. Moreover, the
performance of such antennas can be improved by using ferrite superstrates.
However, an increase in the number of layers of wire grids in the antenna substrates
does not lead to further improvement in performance, but instead to an essential
blue shift in the resonance frequency. The proposed antennas with composite
substrates and ferrite superstrates can be used in designing novel antennas for
gadgets and transponders.
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13.1 INTRODUCTION

Engheta and Ziolkowski in a book, edited by them, wrote: “To the best of our
knowledge, the first attempt to explore the concept of ‘artificial’ material appears to
trace back to the late part of the nineteenth century when in 1898 Jagadis Chunder
Bose conducted the first microwave experiment on twisted structures — geometries
that were essentially artificial chiral elements by today’s terminology” [1,2]. Since
then considerable efforts have been made to explore artificial materials, and one
such material is the metamaterial (MTM) — a periodic, macroscopic structure —
which can be formed by embedding inclusions and material components in a host
medium. MTMs can be engineered to have some electromagnetic properties of the
materials altered to something ‘meta’, meaning ‘beyond’ what can be found in
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nature, such as negative refractive index, reversed Doppler effect, and reversed
Cherenkov effect [3-6].

The objective of the present chapter is to bring out the advantages of MTM
assistance in improving the performance of the structure interaction impedance (K)
of vacuum electron devices (VEDs), and the device output power, gain, efficiency,
etc., remembering that VEDs enjoy more power producing and handling cap-
abilities than their conventional solid-state device counterparts [7,8]. The chapter
reviews the global efforts to showcase this point, while being aware that the con-
ventional VEDs, such as travelling-wave tubes (TWTs) [9,10], klystrons [9,10] and
backward-wave oscillators (BWOs) [10] have their limitations in terms of RF
output power, gain, bandwidth, overall efficiency, design complexity at higher

frequencies, etc., as typified in Table 13.1.
In a VED, the kinetic or potential energy of an electron beam is transferred to
electromagnetic waves supported by a material medium, which may be termed as

TABLE 13.1

Performance comparison of typical conventional VEDs [7-10]

Parameters

Interaction
impedance (K)

Overall
efficiency

RF output power

Gain
Bandwidth

Design
complexity at
high frequency

Multi-band
operation

TWTs

Low (~10-40 Q using
helix slow-wave
structures (SWSs);
400-600 Q using
coupled-cavity SWSs,
at the operating
frequency band)

Low-to-medium
(~7-60%, varying due
to different SWSs used,
at different operating
frequencies)

Low-to-medium (~40-500
W for CW mode, and
1-250 kW for
pulsed mode)

Medium (~30-50 dB)

Low-to-medium (from
~few GHz to 2 octave
with high design
complexity)

Very high

Klystrons

Medium-to-high
(~30-70%, efficiency
increasing with the
number of depressed
collector stages)

Medium-to-high
(~ 200 kW (average),
and up to several GW
for pulsed mode)

High (~40-60 dB)

Very narrow

Very high

BWOs

Medium (~20-300 Q,
at the operating
frequency band)

Medium (~40-60%)

Medium-to-high
(~250 kW-1.5 GW
for pulsed mode)

Wide-range frequency
operation implemented
by varying only the
beam voltage

Medium

Dual-band operation
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the beam-wave interaction structure. A material, treated as a medium for electro-
magnetic waves to interact with, can be classified in terms of the medium per-
mittivity ¢ and permeability x4 as: (i) double-positive (DPS) (Re(¢)> 0, Re(u)>0)
material, supporting forward-wave propagation (e.g., isotropic dielectrics); (ii)
epsilon negative (ENG) (Re(¢)< 0, Re(u)> 0) material, supporting evanescent wave-
modes, e.g., electric plasmas: metal thin wires (microwave) frequencies: w<wpe,
where w,. represents the electric plasma frequency; (iii) double-negative (DNG)
(Re(e)< 0, Re(u)< 0) material — which cannot be found in nature, but can be
physically realized — supporting backward-wave propagation; and (iv) mu negative
(MNG) (Re(e)> 0, Re(u)< 0) material, supporting evanescent wave-modes, e.g.,
ferrimagnetic materials and artificial resonant magnetic materials: magnetic plasmas
at frequencies w<wpm,, where w,, represents the magnetic plasma frequency [1].

If appropriately engineered, an MTM can be designed to exhibit not only the
characteristics of DNG material, but also those of DPS, MNG and ENG materials —
the latter two being also termed as single-negative (SNG) materials [1,3]. The
notable examples of MNG, ENG and DNG MTMs are the arrays of parallel metallic
wires/rods/strips [11,12] and split-ring resonators (SRRs) [13], spiral resonators
[14], labyrinth resonators (LR) [14], complementary split-ring resonators (CSRRs)
[15,16], I-shaped MTMs [17], electric-LC resonator [18-20], S-shaped MTMs [21],
cut-wire pairs [22], fishnet MTMs [23], thin wire-LR MTMs [24], and so on.

There has been a recent surge in the exploration of MTM assistance in VEDs and
their interaction structures [4,5,16,16,16,25-46]), which have alleviated the short-
comings of conventional VEDs listed in Table 13.1. These have been reviewed here
in Sections —13.3-13.5, after outlining, in Section 13.2, the approach of retrieving
the parameters, namely the effective relative permeability and permittivity, of an
MTM medium treating it as an effectively homogeneous structure. This helps in
developing the understanding of the study encompassing electromagnetic analysis,
simulation and experimental characterization of MTM-assisted VEDs and their
interaction and RF coupling structures, and thus in appreciating the results of such
study. Further, after reviewing challenging aspects and future scope of MTM-
assisted VEDS in Section 13.6, the present review is concluded in Section 13.7
highlighting the major findings of the review.

13.2 MTM EFFECTIVE MEDIUM

Before diving into the ‘magical’ world of MTM-assisted VEDs, one needs to un-
derstand the ‘magic’ of MTMs by retrieving its effective medium or constitutive
properties, namely the effective relative permittivity &, .¢(f) [11] and effective re-
lative permeability u, o¢(f) [13]. There are three approaches to the retrieval of the
constitutive parameters of an MTM medium, which use (i) Lorentz and Drude
models [11,13], (ii) refection/transmission or S-parameter method [12,21,47,48],
and (iii) equivalent-circuit method [14], respectively. However, the first and the
second approaches have been proved to be more popular than the third approach in
the study of the effect of MTM assistance on VEDs. The readers are encouraged to
see Chapter 2 of the present memoir for a brief overview of the first two of these
approaches.
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13.3 MTM-ASSISTED INTERACTION STRUCTURES OF
MICROWAVE VEDS ANALYSED ONLY BY THEORY
AND/OR SIMULATION

In this section, we review in brief the status of the study that is based on the
electromagnetic analysis and simulation of MTM-assisted interaction structures of
VEDs and underlying beam-wave interaction mechanisms, citing, however, only a
few representing examples. The experimental aspects of this study have been taken
up in Section 13.4.

13.3.1 MTM-ASSISTED INTERACTION STRUCTURES FOR MICROWAVE AMPLIFIERS

All over the world, extensive efforts have been made to incorporate the exotic
properties of MTMs into the VEDs, and notably, to this end, some researchers
combined the MTMs with conventional interaction structures [4,25-35]. Some
other researchers have come out with novel MTM based SWSs [5,16,38—46]. In this
regard, electromagnetic analysis or equivalent circuit analysis along with simula-
tions, using commercial software’s (CST, HFSS, MAGIC, COMSOL, etc.), have
been carried out while making some simplifying assumptions on the constitutive
parameters of MTMs (such as, the consideration of isotropic and homogeneous
material properties instead anisotropic/bi-anisotropic and inhomogeneous proper-
ties, etc.) to make the analysis tractable and easily understandable.

13.3.1.1 Traveling-wave amplifiers
MTM loaded helix SWS

A helix supported by a number of dielectric rods (¢, ¢(f) = &, =5.1, 6.5, 9.4, etc. and
Ureef(f) = u, = 1 for conventional dielectric materials) in a metal envelope is an
extensively used SWS of a TWT [49] (Fig. 13.1a). The structure has been analysed
by smoothing out the discrete dielectric supports into a continuous dielectric tube of
an equivalent relative permittivity (€', eef(f) = €'t U retf(f) = 4o = 1) (Fig. 13.1b)
[49,50], the primed quantities, in this context, representing the parameters of the
equivalent smoothed-out dielectric tube.

Purushothaman and Ghosh [27] investigated into an SWS consisting of a helix
supported by discrete ENG, MNG, and DNG MTM rods in a metal envelope (Fig.
13.1a) with the help of electromagnetic field analysis in the tape-helix model that
takes into account the axial harmonic effects of the helix turns; they however did
not carry out any simulation study. In their study, they have assumed that the
properties of the MTM rods are isotropic, homogeneous and frequency in-
dependent (Sr,eff(f) = Ereffs ;ur,eff(f) = Ureff and Slr,eff(f) = g’r,effs ,u,r,eff(f) = ,u,r,eff)-
They have also considered the real values of ENG, MNG, and DNG such that
&'refr and p', o both remain positive to support the forward wave propagation in
the SWS. As far as the dispersion control at enhanced K of the SWS is concerned,
they found that the ENG- and MNG-MTM helix-support rods are superior to the
DNG-MTM rods. However, in view of the oversimplified assumptions made, their
findings need to be carefully checked before taking them for the development of
any relevant design concepts.
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FIGURE 13.1 (a) Helix of radius a with discrete MTM support rods, typically of rectan-
gular cross-section, characterized by the effective parameters, namely, the relative permit-
tivity and the relative permeability e, .s(f) and u, .¢(f), respectively, enclosed in a metal
envelope of radius b, and (b) its equivalent structure model consisting of a helix surrounded
by an equivalent MTM tube, characterized by the equivalent effective parameters &', ¢ and
U e, in @ metal envelope.

It has been a conventional method to widen the bandwidth of a helix-TWT by
controlling the helix dispersion with low K values by metal vane loading of the
metal envelope though the method entails the risk of arcing in the tube, and though
the method has the scope for further enhancement of the structure interaction im-
pedance leading to the consequent enhancement of the device gain and efficiency
[9,10,51]. Guha and Ghosh [30] have proposed and simulated, using CST
Microwave Studio, a novel DPS-MTM loaded helix SWS in which I-shaped me-
tallic strip printed on the both the azimuthal faces of the conventional dielectric
(BeO, ¢, = 6.5) helix-support rods. The proposed structure exhibits the dispersion
characteristics similar to those of the conventional vane loaded helix SWS with a
higher K than the latter leading to the enhanced device gain and efficiency with
relaxed possibility of arcing [30]. However, this proposed MTM loaded helix SWS
needs further investigation into parameter retrieval and the validation of the si-
mulated results against electromagnetic analysis.

MTM loaded folded-waveguide SWS

Conventional folded-waveguide (FW) SWSs for TWTs are extensively used for
high frequency applications as transverse dimensions of the waveguide remain
bigger than helix SWSs, for which they have better power handling capability.
However, typically FW-SWSs exhibit extremely low K values at their wide oper-
ating bandwidth. In this regard, Rashidi and Behdad [32] studied ENG-MTM (with
frequency independent effective medium property) inclusion in FW-SWS for TWTs
(Fig. 13.2(a)) where, due to the ENG-MTM insertion, operating frequency gets
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FIGURE 13.2  Unit cell of an FW loaded by (a) ENG-MTM, and (b) DNG-MTM inserts in
a rectangular waveguide of height b with a beam tunnel diameter r,,, showing also the axial
periodicity p of the insert, and the thickness Ah of both the types of MTM loading.

up-shifted caused by the increase of phase velocity, obtained using CST Microwave
Studio, owing to the introduction of ENG-MTM insert acting as a shunt inductance
[32]. However, if the transverse dimensions of FW with an ENG-MTM insert are
increased by a scale factor, this up-shifting of operating frequency can be prevented,
and can be restored back to that corresponding to the case of FW without ENG-
MTM loading, however, at the cost of the bandwidth. Interestingly, the larger
transverse dimensions of the ENG-MTM loaded FW would allow for a larger beam
tunnel diameter, and consequently, a larger beam current, larger beam power and a
higher device RF output power for a given frequency of operation. This advantage
of ENG-MTM assistance is of special significance in designing high-frequency
TWTs, such as the millimetre-wave TWTs, for which, in the conventional design,
the beam diameter and current become restricted due to the smaller transverse di-
mensions of the SWS. Further, added to this advantage of the ENG-MTM assis-
tance is enhanced K of FW making it potentially employable as SWS of a high-gain,
high-efficiency ENG-MTM-assisted FW-TWT [32]. The TWT designers face the
difficulty of fabrication as well as thermal management in designing and developing
the conventional TWTs in high-frequency, such as the millimetre-wave regime, due
to their reduced transverse dimensions. Clearly, the ENG-MTM loading of FW-
TWT has alleviated this problem by providing a scaled-up larger transverse di-
mensions as required for preventing the operating frequency band from shifting
to higher frequencies. Further, a higher K of an ENG-MTM-loaded FW would
enhance the gain and efficiency of an ENG-MTM-assisted FW-TWT [32].

In another version, the FW is loaded with DNG-MTM, which has been analy-
tically studied by Tan and Seviour [34], leading to its dispersion relation involving
the &, ¢¢(f) and u, cp(f) of the MTM given by Drude and Lorentz models, respec-
tively. Further, the dispersion relation of an MTM-loaded FW can be used to plot its
dispersion curve, which peculiarly deviates from that of an unloaded FW in that
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there appears the so-called turning point. Around this tuning point, the regime of
simultaneous negative relative permeability and relative permittivity exists with a
discontinuity in both the left and right branches of the dispersion curve, though only
the right branch components are physically triggered with the forward electro-
magnetic wave [34].

As far as the DNG-MTM-loaded FW (Fig. 13.2b) is concerned, Tan and
Seviour [33,34] deduced an expression for the increment of electromagnetic
power AP transferred from the beam to electromagnetic wave in a loaded wa-
veguide, in terms of the waveguide transverse dimensions, structure periodicity,
propagation constant of an unloaded rectangular waveguide excited in the TEg,
mode, loaded-propagation-constant, electron velocity, beam current and beam
accelerating potential. They also studied the beam accelerating potential depen-
dent variation of AP with frequency, the positive and negative values of AP re-
presenting the amplification of electromagnetic waves and inverse Cherenkov
acceleration of the electron beam, respectively. Thus, they could find the fre-
quency and beam accelerating potential for the amplification of electromagnetic
waves for the maximum positive value of AP, as is necessary for the beam-excited
DNG-MTM loaded FW to function as an FW-TWT [34]. It was also revealed by
their work that, in a DNG-MTM loaded FW-TWT, the MTM parameters provide
an additional control over the gain-frequency response, unlike in a conventional
FW-TWT without MTM loading in which only the structure dimensions control
such a response. Further, the dependency of frequency corresponding to the
maximum power transfer from the electron beam to electromagnetic waves on the
beam accelerating potential makes the DNG-MTM loaded FWT rather frequency
tuneable. However, the limited frequency regime in which the MTM loaded FW
exhibits the DNG property makes the DNG-MTM loaded FW-TWT essentially
bandwidth-limited and dependent on the properties of the DNG-MTM used. The
need of the hour is to reduce the inherent ohmic losses associated with the MTM
and widen the DNG frequency regime of MTM to make the DNG-MTM loaded
FW-TWT more useful a VED [33,34].

13.3.1.2 Resistive-wall amplifiers

The resistive-wall amplifier (RWA) is a growing-wave VED in which the gain in
the device is obtained through the interaction between the charge of electron beam
and that on the resistive metal wall that is induced by the beam such that the
charge induced on the wall acts on the electron beam so as to cause larger and
larger electron bunches to be formed, thereby resulting in the spatial growth of
signal [52,53].

Subsequently, Rowe et al. [35,54] extended the study on RWA further by ex-
ploring the effect of MTM assistance on its performance. For the sake of simplicity
of analysis, Rowe et al. [35] treated the MTM as isotropic, in order to get a quick
insight into the behaviour of an MTM-assisted RWA, though later on in [54], they
made the analysis more rigorous by treating the MTM as anisotropic.

Rowe et al. [35] proposed two different configurations of RWAs assisted by an
MTM that was supposedly isotropic: (i) one using a lossless ENG-MTM as the
support material for the resistive layer (Fig. 13.3), where region I is the electron beam
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FIGURE 13.3 Cross-sectional views of an MTM-assisted RWA showing (i) beam region
(Region 1), (ii) vacuum region (Region II), (iii) resistive layer region (Region III), and
(iv) lossless MTM region (Region IV). r = a represents the beam radius; r = b and r = d
represent the inner radii of the resistive layer and MTM regions, respectively; and r = e
represents the inner wall radius of the circular waveguide.

region, region II is a vacuum region, region III is a resistive layer region and region
IV is a lossless MTM region, and (ii) yet another using a lossy ENG-MTM as both
the resistive and support mediums integrated into a single layer, the regions III and IV
being merged to a single region. The MTM exhibits here a plasma-like response with
a positive permeability and a negative permittivity, responsible to maintain the in-
ductive wall admittance, which, in turn, yield high gains of the device over relatively
broad bandwidths with moderate beam filling factors [35]. For any given set of op-
erating parameters (such as beam power, beam diameter, MTM layer thickness, etc.),
they found that a negative permittivity value could be chosen such that it would yield
a very large gain rate of the device corresponding to a purely inductive admittance at
the beam edge. Further, they found that the gain rate increased with the beam filling
factor as in a conventional RWA, though with somewhat larger value [35]. However,
there is the difficulty of implementing felt in thin-coating a lossless ENG-MTM (Fig.
13.3), which has been subsequently overcome by the use of a lossy ENG-MTM [35].

Later on, in order to add practical relevance to the study, the simplified as-
sumption of Rowe et al. [35] that the MTM behaves as isotropic was removed by
them in [54] by treating the MTM as anisotropic in their study on ENG-MTM-
assisted RWA. Therefore, in order to gain more practical insight into the ENG-
MTM-assisted RWA, they investigated into (i) a periodic array of metallic rods to
provide the ENG response along the length of the rods, with lumped element in-
ductors, to reduce the effective plasma frequency of the structure, and (ii) a
meander-line MTM, which also provides the ENG response along its periodicity
with much lower effective plasma frequency than that of the array of metallic rods
used as the lossy MTM liner of a rectangular waveguide [54]. Rowe et al. [54]
through their analysis also found that the anisotropic MTM liner provided higher
inductive wall admittance as well as an increased peak gain rate within a narrow
bandwidth as compared to an isotropic MTM liner.
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However, one of the practical challenges in the design of a wire array-based
MTM-assisted RWA is to trade-off between the conflicting requirements with re-
spect to the wire spacing. On the one hand, the continuous-medium-like response of
an MTM is achievable only for wire spacing less than wavelength (sub-wavelength
spacing) for which the effective plasma frequency should be much greater than the
operating frequency. On the other hand, in order to obtain an appreciable device
gain, the effective plasma frequency should be slightly (not very much) greater than
the operating frequency [54]. However, the issue of meeting these conflicting re-
quirements has been resolved by proposing a periodically spaced inductive
meander-line structure for the MTM-assisted RWA (constructed in CST Particle
Studio), which reduces the effective plasma frequency of the structure, while at the
same time, maintains the sub-wavelength wire spacing [54,55].

13.3.1.3 Klystron amplifiers
Multi-beam klystron

The multi-beam klystron (MBK), which is a breakthrough in the development of
high power, light weight, compact klystrons, uses several electron beams, each
propagating in its own channel, and then interacting with the field of a common
interaction structure [7-10,51]. One can attain high values of the total beam current
and perveance of the entire multi-beam stream without increasing these parameters
for the individual beams, thus, making it possible to increase the beam power, and
hence, the RF power of the device by increasing the number of beams (in the
device). However, the limitations of an MBK are: (i) reduction of cathode lifetime
due to its smaller size and higher loading, (ii) non-availability of a multi-emitter
cathode with higher emission density and longer life, (iii) voltage breakdown
leading to the reduction of the reliability of the tube if a low-perveance, high-
voltage beam is used for high device efficiency, and (iv) non-functionality of the
tube if, on the contrary, a high-perveance, low-voltage beam is used that gives rise
to space-charge repulsion, thereby preventing the required bunching of electrons in
the tube [51].

In this background of the capabilities and limitations of MBKs, Galdetskiy [31]
added a new dimension to the development of MBKs by proposing the MTM-
assisted MBK cavity intended for enhancing the power capability of an MBK. Their
design of MTM-assisted MBK was comprised of the beam channels, the MTM in
the form of periodic inductive inserts between the beam channels, and the quasi-T
wave-guiding interaction gap region of the rectangular cavity [31]. Further,
Galdetskiy [31] has shown how the dispersion characteristics of MTM cavity get
modified by the MTM filling of the cavity with the appearance of a cut-off fre-
quency. Also, at a given frequency, with MTM filling, the wave number decreases,
and therefore, the wavelength increases, thereby allowing for a larger diameter of
the ferrule of cavity, which is limited by a half of wavelength. This, in turn, allows a
greater number of electron beams to pass through the cavity and, consequently, a
higher total beam current and larger output power from an MBK [31]. However, no
parameter retrieval of the MTM and no validation of simulated results with elec-
tromagnetic analysis and/or experiments have been reported by them.
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Extended interaction klystron

At low-frequency regions, transverse dimensions of the conventional klystron
cavities are very large which makes the entire device extremely bulky and ex-
pensive when multi-cavity structures have been considered. Therefore, Wang et al.
[56] have designed an all-metal MTM-assisted interaction cavity structure for
klystron using CST Microwave Studio and Particle Studio, called as MTM extended
interaction klystron (MEIK) to miniaturized the cavities as well as the entire device
which also reduces the total cost of the device while targeting the wide application
areas in the military and civilian fields, such as high power radars, particle accel-
erators, radio-astronomy, industrial heating, medical imaging, etc.

The MEIK cavities can be derived from the concept of CeSRR MTM based
SWSs for BWOs which can support slot mode as well as cavity mode [57]. The
cavity mode provides strong longitudinal electric field for energy conversion be-
tween EM wave and electron beam that makes the MEIK superior to its conven-
tional counterpart. The MTM-assisted extended interaction resonant cavities
(EIRCs), with a smaller inner cavity radius than their conventional counterparts,
exhibit higher effective characteristic impedance, which means the MTM EIRCs
provide stronger velocity modulation to the electron beam as well as a larger
fundamental modulation current from a shorter drift tube, thereby reducing the
whole length of the MEIK and achieving longitudinal and transversal miniatur-
ization [56].

For a backward-wave amplifier based on a coaxial negative refractive index
transmission-line MTM, one may follow Weiss and Grbic [58].

13.3.2 MTM-ASSISTED INTERACTION STRUCTURES FOR MICROWAVE
OSCILLATORS

13.3.2.1 Backward-wave oscillators
MTM loaded helix SWS

Datta et al. [25] and Varshney et al. [26,28] carried out the equivalent circuit and
electromagnetic field analysis, respectively, of a helix surrounded by a continuous
DNG-MTM tube in a metal envelope (Fig. 13.1b), and obtained one and the same
dispersion relation and identical dispersion characteristics. This DNG-MTM
medium shows &', .¢ and u'..¢r both exhibiting negative constant values to sup-
port the backward wave propagation in the SWS. Their analyses are, however,
oversimplified, presumably to make the calculation tractable, by ignoring the fre-
quency dependence and resonant behaviour of the MTM.

Subsequently, Guha et al. [29] carried out a more rigorous analysis by in-
corporating the frequency dependence of DNG-MTM parameters according to
Lorentz and Drude models. They analysed a helix with discrete DNG-MTM support
rods, defined by the frequency-dependent constitutive effective parameters ¢, c¢(f)
and p,.¢(f), symmetrically arranged around the helix in a metal envelope (Fig.
13.2a), by smoothing out the discrete supports into a continuous DNG-MTM tube
of equivalent effective parameters &', o¢(f) and u',oee(f) (Fig. 13.1b). The succinct
findings of these simple analyses by treating the helix by the sheath-helix model,
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with due care to validate the analyses against the CST simulation, are as fol-
lows [29]:

1. The structure supports a negative value of the structure K and wave group
velocity corresponding to a backward power flow, thereby proving it to be a
suitable interaction structure of a backward-wave amplifier or oscillator.

2. The magnitude of K of a DNG-MTM loaded helical structure is much higher
than that of its conventional counterpart, suggesting that a device employing
a DNG-MTM-assisted helix yields a higher gain and efficiency as well as a
greater potential for miniaturization.

3. Out of all the structure parameters, it is the value of relative permittivity of
DNG-MTM which is most effective in controlling the structure dispersion
characteristics, and can provide nearly flat dispersion characteristics, as re-
quired for wideband gain—frequency characteristics of the device employing
the structure.

Also, over this DNG-MTM frequency regime, Guha et al. [29] obtained the
dispersion and K vs. frequency characteristics of a DNG-MTM loaded helical
SWS, and validated them against simulation using the tool CST Studio Suite.
Further, the capability of multi-band operation of the DNG-MTM loaded helical
SWS was established, interestingly, using one and the same structure dimensions
with respect to the helix radius, helix pitch angle and metal envelope radius. For
this purpose, the band-specific values of frequency parameters taken in the ana-
lysis are: (i) magnetic plasma frequency f,,,, magnetic resonant frequency f,,,o and
collision frequency I',, (which accounts for the magnetic loss) occurring in the
Lorentz model expression for u, .¢(f), and (ii) electric plasma frequency f,, and
collision frequency I', (which represents the electronic dissipation) occurring in
the Drude-model expression for ¢, .¢(f) [29] (Fig. 13.4). This multi-band operation
can be possible with the help of multi-band DNG-MTMs [21,22]. This multi-band
DNG-MTM loaded helix SWS provides higher K values in comparison with the
other MTM based SWS for BWOs without altering physical dimensions of the
proposed SWS [29].
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FIGURE 13.4 Effective medium responses of &, .p(f) using the Drude model (shown in
broken line) and u, ¢q(f) using the Lorentz model (shown in solid line).
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Furthermore, Guha et al. [29] proposed a typical realistic design of a unit cell
comprised of (i) rectangular SRRs on a dielectric substrate typically made of ber-
yllia (g, = 6.3) of a given thickness printed on one of the radial edges of rectangular
helix-support rod, and (ii) a metallic strip of a given thickness on the dielectric
substrate on the other radial edge of the rod [12,14]. The retrieved parameters
(&re(f) and p, epe() using [12]) of the unit cell are found to be simultaneously
negative as the DNG-MTM medium. Hence, they found the dispersion and K
(negative) vs. frequency characteristics of the structure by both electromagnetic and
simulation that agreed well, the negative value of K indicating a backward-wave
interaction due to backward energy flow, and suggesting the potential application of
the structure in backward-wave amplifier and oscillator.

CSRR and Below Cut-off Waveguide Based Combined SWS

A hollow rectangular/circular waveguide below its cut-off frequency behaves as the
MNG or ENG MTM with stop-band responses depending on whether it is excited in
the TM or TE mode. However, these stop-band responses will be transformed into
pass-band responses, rather than an attenuating evanescent mode, as a backward-
wave propagating mode in a waveguide to make the latter a DNG-MTM waveguide,
when the waveguide is excited below cut-off either in a TM mode, and is loaded
periodically with an ENG MTM, or in a TE mode and is loaded periodically with an
MNG MTM [36-39,42,57,59-64].

Hummelt et al. [42,65] studied a DNG-MTM waveguide formed by stacking
two sets of parallel CSRR MTM plates (Fig. 13.5a) periodically along wider wall
of the rectangular waveguide which operates in the below cut-off frequency re-
gion (Fig. 13.5b). The potential use of the structure is in a BWO, in which a
circular electron beam runs parallel to these two plates to interact with a TM;
mode supported by the structure. The advantage of such a waveguide is that it
operates below cut-off that allows the transverse dimensions of the structure to be

(b) Metamaterial Waveguide

(a) Metamaterial Plate
37

] ==

—
45

FIGURE 13.5 (a) One of the CSRR-MTM plates and (b) the assembled MTM-loaded
waveguide at MIT (USA), the relevant dimensions being shown in mm.
[Source: Hummelt et al. [65]].
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much smaller than a wavelength. Such an advantage is of relevance of the
structure to the miniaturization of microwave VEDs, for instance, an S-band
BWO [42]. The structure supports two negative index modes. Out of these two
modes, one with relatively small values of the axial electric field (E, = 0) at
typically around 2 GHz is not expected to strongly interact with the electron
beam, while another at around 2.6 GHz with a stronger TM mode-like axial
electric field predominantly interacts with the beam at the point of intersection
between the beam line and the dispersion characteristics, obtained using CST
Microwave Studio, where, though the wave phase velocity is positive, the wave
group velocity is negative corresponding to a negative slope of the dispersion
characteristics, the magnitude of the group velocity being = 0.075 c¢. The fre-
quency corresponding to this point of intersection is found to be 2.65 GHz, which,
thus, is the operating frequency of MTM-BWO employing the structure proposed
by Hummelt et al. [42]. A notable observation is the auto-modulation instability
of the CST-PIC simulated output power, which is indicated by the multi-
frequency behaviour of the output spectra. However, with the adjustment in the
values of length of the structure and beam current, such auto-modulation of the
output power would disappear [42]. In another approach, Hummelt et al. [42]
modelled the two plates of DNG-MTM waveguide as the two identical ‘effective-
medium’ slabs to make an equivalent effective-medium BWO, with a view to
make the CST-PIC simulation less computationally intensive and less time-
consuming. In this approach, for the purpose of simulation of the equivalent
effective-medium BWO, Hummelt et al. [42] took the typical values of structure
length, beam radius, beam voltage, beam current, and beam confining magnetic
field. They found that the simulated results with respect to the output power as a
function of time have qualitatively agreed for a BWO in a CSRR-based DNG-
MTM waveguide.

Wang et al. [57] developed an equivalent circuit model of an all-metal meta-
material SWS (MSWS), to theoretically predict the dispersion characteristics of the
structure using the Curnow’s formula [66], which agreed well with their HFSS-
simulated results, following the concepts in [15]. The structure consists of a circular
waveguide periodically loaded with CeSRRs. They calculated the resonant fre-
quency of the CeSRR based on the simulated surface current distribution on it
obtained using the eigen mode solver in CST Microwave Studio. Further, based on
the finding of Esteban et al. [62] that a hollow waveguide excited in the TM mode
operating below the cut-off frequency exhibits an effective MNG property, Wang
et al. [57] took up a hollow circular waveguide of 20 mm radius excited in the TMy,
mode that has the cut-off frequency of 5.74 GHz, and made an MSWS out of such a
waveguide by periodically loading it with an array of CeSRRs. Hence, they found
that MSWS so designed would behave as an effective DNG medium in the fre-
quency range of 2.0-2.8 GHz providing a backward wave passband mode rather
than an attenuating evanescent mode. Interestingly, MSWS exhibits a high value of
its K, typically greater than 110 () over the frequency range of 2.1-2.6 GHz [57]. A
high value of K of MSWS makes a VED employing the structure to have a high
value of efficiency, which, in turn, makes the device have the potential for being
miniaturized.
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Shapiro et al. [46] have investiagted a negative-index metawaveguide (NIMW)
composed of a stack of metal plates patterned by CSRRs as a coherent radiation
source (extracting energy from the beam) or a particle accelerator (transfering the
electromagnetic energy to the beam). The CSRR and TM mode of NIMW have
exhibited negative ¢, .(f) and negative u, . (f), respectively, simultaneously to
support backward wave propagation.The highlights of the NIMW are: (i) the op-
posite sign of the group velocity and the beam velocity can result in an instability
utilized in backward-wave oscillators (BWOs) or (for lower beam currents)
backward-wave amplifiers (BWAs) in which the interaction has taken place be-
tween an electron beam and a spatial harmonic of the electromagnetic field in a
periodic structure; (ii) low group velocity of the negative-index wave increases
spatial gain while reducing the start oscillation current in a shorter interaction
structure; (iii) the structure can be fabricated using standard planar fabrication
technique unlike conventional BWOs where high-precision machining occurs at
high frequencies; (iv) the NIMW is further facilitated by uniform spatial distribu-
tion of longitudinal electric field which is maximized at the beam’s location as
shown in Fig. 13.6a; (v) the output resonant frequency of the device can be con-
trolled accurately and precisely while controlling the resonant frequency of the
CSRR by electrical or optical tuning. On an interesting note, the CSRR metallic
plates are placed parallel to the direction of the beam propagation, therefore there is
no need to make holes in the CSRR for beam propagation, which reduces fabri-
cation complexity at high frequencies. Shapiro et al. [46] analytically modelled the
NIMW considering the bianisotropy of the structure and obtained the dispersion
relation (Fig. 13.6b) using COMSOL Multiphysics software.
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FIGURE 13.6 (a) Schematic of a negative-index metawaveguide (NIMW) composed of a
stack of metal plates patterned by CSRRs typically in which 0 = 6.6 mm, i = 4.6 mm, w = 0.8
mm, g = 0.3 mm. An electron beam propagating in the x direction and interacting with the
NIMW is also shown. Also shown is a single cell of an NIMW and the midplane electric
fields (indicated by arrows) interacting with the electron beam, the other relevant typical
dimensions being shown d = 12.8 mm, b = 8 mm, and ¢ = 0.05 mm, so chosen for a frequency
near f, = 5 GHz. (b) Dispersion characteristics for the lowest-order TM;-like modes (shown
in solid line), obtained using COMSOL, and the ‘beam-mode line’ (shown in broken line)
defined by w = k,v,, where v, = 0.9¢.

[Source: Shapiro et al. [46]]
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There are several other MTM derived SWSs for BWOs, such as thin wire MTM
based SWS [39], split-ring based MTM SWS [67], complementary electric split-
ring resonators [41], planar two parallel plates DNG-MTM SWS for multi-beam
BWO [45] without using below cut-off waveguide, etc. The working principle is
almost same for all the DNG-MTM waveguides of circular or square or rectangular
cross-sections. They differ only by K values, operating frequencies, output powers,
efficiencies, etc. Therefore, it is up to the readers that they may consider one of
these SWSs or may proposed novel MTM-derived SWSs for potential application
in BWOs.

13.3.2.2 Extended Interaction Oscillators

If one short-circuits both ends of a CeSRR-based SWS and at the same time in-
creases the number of periods within the same length then the frequency gaps
between the adjacent modes become smaller which can cause oscillations in the
MEIK. These oscillations turn the MEIK into an MEIO (metamaterial extended
interaction oscillator) [56]. The MEIO has several merits over conventional BWO
such as (i) transverse dimension miniaturization of the cavities as well as the entire
device, (ii) increased efficiency and gain of the device, and (iii) shortening of the
length of the device, etc. The MEIO has been analysed theoretically and by si-
mulation by Wang et al. [56].

13.3.3 CHERENKOV RADIATION SOURCES

Cherenkov radiation (CR) is emitted when charged particles move in a material
with a speed faster than the phase velocity of light in that material. P. A. Cherenkov
[68] observed CR in conventional materials (RH media) experimentally. After 3
years of this experiment, Frank and Tamm [69] explained the CR using macro-
scopic EM theory and after another 3 years Ginzburg [70] explained CR using
quantum theory. Veselago [71] introduced double negative medium (DNM) where
relative permittivity and relative permeability were negative simultaneously and
stated that LH medium exhibited reverse CR (RCR), as one of the unusual prop-
erties of the medium, without obtaining a mathematical solution of RCR. The RCR
signifies that the wave vector and the time-averaged Poynting vector are ‘“anti-
parallel” and that the wave has a negative group velocity while an electron beam
passes very close to the surface of a DNG-MTM. DNG-MTMs exhibit the RCR
property and, to the best of our knowledge, it was Duan et al. [72-75] to first ever
demonstrate that, for the RCR in an ‘anisotropic’ DNG-MTM, the wave vector and
the time-averaged Poynting vector are not exactly anti-parallel, contrary to what it
would be in an isotropic DNG-MTM [76]. This is tantamount to stating that, in an
anisotropic DNG-MTM, 6cy is not exactly equal to 6,, where Ocg is the angle
between the wave vector k and the velocity vector O of the particle of charge ¢, and
0y, is the angle between the time-averaged Poynting vector < §> and the charged
particle velocity vector ¥ [5,77].

Hummelt et al. [65] attributed the generation of output radiation from the beam-
wave interaction in the waveguide to Cherenkov-cyclotron or anomalous Doppler
instability, in the presence of a beam-confining magnetic field, which dominates
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over the Cherenkov instability. The output from beam-wave interaction in the
waveguide is generated at a frequency equal to the Cherenkov frequency minus
the cyclotron frequency [65]. Two distinct lowest order modes are supported by the
MTM-loaded waveguide — one symmetric and another anti-symmetric — corre-
sponding to zero on-axis transverse and zero on-axis axial electric fields, respec-
tively, the dispersion characteristics of which, obtained by the CST simulation, are
shown in Fig. 13.6. Interestingly, these waveguide modes are below cut-off TM
modes in the 43-by-63-mm waveguide (Fig. 13.5b), which can only propagate in
the waveguide due to the presence of MTM plates Hummelt et al. [65].

In order to appreciate the negative values of effective permeability and per-
mittivity for modelling a MTM-loaded waveguide, Hummelt et al. [65] found it
helpful to refer to the expressions u.gz = l—wcoz/co2 and &5 = l—a)pzl(wz—a)oz) of
the medium as the effective permeability and permittivity, respectively. Here, o is
the wave angular frequency, w. is the waveguide cutoff angular frequency for
TM modes, w,, is the effective plasma frequency, and wy is the resonant frequency
of medium — the relevant quantities, in the present context of the structure, de-
picted in Fig. 13.5, being: wo/2n~2.1 GHz, w.o/2n~4.2 GHz and w,/2n~1.7 GHz
Hummelt et al. [65]. Further, the Cherenkov-cyclotron instability causing the
radiation refers to the value n = —1 in the beam-mode cyclotron-wave dispersion
relation w = k,v, - nw/y, where v, is the axial DC beam velocity, k, is the wave
number, y is the Lorentz relativistic mass factor and n is the beam harmonic mode
number, n = 0 referring to the ordinary Cherenkov instability and n # 0 to the
Cherenkov-cyclotron instability, the special case n = —1 of which is the anomalous
Doppler instability, which can lead to enhanced efficiency and output power from
the beam-wave interaction in the waveguide Hummelt et al. [65]. Interestingly, at
the operating point corresponding to the intersection between the beam-mode
dispersion line and the waveguide-mode dispersion characteristics (plot), typi-
cally, around 2.4 GHz (Fig. 13.7), the slope of waveguide-mode dispersion plot
is negative, thereby making the wave group velocity negative as well, which
signifies a backward wave.

Duan et al. [78] considered a sheet electron beam (SEB) to transport along the
+z direction over a periodic array of CeSRR (Fig. 13.8a). In the HFSS-simulated
dispersion characteristics of the structure in Fig. 13.8b, the frequency f (= Bovo/2r)
is plotted against the phase advance ¢ (= fyp) of the propagating wave, p being the
periodicity of the structure and S, the phase propagation constant. The SEB line is
determined by the initial beam velocity vy, which, in turn, is determined by the
beam potential V = (y—l)mczle, where y, ¢, e, and m are the relativistic factor,
speed of light in vacuum, charge of an electron and rest mass of an electron,
respectively. They took V = 160 kV and 99.7 kV as the beam voltages corre-
sponding to the SEB lines 1 and 2, respectively (Fig. 13.8b). Further, the n = 0
space-harmonic of the fundamental TM-dominant mode of the waveguide — acting
as a magnetic plasma — exhibits a left-handed behaviour or backward-wave dis-
persion, corresponding to a negative slope of the dispersion plot of waveguide in
Fig. 13.8b, signifying a negative group velocity, n being the space-harmonic
number. The synchronous condition requiring that the initial velocity vy should be
slightly greater than the phase velocity of electromagnetic waves can be found
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FIGURE 13.7 CST Microwave Studio simulated dispersion characteristics of the symmetric
mode (shown in red) and anti-symmetric mode (shown in blue) of the MTM-loaded waveguide
showing also the Cherenkov (shown in black) and anomalous Doppler (shown in green) beam-
mode dispersion lines. The phase advance is k,p, where k, is the wave number with p as the
ring periodicity of the CSRR-MTM plate, taking, typically, p = 10 mm (Fig. 13.5). Also, the
beam energy is typically taken as 490 keV and the magnetic field as 400 G.

[Source: Hummelt et al. [65]].

from the point of intersection between the beam-mode SEB line and the dispersion
characteristics of waveguide [78]. Further, Duan et al. [78] used the post-
processing in HFSS to find K of a square waveguide loaded with CeSRRs over the
typical frequency range of 2.83-3.05 GHz (Fig. 13.8c). For this purpose, they
averaged the value of K over the 12 mm X2 mm cross-section of the SEB bunch,
the bottom surface of which was taken 0.5 mm above the surface of the layer of
CeSRRs. Attributable to the large axial electric field intensity, the CeSRR-loaded
waveguide has much higher K.

Tang et al. [64] proposed a square waveguide periodically loaded with an array
of CeSRRs (Fig. 13.8a), with input and output couplers. The structure having the
provision for a sheet electron beam to pass through it has potential applications in
a Cherenkov oscillator — a VED based on Cherenkov radiation (CR) that is
emitted by charged particles moving in a transparent medium with a velocity
exceeding the phase velocity of light in the medium. Further, the HFSS simulation
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FIGURE 13.8 (a) Schematic of the square waveguide loaded with CeSRRs together with
its (b) HFSS-simulated dispersion and (c) K vs. frequency characteristics.
[Source: Duan et al. [78]].
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due to Tang et al. [64] indicated that the MTM waveguide supports both the n =0
space-harmonic, fundamental mode and the n = —1 space-harmonic, first higher-
order mode exhibiting the “backward” wave-mode properties with high K. This
opens up the potential of the structure to be employed in a Cherenkov oscillator.
Further, they also simulated the beam-wave interaction in the device using the
CST-PIC solver and the highly efficient electromagnetic PIC-CHIPIC code. They
found that the dual-band frequencies corresponding to the two modes 1 and 2,
respectively, are generated continually for the duration of pulse, and that the
frequencies eventually become stable after ~60 ns. Thus, they predicted the device
peak output power of the mode 1 as ~111 kW at 2.832 GHz, and that of the mode
2 is ~47 kW at 4.512 GHz. Also, they found that the CST-PIC solver and the PIC-
CHIPIC code are in good agreement in predicting the dependence of peak output
power for both the modes and for predicting total electronic efficiency, both on the
beam voltage Further, the predicted total electronic efficiency up to ~52% of the
MTM Cherenkov oscillator is much higher than that obtainable from the con-
ventional BWOs.

13.4 MTM-ASSISTED VEDS AS MICROWAVE SOURCES-
FABRICATION AND EXPERIMENTAL CHARACTERIZATION

In Section 13.3, we have reviewed the investigations into MTM-assisted VEDs
based on analysis and/or simulation. Now, this section includes a review on the
fabrications and experimental measurement efforts in the development of MTM-
assisted VEDs.

13.4.1 BACKWARD-WAVE OSCILLATORS

Hummelt et al. [77] used a waveguide filled with MTM complementary split-ring
elements as the SWS in their experimental MTM-BWO. The 352 mm long structure
consists of two plates, each of 1 mm thickness with a separation of 36 mm between
them, and each loaded with an array of CSRRs of 8 mm periodicity for S-band
MTM-BWO which generates 40 W of power at 2.83 GHz, using a 500 keV, 80 A
electron beam. This, to the best of the knowledge of the authors of Hummelt et al.
[77], is the first ever experimental demonstration of microwave generation em-
ploying an MTM structure. The experimental setup of Hummelt et al. [77] shows
the fully assembled device and relevant components under vacuum after high
temperature bake-out. In their experiment, the microwave power is dumped into
two loads after it is coupled out of the vacuum chamber using 60 dB couplers
through two waveguide arms. Hummelt et al. [77] used a 6 GHz oscilloscope to
measure the signal behaviour and a peak power meter to measure the microwave
power of MTM-BWO developed. They measured the RF power at one of the mi-
crowave couplers, and also, measured the gun voltage and the collector current. It is
also of interest to study the frequency tuning by the gun voltage for which the
frequency is obtained from the Fourier transform of microwave signal recorded in
the experiment with a 6 GHz oscilloscope. The frequency so obtained from the
interpretation of experiment agreed well with that predicted by the HFSS
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FIGURE 13.9 Experimental setup of MSWS with a two-mode launcher at University of
New Mexico.
[Source: [67]]

simulation. Subsequent tests of a longer and slightly modified structure, as men-
tioned in Hummelt et al. [77], will produce over 1 MW of microwave power
at 2.83 GHz.

Yurt et al. [67] used an MSWS for an O-type HPM microwave source — “O”
standing for TPO (tubes a propagation des ondes). The MSWS, shown in Fig. 13.9,
is comprised of periodically alternating, two oppositely oriented SRRs constituting
a unit cell with broadside coupling, and also, 180° out of phase, which are coaxial
with and connected to a metal envelope. Each split-ring is electrically connected to
the output waveguide with a 30° conducting tab. Further, to be more specific, the
SRRs provide the negative permeability of MSWS, while the metal tube — treated as
a waveguide with its diameter taken such that the frequency of oscillation to be
generated is below the cut-off frequency of a regular waveguide — provides the
negative permittivity of MSWS [67]. Further, Yurt et al. [67] envisaged an annular
electron beam, derived from an explosive emission annular cathode, to transmit
through the MSWS and extract the excited radiation in the beam in an end-fire
manner through the gaps between SRRs [67], via a conical horn section. A crude
prototype has been made of the MSWS for doing cold test using network analyser.
The geometry of the mode launcher consists of a loop antenna, which is fed
coaxially. A pair of mode launchers is placed at both ends of the MSWS as a
transmitter and receiver (Fig. 13.9) [67]. They performed typical transmission and
reflection measurements of the tube loaded with rings using two mode launchers.
Both experimental and simulation results are in good agreement. Yurt et al. [67]
used 3D MAGIC PIC simulation code of the SINUS-6 accelerator of the University
of Mexico (UNM) for the ‘hot test’ results of beam-wave interaction in MSWS.
Thus, they used the UNM SINUS-6 voltage pulse, which has a 16 ns pulse length to
predict the maximum radiated power of 260 MW at 1.4 GHz frequency from the
beam transporting through the MSWS with the anode current of 5.3 kA for a beam
confining magnetic field of 2 T.

13.4.2 CHERENKOV RADIATION SOURCES

RCR, already introduced in the beginning of sub-section 3.3, has been studied by
theory, simulation and experiment, for instance, in [65,72-75,78]. One such study
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FIGURE 13.10 Schematic of the experimental setup at MIT (USA).
[Source: [65]].

due to Duan et al. [78] concerns with the development of an all-metal square wa-
veguide loaded with CeSRRs (Fig. 13.8a&b) and that of a compatible novel output
coupler specially designed to extract the RCR signal output from the waveguide.
This type of MTM exhibits a left-handed behavior that was also confirmed for the
first time by them. In their experiment, they also observed that the radiation takes
place in a direction predominantly opposite to the movement of a single sheet
electron beam (SEB) bunch [78].

Hummelt et al. [65] presented an experimental test (at the MIT, USA) of the
phenomenon of RCR using an intense electron beam transporting through an
MTM-loaded waveguide between two copper MTM plates machined with
CSRRs inserted in the waveguide (Fig. 13.5b). It is the first ever experimental
demonstration of coherent microwave generation from a continuous electron
beam interacting with an MTM structure. The experimental arrangement of
Hummelt et al. [65] is shown in Fig. 13.10. An electrostatic-focused, 1 us pulsed
electron gun forms the electron beam. The backward-wave power generated in
the MTM-loaded waveguide is reflected back from the gun end towards the
collector end, and is coupled out through two output rectangular waveguides
(WR284: 72.14 mm x 34.04 mm).

The experiment was carried out by Lu et al. [43] on the test bench of MIT (USA)
as illustrated in Fig. 13.11, which shows the Pierce electron gun, magnetic lens, the
MTM-R structure, solenoid magnet, collector, theand Arm 1 and Arm 2 WR284
waveguides for guiding microwave powers generated, besides the calibrated Bethe-
hole directional couplers and RF loads on each of the two arms. The gun cathode is
high-voltage-pulsed up to 490 kV by 1 ps long pulses forming a 490 kV, 84 A
beam, which is confined by using a magnetic lens (giving adjustable fields up to 840
G) closer to the gun and a solenoid magnet (giving adjustable fields up to 1500 G)
in the region farther from the gun and overlapping the MTM-R structure (Fig.
13.11). While the spent beam is dumped into the collector, the microwave powers
generated in the MTM-R structure are guided through the Arm 1 and Arm 2 wa-
veguides to the terminating RF loads of each of the arms. The two calibrated Bethe-
hole directional couplers of coupling coefficients —64 dB and —61 dB, respectively,
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FIGURE 13.11 Measurement bench at MIT (USA) showing the Pierce electron gun, mag-
netic lens closer to the gun, the MTM-R structure, the solenoid magnet farther away from the
gun and overlapping the MTM-R structure, collector, the Arm 1 and Arm 2 WR284 wave-
guides, the Bethe-hole directional coupler and the RF load on each of the arms.

[Source: Lu et al. [43]].

pick up small amounts of power from the Arm 1 and Arm 2 waveguides (Fig.
13.11). The couplers measure power in the operating mode at 2.4 GHz. A power
meter and a fast oscilloscope were used to measure power and frequency, respec-
tively [43].

In order to extensively explore the properties of RCR excited in a square wa-
veguide loaded with CeSRRs, Duan et al. [78] developed an experimental setup as
shown in Fig. 13.12a. An SEB, generated by the cathode and Tesla transformer
(Fig. 13.12b), and confined by an axial magnetic field, is made to interact with the
electromagnetic waves supported by the MTM-loaded waveguide. The two signals,
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FIGURE 13.12 (a) Experimental platform at University of Electronic Science and
Technology of China (UESTC) at Chengdu and (b) block diagram for the experimentation on
the platform.

[Source: Duan et al. [78]].
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FIGURE 13.13 RCR frequency as a function of beam voltage.
[Source: Duan et al. [78]].

one due to the RCR and the other due to its unavoidable reflection, are picked up
from the two ports 2 and 1 and attenuated by 63 dB and 53 dB, respectively, and
then each of them is converted to the voltages by the two detectors, and finally read
out by an oscilloscope (Fig. 13.12b). Further, there is a delay of 5.5 ns of signal at
port 1 relative to that at port 2, which measures the propagation time for RCR signal
unavoidably reflected from port 2 to port 1.

The study of the variation of RCR frequency with the beam voltage carried out
by Duan et al. [78], as shown in Fig. 13.13, is a crucial support for the negative
band corresponding to the backward-wave dispersion. Both the simulated and
measured results in Fig. 13.12 show that the RCR frequency increases with beam
voltage. This finding is consistent with the observation in Fig. 13.8b that the slope
of beam-mode line increases with the beam voltage causing an increase in the
operating RCR frequency where the beam-mode line intersects with the n = 0 space-
harmonic mode of waveguide.

Further, one may investigates about the experimental setups of RWA and MEIK
in [79] and [56], respectively.

13.5 MTM-ASSISTED CROSS-FIELD VEDS

13.5.1 MAGNETRON

Esfahani et al. [80-82] have addressed the well-known conflicting issue between
the simultaneous increase of the quality factor and of the characteristic admittance
and have increased efficiency and average output power of spatial harmonic
magnetrons (SHM) by loading CSRR epsilon near zero (ENZ) MTM unit cell in
the SWS of a SHM (Fig. 13.14a&b). They have used both HFSS and CST-PIC
simulations to obtain retrieved parameters of CSRR MTM unit cell (Fig.
13.14c&d) and output power as well as efficiency, respectively. Esfahani [82] has
fabricated a prototype of CSRR MTM loaded SHM and measured the output
power and efficiency.
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FIGURE 13.14 (a) A CSRR unit cell with the relevant dimensions: /1 = 1.6 mm,
[2=1.65 mm, g =0.2 mm, w=0.25 mm, D = 1.4 mm; (b) CSRRR-loaded SWS SHM with
the dimension D, = 1 mm; (c) simulated scattering parameters of the CSRR unit-cell
(obtained using ANSYS HFSS); (d) retrieved constitutive parameters of CSRR unit cell.
[Source: Esfahani et al. [82]]

Andreev and Hendricks [83] have explored and developed new methods to in-
crease the microwave output power by increasing anode current of multi-cavity
magnetrons using the metal thin-wire (MTW) and the metal split-ring MTM-like
structures as cold (non-thermionic) cathodes. For the multi-cavity magnetron, op-
erating in one of the TE-like modes, the bulk MTM cathode may be designed in the
form of array of rods, placed either radially (parallel to the transverse radial electric
field) or longitudinally (parallel to the axial magnetic field). Therefore, by varying
the lattice constant or periods of the array of rod MTMs, one can enhance the output
power and efficiency of the magnetron [83].

13.5.2 GYROTRON

Gyrotrons are fast-wave VEDs that use an over-moded cylindrical cavity and
higher order modes to generate high output power in the microwave and THz
frequency regimes. However, these higher order output modes are not compa-
tible with the receiver for direct use and it is very difficult to transmit them
remotely. Therefore, it is necessary to transform the higher order modes into the
Gaussian mode or lower order linearly polarized modes. Usually, Vlasov-type or
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Denisov-type quasi-optical mode converter (QOC) is used in a transverse-output
gyrotron, for instance, for fusion plasma heating application [84]. Further, Fu
et al. [85] have proposed and simulated, using HFSS, a cross-shaped MTM array
based QOC to convert the TE,;; mode to a well-focused Gaussian mode with
95% scalar Gaussian mode content.

13.6 CHALLENGING ASPECTS AND FUTURE SCOPE OF
MTM-ASSISTED VEDS

In Sections 13.3 through 13.5, we have briefly reviewed the global research and
development trends in MTM-assisted VEDs, for the past one and half decades
highlighting the merits of MTM-assisted VEDs over their conventional counterparts
that do not accrue the advantage of such MTM assistance. However, the re-
searchers, all over the world, have faced several challenges while developing
MTM-assisted VEDs. Some of them are as follows:

i. Almost all MTMs are strongly resonant in nature and, therefore, MTM-
assisted VEDs exhibit strong dispersion and, consequently, a narrow
bandwidth.

ii. At the resonant frequency region, an MTM has large values of the imaginary
parts of &, .p(f) and u, (f), the latter representing the electric and magnetic
losses, respectively. Therefore one needs to obtain the figure-of-merit of the
MTM to determine the usable bandwidth without much loss.

iii. MTM-assisted SWSs exhibit relatively high magnitudes of RF phase ve-
locity thereby warranting very high beam voltages for the required near-
synchronous beam-wave interaction in the device. Concurrently, a very high
voltage power supply is required to fulfil this requirement during hot-testing.
This further increases the measurement/testing cost.

iv. Almost all MTM-assisted BWOs enjoy the advantage of device miniatur-
ization at lower frequency bands over their conventional counterparts.
Correspondingly, however, the beam tunnel diameter as well as the beam
diameter also gets reduced, which, in turn, reduces the power handling
capability of the device. Hoverer, this reduction of power is compensated for
by higher K values and resulting higher device efficiencies at low frequency
bands. However, yet there remains the necessity of addressing this point at
high frequencies.

v. From the standpoint of the effective medium/sub-wavelength consideration,
the physical dimensions of MTMs are rather very small in the operating
wavelength regime. Therefore, in the sub-THz frequency regime, the fab-
rication of MTMs becomes extremely difficult.

The above challenges are the stepping stones for future progress in the development
of MTM-assisted VEDs. As an incidental reference to the context [30], a proper
investigation is required for the development of low-loss MTMs and MTM-assisted
wide-band TWTs [30]. One or more highly efficient and accurate MTM fabrication
techniques have to be invented for extremely high frequencies.
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13.7 SUMMARY AND CONCLUSION

In parallel with the global efforts in improving the performance of microwave
lenses, phase shifters, directional couplers, antennas, sensors, absorbers, system
components for cloaking/radar cross-section reduction, etc., by MTM assistance,
the efforts have also been made to improve the performance of VEDs by MTM
assistance. In this review, a survey has been made on the status of worldwide
investigations into the MTM-assisted beam-wave interaction structures and
MTM-assisted VEDs. However, only a few representative examples have been
brought within the purview of the review in the four categories of (i) whether or
(i1) not they had been studied by electromagnetic analysis and/or simulation and,
if so, (iii) whether or (iv) not any experimental appreciation had gone into such
study. The study on the MTM-assisted interaction structures and VEDs/radiation
sources reviewed in this chapter under these categories (i) through (iv), therefore,
need to be elevated in the category level through research and development.
In other words, if the structures and devices have been studied only by electro-
magnetic analysis, they need to be studied by simulation, too; and, if they have
been only analysed and simulated, they need to be studied by the actual ex-
perimentation, too. Moreover, newer MTM-assisted interaction structures and
devices need to be explored for higher frequencies and higher powers as well as
for the size reduction or compactness. Interestingly, the MTM assistance can be
used not only for the miniaturization of VEDs, but also for the enhancement of
their sizes, as we have seen here in the case of an MTM-assisted MBK, in which
the enhancement of cavity diameter, caused by MTM assistance, has allowed a
greater number of electron beams to pass through the cavity and, consequently,
for a higher total beam current and a higher RF output power from the device.
Similarly, in another case, the enhancement of the transverse dimensions of FW
has been implemented by MTM assistance to prevent the shifting of operating
frequency of an ENG-MTM-loaded FW-TWT. Thus, there is much scope for
further research and development in individual MTM-assisted VEDs and their
interaction structures already investigated and reviewed in this chapter. As a
typical example, with respect to the DNG-MTM-loaded FW-TWT, the need of
the hour is to reduce the inherent Ohmic losses associated with MTM, and widen
the DNG frequency regime in order to make the device more useful to the VED
community. It is hoped that the present review of the status of worldwide de-
velopment efforts in MTM-assisted VEDs would arouse interest among the
global VED community, and help one to choose suitable problems in the area for
further investigations.

A note to add is that MTM-assisted accelerators as well as MTM-assisted THz
VEDs, which have been excluded from the present review due to the paucity of
space, may be explored by interested readers. For MTM-assisted accelerators,
they can refer to McGregor and Hock [16]; Antipov et al. [86]; McGregor and
Hock [87]; Sharples and Letizia [88]; Lu et al. [89]; and Lu et al. [90], etc.
Similarly, for MTM-assisted THz VEDs, they can refer to Starinshak and Wilson
[91]; Duan et al. [92]; and Duan et al. [93], etc. Furthermore, some worth pursuing
problems to draw the attention of the readers are: (i) wideband, compact MTM
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absorber to achieve gain flatness in meander line TWT [94]; (ii) lumped resistance
MTM absorber to be used as a sever in FW-TWT [95]; and (iii) beam curling
reduction in a sheet electron beam using all-metal MTM [96], etc. Similarly,
closely related problems worth investigating into are the VEDs assisted by arti-
ficial materials other than MTMs: (i) electromagnetic bandgap meander line SWS
for enhancing the structure K and reducing the structure attenuation [97]; (ii)
Cherenkov oscillator based on photonic crystal waveguide [98]; (iii) electro-
magnetic wave shielding using a 2D array of photonic crystals in an FW-TWT
[99]; (iv) photonic crystal based THz VEDs [100,101]; (v) excitation of surface
plasmon polaritons (SPPs) [102]; and (vi) generation of spoof SPPs surface waves
using electron beam [103], etc. It is believed that the foregoing emerging and
exciting research areas have a tremendous research and development potential in
the global VED community.
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MUT, 37-8, 40-2, 44
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nanomaterials, 227

nanoparticles, 118, 124, 1301, 247; Mie
scattering, 130

nanorods, 235-6, 247

nanoscale, 227

nanostructured, 227-8, 231, 252, 255

nanotechnology, 227-8

nanowires, 171, 179, 181-2

narrow-band transparency, 238

near field, 318, 321-2, 324-5, 328, 330-1, 327,
338, 345-6; coupling, 122, 124

near-perfect absorbers, 117-8, 126, 132-3;
absorption, 118, 122, 124-7, 129,
131-3, 139

negative refraction, 200, 205, 210; permeability,
93; refractive index, 5

NIM, 54-5

NIR regimes, 235, 237

noble metals, 228

“no-free lunch” optimization theorems, 66
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non-bi-anisotropic split ring resonator
(NBSRR), 6

non-dispersive, 236

nonlinear devices, 238

non-radiative magnetic quadrupole antenna, 122

non-resonant composite/metamaterial, 326

NRW, 36-7, 39, 41-2, 48

oblique incidence, 240, 2434

oblique incident, 32, 49, 51; angle, 151

ohmic damping, 136; loss, 119

optical material, 228; regime, 235; response,
234, 235

optimization, 150, 156; problem, 327

origami tessellation, 155

paper-based substrates, 107-9

parameter extraction, 36, 44-5, 48, 56; retrieval,
355, 359

patterned graphene, 252

Pauli blocking, 229, 232

PCM, 247, 252

perfect absorber, 118-20, 123, 125-6, 128, 1334,
138, 149, 164-5, 168; absorption,
117-20, 240, 247, 251; conductor, 119;
transmission, 237

periodically loaded transmission line (PLTL), 4

periodicity, 151, 156

periodic stack, 231, 247

phase-change material, 130; Ge,Sb,Tes
(GST225), 130-1

phase change mediums, 228, 247, 250;
materials, 200

phase transition, 247, 251; unwrapping approach,
44, 48, 56; velocity, 356, 363,
365-7, 374

phonons, 228

photocatalysis, 136

photodetection, 117-8, 138-9

photoelectric modulation, 238

photo-lithography, 153

photonics technology, 228, 251

photo-responsivity, 136, 138

photovoltaics, 136

PIT window, 238, 240

pixelated-graphene, 254

planar surface, 153

Planck’s constant, 229

plane wave expansion, 231

plasmonic, 269, 273-4, 276, 278-9, 283, 285-6;
metamaterial, 5; waves, 228

plasmon-induced transparency, 228, 238

PMMA (polymethyl methacrylate), 275, 280, 282

polar gas absorption, 252

polarization, 49-51, 271, 273; insensitivity, 118;
-independent, 119, 125, 127, 129, 130,
133, 136, 138, 151, 153, 157, 165
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Prism coupling, 214

Purcell effect, 203
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Q-factor, 238, 240

quality factor, 118, 122, 124, 127, 238, 273, 276,
279, 285

quasi-mode theory approach, 44, 48

radiative mode, 238

radio band, 162

Raman scattering, 238

RCR, 365, 369-72

reconfigurable functionalities, 154

rectangular patch antenna, 313, 315, 316, 321,
324, 326, 331, 338, 339

reflection, 150, 152, 156-8, 162, 234, 240, 2434,
-coefficient, 159

refractive index, 158-9, 162-3, 166, 231; sensing,
122, 128, 133

relative permittivity, 230, 231, 233, 253

relaxation time, 129, 229-30

resistor, 156, 162, 167-8

resonance, 117-9, 121-2, 124-7, 129-30, 134,
136-7, 151, 155-8, 160, 162, 167, 235,
238, 244, 247, 250-1; cavity plasmon,
125; collective lattice, 136-7; electric
and magnetic dipole, 124, 132; Fabry-
Perot, 126; guide-mode, 129; multiple,
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resonant frequency, 118, 126, 129, 153, 247

resonators, 117, 122-4, 127-9, 131, 133, 238; cut
wire, 124, 127; gold mixed-slot, 129;
graphene, 128-9, 136, 138; H-shaped
nanoresonators, 122; hole array
grating, 124; multi-sized disk arrays,
124; multiplexed cross, 127-9;
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split-ring, 117; triangular gold
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right-handed material, 2

RWA, 357-9, 372
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scale-down, 150
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