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Abstract

Electromagnetic metamaterials and metasurfaces promise novel possibilities to control
electromagnetic radiation using sub-wavelength scale structuring of materials instead of
relying on their intrinsic optical properties. Helix-based metasurfaces can be tailored to
exhibit a wide range of intriguing phenomena, such as perfect absorption, circular dichro-
ism, and transformation of a polarization state of the incident electromagnetic radiation.
An important advantage of helix-based metasurface architecture is the absence of opaque
ground plane, which permits optical transparency at off-resonance frequencies. However,
practical development of helix-based metasurfaces is impeded by their difficult fabrication,
which requires three-dimensional structuring of periodic arrays of metallic helices. These
difficulties become especially severe at optical frequencies when helical inclusions must be
scaled to sub-micrometric size.

This thesis describes theoretical and experimental studies of helix-based metasurfaces
for the microwave and infrared spectral ranges, with emphasis on practical realization of
functional metasurfaces using Direct Laser Write lithography. Theoretical studies address
basic physical principles and functionalities of helix-based metasurfaces by establishing
relationship between parameters of the structures (size, shape, orientation and periodic-
ity of helical inclusions comprising the metasurface, dielectric functions of the materials
involved, and the intended operation spectral range), and individual polarizabilities of
inclusions as well as collective optical response of the entire metasurface. This process
was carried out using numerical Finite Element simulation of Maxwell’s equations, and
into account, the minimum feature size and spatial resolution of the fabrication techniques
concerned. The theoretical design was strongly focused on metasurfaces with the perfect
absorber and polarization rotator functionalities, that can be fabricated by mechanical ma-
chining and Direct Laser Write Lithography for the radio-frequency and infrared spectral
ranges, respectively. Finally, a practically feasible design of cascaded 5-layer multifunc-
tional wide-band metasurface for the microwave spectral range was proposed.

The suggested designs were tested practically by fabricating the metasurfaces and char-
acterizing their optical properties. At microwave frequencies, metasurfaces with the perfect
absorber and polarization rotator functionality were fabricated from metallic wire using
mechanical machining. Transmittance, reflectance, and absorbance spectra of the fabri-
cated samples have confirmed good perfect absorber performance with high absorbance of
A > 80% and low reflectance R < 7% in the frequency range of 2.8-3.3 GHz, while cross-
polarized transmittance T, > 90% was confirmed for the polarization rotator. Metasur-
faces for infra-red spectral range were realized using state-of-the-art Direct Laser Write
lithography allowing to obtain feature sizes close to 100 nm using a non-linear exposure
of photoresist by tightly focused pulses of femtosecond Ti: Sapphire laser. To obtain
metallic response simple metallization by gold sputtering was used. All-metallic perfect

absorbers based on vertical split-ring resonators possessing magnetic response and exhibit-
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ing absorbance A > 88% in the 5 — 13 um wavelengths was demonstrated. The spectral
tunability of these structures by tailoring their parameters, and possibility to obtain a
plasmonic response in resonant mesh-type split-ring-based absorbers was demonstrated.
Chiral-plate and compensated perfect absorbing metasurfaces fabricated using the same
approach were found to exhibit perfect absorber resonance with absorbance A > 80% tun-
able in the 5 — 13 pm spectral range by changing geometrical parameters of the structures.
Practical steps to realize genuinely off-resonance transparent functional metasurfaces for
infra-red spectral range using nanosecond-pulse laser ablation for selective metallization
of the surface were undertaken and were found to show high potential to succeed in the
near future.

These studies present an important step towards the practical realization of metasur-
faces, especially at infra-red frequencies where traditional fabrication techniques cannot
be applied. In the future, electromagnetic metasurfaces with helix-based architecture may
be applied for spectral filtering, polarization transformation, and absorption enhancement
of radio and optical waves. At infrared frequencies, they may help to enhance the detector

sensitivity and to realize narrow-band thermal emitters and radiation coolers.
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Organization of Thesis

Chapter 1 introduces the concept of metamaterial and its brief history. The classical
theory of the electromagnetic wave interactions with a medium based on Maxwell’s equa-
tions is presented, that leads to a definition of the macroscopic effective parameters for
different media. Functionalities of metasurfaces in accordance with their applications and

issues of practical scalability to shorter wavelengths are briefly mentioned.

Chapter 2 describes synthesis of the off-resonance transparent helix-based metasur-
faces. At first, a novel method for determination of electric, magnetic, electromagnetic and
magnetoelectric polarizability tensors of electrically small scatterer with arbitrary shape
is proposed. Based on this method, helical resonators were tailored to the balance of their
polarizabilities for synthesizing of transparent metasurfaces. As a result, polarization-
insensitive off-resonance transparent helix-based metasurfaces in the microwave range are

designed.

Chapter 8 is devoted to functionalities of the off-resonance transparent helix-based
metasurfaces. As a starting point, analytical approach for determination of proper ar-
rangement of helical resonators with balanced polarizabilities in the unit cell of metasur-
faces are proposed. Based on this approach and numerical simulation, linearly polarized
rotators and perfect absorbers based on double-turn helices for reflected and transmitted
waves are designed. Due to off-resonance transparency in metasurfaces, a multifunctional

multifrequency cascade metasurface in the microwave range is demonstrated.

Chapter 4 is dedicated to fabrication of functional off-resonance transparent helix-
based metasurfaces for microwave range. Twist polarizer and absorbers based on helical

resonators with balanced polarizabilities are realized.

Chapter 5 introduces a versatile maskless direct laser write lithography for fabrication
of three-dimensional dielectric templates with high spatial resolution. Using this tech-
nique, a minimum feature size close to 120 nm by careful control of laser writing exposure

conditions is found.

Chapter 6 shows practical realization by direct laser writing with subsequent metal-
lization by gold sputtering of entire metal non-transparent absorbing metasurfaces for the
infrared spectral range. As a result, absorbers based on vertical split-ring resonators and

single-turn helical resonators were realized.

Chapter 7 presents numerically simulated results of functional off-resonance trans-
parent helix-based metasurfaces in the infrared spectral range. Adapted for direct laser
writing, linearly polarized rotators and perfect absorbers based on single-turn helices for
reflected and transmitted waves are designed. Moreover, towards to realization of func-

tional off-resonance transparent metasurfaces using laser ablation process was carried out.

Chapter 8 summarizes the obtained results and provide an outlook for this study.
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Chapter 1

Introduction

Day by day, people diligently explore the electromagnetic phenomena and their mutual
influence in the environment. Usually, all electromagnetic (EM) phenomena are the results
of interactions between waves and materials. The researchers devote considerable interest
to manipulating the EM properties of the material in the desired way, thereby obtaining
the electromagnetic functionality of the material. This can be achieved by developing
structures and geometry using existing natural materials. With a huge amount of material
available in the world, the potential and diversity of EM devices are largely limited only by
available materials that can be used to build them. Therefore, significant attention is paid
to artificial materials capable of all-embracing manipulation of EM waves via structuring.
In comparison with natural materials and their functionalities, artificial materials give
tremendous freedom in the design and manipulation of EM waves leading to the new

useful functionalities that have not been found in nature before.

1.1 Definition of metamaterials

In the last few decades, scientists and engineers have been actively using the approach to
developing new materials exhibiting previously unseen, exotic electromagnetic properties.
This approach consists of designing materials based on well-arranged functional inclusions
with sub-wavelength dimensions with pre-assumed electromagnetic properties. This al-
lows synthesizing new materials or composites based on sub-wavelength inclusions with
the desired characteristics. As a rule, the dimensions of these inclusions exceed the atomic
or molecular level of the ordinary material by several orders of magnitude. Consequently,
the electromagnetic interaction of such an inclusion in the material can be expressed by
the effective parameters of homogeneous media, since the inhomogeneity in these struc-
tures is much smaller than the operating wavelength. Typically, such materials are called
“metamaterials”. The prefix “meta” (peTa in Greek) means “beyond” of the conven-
tional materials. The field of metamaterials was becoming popular with the appearance
of a well-known article [1] (cited over 10951 times) that was published in 2000 by prof. J.
Pendry. This work is devoted to the possibility of realization a perfect lens with simultane-
ously negative permeability and permittivity (well-known as a negative refractive index).
Immediately, was carried out experimental verification of this phenomena at microwave
frequencies and reported in [2]. It should be noted that the first theoretical background
and the prerequisites for a medium with a negative refractive index were published in
Veselago’s work [3] a few decades ago, however, popularity has only been appearing since

2000. Subsequently, metamaterials were rapidly developed in other frequency ranges up
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to the visible range [4-7].

Many researchers associate the concept of metamaterials exclusively with their unique
properties that were not observed in nature. However, during metamaterial development,
the unique properties were found even in some natural materials. For example, negative
refraction was observed in the complex eyes of some lobsters [8]. This situation is very sim-
ilar to the development of the artificial photonic crystals, which is a significant achievement
of many researchers. It turns out that similar structures with their properties actually
existed a long time ago inside a gemstone opal and a wing of Morpho butterflies [9].

Interestingly, one of the first metamaterials was created probably two thousand years
ago, long before the development of metamaterials. A famous example is a Lycurgus Cup
that was made of ruby glass with a 5-50 nm size of gold nanoparticles inside [10]. These
nanoparticles of gold surprisingly color the glass, specifically, in daylight the cup looks
greenish, but it illuminates from the inside, and it glows with a ruby color [11,12].

In fact, artificial electromagnetic metamaterials were studied long before using a word
“metamaterial” in the scientific terminology. One of the examples of metamaterials with
subwavelength inclusions was used to create a so-called “twisted jute” material, that was
proposed by Bose in 1898 to achieve an artificial chiral effect [13]. Also, the periodic
arrays of metal wires, dielectric spheres or plates, have been extensively studied in the
microwave range more than half a century ago [14-16]. These artificial structures exhibit
similar properties to electrical metamaterials in modern terminology. There are also other
examples of structures similar to metamaterials, in which were used split-rings [17, 18],
ordered frequency filters [19], bianisotropic and chiral materials [20], and others.

At the present stage of metamaterial development [21,21-24], significant attention is
paid to the improvement and optimization of existing structures comprising of diverse

meta-atoms, as well as exploring the new functionality and their physical properties.

1.1.1 Maxwell’s equations

The equations formulated by James Clerk Maxwell on the basis of the experimental results
accumulated by the middle of the 19th century played a key role in the development of
theoretical physics, electromagnetism, optics, electric circuits and even for all fields of
physics directly or indirectly related to electromagnetism. A set of partial differential

Maxwell’s equations in SI-units are expressed in the following way [25]

V -D(r,t) = p(r,t), (1.1)
V-B(r,t) =0, (1.2)

V x E(r,t) = —8B(g:’t), (1.3)

V x H(r,t) = j(r,t) + 9D(r, ?) (1.4)



1.1. Definition of metamaterials

with the dielectric displacement D(r, t), the electric field E(r, t), the magnetic field H(r, t),
the magnetic induction B(r, t), the external charge density p(r,t), and the external current
density j(r,t). The equation (1.1) means the electric flux leaving a volume is proportional
to the charge inside. In accordance with equation (1.2), there are no magnetic monopoles;
the total magnetic flux through a closed surface is zero. Follows to equation (1.3), the
voltage induced in a closed circuit is proportional to the rate of change of the magnetic
flux it encloses. The last equation (1.3) shows the magnetic field induced around a closed
loop and it is proportional to the electric current plus displacement current (rate of change
of electric field) it encloses. However, the above Maxwell equations do not yet constitute
a complete system of equations of the electromagnetic field, since they do not contain the
properties of the medium in which the electromagnetic field is excited. Relations connect-
ing the quantities of E(r,t), B(r,t), D(r,t), H(r,t), and j(r, t) and taking into account the
individual properties of the environment that are described well-known material equations.

It should be noted that the external charge density and the current density are con-

nected through the conservation of charge in a relation known as the continuity equation:

Ip(r,t)

V-j(r,t) + 5

= 0. (1.5)

As well known, scientists actively develop and investigate the interaction of electro-
magnetic waves with metamaterials. In accordance with classical electromagnetic theory,
the effects and interactions of EM fields with a media can be described by Maxwell’s
equations. This is a system of equations in differential or integral form describing the EM
field and its relation to electric charges and currents in a vacuum and continuous media.
Together with the expression for the Lorentz force, which determines the measure of the
effect of the EM field on charged particles, form a complete system of equations of classical
electrodynamics, sometimes called the Maxwell-Lorentz equations.

The material equations establish a connection between D(r,t), H(r,t), and E(r,t),
B(r,t). This takes into account properties of the environment. In practice, material
equations are espressed via experimentally determined parameters (depending, in general,
on the frequency of the electromagnetic field) used, which are available in a handbook [26].
All charges and currents induced by the electromagnetic fields lead to a macroscopic
electric polarization or dipole moment density P(r,¢) and a macroscopic magnetization
M(r,t) that influence to the wave propagation in media, respectively via the material
equations:

D(r,t) = eoE(r,t) + P(r,t),
(1.6)
B(r,t) = poH(r,t) + M(r, t).

Here, we introduce the permittivity of free space eg = 1/(c?ug) = 8.85 x 10712F -m~1,
and the permeability of free space pg = 47 - 107" N/A? the vacuum speed of light ¢ =
299,792,458 m/s. Although for a wide class of substances the linear approximation for
weak fields is performed with good accuracy, in the general case the relationship between

D(r,t), H(r,t), and E(r,t), B(r,t) can be nonlinear. In addition, the more complex re-
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lationship is observed in media with spatial or temporal variances. In the case of spatial
dispersion, the currents and charges at a given point in space depend on the field mag-
nitudes not only at the same point, but also at neighboring points. In the case of time
dispersion, the polarization and magnetization of the medium are not determined solely
by the magnitude of the field at a given instant of time, but also depend on the magnitude
of the fields at the preceding instants of time. In the most general case of nonlinear and

inhomogeneous media with dispersion, the material equations take the integral form [25]

—o0 t
P(r,t) = / / coXxe(r — 1/ t — tE(r',t)dt' d>r,
(1.7)

—0o0 t
M(r, ) = / / 10X (v — ¥, ¢ — ¢YVEL(r ) dt'dr,
o —0o

with the electric x.(r — r’, t—t’) and magnetic susceptibilities y,,(r — v/, t—t), respectively.
In the general case, both susceptibilities are second-rank tensors. Since most materials are
isotropic and the susceptibility becomes scalar. Consequently, we can omit the integration

over d3r’ and rewrite Egs. (1.6) in frequency domain as:

D(r,w) =€ [l + xe(w)] E(r,w) = epe(w)E(r, w),
(1.8)
B(r, ) = po [1 4 xon ()] H(r, ) = piop(w) F(x, )

These equations describe how an applied electric field E interacts with the medium
while it induces electric dipoles or orients the already existing electric dipoles with mod-
ification of the dielectric displacement D. Magnetic field H induces or orients magnetic
dipoles in medium respectively to the magnetic induction B. In some special cases, an
applied electric field leads to magnetic dipole moments and an applied magnetic field
leads to electric dipole moments due to the electromagnetic cross-couplings that occur in
bi-isotropic and bi-anisotropic media [27].

It is important to note that the effective material parameters, permittivity e(w) and
permeability p(w), describe the linear interaction of the electromagnetic fields with isotropic
and homogeneous materials. It is possible to analyze such a structured material with com-
plicated geometries as an electromagnetically uniform medium which can be described
through constitutive homogeneous parameters: electric permittivity e(w) and magnetic
permeability p(w), respectively.

Thus, as follows from Maxwell’s equations (1.1)—(1.4), the sign of €(w) and p(w) plays
a fundamental role in the wave propagation behavior in natural materials and artificial

metamaterials.

1.1.2 Wave equations

Maxwell’s equations are the first-order differential equations in space and time. However,
each equation includes both unknown vector functions E and H. In the absence of charges

and currents, one can pass to equations of the second order leading to the second order
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diffraction equations in space and time, the electric or magnetic fields that can be expressed

by wave equations:

0’E
2 _
V E + ,MO/,LEOEW = 0,
(1.9)
0’H
2 _
V°H + Mo#eoe—at2 =0.

These equations describe electric or magnetic fields for homogeneous and isotropic

media €, p = const. A solution of equation (1.10) is given by

[E()e™ + c.e| =% [Eme],
(1.10)

[ﬁ(r)e*i‘“t + c.c.} =R [H(r)e*’m} )

with the electric E(r) = Ege™® and magnetic H(r) = Hoe™™* fields that allows one focus on
the coordinate dependence of the field. In some works, the coefficient 1/2 in the harmonic
amplitude agreement is not used, which leads to a corresponding modification of all the
expressions associated with this agreement. Thus, the Egs. (1.10) represent plane waves
oscillating in time with frequency w and propagating in the direction of the wave vector
k.

For inhomogeneous wave equations the electric and magnetic fields have the following
form [28]:

0’E 0 ) opP
VXV XE+ pey—=—5 =—— (/«LOJTLHOTLVXM),

ot2? ot ot
(1.11)
0’H . oP oM
VXVXH-I-,U/QGDW—VXJ—I-VX E—'—ﬁ

Conditions on the right-hand sides of both wave equations express the initial terms.
There are two types of initial terms of the Eqgs. (1.11), at first, the current density of
the external source j and, the second, OP /0t and V x M as the current density of po-
larization and magnetization, respectively. The latter one describes the interaction of
electromagnetic radiation with matter.

Substituting the plane wave solution into the wave equation (1.9) leads to the dispersion

relation:

w? c?

=== 1.12
k> e (1.12)

Using dispersion relation, the refractive index has the following form:

n =+ /ep. (1.13)

The decision which sign of the refractive index we have to choose, can be easily deduced
from the continuity conditions for fields at interfaces when both permittivity and perme-

ability are real numbers. If one or both of them are complex numbers, we can use a lengthy
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formula to deduce the sign of n for given complex values of € and p from Ref. [29]. As it
is well known, the refractive index possesses the positive branch for natural materials but

it can be opposite for metamaterials.

1.1.3 Macroscopic effective parameters

As mentioned above, electromagnetic properties of materials are determined by two pa-
rameters: permittivity € and permeability u, respectively. These parameters describe
interaction and coupling of electromagnetic waves with materials. Together with refrac-
tive index n = ,/ep and impedance Z = \/;T/e, it can be used to describe the overall
average response in a whole material. Essentially, parameters n and Z are also the macro-
scopic effective parameters since on the macroscopic level, the electromagnetic responses
of the inhomogeneous structure are averaged.

In the case of metamaterials, the scale of inhomogeneity is much smaller than the op-
erating wavelength. This corresponds to lattice constant of artificial periodic structures.
Although interaction between electromagnetic fields and meta-atoms is quite difficult on
the scale of inhomogeneities, the wave feels a homogeneous medium macroscopically. In
addition, electromagnetic metamaterial response to external fields are similar to traditional
materials and can be described by effective parameters, namely, permittivity, permeabil-
ity, refractive index, and impedance. From the standpoint of Maxwell’s equations, the
materials described by € and p are a collection of sub-wavelength units with electric and
magnetic properties. Due to the special design of meta-atoms, which is usually a thin
metal-dielectric structure, it allows adapting the electromagnetic response of medium in
unprecedented and desired way from metamaterials. Thus, material response to external
fields is largely determined only by two parameters € and p, we can conveniently charac-
terize most electromagnetic materials in an electromagnetic parameter space based on the
two values [30].

Figure 1.1 shows the quadrant of material parameter space characterized by the real
part of permittivity €, and the real part of permeability p,, respectively. This corresponds

to the following cases:

€ >0, up > 0: Medium with both positive values of permittivity and permeability in-
clude most common transparent materials such as dielectric materials and it is called
Double Positive Medium (DPM). The electromagnetic waves that are propagated in this
medium have a right-handed triad of the vectors E, H, and k.

€ <0, u>0: Medium with permittivity less than zero and permeability greater than
zero is called as Epsilon Negative (ENG) medium. An electrical plasma is a common
example of this medium. Plasma is one of the four fundamental states of matter, the
others being solid, liquid, and gas. Electromagnetic waves do not interact inside the
plasma at frequencies below the plasma frequency that it can be directly obtained from
the dispersion relation. Moreover, there are no real solutions for the wave vector in ENG

media.
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Figure 1.1: Material parameter space characterized by electric permittivity (e) and
magnetic permeability (). The two axes correspond to the real parts of permittivity and
permeability, respectively.

€ >0, p < 0: Medium with permittivity greater than zero and permeability less than
zero called as p-negative (MNG) medium. A typical example of such medium is magnetic
plasma. The natural materials of magnetic plasma are some antiferromagnetic and ferri-
magnetic materials that exhibit R(ux) < 0 within a frequency band above the resonance
frequency. In this case, the wave incident on the medium of this family damps slowly in
the medium, and no propagating modes can be stable. It should be mentioned that there

is no exact analog of an electric plasma due to the absence of magnetic monopoles.

€ <0, p < 0: Medium with simultaneously negative values of permittivity and perme-
ability is called as Double Negative (DNG) medium. Artificial materials well-known as
metamaterials can exhibit a negative refraction. It is also termed as left-handed media
that may exhibit the phenomenon of backward wave propagation sometimes. Negative
index of refraction derives mathematically from the vector triplet E, H, and k forming a
left-handed triad.

Thus, electromagnetic materials with all possible combinations of €, and pu, can be
expressed in the parameter space [22]. It is well known, that the dielectric permittivity
function e(w) satisfies Kramers-Kronig relations [25]. Consequently, ¢(w) has an imaginary
part, which characterizes the dissipation of energy in the medium.

The field vectors E and D are not necessarily parallel to each other in an anisotropic
medium. Therefore, the permittivity should be in the form of a tensor, rather than a
scalar value. In most metamaterials studied to date, anisotropic and highly dispersive
media exhibit such properties. For this reason, it is necessary to indicate frequency and
direction that addressing to effective parameters of metamaterials. Likewise, for some
bianisotropic media, EM properties are not clearly described by tensors € and p due to the
complexity of meta-atoms. Such structures possess additional material parameters, such

as magnetoelectric coefficients, which are connected to electric and magnetic fields.
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In the studies of metamaterials, a significant attention must be payed to an innovative
use of EM parameter space € and p. The main focus of metamaterial studies lies in the
design of artificial materials with exotic electromagnetic properties that are not prohibited
by Maxwell’s equations but are not observed in traditional media. It allows expanding
the parameter space for better control of electromagnetic waves. For example, negative
index metamaterials complete the quadrant of material parameter space, which previously
was not available. Given current and projected advances in computer technology and
manufacturing techniques, other areas of the parameter space will be investigated for the

additional and unprecedented EM properties.

1.2 Electromagnetic metasurfaces

Thanks to rapid development and improvement of metamaterials, two-dimensional (2D) or
planar metamaterials have been widely explored. These structures allow a full control over
reflected and transmitted waves and offer opportunities for a new generation of microwave
and optical devices. Since a few years ago, such planar metamaterials were categorized
as metasurfaces. Below, we will provide a definition of metasurfaces and their practical

scalability in the electromagnetic spectrum, as well as functionalities and applications.

1.2.1 Introduction to metasurfaces

Metamaterials are generally understood as three-dimensional (3D) structures that exhibit
desirable electromagnetic behavior. 3D metamaterials can be modified by placing elec-
trically small scatterers or holes in a 2D pattern on their surfaces or interfaces. This
allows to significantly reduce the thickness of metamaterials and achieve new electromag-
netic properties. Moreover, practical realization such thin materials are more easier and
expedient for fabrication technologies. This surface version of the metamaterial is called
metasurface, which essentially replaces metamaterials in many aspects and applications.
Metasurface is a 2D version of 3D bulk metamaterial, defined as optically thin and
dense array of structural elements possessing the extraordinary properties provided by
their constituent elements. Metasurfaces usually have an arbitrarily shaped surface con-
sisting of subwavelength-size resonant inclusions. A behavior of metasurfaces (or meta-
materials) can be characterized by effective polarizabilities of the unit cell comprising of
subwavelength inclusions. The periodicity of metasurface also corresponds to subwave-
length dimensions that exhibit as nearly homogeneous polarizable sheets in contrast to
diffraction gratings, since they can be tightly arranged into the array. This allows to
control EM waves and create the fields with more higher spatial resolution. In general,
metasurfaces can provide complete control over the reflected and transmitted waves in a
wide range of EM devices [31-35]. It should be noted that if a planar array consisting of
subwavelength elements has a periodicity comparable to or greater than the wavelength,
then such structures can not be defined as metasurfaces. Moreover, if inclusions are lo-
cated in the array with an optically small spacing but their height (the thickness of the

metasurface) is large, such an array should be called as a bulk material. Examples of
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such materials are moth-eye antireflection coatings designed for solar cells, thick layers
consisting of essentially long metal nanorods or carbon nanotubes, etc. [36]

Artificial 2D periodic structures with EM waves controlling were studied long before
the appearance of the term “metasurface”. Intensive studies of wire dense arrays or so-
called inductive mesh led to the appearance of lightweight reflectors, polarizers and other
devices [37-39]. As a result, the averaged boundary conditions and a homogenization
theory of artificial EM surfaces were explored. Thereby, the development of metasurfaces
opens up new possibilities and functionality to control and transform electromagnetic
fields.

1.2.2 Functionalities

We mentioned earlier that metamaterials exhibit the exotic electromagnetic properties
which are not readily available in nature. They have many great functionalities that also
can be realized using metasurfaces and in some cases, they are more preferable using

metamaterials. There are at least three reasons in favor of the use of metasurfaces:

e bulk periodic arrays or multilayered structures are very difficult to realize for optical

wavelengths since it requires to use very complex and expensive technologies.

e clectromagnetic waves have to propagate the considerable distances in bulk meta-
materials, which accompanied by high losses, especially at the resonance. The un-
desirable absorption in the volume of metamaterials reduces many of their proposed
practical applications, such as ideal lensing [21]. Metasurfaces demonstrate much
better ability to form light streams compare to bulk metamaterials, since they have

lower absorption levels, or even exhibit lossless behaviour [34,35,40].

e since metasurfaces are electrically thin layers (much smaller than the wavelength of
interest), they can be easily integrated into nanophotonic systems or can significantly
reduce the dimensions of the antenna arrays or other radio devices at the microwave
range [22,23,41].

Thus, using metasurfaces for full-wave control, especially in the optical spectrum range
are more preferred. At the moment, a large number of functionalities have been obtained
using metasurfaces. Several review articles describing their principle of work, functionality
and some applications of metasurfaces [42,55-57] were published. Here, we pay attention
especially to two review papers [42,57]. The first paper is a survey in the form of a general
theory, design, and implementation of optically thin absorbing metasurfaces, and the
second one is a functional classification of metasurfaces based on bianisotropic inclusions
and their applications.

Bianisotropic metasurfaces are oriented to many applications from frequency-selective
absorption to polarization tailoring. They possess bianisotropic properties using chiral-
based [58-60] and omega-based [61] inclusions. Applying external electric or magnetic
fields, polarized chiral inclusions simultaneously exhibit a derivation of parallel electric

and magnetic dipole moments, while in omega-based inclusions both electric and magnetic

9
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Figure 1.2: Functionalities of metasurfaces: (a) bandpass frequency selective surface [43],
(b) bandstop frequency selective surface [44], (c) high impedance surface [45], (d) narrow-
band perfect absorber [46], (e) twist polarizer [47], (f) right-handed circular-polarization
frequency selective surface [48], (g) linear-to-circular polarization converter [49], (h) two-
dimensional leaky-wave antenna with a conical-beam pattern [50], (i) focusing transmitar-
ray [51], (j) focusing reflectarray [52], (k) flat Luneburg lens [53], and (1) hologram [54].

dipole moments are orthogonal to each other due to only electric or magnetic external
field [62,63]. Consequently, metasurfaces with or without bianisotropy exhibit multiple
functionalities which are summarized in the Figure 1.2.

As seen from Fig. 1.2, manipulation of polarization, amplitude, phase and other charac-
teristics consists of their functionalities, as well as makes it possible to multiple application
for EM devices. Metasurfaces are compatible with simple planar fabrication technologies
which in turn leads to ultra-thin devices with unprecedented functionalities. It can be
expected, that a progress in the design and implementation of metasurfaces will lead to
new functionalities and improved their performance. Therefore, it might lead to the de-
velopment of new designs for optically thin metasurfaces with increased bandwidth and

reduced losses.

1.2.3 Practical scalability of metasurfaces

Metasurfaces with their remarkable EM properties can work in a wide electromagnetic
spectrum as seen from Figure 1.3. However, there is a problem of practical scalability

of designs for the considered frequency range. As it is well known, scalability is the

10
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Explored practical scalability
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Figure 1.3: The electromagnetic spectrum of metasurface research.

capacity to be changed in size or scale. In order to increase the operational frequency of
metasurface, the unit cell size has to be decreased proportionally. Consequently, there are
significant difficulties and limitations in the implementation of functional metasurfaces at
higher frequencies, since this requires the use of micro- and nano-technologies, which in
turn have limitations in the resolution of the fabrication as well as materials properties
have to be taken into account. It worth to notice that for natural materials this problem
is very acute since the EM properties strictly depend on the properties of the material,
and do not on its structural parameters.

The first known artificial homogeneous media that have dispersion properties of re-
flection or transmission modes were realized for radio frequency range [64,65] based on
the technological capabilities of the time. Not so long ago, even the first experimental
demonstration of a negative refractive medium was realized in the microwave frequency
range 4.2-4.6 GHz [2]. Hence, the realization of metastructures with macroscale size is
easier and less expensive too. Development of micro and nanofabrication give us possibil-
ities in practical downscaling of m-scale metastructures to ym-scaling or even nm-scaling
size. The development of metasurfaces came at that time when fabrication technologies
have allowed to create the nanoscale artificial structures for the operation at the visi-
ble wavelength range. Therefore, practical realization of functional metasurfaces almost
simultaneously from radio frequency to visible spectral ranges has been demonstrated.
Nevertheless, a huge amount of metasurfaces were implemented in the microwave range
for the first time and later there is realized for the shorter wavelengths by proportional
downscaling of structural parameters with taking into account dispersion properties of
used materials. One of such examples are the mushroom-type metasurfaces. The first fab-
rication demonstration has been done in the microwave range [45] and later it was shown
for IR spectral range [66]. Another famous example of practical scalability of metasur-
faces is the patch-based array antennas that at first was realized for operation microwave
frequency of 3 GHz [67] and later experimentally tested at 200 THz frequency range [68].
On more example is the metasurface based on split-ring resonators that usually possesses
a magnetic response. Such properties were shown for THz range [69] and, hereinafter,
the magnetic response was achieved even for the visible wavelengths [70]. Thus, all of
these examples demonstrate some possibilities of practical scalability and capabilities of
metasurfaces which have striking advantages in comparison with natural materials.

Nevertheless, metasurfaces based on 3D resonant inclusions are problematic to realize

11
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even for the microwave range, and it is very laborious to fabricate them for IR and visible
ranges. To some extent, we address this issue this to realization of metasurfaces based
on 3D helical inclusions that can exhibit advantageous EM properties for wide EM spec-
trum [71-74]. Using Direct Laser Writing technique, it is possible to fabricate metasurfaces
consisting of 3D metallic microscale helical resonators was reported in Refs. [75-78] that
give us a good direction for solving of problem for practical scalability and fabrication of

3D functional helix-based metasurfaces.

1.2.4 Applications

Almost practical applications of metasurfaces still have only potential possibilities, since
metamaterials are a relatively recent research area and the horizon of possibilities has
to be explored. Nevertheless, EM metasurfaces open up new opportunities for applica-
tions in many fields of technology, from electronics to photonics. The first experimental
realization of negative refractive media has a significant contribution to science since it
could be used to create a perfect flat lens, which would overcome the diffraction limits of
existing materials. Such lenses are very useful for biomedical purposes. In the microwave
frequency range, metastructures are used for antenna applications. More generally, the
concept of metamaterials is used to create various high-impedance surfaces, artificial mag-
netic conductors for flat low-profile antennas, etc. [79-81]. Potential applications could be
found in medicine for effective detection of cancer with a safer and less painful experience,
and 3D imaging of teeth that works more accurate than conventional X-Ray imaging, also
specifically for security checking situation in airports and other places by using THz ra-
diation. Most potential applications of metastructures are optical filters, medical devices,
remote aerospace applications, sensor detection and infrastructure monitoring, smart so-
lar power management, crowd control, radomes, high-frequency battlefield communication
and lenses for high-gain antennas, improving ultrasonic sensors, and even shielding struc-
tures from earthquakes. Especially, metasurfaces open up new possibilities in the design of
cloaking devices, imaging and sensing, data storage and quantum information processing,
and also in light harvesting [31,32,82].

As an example, some practical application and commercialization of metamaterial de-
vices were shown on “10th International Congress on Advanced Electromagnetic Materials
in Microwaves and Optics, 2016”. Unfortunately, there was only two reports supporting an
antenna application and metamaterial-based liquid crystal display manufacturing [83,84].
This indicates that metamaterials are still young scientific field and actual applications in
life are simply limited by our imagination.

It is worth mentioning one example from history. Physicist Heinrich Rudolf Hertz has
experimentally verified the existence of electromagnetic waves in 1887, and when people
asked him where it could be used, he answered: “It’s of no use whatsoever. This is just
an experiment that proves Maestro Maxwell was right — we just have these mysterious
electromagnetic waves that we cannot see with the naked eye. But they are there.” Today

people even can not imagine their life without using electromagnetic waves!
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Chapter 2

Synthesis of helix-based metasurfaces

The method how to synthesize off-resonance transparent metasurfaces based on helical
resonators possessing equivalent EM response to external excitation owing to the tailoring
of structural parameters of resonators to the balance of their polarizabilities is described
(Section 2.1). Towards to synthesis of metasurfaces, a novel method for determination of
polarizability tensor components of electrically small inclusions with an arbitrary shape is
proposed (Section 2.2). This method based on the scattering response is measured using
numerical simulation in the far-field zone and in two opposite directions that significantly
simplify the way to find all polarizability components. Further, helical resonators were
chosen as the preferable EM polarizable resonant inclusions by finding their individual
polarizabilities to create the off-resonance transparent metasurfaces in accordance with
desired EM properties. Structural parameters of helical resonators were optimized in such
a way as to satisfy the condition for balancing the induced dipole moments (so-called bal-
ance of polarizabilities) in the helices by the excitation of linearly polarized plane waves at
normal incidence (Section 2.3). Using proposed analytical approach and numerical sim-
ulation, polarization-insensitive off-resonance transparent metasurfaces based on helices

with balanced polarizabilities were demonstrated (Section 2.4).

2.1 Reflection, transmission, and absorption from metasur-

face

The main EM characteristics of metasurfaces are usually described by the reflection (R),
transmission (7"), and absorption (A) coefficients. In physics, the reflection coefficient
is a parameter that describes how much of an electromagnetic wave is reflected by an
impedance discontinuity in the transmission medium. It is equal to the ratio of the am-
plitude of the reflected wave to the incident wave. The reflection coefficient is closely
related to the transmission coefficient. The transmission coefficient is used when wave
propagation in a medium containing discontinuities is considered. A transmission coeffi-
cient describes the amplitude, intensity, or total power of a transmitted wave relative to
an incident wave. Absorption of electromagnetic radiation is the way in which the energy
of a photon is taken up by matter, typically the electrons of an atom. Thus, the electro-
magnetic energy is transformed into internal energy of the absorber, for example, thermal
energy. All these coefficients can be expressed as follows:

E, E

- ) T - )
Einc Einc

A=1-R-T, (2.1)
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Figure 2.1: A schematic illustration of electrically thin metasurface excited by incident
waves.

where Ei, ¢, E;, and E; are amplitude of incident, reflected, and transmitted fields, respec-
tively. In optics and electromagnetics in general, “reflection, transmission, and absorption
coefficients” can refer to either the amplitude reflection, transmission, and absorption co-
efficients described here, or the reflectance, transmittance, and absorbance depending on
context. It should be mentioned that we speak about regular reflection (or specular reflec-
tion) and regular transmission (or direct transmission) when no diffusion occurs, reflection
or transmission of unidirectional waves results in an unidirectional waves according to the
laws of geometrical optics. However, reflection and transmission can be accompanied by
diffusion (also called scattering), which is the process of deflecting unidirectional waves
into many directions. We do not consider diffuse reflection and transmission processes.
As a starting point, we consider a plane EM wave incident onto a infinite metasurface
comprising of sub-wavelength resonant inclusions with arbitrary shape arranged on a pe-
riodic 2D lattice with the unit cell of the area S. These inclusions should be polarizable
to the external excitation that lead to inducing of electric (p) and magnetic dipole (m)
moments, respectively. By assuming infinite metasurface, the reflected and transmitted
fields can be expressed as follows [85]:
Jjw

E =-2°
28

(nop —n x m), (2.2)

Et = Einc - (770P +n X m) ) (23)

Jjw
25
where w is the angular frequency, Ei,. is incident electric field, 7y is the free-space
impedance. Since, inclusions in metasurface have sub-wavelength size their induced elec-
tric and magnetic moments can be characterised by effective polarizabilities (ability to

form dipoles) of inclusions as [86]:

pP= 5ee : Einc + Eem ' Hinca (24)
m = gme ' Einc + grnrn ' Hinc: (25)
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where gee, Emma gem and gme are an effective electric, magnetic and magnetoelectric
polarizability tensors of the unit cell. The effective polarizabilities include the effects of
electromagnetic interactions between inclusions within the metasurface and their determi-
nation represents a difficult task since it requires consideration of the complex interaction
in the metasurface. However, the resonant inclusions are density-packed (A < v/S) in the
metasurface that cannot create new dipole moments with neighboring inclusions.

Thus, effective polarizabilities have the same components as the individual ones and
can be written as follows [87]:

= x — ox N
Qe = Olgg X0X0 + Ogd X0Y0 + 0a YoXo + 0 yoyo,

=

x . ox R
em = OpmX0X0 + Qg X0Y0 + QmYoXo + a2 YoYo,
(2.6)

=

x AX ox R
me = QmeX0X0 + QeX0Y0 + QY 0X0 + Q). Y0Yo0,

= e . o N
Omm = QamX0X0 + 00 X0Y0 + A YoXo + a4 YoYo,

where xg,yo are the unit vectors of the Cartesian coordinate system and, as example, a3
is component of electric effective polarizability tensor defined in z-axis direction.

Then, by substituting the effective polarizabilities from (2.6) to equation for electric
and magnetic dipolar moments (2.4) and(2.5), respectively, and ultimately substituting
to (2.2) and (2.3) with re-arranging the terms, we can get expressions for reflected and

transmitted fields. The reflected electric field can be represented in the follows:

jw N ~ ~ 1.
B, = —5 ¢ [ — @ +a% — —ai, | xox
28 Mo

c Lo
+ [0l + agy + o + %arynm X0Y0
- : (2.7)

ox ~ x AX
+ [ M0Qge — Qg — Qe + %argm YoXo

N ~ N 1
+ |m00dd + Qg — Qe — %Ofrﬁ(m YoYo ¢ - Einc.

Similarly, we can write the transmitted electric field as:
jw . . ~ 1
E, = { [1 — ‘;—S <1700z’e(;‘ — oy — ale + maﬁ’m)} X0X(

jw ~ A~YX X 1 XX
+ [1 ~ 59 <1700ng +all +ank + amm)] YoYo
o
i 1 (2.8)
~5s (maz -azm + &% - Sam) voxo
jw X “SXX N 1 SYX
95 (77004eey + agn — e — maymm) XoYo} - Einc-

Based on Eqns. (2.7) and (2.8) can be found reflection, transmission and absorption

coefficients from metasurface consisting of density-packed resonant polarizable inclusions.
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This approach for the definition of the reflected and transmitted fields from metasurface
through effective polarizabilities has been reported in literature [88]. Therefore, if we know
the effective polarizability tensors of the resonant inclusions, the main EM characteristics
of metasurface can be found. Moreover, the definition of polarizabilities gives more useful
information than an only determination of R, T, and A. Polarizabilities determine the
property of matter and the dynamical response of a bound system to external fields and
provide insight into an inclusion’s internal structure. Consequently, there is an urgent need

for calculation of all components of polarizability tensors of arbitrary shape inclusions.

2.2 Calculation of all components of polarizability tensors

Here, we present a novel method for determination of all components of individual polar-
izability tensors of a polarizable single inclusion with an arbitrary shape. This approach is
based on the determination of scattered electric field in a far-field zone by the excitation
of an incident plane wave from two opposite side with different polarization states. This
approach comes from the first attempt to obtain polarizability tensors based on the dipole
approximation theory and using numerical simulation for the far-field scattering response
was considered in our litherature [89]. Here, we improved and simplified this polarizabil-
ity retrieval method so that it can be utilized for arbitrary shaped small inclusions. This

method was published in our article [8-A].

2.2.1 Definition of dipole moments

In order to determine the individual polarizabilities of an arbitrary inclusion, we analyze
the far-field response of the inclusion to incident plane waves. We start from writing the
relations for the polarizabilities of the inclusion in terms of the dipole moments induced by
a set of probing fields. In the most general case, assuming that the induced dipole moments
in the inclusion depend linearly on the applied fields, the dipolar moments induced in the

inclusion relate to the incident fields (at the location of the inclusion) by the polarizability

P o Qee  Olem
m Qme  Omm

An important issue is the choice of the alignment of the inclusion with respect to

tensors as:
Einc

2.9
Hinc ( )

the center of the coordinate system from which the far-field response of the inclusion is
determined (see Fig. 2.2). The proper choice is that when the induced electric and magnetic
dipole moments of the inclusion are located at the coordinate origin. If this condition is
not satisfied, the higher order multiple moments start to gain importance and one should
take them into account, otherwise, the accuracy of the polarizability retrieval method will
decrease. Usually, since electrically small size of the inclusion is assumed, setting the origin
to the geometrical center of the inclusion is the proper choice. As an example, here we
write the formulas for the case when the incident plane waves illuminating the inclusion
propagate along the z-axis. It will be shown that the directions can be chosen arbitrarily.

Obviously, choosing the z-directed incident waves, one can find only the components of
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Figure 2.2: An arbitrary shape inclusion in the center of a Cartesian coordinate system
which is excited by incident linearly polarized wave with different polarization states.

the polarizability tensors in the x,y-plane. The other components can be determined
similarly using incident waves propagating along the x and y-axes. Taking into account
that the incident plane waves are transverse and propagate along the z-axis, equations
(2.9) simplify to:

po | _[em o] [En ], [em o] [ a2
py | | o o | | B olm o | | Hic |

- (2.10)
my . Oéxmxe a)ge ) ﬁlc + Ozfri(m a}gm . H igrclc

| my ol EY Ofam  Ofim HY, |

Hereafter we use numerical indices x,y, z, representing the xq, yo and zg projections
of vectors, respectively. It can be seen from (2.10) that to determine any polarizability
component, it is insufficient to know the response of the inclusion to only one incident
wave. The simplest way to find the component is an illumination of the inclusion by two

(3)

incident plane waves E; - and Efﬁg (see Fig. 2.2) with the following polarization states:

Einc = UOHOXO, Hi,. = £Hpyo, (211)

in which the £ sign corresponds to waves propagating in +zg and —zg directions, respec-
tively, and Hj is the magnitude of the incident magnetic field. The inclusion is situated
in free space with the characteristic impedance 7. Here, for simplicity, we assume that
the two incident waves have equal amplitudes and phases at the location of the inclusion.
Although in inclusion it is difficult to generate two incident waves with precisely equal
phases, the problem can be solved similarly with the assumption that the waves in (2.11)

have not only different propagation directions but also different amplitudes and phases,
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meaning that this assumption is not limiting. Substituting (2.11) in (2.10), we get:

+ XX X
Px = Qe 77H0 + aer};H()?

py = alinHo + oy, Ho, (2.12)
mf = amenHo £ a3 Ho,

+ X
my = ayenHo £+ g, Ho,

where the double signs correspond to the double signs in (2.11). Next, the simple solution

of the equations with regard to the polarizability components reads:

1

0% = G 0.l = g 0~ 1),

o = 2”;0@; F97) Al = g~ 8 -
O = g (). = 5 (mf — ), |
X = 2n;0(m;+my), ¥y = 2—Ho(m;r —my).

In order to derive the other 8 polarizability components in the x, y-plane, we choose
the incidence in the form with E*) and E? as:

mc mc

Einc = noHoyo,

Hin. = £Hoxo.

(2.14)

Likewise, for these two different incident waves, electric and magnetic dipole moments
can written in according to (2.7) as:

—+ X XX
Px = aegnHO + aemHO?

—+
Py = agdnHo + agy, Ho,

_

(2.15)
my = a)genHO + O‘I)'(ri(mHO?

=+ X
my = ayenHo £+ g, Ho,

where we use notations with bars in order to distinguish the induced dipole moments for
different polarization states in (2.11) and (2.14). The double sign in (2.15) corresponds

to the double sign in (2.14). Similarly, we can derive expressions for the polarizability

components: ) .

0% = g R HPx), oG = 5 (P — P,

1 __ 1 __
Q= m(p; + Dy )s Qi = THO(P; — Dy ),
(2.16)

1 1

Xy __ (m + m—) o 7(m+ o —)

me 277H0 X X /) mm 2HO X /)
1 _ _ 1, _ _
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2.2. Calculation of all components of polarizability tensors

Thus, we have determined 16 polarizability components of the inclusion in terms of
the induced dipole moments by probing plane waves. The other 20 components one can
derive in the same way illuminating the inclusion by waves propagating along the x and
y-axes. Further, we will determine 16 components of individual polarizability tensors from

the far-zone scattered fields.

2.2.2 Calculation of all polarizabilities for electrically small inclusions

A scatterer with induced oscillating electric and magnetic multipoles radiates energy in
all directions. Here, we study the case of an electrically small inclusion (the size of the
inclusion is small compared to the wavelength of the incident waves) that allows us to
take into account only the lowest multipoles, i.e. the electric and magnetic dipoles. The
scattered far fields from an electrically small inclusion are defined by the induced dipole
moments in the form [90]:

12

—j 1
———¢ 7 nxp)xn— —nxm|,

E =
T dreor Clho

(2.17)

1
Hi. = —n x Eg,
1o

where n is the unit vector in the direction of observation, r is the distance between the
inclusion and the observation point, & = w/c is the wave number in surrounding space,
and the time-dependence /! is understood. Since it is required to find only the xq and yg
projections of the electric and magnetic dipole moments (according to (2.10) and (2.16)),
we choose the observation direction to be along +z and —z (however, this choice is not
compulsory). Taking this into account, we can rewrite the scattered electric field in (2.17)

as:

1 1
2Ese =7 |:(px + *my)XO + (py - mx)y0:| s
"o 7o
(2.18)
1 1
—zEsc = Y (px - 7my)X0 + (py + *mx)yo s
o o
T : .
where v = yP— JFT is a parameter introduced for convenience. Although these
TEQT
formulas are for the case of the incidence (2.11), similar formulas can be written also
(with notations in bars) for the incidence defined in (2.14). Combining equations (2.18),

we find formulas for calculation of electric and magnetic dipole moments:

1
p;t = 7(ZE53(E:X + —ZEs:EX)v

2y
1
p}:f: = 7(ZES:Ey + *ZEsj(::y%
2
?77 (2.19)
+ 0 + +
my = g(*ZEscy - ZEscy)?
+_To + +
my = %(ZESCX - *ZESCX)'
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2.2. Calculation of all components of polarizability tensors

At this step, we are ready to write general formulas for calculating all the polariz-
ability components in the z, y-plane. First, we consider the case when the incident fields
equal Ei,. = noHoxo, Hine = =Hoyo. Then, substituting (2.19) in (2.13), we write the
expressions for the polarizability components:

XX 1 — —
aee = 4’}/77H0 (ZES—EX + *ZES_‘;X + ZESCX + _ZESCX) )
1 _ _
azfl'};l = 47H0 (ZESJ{:X + —ZEstX - ZESCX - _ZESCX) 9
yX _ + + - -
Qe = 4")/7]H0 (Zl?scy + —ZEscy + ZEscy + —ZEscy) ’

scy sCy

1 - -
o = o (B, B By — )

X (2.20)
0 = o (B, =Bl B, =B ).

0 = o (B, 2B, — B, 4P,

0% = g (B = B+ P, = —aF)

O = g (B = By = Bl + Bl

To clarify the notation here we can use an example, _ZESJEX denotes the x( projection
of the scattered electric field in the —z-direction if the inclusion is illuminated by the
incident wave Ei,. = noHoxo, Hine = +Hoyo-

Next, we study the case when the incident fields are defined as Eine = n9Hoyo, Hine =

+Hpxg. Likewise, the expressions for the other 8 polarizability components can be found:

0 = o (B + —oBE + o, + Bk,
0% = g (B + B, — B, = ~iFi).
0 = o (B + B + B + B, )
o = T (B, + B, — B, — B, ),

(2.21)

&

X 1 ) I — —
an‘?]e = (*Z s—ty - ZEs—t_:y + *ZEscy - ZEscy> ’

SCy Zscy scy |0

s = oo (uBb, — B, — B, +4

Bt - L Et +,En — _,EL),

SCx SCx

ofx = ”00 (EL. — LES —,Eu + 4EBy).

SCx SCx SCx

It is seen from (2.20) and (2.21) that to calculate a polarizability component, both the
amplitudes and phases of the incident and scattered waves are required. This is, in fact, an

inevitable property of all scattering-based polarizability retrieval methods (e.g. [91,92]).
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2.2. Calculation of all components of polarizability tensors

Although it does not complicate the use of the method in numerical calculations, it can
imply certain difficulties for experimental measurements.

From (2.20) and (2.21) one can see that to extract one specific polarizability component
of the inclusion by this method, we need to probe (or measure) the scattered fields only
in two directions (at any arbitrary point in far-field). In order to find all 16 polarizability
components, it is sufficient to know the scattered fields in two directions and to use only
four different plane-wave illuminations.

Summarizing, we have reported a method for determination of all components of in-
dividual polarizability tensors for the electrically small inclusion with the arbitrary shape
which can be found from Eqns. (2.20) and (2.21), respectively. Basic of proposed approach
is a scattering response measured in the far-field zone and in two opposite directions with
the different polarization state of incident linearly polarized waves. This method requires
less complicated calculations and due to its simplicity can be utilized also experimentally.
Further, we will test our method for determination of well-known metallic resonators and
will address attention to the choice of more useful resonators for the synthesis of functional

off-resonance transparent metasurfaces.

2.2.3 Polarizabilities of resonant inclusions

As it was mentioned before, the definition of polarizabilities gives an important information
about the reaction of polarizable inclusion to external excitation and its EM properties.
Moreover, it helps us to chose what kind of inclusions can be preferable for the synthesis
of functional off-resonance transparent metasurfaces. First of all, we focus on the metallic
resonant inclusions, since they are more sensitive and polarizable to the excitation by
incident waves as well as are the best candidates for manipulation of reflected, transmitted,
and absorbed waves. Thus, we utilize the method for extracting polarizabilities of metallic
resonators for the synthesis of functional off-resonance metasurfaces.

As a starting point, we calculate the scattered fields (for example _,E. ) from the
resonant inclusion by full-wave numerical simulation using ANSYS HFSS based on fi-
nite element method (FEM). It is possible to calculate the scattered fields using other
approaches, e.g., based on the method of moments (MoM), finite-difference-time-domain
(FDTD) method or measure the far-fields experimentally. As it is seen from (2.13), we can
find all these components using two incident waves with the polarization states defined
by (2.11). In order to determine the electric and magnetic dipolar moments in (2.13), we
probe the fields scattered by the inclusion in the +zy and —zg directions, as it is dictated
by (2.19). Next, using the final formulas (2.20) and (2.21), we calculate the components of
polarizability tensors of resonant inclusions in the considered electromagnetic spectrum.

Based on knowledge of classical electrodynamics [25], we consider the typical metallic
resonant inclusions as electric and magnetic dipolar resonators. Typical electric and mag-
netic dipole resonators are a straight and split ring perfect conductors (lossless). Here,
we consider the only case of the main resonance where the length of resonators (L) is
equal to half resonant wavelength (L = A\¢5/2), respectively. All resonators are excited by

the incident linearly polarized plane wave at normal incidence in the microwave spectral
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Figure 2.3: (a) Illustration of electric dipole resonator and its polarizability components
in the microwave frequency band. (b) Design of magnetic dipole resonator and plots of
polarizability components versus frequencies. (c) Q-shape resonator with indicated dipolar
moments and its the main polarizabilities, respectively. (d) Design of canonical helical
resonator with the main polarizability tensor components in microwave band. Resonators
induce the electric p and magnetic m dipole moments that are indicated in the designs.
Each resonator was chosen to the excitation of the main resonance mode with the length
of about Ayes/2 with a wire diameter of 1 mm. The type of electromagnetic couplings are
indicated above the plots.

range.

Figure 2.3(a) shows an electric dipole resonator and its the electric, magnetic, electro-

magnetic and magnetoelectric axial components of polarizability tensors in the range of

2 — 4 GHz calculated based on Eqns. (2.20) and (2.21) and using numerical simulation.

As can be seen, electric resonator induces only an electric dipole moment p = o Eine
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2.2. Calculation of all components of polarizability tensors

owing to excitation of incident plane wave (Ein. = Epyo|l y-axis) at normal incidence.
The magnetic, electromagnetic and magnetoelectric polarizabilities are equal zero as it
was expected. Therefore, electric resonator interacts only with incident electric field and,
as a result, any EM couplings do not occur in half wavelength electric resonator.

Figure 2.3(b) shows a magnetic resonator or well-known as a split-ring resonator (SRR)
and its polarizability in the microwave range. The resonator is excited by incident magnetic
field. SRR possess only magnetic moment m = a3y Hiye at normal incidence of plane wave
(Hine = Hoyol| y-axis). As seen from calculated polarizabilities, the axial components of
electric, electromagnetic, and magnetoelectric polarizabilities are equal zero in accordance
with a theoretical basis. Similar to the case of the electric resonator, usually magnetic
resonator interacts with incident magnetic field and has not any EM couplings too.

Further, we can use electric and magnetic resonators for the realization of off-resonance
transparent metasurfaces. However, the using of these resonators gives us less function-
ality since each resonator operates only with electric or magnetic fields. A sequential
combination of these resonators is a bad solution since each resonator will be excited at
a certain frequency, which ultimately results in a shift in the resonance frequencies be-
tween the electric and magnetic responses. Moreover, the adjustment of electrical and
magnetic resonances to the same frequency is very difficult and requires both time and
resources to achieve a single-frequency resonant response. Therefore, we are aiming to find
electromagnetic resonators for the synthesis of off-resonance transparent metasurfaces.

One of the simple ways is to unite the electric and magnetic resonators into a sin-
gle electromagnetic resonator that must possess electric, magnetic and electromagnetic
response to external excitation. The union of straight resonator and SRR leads to the
creation of new two types of electromagnetic resonators well-known as omega-resonators
and chiral resonators. These resonators correspond to the class of reciprocal bi-anisotropic
medium [27]. Reciprocity means that the relationship between an oscillating current and
the resulting electric field is unchanged where the current is placed and where the field is
measured. Reciprocal and non-reciprocal bianisotropic media were actively investigated
in the electrodynamic community due to their EM properties and capabilities to the ex-
citation by electric and/or magnetic fields independently [87]. The most common to use
omega-type [20,93] and helix-type resonators [94,95] to create the reciprocal bianisotropic
medium with unique EM properties. Here, we determined polarizabilities of omega-type
and helix-type resonators by usage of our approach.

Figure 2.3(c) shows the design of Omega resonator ({2-resonator) and its calculated
components of polarizability tensors in the microwave range. ()-resonator is excited by
incident electric field with polarization state of Ei,. = Epyol|| y-axis, where Q-resonator
induces the electric (p|| y-axis) and magnetic (m|| z-axis) moments simultaneously. As
can be seen, only four polarizability components of (2-resonator make a significant con-

Yy

tribution to the radiation in the defined coordinate system: ags, aX

Xy yx
X 1 Olem, and oue.
Thus, Q-resonator possesses electric and magnetic couplings as well as electromagnetic
and magnetoelectric couplings or 2-coupling from the interaction with incident electric

and /or magnetic fields. Moreover, the electric and magnetic polarizabilities of resonator
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2.3. Balance of polarizabilities

become purely imaginary while the electromagnetic polarizabilities are real at the reso-
nance. It should be mentioned that metasurfaces based on Q-type resonators possessing
an advantageous EM properties have been previously reported in litherature [52,96].

Another type of electromagnetic resonator is depicted in Figure 2.3(d), where a typical
design of chiral resonator (used a canonical helix) with its polarizabilities in the microwave
frequency band were shown. Chiral resonator is excited by incident linearly polarized
plane waves with polarization state as Ei,. = Foyo|| y-axis. As seen, resonator possesses
electromagnetic and magnetoelectric couplings (chiral-coupling) in accordance with the
axial components of polarizability tensors oy, odum, 0, and ajge. In comparison with
Q-resonator, canonical helix induces the electric and magnetic dipolar moments directed
along y-axis simultaneously. Thus, metasurfaces consist of omega-type or helix-type res-
onators have different EM couplings, properties, and functionalities. As an example, chiral
metasurfaces comprising of helical resonators were reported in [71,88,97].

To the best of our knowledge, it is preferable to use the chiral resonators (in particu-
lar, smooth helices) for the realization of functional off-resonance transparent metasurfaces
since helical resonators have more functionalities and capabilities for manipulation of re-
flected and transmitted waves at the resonance. Moreover, simple geometry of smooth
helical resonator makes it as a good candidate in the fabrication process for the high
frequencies. Thus, using the theoretical approach described early and numerical simula-
tion, we have found the main components of polarizability tensors well-known metallic
dipole resonators. Calculated polarizabilities qualitatively describe the EM properties
and features each half-wavelength resonators, which can contribute to the consciousness

of off-resonance transparent metasurfaces with given functionalities.

2.3 Balance of polarizabilities

On the way to the synthesis of functional off-resonance transparent metasurfaces based
on helical resonators, it is necessary to know the conditions when metasurface does not
reflect incident plane waves away from the resonance or even at the operational resonant
frequency. In other words, it is necessary to know the condition that the impedance of the
metasurface is matched with the impedance of free space to obtain a zero reflection even
at the resonance. This condition can be easily obtained according to the Eqn. (2.2) and
require zero reflected fields (E, = 0) from metasurface. Therefore, condition for impedance
matching with free-space of metasurface (zero reflection) can be written in the following
form:
nop = Tllom' (2.22)
According to conditions (2.22), reflectionless metasurface must have and induce the
equivalent electric and magnetic dipolar moments that should possess to equivalent elec-
tromagnetic response from metasurface. This condition for balancing the induced dipole
moments both in metastructures and resonators to achieve various functionalities was de-

scribed in the works of [25,71,95]. In order to satisfy the condition (2.22), it is necessary
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2.3. Balance of polarizabilities

to the determinate dipolar moment of inclusion comprising metasurface. However, this
is a very difficult task and might be impossible, since, for example, we cannot calculate
electric and magnetic moments of inclusions directly from Eqn. (2.4) and (2.5). We have to
know the scattered electric fields from inclusion or metasurface to find all polarizabilities
for the subsequent expressions of dipole moments through these defined polarizabilities.
Therefore, it is better and easy to work in term of polarizabilities of inclusions on the basis

of which the off-resonance transparent metasurfaces will be synthesized.

2.3.1 Conditions for impedance matching of metasurfaces

In advance, we consider the metasurface with components of effective polarizability tensors
of the unit cell. Later, we will move from the effective polarizabilities @ of the unit
cell to the individual polarizabilities (@) of the resonance inclusions. The definition of
the condition for matching the impedance with free space or other words for obtaining
zero reflection from the metasurface through effective polarizabilities can be found from
Eqn. (2.7) in the following way [98]:

N0 X ee Qo T Qe Omm = 0,
o
1
XY XX A VX
NoClea + Qg T+ Qe T o Omm = 0,
(2.23)
oYX oyy | oxx o ©ooxy
N00lee — Qg — Qe T+ Omim = 0,
o
NoCga + Qg — Qe mm — 0

1o

As it was mentioned before, we choose chiral-type resonators and consider only bi-
anisotropic chiral medium. In this case, conditions (2.22) are significant simplified since
the all cross-polarizabilities of electric, meagnetic, electromagnetic, and magnetoelectric

polarizabilities are equal zero [95]:

AXY — [YX _ Xy _ SyX  __ XYy _ SyX __ XYy _ SyX
aee - aee = ®ym = Omm — O‘em - aem - ame - ame =0. (224)

Therefore, conditions (2.2) can be re-written as:

1
~xx ~
NoCee = 70‘%?1117
o
XX Yy
Qem = —Ohnies
) o (2.25)
a}elr};l = ~ e
1
~yy T oAxx
NoGee = 0 mm-*

Equations in (2.25) are conditions for the balance of effective polarizabilities for chiral
medium or conditions for the free-space impedance matching of chiral metasurface. These

conditions have been used for the realization of different functional metasurfaces in [95,
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2.3. Balance of polarizabilities

98,99]. The balance of polarizabilities denotes equality of the electric, magnetic, and
magnetoelectric coupling and response from inclusion. This leads to very strong interaction

with electromagnetic fields [100].

2.3.2 Helical resonators with balanced polarizabilities

To the best of our knowledge, different classes of bi-anisotropic inclusions (reciprocal and
non-reciprocal inclusions) were tuned to achive the balance of their individual polariz-
abilities and can be found in [89,101-103]. Here, we focus on achieving the balance of
polarizabilities of electromagnetic helical resonators, specifically a smooth conductive he-
lical resonators, since they have a simple and flexible shape that can be easily realized for
the different spectral ranges. Before synthesizing the metasurface with balanced effective
polarizabilities based on chiral elements (helical resonators), it is necessary to adjust the
helical resonators to the condition of balancing their individual polarizabilities. However,
it is easy to do since the balanced effective polarizabilities have the same form as balanced
individual polarizabilities [104].

As it was in the previous case, it is not necessary to calculate all the components of
individual polarizability tensors of the helical resonators, since only the axial components
contribute to the radiation of the electromagnetic wave. From this it follows that cross-
polarizabilities are equal to zero ((es = (e = Qo = Qom = Qe = Mine = mm = Minm =
0). Moreover, the condition holds for the helical inclusions, as it must be in accordance
with the Onsager-Casimir principle in the theory of bi-anisotropic media [105]. Thus,
the conditions for the balance of individual polarizabilities for helical inclusions have the
follows form [71,95]:

1

Ny = n*aryﬁ'm = Faly = Fne, (2.26)
0
1

770042;{3; = %axmxm = j:ai—)(r); = :Faxmxev (227)

where, for example, aX¥ or o means axial components of electric polarizability tensors

depending on the orientation (along with z-axis or y-axis) of the helical resonator in a
coordinate system. Signs “+” or “F” depend on the handedness of helical resonators but
in any case, these signs will be opposite as it follows from the principle of Onsager-Casimir.
As seen, axial individual polarizability is normalized to the impedance of free-space. As a
result, helical resonators with balanced polarizabilities have an equivalent electromagnetic
response to the excitation of the incident linearly polarized plane waves. Other words,
balances helical resonators possess independent polarization excitation.

Further, we focus on using smooth metallic helical resonators with different numbers
of turns (IVy), since a geometry of such resonators is simple and can be easily fabricated
by modern technologies. Moreover, helical resonators possess electromagnetic response to
the external excitation that makes them as a good candidate for our purposes. Then, we
are aiming to find the balance of polarizabilities appears in helical resonators by tailoring
of structural parameters. It should be noted that analytical method to define the optimal

parameters of N-turn helices can be found in literature [71].
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Figure 2.4: (a-c) Geometry of single, double, and triple-turn helices with indicated
structural parameters. (d-f) Distribution of the current density of 1,2,3-turn helices at the
resonances of 3.05, 3.11, 2.95 GHz, respectively. (g-i) Axial components of polarizability

tensors in the microwave range. The length of helices is equal to the half operational
wavelength.

Here, we use the method for determination of all components of electric, magnetic,
electromagnetic and magnetoelectric polarizability tensors described before. First of all,
we found polarizabilities of half-wavelength single-turn (1-turn), double-turn (2-turn), and
triple-turn (3-turn) helical resonators with arbitrary parameters (see Figures 2.4(a-c))
using our approach and numerical simulation. Then, by tailoring of radius (R) and pitch
(H) of 1,2,3-turn helices but with fixed diameter of the wire (D) we found the balance of
axial polarizability components in the microwave range. A material of helices was chosen
as a copper.

Figures 2.4(d-f) shows a current density distribution of 1,2,3-turn helices at the reso-
nances of 3.05, 3.11, 2.95 GHz, respectively. As seen, maximum of excitation occurs at the
central part of the helical curve and minimums exist on the arm ends. This corresponds to
the excitation of helical resonators at the main resonance, where the length of the helix is
equal to the half-wavelength resonance condition of A\,cs/2. Also, the amplitude of current
density increases with the turn numbers of helices that lead to the proportional increase
of resistive loss in metal.

Figures 2.4(g-1) shows axial components of electric (aee), magnetic (amm), electromag-
netic (em) and magnetoelectric (ame) individual polarizabilities of helical resonators in the

microwave range. By tailoring of structural parameters of 1,2,3-turn helical resonators, we
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2.4. Polarization-insensitive heliz-based metasurfaces

H,mm | R,mm | D, mm | frs, GHz
1-turn helix 11.3 7.2 1 3.05
2-turn helix 2.3 3.3 0.5 3.11
3-turn helix 0.8 2 0.4 2.95

Table 2.1: Structural parameters of helical resonators with balanced polarizabilities.

found the balance of individual polarizabilities which are satisfied to the conditions (2.26).
All structural parameters of the copper helices that have balanced polarizability compo-
nents are shown in Table 2.1. As seen, the resonance band becomes more narrow with
increasing turns of the helix that corresponds to the narrowband frequency resonant selec-
tivity. Thus, these helical resonators with balanced polarizabilities are a perfect candidate
for realization of functional off-resonance transparent metasurfaces.

It should be noted one more time that the practical implementation of considered
smooth helices in comparison, for example, canonical helices should be much easy in the
microwave frequency band and for more high frequencies too. However, further increasing
of the helical turns (even to 4-turns) leads to significant difficulties for practical fabrication

since the distance between loop wires becomes critical small.

2.4 Polarization-insensitive helix-based metasurfaces

Towards to realization of functional off-resonance metasurfaces, already we know the con-
ditions (2.25) to achieve zero reflection from metasurface and which polarizable inclusions
(smooth helical resonators) we can you use for that. Moreover, we can achieve equivalent
EM response from 1,2,3-turn helical resonators which have to be tuned to the balance
of their polarizabilities. Here, we synthesize of helix-based metasurfaces to achieve the
equivalent EM response to the linearly polarized incident waves.

As well known, macroscale metasurfaces based on helical resonators with balanced po-
larizabilities have been utilized for realization of such functionalities as circular polarization
transformation [71,97,106] and low-reflection covering [72]. Interestingly, that metasur-
faces consisting of canonical, single-turn, and double-turn helical resonators with balanced
polarizabilities were studied analytically and by numerical simulation to achieve equivalent
EM response by excitation at normal incidence already were reported in [106]. However,
proposed helix-based metasurfaces demonstrated not perfect equivalent response, since
reflection and transmission spectra were not the same by excitation at different polariza-
tion state at normal incidence. Therefore, some inaccuracy in the analytic model or in
simulation results were admitted. Here, we demonstrate absolutely polarization-invariant
electromagnetic response from metasurfaces based on 1,2,3-turn helical resonators with
balanced polarizabilities in the microwave range by usage of our approach and numerical
simulation.

Figure 2.5 shows a schematic illustration of metasurface consisting of helical resonators
which were tailored to the balance of their polarizabilities in accordance to condition (2.26)

and arranged on a periodic 2D lattice with a sub-wavelength period of p = 30 mm. Helical
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Figure 2.5: Schematic illustration of helix-based metasurface with respect to TE and
TM polarization states at normal incidence.

resonators are located in the lattice in such a way that the axis of each helix is directed in
one direction along the y-axis. The unit cell of metasurface consists of the single copper
helical resonator. Structural parameters of helices were taken from Table 2.1. Helix-based
metasurfaces are excited by the incident linearly polarized plane waves with transverse
electric (TE) and transverse magnetic (TM) polarizations, respectively.

Figure 2.6(a-c) shows numerically simulated reflection spectra of metasurfaces based
on 1,2,3-turn helices for TE and TM polarizations at normal incidence. As seen from
simulated results, 1,2,3-turn helix-based metasurfaces exhibit resonance reflection peak
over of 27% at resonant frequencies of 2.99, 2.96, and 2.98 GHz, respectively. It is clear
to see that reflection spectra exhibit absolutely polarization-invariant behavior to the
incident plane wave. Therefore, helical resonators comprising of metasurfaces exhibit the
equivalent EM response to external excitation. Moreover, helix-based metasurfaces possess
100% transparency away from the resonance frequency. In a case of single-turn helix-based
metasurface, reflection spectrum exhibits more wide resonance behavior since a volume of
the resonator is a bigger than other helices.

Thus, we synthesized off-resonance transparent metasurfaces based on 1,2,3-turn he-
lical resonators which structural parameters were tailored to achieve the balance of their
axial individual polarizabilities in accordance with condition (2.26). As a result, we demon-

strated polarization-insensitive helix-based metasurfaces in the microwave range.
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Figure 2.6: Reflection spectra of metasurfaces based on (a) 1-turn, (b) 2-turn, and (c)
3-turn helical resonators for TE and TM polarizations at normal incidence.
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2.5 Conclusions

e Simple method for determination of all components of electric, magnetic, electro-
magnetic, and magnetoelectric polarizability tensors of electrically small inclusions
with arbitrary shape has been proposed. Due to the determination of scattered
electric fields in the far-field zone and numerical simulation based on FEM we have
performed the calculation of polarizabilities for electric and magnetic resonators.
Thus, we have tested our method in accordance with well-known resonators and

their EM properties.

e Chiral helical resonators were chosen for the synthesis of functional off-resonance
transparent metasurfaces owing to their chiral bi-anisotropic coupling and EM re-
sponse to the excitation both electric and magnetic fields independently. Determi-
nation of axial components of electric (@ee ), magnetic (@mm ), electromagnetic (Xem),
and magnetoelectric (pe) individual polarizability tensors was performed for the
microwave range. As a result, helical resonator exhibits the electromagnetic behavior

by excitation of linearly polarized incident waves.

e Conditions for impedance matching or zero reflection of chiral-based metasurfaces
with free-space was reported. Thus, helical resonators can be used for the realization

of metasurfaces which can exhibit zero reflection even at the resonance.

e Structural parameters of helical resonators with different numbers of turns (single,
double, and triple) were tailored to their balance of polarizabilities in accordance with
conditions (2.26) or (2.27). Helical resonators possessing the balance of polarizabili-
ties must have equivalent EM response and balance of inducing (see Eqn. (2.22)) to

the external excitation by EM waves.

e Using numerical simulation, we have shown that metasurfaces based on 1,2,3-turn he-
lical resonators with balanced polarizabilities exhibit absolutely polarization-insensitive
EM response in the range of 2.5-3.5 GHz to excitation of the incident linearly polar-

ized wave with TE and TM polarizations, respectively.
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Chapter 3

Functionalities of helix-based

metasurfaces

The analytical approach for determination of proper arrangement of metallic helical res-
onators in a 2D periodic lattice with balanced polarizabilities to create the off-resonance
transparent metasurfaces depending on desired functionalities has been reported (Sec-
tion 3.1). If the proper arrangement of helical resonators in a 2D array is known, it
allows us to create functional metasurfaces with advantageous EM properties. Using our
approach and numerical simulation, off-resonance transparent linearly polarized rotators
(co-reflector and cross-reflector) based on double-turn helices for reflected waves in the
microwave range have been synthesized (Section 3.2). Similar to the previous case, off-
resonance transparent helix-based rotators for transmitted waves (co-transmit and cross-
transmit) in the microwave range were reported (Section 3.3). Following the conditions
for total absorption of EM waves in metasurfaces, reflectionless perfect absorbers based
on double-turn helices have been demonstrated using numerical simulation (Section 3.4).
By combining of the proposed off-resonance transparent rotators and perfect absorbers,
multifunctional multifrequency helix-based cascaded metamaterial was synthesized and

tested by numerical simulation (Section 3.5).

3.1 The arrangement of helical resonators in metasurface

Before, off-resonance transparent metasurfaces comprising of 1,2,3-turn helical resonators
with tailored structural parameters to the balance of individual polarizabilities have been
reported. As a result, helix-based metasurfaces exhibit the equivalent EM response to
the excitation by linearly polarized plane waves at normal incidence. In other words,
EM properties of proposed helix-based metasurfaces do not depend on the polarization
orientation of the incident linearly polarized plane waves. This property is very useful
and is one of the advantages of helix-based metasurfaces in comparison with polarization-
sensitive metasurfaces. However, the realization of off-resonance transparent metasurfaces
with great functionalities which, for example, would be capable of manipulation of ampli-
tude, polarization, phase, wavefront shaping, and anomalous refraction for reflected and
transmitted waves is more advantageous and useful. Nevertheless, there is a problem with
the proper arrangement of polarizable inclusions in periodic lattice arises in the way of
synthesizing metasurfaces with desired functionalities. Here, we will show an analytical
method for determination of required arrangement of helical resonators in 2D periodic
lattice depending on the desired functionalities. Next, we will synthesize the off-resonance

transparent metasurfaces based on double-turn metallic helices with balanced polariz-
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3.1. The arrangement of helical resonators in metasurface
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Figure 3.1: A schematic illustration of functional helix-based metasurface. By exci-
tation of incident linearly y-polarized plane waves, functionalities of metasurface cor-
respond to polarization transformations of reflected and transmitted waves to co- and
cross-polarizations, respectively.

abilities by usage of proposed analytical approach and numerical simulation. We focus
on achievement such functionalities as the rotation of polarization plane for reflected and
transmitted waves (see Figure 3.1) as well as to obtain a total absorption in the microwave
range.

First of all, we are aiming to find the analytical approach for determination of proper
arrangement of helical resonators in 2D periodic lattice depending on their desired prop-
erties. To the best of our knowledge, several works have paid attention to the problem of
the location of resonant inclusions in the lattice using fundamental principles of dipole-
dipole interactions in the electrostatic regime [107-109]. Coupling effects in metamaterials
between resonant inclusions comprising of them play a dominant role for the desired EM
properties. Due to the fact that the size of the unit cells of metasurfaces is much smaller
than the operating wavelength, it leads to strong interaction between the neighboring
inclusions in the unit cells [110-113]. As a result, functionalities of metasurfaces can be
changed substantially in comparison with their individual properties of the resonant inclu-
sions [111,113]. This case is in analogy to solid state physics, where the electronic prop-
erties of solids can dramatically different from those of individual atoms [114]. Summing
up it should be noted, that the understanding of the fundamental coupling mechanisms
between resonant inclusions as well as their arrangement will provide significant insight
into designing and optimizing metasurfaces with desirable EM properties.

As a starting point, we consider a case of scattering electric far-fields in backward
(+2Esc) and forward (_,Es.) directions from electrically thin chiral metasurface that is
given in Figure 3.1. Infinite metasurface in xy-plane consists of helical resonators (for
example, double-turn helices) which are arbitrarily located in the unit cell that have
electrically small size in comparison to the incident wavelength. It allows to take into
account only the lowest multipoles, i.e. the electric and magnetic dipoles. Total scattered

fields in far-field from an electrically small polarizable inclusions are defined by the induced
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3.1. The arrangement of helical resonators in metasurface

dipole moments in the form [90]. The scattered electric field from metasurface in backward

direction (n = zg) can be expressed as:

E K2 it LI (3.1)
Ese = e — —zpxXm ]|, .
+zHisc Areqr | & 0 0
and in forward direction (n = —zg):
k2 1
o Ege = p— e I <p — —m X Z()) . (3.2)
TEQT o

As folows from Eqns. (2.4) and (2.5), induced electric and magnetic dipole moments can
be expressed through electric (gee), magnetic (gmm), electromagnetic (gem), and magneto-
electric (éme) effective polarizability tensors of bi-anisotropic polarizable inclusion (helical
resonators). Similar equations are derived for the uniaxial symmetry that allows only
isotropic response and rotation around the z-axis, therefore, all polarizability components
in (2.3) can be expressed in terms of co and cross definitions respect to the polarization
plane of incident wave [104]. In general case, effective polarizabilities are given in Egs. (2.3)

have the new forms:

— ACO: Acr: = __ co 7 ~cr T
ee — eeIt _I_ aee‘]t7 amm - ammlt + amm‘]t

__~CcoT ~Cr T = _ ~coT ~Cr T
em — aemIt + aem‘]t7 ame - ameIt + ameth

)

(3.3)

)

where indexes co and cr are referred to the symmetric and antisymmetric parts of the
corresponding dyadic, respectively. Tensor i - 71— zozo and i = 7y X i are the
transverse unit dyadic and the vector-product operator, respectively. Polarizabilities with
co-polarized components in new designations can be easily expressed through old one as
follows: B

agels = Ggaxoxo + A yoyo,

ago T = a5sxoxo + A¥y0yo,
0= R (3.4)

Omelt = QeX0X0 + 033y 0Y0,

~co

= XX o~
ammlt - ammXOXO + O‘?ngOYOa

and cross-components are

~Cr' T _ AX ~yx
CYee‘]t - aegXOYO + aZe YoXo,

~

Cr 7 __ X AYX
aem']t - aer};XOYO + agmy0X07

et = OeX0Y0 + QoY 0Xo,

~Cr 7 X SYX
amm‘]t = arngOyO + aﬁlmyOXU

As it was mentioned before, we consider bi-anisotropic chiral metasurfaces for which
all cross-components of polarizability tensors are equal to zero [95]. Therefore, only co-

components contribute to the radiation from chiral metasurfaces consisting of helical res-
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3.1. The arrangement of helical resonators in metasurface

onators [96]. That leads to the simplification of expressions (3.4) and (3.5) and can be

re-written as follows:

= _ ~co = _ ~co

aee - eeIt7 O[IIHII - amm‘[t

= g7 = g7 (3.6)
aem - aem t ame - ame t

Next, helix-based metasurface is illuminated by a normally incident plane waves prop-
agating along the —zg direction as shown in Figure 3.1 with the following polarization
states:

Einc = Eoyo, Hine = @Xo- (3.7)
7o
By substituting (3.6) and (3.7) into (2.4) and (2.5), the induced electric and magnetic

moments in metasurface can be expressed as follows:

. —co B
P = 0o Foyo + @E&TTOXO,
0 (3.8)

Ey
“~CO “~CO
m = o, Eoyo + amm%xo.

where Fjy is the amplitude of incident electric field. However, it is better to work in term of
individual polarizabilities since the method for determination them was described. Thus,
effective polarizabilities of unit cell can be expressed in terms of individual polarizabilities
of the resonators though interaction constants in the following way [104]:

CcO CcO
Q «
“~CO ee “~~CO mm
ale=—=—, Qo = ——2—, (3.9)

- = 9 - =
1- Beagg 1- Bma%(l)m

where explicit analytical expressions for the interaction constants can be found in [115]:

5 (p[dem (; - LN —awr] [ R mow] T
= o 2: . a
/BB_UOIBH’[7 R_ 1438

In accordance to the conditions for impedance matching (2.25), co-polarized compo-

nents of effective polarizability tensors can be written in the following way:

“~~CO

ae,, a® =-—a®. (3.11)

ee

3
S| F

Thus, by substituting (3.11) in (3.9), conditions for impedance matching of metasurface

through the individual polarizabilities of helical resonators we can express as follows:

co __ 1 Cco co __ co (312)

e = 720[1111117 Oem = e
0
where individual polarizabilities of helical resonators satisfy to the balance of their co-
polarizabilities and have identical symmetry properties as effective co-polarizabilities of
the unit cell in metasurface.

Follows to above, metasurface consisting of helical resonators with balanced co-polarizabilities
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3.1. The arrangement of helical resonators in metasurface

is excited by linearly y-polarized incident wave and induces the equivalent electric and mag-
netic moments simultaneously. These dipole moments can oscillate only in the direction
of the helix axis. However, regardless of the helices arrangement in the unit cell, each
helix will be excited only one of the electric (Ej,c) or magnetic (Hj,.) components of the
incident plane wave, respectively. Therefore, helices arranged along the y-axis (helix axis
is directed along the y-axis) will be excited only by the electric field, while helices arranged
along the z-axis will be excited by the magnetic field, respectively. Consequently, induced

electric and magnetic moments of helices arranged helices along z-axis have the next form:

E
Px = aggnJX07 my = aﬁ?m—oxo, (3.13)
U
and for helices arranged along the y-axis
Py = e Eoyo, my = apy Eoyo. (3.14)

Next, it is necessary to find polarizabilities of the helical resonators. Here, we do not
use our method for determination of polarizabilities since it requires to use numerical sim-
ulation. We would like to find the arrangement of helical resonators purely analytically. In
this case, we can use the special approach for determination of individual polarizabilities
only for canonical helical resonators (see Figure 2.3(d)) which was given in literature [95].
Using this approach, we defined the analytical expressions for determination of polariz-

abilities for smooth helical resonators. It can be assumed in the following form:

COZE. i a® = — 2 j(.dS}%
ee jw Zh’ mm Ho Zh ’
L SL
Oégg.l = FHo - 7}17 Oél?r(lje = :l::uo : Z7 (315)
2R A R?
L= Ny, Sp=—5—Np,
CoS cos?

where L is the total length of the helix, S is the occupied area, R is the radius of the helix,
Ny, is the number of turns, ¢ is the pitch angle, and Zj, is impedance of the helix. The
plus-minus sign corresponds to right-handed and left-handed helices, respectively. Next,

we introduce a new parameter « for the simplicity of decision:

Then, co- and cross-polarizabilities of helices can be expressed thought « in the fol-

lowing way:

o _ L? - _ i
o JwpoShL no’
.9

co __ co _
Qe = T,  Qgp, = Fau
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3.1. The arrangement of helical resonators in metasurface

At polarization state: Eine = FoXo, Hine = —Eo/m0Y0
Backscattering Handedness | Orientation

+E%, = {(ix0 + yo) right-handed | horizontally
+-Ed, = ((—jx0 —yo) | right-handed | vertically
B, = ((jx0 — yo) left-handed | horizontally
+-El, = ((—jx0 +yo) | left-handed | vertically

At polarization state: Ei,. = Eoyo, Hine = Eo/m0X0
Backscattering Handedness | Orientation

+:E%, = ((—x%0 + jyo) | right-handed | horizontally
ZEg’CG = C(

;(C7 = C(
S (

Eies = ((—%x0 — jyo) | left-handed | vertically

X0 — J¥o) right-handed | vertically
X0 + jyo) left-handed | horizontally

_l’_
+zE
+.E

Table 3.1: Backward scattering fields for left- and right-handed helices oriented horizon-
tally or vertically in the unit cell of metasurface.

As a result, electric and magnetic moments in (3.13) and (3.14) can be re-written to
the simple form as:
Eqo :
Px = Fa—Xp, My = —OéjEOXO,
o (3.18)
. Ey
Py = —aj; Yo, My = TaFoyo.

Further, we can define the total scattered fields in backward and forward directions
from metasurfaces consisting of helical resonators that are arranged along z-axis (horizon-
tally) and y-axis (vertically), respectively. For example, scattered fields in the backward
direction (4.EX) from right-handed helices arranged vertically in the unit cell can be
found as:

k2 i EO ,E() aEO .
+.EX = yr— Jkr (axo —aj—yo | =v7— (X0 — jyo) - (3.19)
meoT 7o U 1o
For simplicity and clarity, we rename the parameter of yaFEy/ny to ¢, so that the

equation (3.19) is re-written in the following form:

+- Bl = ((x0 — jyo)- (3.20)

Thus, total reflected fields (1,E' = ,EL) from metasurface consisting of helical
resonators arranged only along y-axis will be expressed by the equation (3.20). Using
the same way, we can define the backward and forward scattered fields depending on
the orientation of helices in the unit cell of metasurface and as a result, reflected and
transmitted fields. Table 3.1 shows scattered fields in the backward direction respect to the
incident polarization states for right-/left-handed helical resonators and their orientations
in the unit cell of metasurface.

In order to find scattered fields in the forward direction, it is necessary to substitute
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3.1. The arrangement of helical resonators in metasurface
At polarization state: Eine = FoXo, Hine = —Eo/m0Y0
Forward scattering Handedness | Orientation
—.E}., = ((—jx0 + yo) | right-handed | horizontally
_.El, = ((—jx%0 +yo) | right-handed | vertically
B, = ((—jx0 —yo) | left-handed | horizontally
_Ed, = ((—jx0 —yo) | left-handed | vertically

At polarization state: E

inc = Eoyo, Hine = Eo/10X0

Forward scattering Handedness | Orientation

sz;(% = ((x0 — J¥yo) right-handed | horizontally
El, = ¢(x0 — jyo) right-handed | vertically
EX.. = ((—x0 — jyo) | left-handed | horizontally

,ZEgCS = ((—x0 — jyo) | left-handed | vertically

Table 3.2: The forward scattering fields for left- and right-handed helices oriented hori-
zontally or vertically in the unit cell of metasurface.

the equation (3.18) in (3.2) and express the total field (_,Ef%). For example, forward
scattered field (—

only along y-axis (vertically) can be expressed as:

.Ei) from metasurface consist of right-handed helices that are arranged

—zEgc = (XO - ij) . (321)

In the similar way, forward scattered fields for right- and left-handed helical resonators
and taking into account their orientations in the unit cell were summarized in Table 3.2.
Total backward or forward scattering fields are a sum of all components of scattered fields
in backward and forward directions, respectively. Therefore, total backward scattered
field 4,

onators with balanced polarizabilities which are oriented vertically and horizontally can

Elotal from the unit cell consisting of right-handed and left-handed helical res-

be expressed as follows:

LB = ¢ (—x0 + jyo + X0 — jyo + Xo + jyo — Xo — j¥yo) = 0, (3.22)
and in the forward direction
LBl = ¢ (xg — jyo + X0 — jyo — X0 — j¥0 — X0 — jy0) = —4j(¥o. (3.23)

On the basis of the foregoing, the reflected and transmitted fields from metasurface
can be found in the next way:

E, = . FEll (3.24)

Et = Einc + —zEggtaly (325)
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3.2.  Linearly polarized rotators for reflected waves

or through a total backscattering
E, = 1, B2, (3.26)

E; = Eipe — 4, B0, (3.27)

Therefore, reflected and transmitted fields from metasurface consists of right- and left-

handed helices oriented in xy-plane horizontally and vertically, respectively, expressed as:

E, =0, (3.28)

E; = Einc — 4jCyo = Eoyo (1 - 4]7770) = —337%]50}’0- (3.29)

As a result, such arrangement of helices in the unit cell of metasurface gives us a zero
reflection and co-polarized unit transmission at the resonance. Therefore, we can obtain
polarization control in reflection and transmission regimes by choosing the orientation of
helices in metasurface. In a similar way, we can define a proper arrangement of helical

resonators in the unit cell of metasurface to achieve desired functionalities.

3.2 Linearly polarized rotators for reflected waves

One of the remarkable functionalities that can be realized due to chiral metasurfaces is the
rotation by a fixed angle of the polarization plane of reflected or transmitted waves [116].
Some examples of co-polarized rotators based on omega-type bi-anisotropic resonators
for the realization of metamirror devices or wavefront shaping metasurfaces in the reflec-
tion regime have been reported in references [52,117,118]. Also, non-transparent cross-
polarized rotators or so-called reflectors based on the three-layer design for THz spectral
range [116,119] and GHz range [120,121] which might have potential applications in com-
munications as polarizer devices have been reported. Here, due to analytical approach
for determination of required arrangement and numerical simulation, we synthesized off-
resonance transparent co-polarized and cross-polarized rotators based on double-turn he-
lical resonators with tailoring structural parameter (see Table 2.1) to the balance of their
axial polarizabilities which work for reflected waves in the microwave range. In future,
these functional helix-based metasurfaces can be used for manipulation of wavefront shap-

ing and anomalous refraction.

3.2.1 Co-polarized reflector

Here, we are aiming to synthesize the helix-based co-polarized rotator for reflected waves
or so-called co-polarized reflector in the microwave range. This reflector is a structure that,
when illuminated with a linearly polarized incident wave, produces zero transmission and
does not rotate the polarization plane in the reflected wave (see Figure 3.1). As well known,
when a linearly polarized plane wave is reflected from an ideal mirror, the phase of the

reflected wave changes by m while retaining its polarization and amplitude. In this case,
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3.2.  Linearly polarized rotators for reflected waves

the phase of the wave will equal to zero while maintaining the polarization and amplitude

of the reflected wave. These properties can be expressed by the following equations:

E, = AEyxo,
Einc = Eoxo = (3.30)
E; =0.
E, = AEOy07
Einc = Eoyo = ' (331)
Et = 07
where A is any complex number (in case of a lossless in metasurface is |A| = 1). In

accordance with expressions in Table 3.1 and 3.2, we can satisfy the conditions for co-

polarized reflection (3.30) and (3.31) in the next combination of helices in the unit cell:

— — y y
E, = +zE§c1 + +ZE§C3 = +2Bsc, + 42Ese, =

27(x9 = AEyXo,
Einc = Eoxo = gxo 070 (332)
E; = Ej,¢ + (—zEx + - E§ ) =

sc1 sc3

Einc + (—ZEg’CQ + —ZEgC4) = Foxg — QjCXO =0.

E, = +ZE§C5 + +ZE§C7 = +ZE¥C6 + +2Eg08 =

2j¢yo = AEoyo,
Einc = Eoyo = (3.33)

Et = Einc + (—ZEX + —ZEX ) =

scs scy

Einc + (7ZEgC6 + 7ZEZC8) = E0y0 - QjCYO = 07

efjkr

SL
where complex number A =v-a-ng = -MOZ— -no and its module | A| has to be
h

equal one. Therefore, in order to obtairi1 72(63?17;0123u1rizezd reflection with phase equal zero it is
necessary to arrange the right-handed and left-handed helices in unit cell only vertically or
horizontally respectively in xy-plane of metasurface in accordance with conditions (3.32)
or (3.33).

To verify this assumption, we use a numerical simulation based on FEM. In particu-
lar case, double-turn helices with balanced polarizabilities and pre-calculated structural
parameters (H = 2.3 mm, R = 3.3 mm, and D = 0.5 mm) have been taken from Ta-
ble 2.1 and used as polarizable resonators. Figures 3.2(a-c) show required arrangements of
double-turn helical resonators in the unit cell of metasurfaces to obtain the co-polarized re-
flection at the resonance in the microwave range of 2.5-3.5 GHz. Metasurfaces are excited
by incident linearly polarized waves propagating along the z-axis at normal incidence.
Helical resonators consist of copper right-handed (RH) and left-handed (LH) double-turn
helices which are embedded halfway into a styrofoam with a thickness of 10 mm. As
seen from Figure 3.2(a), unit cell of co-polarized reflector consists of two helices arranged
along or parallel z-axis (it means towards along the helix axis) with period of 32 mm.
The interelement distance between helices in the z-direction is equal to half of the period.

Figure 3.2(b) shows the unit cell of co-polarized reflector where helices are arranged more
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3.2.  Linearly polarized rotators for reflected waves
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Figure 3.2: (a-c) Unit cell designs of co-polarized reflector based on copper right-handed
(blue color) and left-handed (red color) double-turn helical resonators which are halfway
embedded into the styrofoam for mechanical support. (d-f) Simulated reflection, trans-
mission, and absorption spectra with respectively polarization states at normal incidence.
Top view of the unit cell is depicted in the insert of each figure. (g-i) Phases of co-polarized
reflection (Rc,) for the different arrangement of helices in the metasurface.

symmetrically in compare with previous case. The unit cell comprises of two RH and two
LH double-turn helices arranged parallel z-axis with a period of 20 mm. In this case,
we expect to achieve absolutely independent response from metasurface to the incident
linearly polarized waves. In addition, another case of symmetric arrangement of helical
resonators in the unit cell to achieve co-polarized reflection is depicted in Figures 3.2(c).
Similarly to the previous, the unit cell consists of two RH and two LH helices which are
rotated by 45° in the xy-plane relatively to the previous position (see Figure 3.2(b)). The
period of metasurface is optimized by numerical simulation and equal of 16.6 mm.

In the process of simulation, the linearly polarized plane wave propagating along —z-
direction is normally incident onto the unit cell. It should be noted that the result does
not depend on the propagation of the wave along the +z-axis due to consideration of the
reciprocal medium. Periodic boundaries are set at xz- and y-sides while Floquet modes as
source are set at +z-sides. Fundamentally, Floquet modes are plane waves with propa-
gation direction set by the frequency and geometry of the periodic structure. Numerical
simulation is carried out to investigate the polarization transformation behavior. Thus,

the co-polarized reflection (Rco), transmission (Tc,) and cross-polarized reflection (Re;),
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3.2.  Linearly polarized rotators for reflected waves

transmission (7¢;) coefficients would be studied. In conventional terms, reflection (R),

transmission (7") and absorption (A) can be expressed as:

R = Rco + Rcu
T =T+ Ter, (3.34)
A= 1*Rco*Rcr*Tco*Tcr-

As a result, Figures 3.2(d-f) show simulated reflection, transmission and absorption
spectra with respectively polarization states in the range of 2.5 — 3.5 GHz. As seen
from Figure 3.2(d), co-polarized reflection peak reaches value of 0.85 at the resonance of
3.09 GHz, while the co-polarized transmission drops to zero. The cross-polarized reflection
and transmission are equal to zero. Helix-based co-polarized reflector is fully transparent
away from the resonance band as expected. However, relatively high absorption peak
(A = 0.14) can be seen for resonant copper helices with a low resistance lossy (skin
depth is about 1.1903 pm). It comes from the strong electromagnetic coupling between
two helices, that leads to increasing of surface current density in each helical conductive
wire and, as a consequence, to increasing of the absorption properties in the metasurface.
Nevertheless, we obtained the co-polarized reflection at the resonant frequency from helix-
based metasurface in the microwave range.

Figure 3.2(e) shows reflectance, transmittance, and absorbance at co and cross polar-
izations at normal incidence for symmetric arrangement of double-turn helices. As seen,
co-reflectance reaches a peak value of 0.97 at the resonant frequency of 3.01 GHz. The
absorption spectrum does not exceed of 0.03 in the entire frequency range. However, meta-
surface exhibits a low transparency for the higher frequencies what is undesirable for such
symmetry arranged helix-based structure. To avoid this drawback, another symmetric ar-
rangement of helical resonators in the unit cell can be used (see Figure 3.2(c)). Simulated
R, T, A spectra with relatively polarization state of helix-based co-polarized reflector are
shown in Figure 3.2(f). As seen, metasurface exhibits co-polarized reflection of 0.98 at
the resonance of 2.95 GHz with absorption about 0.014. As expected, metasurface has
the symmetric reflectance, transmittance, and absorption spectra even at higher frequen-
cies. Moreover, highly efficient helix-based co-polarized reflector is fully transparent in the
off-resonance band.

As was mentioned before, co-polarized reflector should possess a zero phase of reflec-
tion at the operational frequency in comparison with perfect reflector (phase of reflected
waves is equal to 180°). This is one of the main difference between our design and perfect
reflector. Using numerical simulation, phases of co-polarized reflected waves were calcu-
lated as an angle (phase) of a complex amplitude of co-polarized reflection (cang[Fco))
with cutting value by +180. Figures 3.2(g-i) show simulated phases of co-polarized re-
flection of designed helix-based metasurfaces in the range of 2.5 — 3.5 GHz. As seen from
Figures 3.2(g) and (h), the phases of a co-polarized reflected waves are equal to —6.6° and
—22.1° at the resonances of 3.09 GHz and 3.01 GHz, respectively. The obtained phases

do not strictly equal to zero but close to it. Nevertheless, reflected waves do not strongly
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3.2.  Linearly polarized rotators for reflected waves

change the polarization state respects to their incident linearly polarized wave that is sat-
isfied to the conditions of (3.30) or (3.31). Figure 3.2(i) demonstrates R, phase for the
last design of co-polarized reflector. In this case, the phase is equal to —114.8° at the res-
onant frequency of 2.95 GHz. Obtained result is strongly different from the previous two
designs and still under investigation. However, this does not disrupt the performance of
helix-based co-polarized reflector but the phase should take under consideration carefully.

Thus, all proposed co-polarized reflectors based on copper RH and LH double-turn
helices with balanced polarizabilities exhibit off-resonance transparency in the microwave
range. In future, this advantage can be used to create a multilayer structure with different
resonant frequencies to obtain a broadband response or combine with other functional

metasurfaces.

3.2.2 Cross-polarized reflector

Cross-polarizer reflector rotates polarization plane by 90° of reflected wave respect to
illuminated linearly polarized plane wave that exhibits zero transmission at the resonance.
As was mentioned before, 90° polarization reflectors based on three-layer structures were
actively investigated in various spectral ranges [116,119-123]. Here, we are aiming to
synthesize single-layer cross-polarized reflectors consisting of copper double-turn helices for
microwave range. Using our approach and numerical simulation, required arrangements of
helical resonators in the unit cell of metasurface to achieve pure cross-polarized reflection
have been defined. These properties must be satisfied to conditions of cross-polarized

transformation for the reflected waves as follows:

E, = + AE,yo,

Eine = Eoxo = { 0yo (3.35)
Et = O
Er = :i:AE()X[),

Einc = E0y0 = (336)
E; =0.

Following a conventional method, arrangement of helices in unit cell of metasurface
can be found from Table 3.1 and 3.2 taking into account requirements (3.35) or (3.36) in

the next way:

Er = +ZE§C1 + +ZEgC4 = +zEgc2 + +zE§C3 =

+2(yo = +AEoyo,
Einc = Eoxo = o 0Yo (3.37)
Et = Einc + (—ZEX + —ZEgC4) =

scy

Einc + (7ZEgC2 + _E ) = FEyxg — QjCXO = 0.

scs
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Figure 3.3: (a-c) Unit cell designs of cross-polarized reflector based on copper RH and
LH double-turn helical resonators which are halfway embedded into the styrofoam. (d-f)
Simulated reflection, transmission, and absorption spectra with respectively polarization
states at normal incidence. Top view of the unit cell is depicted in the insert of each figure.
(g-1) Phases of cross-polarized reflection (R,) for the different arrangement of helices in
the metasurface.

(
E, = +ZE)S(C5 + +ZE§C8 = +ZEZC6 + +ZE§C7 =

:|:2CXO = :EAE()X(),

Einc = Eoyo = y (3.38)
Et = Einc + ( E§C5 + —zEscs) =

\Einc + (=B + —-E%.,) = Eoyo — 2jCyo = 0.

Figures 3.3(a-c) show required arrangements of double-turn helical resonators in the
unit cell of metasurfaces to achieve the cross-polarized reflection at the resonance. Meta-
surfaces are excited by incident linearly polarized waves propagating along the z-axis at
normal incidence. Helical resonators with balanced polarizabilities consist of copper RH
and LH double-turn helices which are embedded halfway into a styrofoam with a thick-
ness of 10 mm. Figure 3.3(a) shows the unit cell of cross-polarized reflector design. As
follows from equations (3.37) or (3.38), cross-polarized reflection from metasurface can be
obtained by arranging of one RH helix vertically and LH another one horizontally in the
unit cell. Using numerical simulation, design were found in accordance with the analytical

approach where period of structure was optimized and equal to 28 mm. The inter-element
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3.2.  Linearly polarized rotators for reflected waves

distance between helices in the z-direction is equal to half of the period. Figure 3.3(b)
shows the unit cell of cross-polarized reflector where helices are arranged more symmet-
rically in the metasurface in comparison with previous case. The unit cell comprises of
two RH and two LH double-turn helices arranged parallel z- and y-axes with a period of
18 mm. In this case, helix-based metasurface have to possess independent EM response
to the incident linearly polarized waves. Follows to similar case with co-polarized reflec-
tor, another symmetric arrangement of helical resonators in the unit cell was proposed
and depicted in Figure 3.3(c). Reciprocally, the unit cell consists of two RH and two LH
helices which are rotated by 45° in the xy-plane relatively to the previous position with
optimized period of 18 mm.

Figures 3.3(d-f) show simulated reflection, transmission and absorption spectra with
respectively polarization states at normal incidence in the range of 2.5 — 3.5 GHz. As seen
from Figure 3.3(d), cross-polarized reflection peak reaches value of 0.84 at the resonance of
3.09 GHz, while the co-polarized transmission drops to zero. The co-polarized reflection
and cross-polarized transmission are close to zero in the entire spectrum range. The
absorption peak of 0.11 can be seen at the resonance due to the weak lossy in the copper
and strong EM coupling between two helices. As expected, helix-based cross-polarized
reflector is fully transparent away from the resonance band. Figure 3.3(e) demonstrates
R, T, A spectra at co and cross polarizations of symmetrically arranged double-turn
helices in the unit cell, respectively. As can be seen, cross-polarized reflection reaches a
peak value of 0.96 at the resonant frequency of 3.01 GHz. The absorption peak is equal to
0.02 at the resonance, while the reflection spectrum at co-polarization does not exceed of
0.04 in the entire range. Figure 3.3(f) shows simulated R¢o, Rer, Teo, Tor, and A spectra of
the last design with symmetric arrangement of helices in the cross-polarized reflector. This
metasurface exhibits cross-polarized reflection of 0.87 at the resonance of 3.06 GHz and
absorption about 0.02 at 3.03 GHz. The absorption peak does not correspond to the main
resonance due to increasing of cross-polarized transmission till 0.1 at the same resonant
frequency that leads to appear some additional currents in the double turn helices. Also,
falling of co-polarized transmission at higher frequencies can be seen (an objectionable
behavior).

Helix-based cross-polarized reflector should possess a 90° phase for cross-polarized
reflection at the resonance. Figures 3.3(g-i) show simulated phases for cross-polarized
reflection of designed helix-based metasurfaces in the range of 2.5 —3.5 GHz. As seen from
Figures 3.3(g) and (h), the phases of cross-polarized reflected waves are equal to 86.5° and
83.3° at the resonances of 3.09 GHz and 3.01 GHz, respectively. The calculated phases
are close the expected value and confirms the effectiveness of cross-reflectors. Figure 3.3(i)
demonstrates R, phase for the last design of cross-polarized reflector. In this case, the
phase is equal to —197.4° at the resonant frequency of 2.95 GHz. Obtained result is
strongly different from the previous two designs and still under consideration.

In conclusion, using our approach for determination of proper arrangement of heli-
cal resonators depending on their functionalities and numerical simulation, off-resonance

transparent helix-based cross-polarized reflectors have been designed. These metasurfaces
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comprising of RH and LH double-turn helices demonstrate good efficiency (R, > 0.84) at

the resonance for 90° rotation of reflected linearly polarized waves in the microwave range.

3.3 Linearly polarized rotators for transmitted waves

The manipulation of polarization state and phase for transmitted waves leads to the novel
functionalities. Similar to the previous case described in Section 3.2, it is possible to
synthesize helix-based co-polarized and cross-polarized rotators at transmission regime
or so-called co-/cross-transmits in the microwave range. Several example of co-polarized
rotators have been proposed for realization of transmitarrays with anomalous refractive
index [124-126], metalens [51,127,128], and wavefront shaping devices for transmitted
waves [116,129,130]. A brief review of cross-polarized transmits or so called twist polar-
izers will be described in Section 4.1. Here, using analytical approach for determination
of required arrangement and numerical simulation based on FEM, we synthesized off-
resonance transparent co-polarized and cross-polarized transmits based on double-turn
helical resonators with taken the structural parameter from Table 2.1 and which have the
balanced of polarizabilities to achieve co-polarized and cross-polarized transmission prop-
erties in the microwave range. In future, these functional helix-based metasurfaces can be

used for manipulation of wavefront shaping and anomalous refraction.

3.3.1 Co-polarized transmit

Co-polarized rotator or transmit is a device that allows maintaining the same linear po-
larization with a unit transmission relative to the polarization of incident waves. Usually,
the phase of transmitted waves is equal to 180°. Especially, co-transmits with unit cells
tailoring to different phases of transmitted waves can represent as transmitarrays for ma-
nipulation of wavefront shaping and anomalous refraction [130]. Here, we consider a simple
way to define a proper arrangements of helical resonators with balanced polarizabilities
to synthesize co-polarized transmits. Towards to the synthesis of co-polarized transmit

designs, it is necessary to satisfy the next conditions:

E, = 0,

Ein. = Eyxg = (339)
Et = —AE()X(].
E, =0,

Ei.. = E(]y() = (340)
E; = —AEpyo.

In accordance with data in Table 3.1 and 3.2 and taking into account requirements
(3.39) or (3.40), the required arrangement of helical resonators in the unit cell of meta-

surface can be found. The combination of helical resonators in the unit cell to achieve
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Figure 3.4: (a-c) Unit cell designs of co-polarized transmit based on copper RH and
LH double-turn helical resonators which are halfway embedded into the styrofoam. (d-f)
Simulated reflection, transmission, and absorption spectra with respectively polarization
states at normal incidence. Top view of the unit cell is depicted in the insert of each figure.
(g-1) Phases of co-polarized transmission (7¢,) for the different arrangement of helices in
the metasurface.

co-polarized transmission is expressed as follows:

E, = +zE§c1 + +zEg62 + +ZE§C3 + +ZEZC4 =0,
Einc = EOXO = Et = Einc + (szX + 7ZEgC2 + 7zEX + —zEgC4) = (341)

sc1 sc3

\—3]'CXO = —AE(]X().

.
Er = +ZE§C5 + +zEg06 + +zE§C7 + +zEgCg = 07

Eine = Eoyo = E¢ = Einc + (—zE§C5 + —zEgcs + —zE§C7 + —zEg]CS) = (3'42)

—3jCyo = —AEoyo.

As follows from equations (3.41) or (3.42), metasurface consists of RH helical resonators
arranged in xy-plane vertically and horizontally, and also the similar case for LH helices
should produce a co-polarization transmission. Meanwhile, metasurface should possess
reflectionless behavior in the entire operational range.

Figures 3.4(a-c) show the unit cells of co-polarized transmit designs with different

proper arrangements of helical resonators. Their reflection, transmission, and absorption
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3.3.  Linearly polarized rotators for transmitted waves

spectra with relative co-/cross-polarizations at normal incidence are given in Figures 3.4(d-
f). The first design of helix-based metasurface represents the co-polarized transmit with
unit cell consisting of two RH and two LH copper double-turn helical resonators which
are embedded into styrofoam and located vertically and horizontally as is shown in Fig-
ure 3.4(a). The period is equal of 28 mm and optimized by numerical simulation to
achieve the maximum of amplitude in co-polarized transmission at the resonance. A
distance between helical resonators is equal to the half of period. As seen from Fig-
ure 3.4(d), helix-based metasurface exhibits co-polarized transmission at all considered
frequency range of 2.5 — 3.5 GHz. However, the resonance in metasurface occurs at the
frequency of 3.09 GHz with relatively weak co-transmission of 0.59. Moreover, co-transmit
has resonant absorption peak with value of 0.21 and additional peaks in cross-polarized
reflection (Rer = 0.093) and transmission (7, = 0.09), respectively. This indicates a poor
quality of co-polarized transmit since it has a low amplitude of transmitted waves and
additional unwanted cross-polarized characteristics. To avoid these drawbacks we propose
to use four sub-unit cells consisting of RH and LH helices to achieve better performance.

Figures 3.4(b) demonstrates unit cell design of co-polarized transmit consisting of four
sub-unit cells with copper double-turn helices that are halfway embedded into the styro-
foam. Period of the unit cell is equal 40 mm with an inter-element distance of quarter
period. As seen, each sub-unit cells consist of four RH or LH double-turn helices arranged
horizontally and vertically in accordance with the analytical approach and Eqns. (3.41)
or (3.42). This arrangement of helical resonators in metasurface leads to a balanced
EM response between groups of RH and LH helices that subsequently improve the de-
sired properties. As a result, metasurface with balanced EM response exhibits higher
co-polarized transmission about 0.86 at the resonant frequency of 3.04 GHz in comparison
with the previous design. Meanwhile, the cross-polarized reflection and transmission are
equal zero. However, the relatively high absorption peak of 0.13 at the resonance can
be seen. Nevertheless, this transparent helix-based co-polarized transmit demonstrates
tolerable characteristics in accordance with numerically simulated data.

In addition, we have investigated a case when helical resonators have been shifted by
45° respect to their initial positions as can be seen from Figure 3.4(c). Designed helix-
based metasurface has a period of 40 mm with an inter-element distance of quarter period.
Reflection, transmission, and absorption spectra with co and cross polarizations at normal
incidence can be seen in Figure 3.4(f). In this case, the resonance occurs at the frequency of
3.1 GHz with co-transmission of 0.87 and absorption peak of 0.11, respectively. As a result,
single-layer helix-based co-polarized transmit metasurface exhibits similar performance in
comparison with the previous design.

Calculated phases of co-polarized transmitted waves for proposed designs with a dif-
ferent arrangement of helical resonators are shown in Figures 3.4(g-i). As can be seen,
all designed metasurfaces exhibit phases of co-polarized transmitted waves at resonance
close to —180°, while the phase of co-transmission spans nearly full 27 range from 2.5 to
3.5 GHz.

As a result, all proposed helix-based metasurfaces exhibit transparent behavior and
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3.3.  Linearly polarized rotators for transmitted waves

broadband low-reflection properties in the operational frequency range. It opens up more
freedom in design to achieve new desirable functionalities. For example, our approach
was used for realization and experimental verification of novel transmitarray based on
double-turn helices [4-A]. This transmitarray represents of similar arrangement of helical
resonators in the unit cell that was depicted in Figure 3.4(c). There is shown that helix-
based transmitarray exhibits wavefront shaping (with the efficiency more than 80%) of
transmitted waves with high transparency beyond the operating frequency range. Thus,
helix-based co-polarized transmit can be used for manipulation of transmitted waves to

achieve such functionalities as wavefront shaping and anomalous refraction.

3.3.2 Cross-polarized transmit

Here, we are focused on the obtaining of cross-polarized transmit by definition of required
arrangement of helical resonators in the unit cell and verified by numerical simulation.
The cross-polarized transmit or twist polarizer is a 90° polarization rotator that converts
TE polarized incident waves into TM polarized transmitted waves and vice versa with unit

transmittance [88,131]. These properties can be expressed by the following equations:

E, =0,

Einc = Foxo = (343)
Et = ﬂ:AEoyg.
E, = 07

Einc = Eoyo = (3.44)
Et = j:AE()X().

In accordance with expressions for backward and forward scattered fields in Table 3.1
and 3.2, we can find the proper arrangement of helical resonators in the metasurface
which have to satisfied the requirements (3.43) or (3.44). Thus, the arrangement of helical

resonators in the unit cell are expressed in the following way:

E, = +zE§c1 + +zEg62 = +ZE)S(C3 + +zEZC4 =0,
Einc = Foxo = { E{ = Ejpe + (_ZEX + _ZEZCQ) = (345)

sc1

Einc + (7ZEX + 7ZEZC4) = izCYo = :l:AEOYO-

scs
p
Er - +zE§C5 + -‘rZEgCG - +zE)S(C7 + +zEZc8 = O,
Einc = Eoyo =  E¢ = Eine + (EX, + .Ely) = (3.46)

kEinc + (—zEX + —zEgng) = iQCXO = +AEpXo.

scr

As follows from equations (3.45) or (3.46), in order to obtain the cross-polarization in
transmission regime metasurface has to be consists of only RH or LH helical resonators
arranged both horizontally and vertically in the unit cell. Using numerical simulation
based co-polarized transmit can be designed and tested in accordance with theoretical in-
ference. Figures 3.5(a-c) show unit cell designs of off-resonance transparent cross-polarized

transmits with different arrangements of helical resonators. Their reflection, transmission,
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Figure 3.5: (a-c) Unit cell designs of cross-polarized transmit based on copper RH and
LH double-turn helical resonators which are halfway embedded into the styrofoam. (d-f)
Simulated reflection, transmission, and absorption spectra with respectively polarization
states at normal incidence. Top view of the unit cell is depicted in the insert of each figure.
(g-1) Phases of cross-polarized transmission (T¢,) for the different arrangement of helices
in the metasurface.

and absorption spectra with relative co-/cross-polarizations at normal incidence in the
microwave range are given in Figures 3.5(d-f). The design of unit cell with defined ar-
rangement of copper RH double-turn helices with tailoring structural parameter to the
balance of polarizabilities is shown in Figure 3.5(a). Period of metasurface is equal to
24 mm with half period inter-element distance. Helices are halfway embedded into styro-
foam for mechanical support. Helix-based cross-polarized transmit is excited by incident
linearly polarized plane wave comes from z direction. As can be seen from Figure 3.5(d),
a single-layer helix-based metasurface exhibits cross-polarized transmission peak value of
0.84 at the resonant frequency of 3.09 GHz, while absorbance reaches a maximum of 0.084
at the resonance. Obtained results can be improved using the symmetric arrangement of
helices in the unit cell.

Figure 3.5(b) illustrates unit cell of cross-transmit metasurface consisting of four
double-turn helices that are located symmetrically in the xy-plane of metasurface. Period
of metasurface was optimized and equal to 20 mm and an equivalent distance between
helices is equal half of period. Figure 3.5(e) shows R, T', and A spectra with polarization

states in the microwave range. As can be seen from simulated data, helix-based meta-
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surface exhibits high cross-transmission value over 0.96 at the resonance of 3.04 GHz,
while absorption does not exceed of 0.03 in the wide frequency range from 2.5 to 3.5 GHz.
Moreover, reflection spectra with co- and cross-polarizations are close to zero at all consid-
ered frequency range. Therefore, high efficient off-resonance transparent cross-polarized
helix-based transmit is designed in accordance with the analytical approach and numerical
simulation.

In addition, 90° polarization rotator based on copper double-turn helical resonators
which are shifted by 45° respect to the previous position is designed and depicted in
Figure 3.5(c). A period of unit cell was optimized by numerical simulation and equal to
20 mm. Simulated Rco, Rer, Teo, Ter, and A spectra at normal incidence are illustrated
in Figure 3.5(f). It is clear to see that simulated spectra slightly differ in comparison
with the previous design. Cross-polarized transmission reaches a peak value of 0.9, while
co-transmission drops to zero at the resonance of 3.05 GHz. Other spectra do not exceed
of 0.04 in the entire operational band.

Figures 3.5(g-i) show calculated phases of cross-polarized transmitted waves for pro-
posed designs with a different arrangement of helical resonators in the unit cell. Designed
metasurfaces exhibit phases of —92.9°, —95.6°, and —95.6° for cross-polarized transmitted
waves at the resonance, respectively.

It should be noted that we will fabricate and experimentally test the cross-polarized
transmit with proper arrangement of the helical resonator in the unit cell which is depicted
in Figure 3.5(c). The main experimental results can be found in Section 4.1. However, in
order to more improve the obtained result instead of double-turn helices, we will use single-
turn helical resonators with balanced polarizabilities. Thus, our approach to finding the
proper arrangement in the metasurface works for any helical resonators it will be another

evidence of the validity of this method.

3.4 Perfect absorber

Previously, we have synthesized of functional off-resonance transparent helix-based ro-
tators to achieve co- and cross-polarizations for reflected and transmitted waves in the
microwave range. Herein, we are aiming to achieve total absorption (E, = 0, E; = 0) of
incident linearly polarized waves by usage of double-turn helical resonators. In accordance
with our approach, any combinations of helical resonators from Table 3.1 and 3.2 directly
do not allow to design helix-based perfect absorbers, since we do not take into account
lossy in metal. Nevertheless, the finding of the proper arrangement of helical resonators
in metasurface to achieve total absorption is still relevant.

As a starting point, we can find the reflected and transmitted electric fields in term of
co and cross effective polarizabilities of bi-anisotropic inclusion that can be expressed as

follows [88]:
' e~ 1 ., 1=
E, — _% { [noagg +a% +ad — mag;)m] T
(3.47)

et e ee 1=
n [noage T, F A, - mafm} Jt} i
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Jw 1 =
E; { [1 ~ 55 <noozco +ag, Fan, + mafﬁ%)} Iy

3.48
jw “~CO ACO 1 “~CT = ( )
NoQee F Qe £ Q@ %a Jt ¢ - Einc.

28

These equations have the same physical interpretation with Egs. (2.7) and (2.8) from
Section 2.1. Next, the requirement of E, = 0 and E;y = 0 in Egs. (3.47) and (3.48)
means that expressions in square brackets in these equations must be equal zero. Using
this argument we can define the conditions for the total absorption under plane-wave

irradiation with arbitrary polarization as follows [132]:

~ 1 _
NoQea £ Qgry £ Qe — %afgm =0, (3.49)
1 _
noaee + aem + ame - %a%m =0, (350)
1 . 285
NoQea £ Qg F Opng + —050 ) = —, (3.51)
Tlo Jw
~ 1 _
100ce F Qo £ Ope 770 —ag, = 0. (3.52)

As one can see, these conditions involve coupling between co- and cross-polarized ef-
fective electric, magnetic, electromagnetic and magnetoelectric polarizabilities. This is an
important point, because for arbitrary shaped metal or dielectric inclusions, the cross-
polarized magnetoelectric polarizabilities are zero, which limits co-polarized electromag-
netic polarizabilities. To achieve zero reflection, it is necessary to satysfied conditions for

impedance matching which have the follows form [132]:

—~ 1 S

R (3.53)
As seen from Eqn. (3.53), effective electric and magnetic polarizabilities of the unit
cell must have equivalent EM response. This means that total absorption in metasurface
requires the electric and magnetic response of the same strength, at the same frequency.
Consequently, if effective polarizabilities of the unit cell satisfy these conditions, the array
has zero reflectivity at all frequencies. As one can see, effective polarizabilities are purely
imaginary, that corresponds to the resonance behavior. Conditions for zero transmission
can be expressed from (3.50) or (3.52) which require the compensation electromagnetic
and magnetoelectric couplings (chiral coupling) in the whole metasurface. Therefore, co-
and cross-polarized components of magnetoelectric polarizabilities must be zero [132]. B
taking into account the dissipative losses in the inclusions and the compensated chiral
coupling in the metasurface, the zero-transmission condition can be expressed as:

~Cr __ ~cr Aco __ ~co __
Oy = Qe = Qroe = O = 0. (3.54)

Moreover, it is possible to achieve symmetric total absorption from both sides of the

negligibly thin metasurface. However, we have to compensate bi-anisotropic coupling in
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Figure 3.6: (a-c) Unit cell designs of perfect absorber based on metallic RH and LH
double-turn helical resonators which are halfway embedded into the styrofoam. (d-f)
Simulated reflection, transmission, and absorption spectra at normal incidence. Top view
of the unit cell is depicted in the insert of each figure.

the whole metasurface if we are using of bi-anisotropic inclusions as helical or omega
resonators. In our case, compensation of chiral coupling in metasurface can be done by
usage of RH and LH helical resonators, according to with these requirements, we can use
our approach for determination of proper arrangement of helical resonators to achieve
total absorption in metasurface. As seen from Table 3.1 and 3.2, only one combination of
helical resonators in the unit cell of metasurface can be used to satisfy conditions for total
absorption (3.53) and (3.54) taking into account dissipative lossy in helical resonators.

Figures 3.6(a-c) show unit cell designs of off-resonance transparent helix-based perfect
absorbers. All designs are excited by the linearly polarized incident wave propagating
along the z-axis. Simulated reflection, transmission, and absorption spectra at normal
incidence in the microwave range are shown in Figures 3.6(d-f).

Using numerical simulation, helix-based absorption metasurfaces have been designed
and tested. Figure 3.6(a) shows unit cell of perfect absorber consisting of metallic RH
and LH double-turn helices which are embedded into styrofoam for mechanical support.
We utilized nichrome helical wires since they have enough level of resistive loss. Period of
helical resonators is equal 60.8 mm, while a distance between helices is equal half of period.
As seen from simulated R, T, A spectra, absorption peak reaches a maximum value of
0.96 at the resonant frequency of 3.07 GHz, while reflection does no exceed of 0.015 at
the operational frequency range from 2.5 to 3.5 GHz. Thus, metasurface consisting of
nichrome helical resonators exhibits near perfect reflectionless behavior and transparency
away from the resonant band.

Next, we designed more symmetric arrangement of helical resonators in the unit cell

to achieve better resonant absorption properties. Figure 3.6(b) demonstrates unit cell of
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perfect absorber consists of four sub-unit cells with nichrome four right-handed or left-
handed double-turn helices arranged horizontally and vertically that are halfway embedded
into the styrofoam. Period of the unit cell is equal 96 mm with an interelement distance
of quarter period of absorption metasurface. As seen from Figure 3.6(e), absorption reach
peak value of 0.988 at the resonance of 3.08 GHz. In this case, helix-based perfect absorber
exhibits perfect zero reflection in the range of 2.5 — 3.5 GHz and unit transmission in the
off-resonance band.

Further, we designed a perfect absorber metasurface comprising of nichrome RH and
LH double-turn helices that are shifted by 45° respect to their initial position in the unit
cell with a period of 86 mm, which can be seen in Figure 3.6(c). Reflection, transmission,
and absorption spectra are given in Figure 3.8(f). Here, helix-based metasurface exhibits
perfect absorption A = 0.999 at resonance of 3.07 GHz with broadband zero reflection
behavior at normal incidence in the microwave range.

Thus, we have outlined the basic mechanisms responsible for the occurrence of perfect
absorption resonances in helix-based metasurface, as well as their main design principles
with different arrangements of helical resonators in unit cells of metasurfaces. Subse-
quently, practical fabrication and characteristics of the proposed reflectionless helix-based

absorber will be described in Sections 4.2 and 4.3.

3.5 Multifunctional cascaded helix-based metamaterial

Here, we propose a promising way to design multifunctional cascaded metamaterial that
provide different operations at different frequencies. We find design solutions for integrated
metasurfaces that provide five basic functions such as co- and cross-polarized reflectors
and transmits, as well as a perfect absorber. Based on these off-resonant transparent
metasurfaces, it can be extended to volumetric metamaterials. Thus, we have combined
all previously proposed functional metasurfaces to create 5-layered multifunctional multi-
frequency cascaded metamaterial.

First of all, we have chosen single-layer helix-based polarization rotators and perfect
absorber with a good efficiency and high transparency away from the resonance. Then,
by proportionally changing of structural parameters of helical resonators to keep them to
the balance of polarizabilities we have tuned helix-based metasurfaces to different opera-
tional frequencies with “symmetric” functionalities respects to the position of the perfect
absorber in the cascaded metamaterial. Moreover, we expect that each functional metasur-
face will not interact with each other in the broadband microwave range. Such flexibility
and functionality of metasurfaces are significant advantages in comparison with natural
materials.

Figure 3.7 illustrates unit cell design of 5-layered cascaded metamaterial consisting of
co-/cross-polarized reflectors, co-/cross-polarized transmits, and perfect absorber based on
double-turn helical resonators with balanced polarizabilities. Using numerical simulation,
structural parameters were proportionally scaling up and down in accordance to tailor-

ing their resonant frequencies. The period of the multifunctional metamaterial is equal
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Figure 3.7: Unit cell of multifunctional multifrequency cascaded metamaterial

40 mm and remains to be the same for all metasurfaces. This greatly simplifies numerical
calculation of spectra in such complex structure and significantly reduces the computation
time. The distance between each metasurface is equal 10 mm which gives a total thickness
of cascaded metamaterial is about 50 mm. Thus, the thickness of cascaded metamate-
rial even with five layers is still small with respects to the operational wavelengths of the
incident waves. Double-turn helices comprising of cascaded metamaterial have the same
diameter of the wire (d = 0.2 mm) and equivalent EM response (polarization-insensitive)
to the incident waves. The remaining structural parameters of double-turn helices and the
main spectral characterizations are given in Table 3.3.

Figure 3.8(a) shows reflection, transmission, and absorption spectra respect to their
polarization states of 5-layered multifunctional cascaded helix-based metamaterial at nor-
mal incidence. It is clear to see that helix-based metamaterial exhibits frequency-selective
multifunctional properties in the microwave range of 1 — 7 GHz. The efficiency of each
helix-based metasurface is over 85% in the broadband range, that is a great result for
this amount of layers and such complex architecture. Figure 3.8(b) shows total reflec-

tion, transmission and absorption spectra of metamaterial at normal incidence. It can

No. Design Arrangement | H, mm | R, mm | fres, GHz | Amplitude
1) | Cross-transmit | Fig. 3.5(b) | 3.57 | 5.12 2 Tor = 0.92
2) Co-transmit Fig. 3.4(b) 2.30 3.30 3 Teo = 0.85
3) Absorber Fig. 3.6(b) 1.75 2.52 4 A =092
4) | Cross-reflector | Fig. 3.3(b) 1.38 1.98 5 Re =0.85
5) Co-reflector Fig. 3.2(b) 1.15 1.65 6 R., =0.85

Table 3.3: Structural parameters of double-turn helix of each functional metasurfaces
with their spectral characterizations.
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Figure 3.8: (a) Simulated Rco, Rer, Teo, Ter, and A spectra of cascaded metamaterial
based on double-turn helical resonators. (b) Total reflection, transmission, and absorption
spectra of helix-based cascaded metamaterial at normal incidence.

be seen that each helix-based metasurface exhibits high transmission behavior and low
reflection spectra away from resonances as it was expected with our predictions. Thus,
due to the off-resonance transparent properties of functional helix-based metasurfaces, we
designed multifunctional multifrequency cascaded metamaterial for microwave range. It
was shown that helix-based metasurfaces can be tuned to the desired resonant frequencies
by proportional up and down scaling of structural parameters in the range of 1 — 7 GHz.

Nevertheless, there are some difficulties for the realization with the good efficiency of
cascaded metamaterial, for example, in the more wider microwave range. These difficulties
occur due to the undesired secondary resonance in helical resonators at higher frequencies.
For example, it can be seen from Figure 3.8(a) that the secondary resonant peak occurs
at the frequency of 6.25 GHz for the first helix-based layer of cross-polarized transmit
operating at the frequency of 2 GHz. This imposes certain limitations for using of the
amount of off-resonance transparent helix-based functional metasurfaces. Nevertheless,
some ways to extend the operational range can be found. For example, it is possible to
use triple-turn helical resonators instead of double-turn helices which have more broadband
off-resonance transparent properties, however, it is difficult to realize in a practice. Also,
it is possible to use only one type of functionality which have the most broadband off-
resonance transparent behavior such as perfect absorbers based on nichrome double-turn
helices. The secondary peak occurs at the 8 GHz for helix-based perfect absorber operating
at 2 GHz. Moreover, perfect absorbers exhibit narrow band resonance behavior that
allows creating over thirteen helix-based layers (resonance step is 0.5 GHz) in cascaded
metamaterial operating in the range of 1 — 9 GHz.

It is worth noting that multifunctional cascaded metamaterial based on omega and heli-
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cal resonators was designed and experimentally verified in accordance with literature [4-A].
In this work, authors have been proposed the approach for designing of 3-layered multi-
functional cascades of metamaterial consists of metamirror using omega resonators, perfect
absorber based on nichrome double-turn helices and low-lossy helix-based transmitarray
for wavefront shaping and anomalous refraction. Depending on the frequency of inci-
dent radiation, this cascade exhibits different responses at different frequencies that were
carefully adjusted. Authors pay attention that, going to the limiting case of cascading
metasurfaces, one can design a single metasheet that incorporates different kinds of inclu-
sions performing a multifunctional response, where is cascade of metasurfaces can be also
extended to volumetric metamaterials [4-A]. Such advanced capabilities of off-resonance
transparent metasurfaces for the creation of cascaded metamaterials with various func-

tionalities demonstrate great opportunities for applications in the microwave range.

3.6 Conclusions

e Simple method for determination of required arrangement of helical resonators in
metasurface depending on desired functionalities was proposed. This method is
based on the definition of forward and backward scattering fields in the far-zone
taking into account orientation and handedness of helical resonators in the plane of
metasurfaces. Moreover, there is not necessary to calculate amplitudes of scattering
fields from helix-based metasurfaces. Total scattered fields are determined only
through orientation and handedness of helical resonators leading to the previously
known results depending on the desired functionalities. As a result, forward and
backward scattering electric fields from helix-based metasurface were summarized in

Tables 3.1 and 3.2, respectively.

e Based on our approach, proper arrangements of helical resonators in the unit cell
of metasurfaces for the synthesis of off-resonance transparent co-polarized rotators
for reflected waves in the microwave frequency range have been proposed. Using nu-
merical simulation based on FEM, co-polarized reflectors based on copper RH and
LH double-turn helices with balanced polarizabilities were designed. All helix-based
metasurfaces exhibit co-polarized reflection peak over 85% in the vicinity of the reso-
nant frequency of 3 GHz, while they are transparent away from the resonance. Thus,
off-resonance transparent co-polarized reflectors based on helical resonators might
have potential application for the realization of multifrequency-selective cascaded

metasurfaces and wavefront shaping in the microwave range.

e Helix-based cross-polarized rotators for transmitted waves have been synthesized by
definition of required arrangement of copper double-turn helices in the unit cell of
metasurface. Using numerical simulation, three versions with proper arrangement
of helical resonators in metasurface have been designed. Simulated spectra of all
helix-based metasurfaces were carried out to produce the cross-polarized reflection,

where the normalized to the unit amplitude of cross-reflection exhibits over of 0.84
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3.6. Conclusions

and total low reflection behavior in the outside of resonance band.

Using our approach and numerical simulation, off-resonance transparent helix-based
co-polarized rotators for transmitted waves have been synthesized for microwave
range. For all proposed metasurfaces, co-polarized transmittance reaches peak value
over 59% in vicinity of the resonant frequency band of 3.05 — 3.11 GHz and exhibits
low reflection in the operational frequencies of 2.5 — 3.5 GHz, respectively. Thus,
helix-based co-polarized transmits can be used for manipulation of wavefront shaping

and anomalous refraction in the microwave range.

Cross-polarized helix-based rotators for transmitted waves have been designed with
taking into account the proper arrangement of helical resonators in the cell and
numerical simulation. As a result, all cross-transmits exhibit resonant behavior near
of 3.07 GHz with a maximum of cross-transmittance peaks over 84%. Meanwhile,
total reflection from helix-based metasurfaces does not exceed of 4% in the entire

frequency range.

Towards to synthesis of helix-based perfect absorbers, conditions for total absorption
(modice = iafgm =7 g, agy, = —ap,. = 0) through effective polarizabilities of unit
cell in the chiral metasurfaces have been reported. In addition, taking into account
required arrangement of helical resonators and conditions for total absorption, off-
resonance helix-based perfect absorbers have been designed and tested by numerical
simulation. All absorbing helix-based metasurfaces consist of high lossy nichrome
wires. As a result, metasurfaces exhibit high absorption over 98% in the vicinity of
resonant frequency 3.08 GHz. Meanwhile, helix-based absorbers exhibit near-zero
reflection (R < 0.015) in the considered frequency range. Thus, off-resonance trans-
parent helix-based perfect absorbers demonstrate high efficiency in the microwave

range of 2.5 — 3.5 GHz.

For the realization of cascaded metamaterial, a combination of designed off-resonance
transparent co-/cross-polarized helix-based rotators for reflected and transmitted
waves and perfect absorber has been proposed. Using numerical simulation, mul-
tifunctional multifrequency 5-layered cascaded metamaterial based on functional
off-resonance transparent helix-based metasurfaces for microwave range has been
designed. Proposed cascaded metamaterial exhibits ultrabroad resonant frequency-
selective (2, 3, 4, 5, and 6 GHz) behavior with desired functionalities in the microwave

range. The main spectral characterizations were summarized in Table 3.3.
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Chapter 4

Fabrication of helix-based metasurfaces

for microwave range

The fabrication of functional off-resonance transparent helix-based metasurfaces in the
microwave frequency range is presented. Numerical study and practical realization of 90°
polarization rotator for transmitted waves or so-called twist polarizer using single-turn
copper helical resonators which tailored to the balance of their polarizabilities is carried
out (Section 4.1). To achieve a total absorption in metasurfaces, numerical simulation
and fabrication process of perfect absorber based on nichrome single-turn helices were
performed (Section 4.2). Afterward, simulated and measured data of perfect absorber

using nichrome double-turn helical resonators were reported (Section 4.3).

4.1 Twist polarizer

Usage conventional materials it is possible to rotate the polarization plane of a linearly
polarized electromagnetic wave by a fixed angle with unit transmittance. It is well
known such as levorotatory and twisted nematic liquid crystals, the Faraday Effect, and
anisotropic media [133]. One of the devices that it rotates the polarization of a linearly
polarized input wave by 90° upon transmission is a twist polarizer (polarization rotator).
This device converts the polarization, in which transverse electric (TE) polarized light
is converted into transverse magnetic (TM) polarized light and vice versa and it repre-
sents a half-wave plate. Typically, these structures have the thickness comparable to the
operating wavelength, which is an important drawback for their applications for the mi-
crowave frequencies. This drawback possible to overcome using typical chiral three-layered
metasurfaces that have an electrically thin thickness (much smaller than the operating
wavelength) and possess strong optical activity in microwave spectral range [134-136].
However, some deficiencies are still presented in three-layered designs such as polarization
angle dependence, non-unit transmission performance, splitting of the resonance band, and
non-transparency outside of the resonance [137-139]. Afterward, several other metasur-
faces overcoming some drawbacks have been proposed in the literature [47,140]. However,
these structures do not show a low reflectivity (transparency) away from resonance, which
is one of the advantages for the realization of multifunctional metasurfaces [4-A].

In one of the works [98], a proposed twist polarizer possesses low reflectivity proper-
ties that present as a single-layer chiral metasurface comprising crossed canonical helices.
Nevertheless, a practical implementation of this promising polarizer is a very difficult
task since it requires a soldering of a huge amount of the canonical helical wires. Subse-

quently, this design has been changed to three-layered architecture but it has a relatively
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4.1. Tuwist polarizer

weak cross-polarization transmission in the resonance band [88]. In our work, we have
improved this design using smooth single-turn helical resonators that can be easily fabri-
cated for radio frequency range. Here, we report numerical study and fabrication process
of electrically thin off-resonance transparent helix-based twist polarizer that rotates the
polarization plane of transmitted waves by 90° relatively to the incident linearly polar-
ized waves. Twist polarizer exhibits an equivalent EM response to the external excitation
that leads to the low reflectivity behavior over a wide frequency range from 0.1 GHz to
5.8 GHz. As a result, fabricated helix-based twist polarizer may be applicable for the

design of cascade multifunctional devices in the microwave frequency range.

4.1.1 Design and simulation results

As mentioned earlier, for the synthesis of functional off-resonance transparent metasurfaces
it is necessary to achieve impedance matching of metasurfaces with free space in the consid-
ered range. This can be achieved by usage of bi-anisotropic chiral inclusions with balanced
polarizabilities comprising of metasurface [71,98,106]. As we have already determined ear-
lier, smooth helical resonators with individually balanced polarizabilities [97,106] is the
most suitable inclusions for practical realization of twist polarizer metasurface. Taking
into account our approach for determination of required arrangement of helical resonators
in the unit cell of metasurface and already designed and tested by numerical simulation
twist polarizer based on double-turn helices, we are aiming to fabricate the off-resonance
transparent helix-based twist polarizer for microwave range.

Figure 4.1(a) shows a design of helix-based twist polarizer with a schematically illus-
trated rotation of polarization plane for transmitted waves. Top and front views of the unit
cell consisting of four copper single-turn RH helical resonators arranged in a periodic 2D
lattice in xy-plane which is embedded halfway into styrofoam are given in Figures 4.1(b,c).
A low-permittivity (¢ = 1.03) styrofoam material with thickness t serves as mechanical
support for helical resonators since this material is transparent in the microwave range.
Tailoring structural parameters of single-turn helices (helix radius R = 7.2 mm, pitch
H = 11.3 mm, and helix arm diameter D = 1 mm) to the balance of their polarizabilities
were taken from Table 2.1. Using numerical simulation based on FEM, intercell distance
s = 20.5 and period p = 50 mm of unit cell were optimized. The thickness of single-
layer helix-based metasurface is about ¢ = 14.4 mm which is equal to Ayes/7 operational
wavelength.

In the process of simulation, a linearly polarized plane wave propagating along -z-
direction is normally incident onto the unit cell. Periodic boundaries are set at z- and
y-sides while Floquet modes as a source are set at £z-sides. Fundamentally, Floquet
modes are plane waves with propagation direction set by the frequency and geometry of
the periodic structure. Numerical simulation is carried out to investigate the polarization
transformation behavior. Thus, the co-polarized reflection (Rco), transmission (T¢,) and
cross-polarized reflection (Re,), transmission (T¢;) coefficients would be studied.

Figure 4.2(a) shows the reflection, transmission, and absorption spectra respect to

polarization state in the microwave range. Numerical results show that in the vicinity
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Figure 4.1: (a) Unit cell design of off-resonance transparent helix-based twist polarizer
for microwave frequency range. The rotation of polarization plane of the transmitted
wave by 90° relatively to linearly polarized incident wave is illustrated. (b) Unit cell of
twist polarizer (top view) with indicated parameters of s = 20.5 mm and p = 50 mm,
respectively. (c¢) Unit cell (front view) of twist polarized based on copper single-turn
helices embedded halfway into styrofoam with thickness of ¢t = 14.4 mm.

of 3.1 GHz, the cross-polarized transmittance reaches a peak value of 0.98, while the co-
polarized transmittance is equal to zero at the same resonant frequency. As seen from
simulated data, total reflection (R) does not exceed of 6% in the wide frequency band
from 2 to 4 GHz. It should be mentioned that the secondary resonance occurs at the
frequency of 5.8 GHz, where a circumference of one turn of the helix becomes comparable
to the wavelength. Thus, helix-based twist polarizer exhibits broadband low reflectivity
behavior with high efficient cross-polarized transmission at the resonance.

The efficiency of polarization rotation can be characterized by a polarization rotating
angle (0) and an ellipticity (n) of transmitted waves. These parameters can be expressed
as follows [25]:

1
9= 1 fara(T) — ang(T)] (41)
L |T+|2—|TP>
_1 , 42
L 2arc"‘m<|T+|2+|T\2 42

where Ty = Teo + iy and T = T, — I, are transmission coefficients of the right- and
left-circular polarized waves, respectively. The polarization rotation angle 6 represents the
angle between the polarization planes of the incident and transmitted waves, while the
ellipticity 1 denotes the polarization state of the transmitted wave. Pure transformation
to the cross-polarized transmitted wave corresponds to case when an ellipticity is equal
zero (n = 0°) while the polarization plane has rotation angle of # = 90° with respect to
the normal incidence. If the ellipticity is equal to +45° then the transmitted wave has
circular polarization.

The simulated polarization rotation angle, 6, and ellipticity, n, are given in Fig-

ure 4.2(b). The polarization angle and ellipticity reach their maximum values of # = 90.05°
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Figure 4.2: (a) Simulated reflection, transmission, and absorption spectra with respect
polarization state at normal incidence in the microwave range. (b) Polarization angle (6)
and ellipticity (n) responses of transmitted waves at normal incidence. Simulated cross-
transmission spectra as a function of incidence angle for (¢) TE and (d) TM polarization,
respectively.

and 7 = 0.46° at the resonance frequencies of 3.1 GHz, respectively. Optical isolation be-
tween co- and cross-polarized transmitted waves (i.e., the optical isolation between TE and
TM polarizations at the input and output waves) is around 99.9% at the resonance. This
represents a high degree of spectral purity of twist polarizer. Figures 4.2(c) and (d) show
simulated cross-polarized transmission spectra of the proposed helix-based structure as a
function of incidence angle for TE and TM linearly polarized waves, respectively. One can
see that resonance with the invariant central frequency of 3.1 GHz and cross-transmittance
T > 90% is retained for up to 35° for TE and TM polarizations, respectively. Such identical
wave propagation for both polarizations respects to oblique incidence up to 35° charac-
terizes a balanced electromagnetic response from single-turn helices comprising of twist
polarizer metasurface.

Thus, according to numerically simulated data, designed single-layer twist polarizer
based on single-turn copper helical resonators with balanced polarizabilities exhibits pola-
rization-invariant, wideband low-reflection behavior and near-unit cross-polarized trans-
mission with conversion efficiency is about 99.9% at resonance of 3.1 GHz. The transmit-
ted wave is linearly polarized where polarization plane is rotated by 90° with near-unit

transmission respect to the incident wave at the resonance frequency.
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Figure 4.3: (a-d) The fabrication process of helix-based twist polarizer for microwave
frequency range. (e) A schematic illustration of measurement setup.

4.1.2 Experimental verification

Using smooth single-turn helical resonators, off-resonance transparent twist polarizer can
be easily fabricated. The fabrication process of helix-based metasurfaces was developed
in Refs. [72,97] and depicted in Figures 4.3(a-d).

plied in the fabrication process of the sample. Specifically, the copper wire was wound

Nevertheless, some features were ap-

on a metal rod with spiral grooves that ensures mutual identity and precise compliance
with the specified dimensions of helices. In order to remove the wire from the template
while maintaining the parameters, the wire is curled from the template along the longi-
tudinal groove. In further, the long helical wire has cut with corresponding to numbers
of helical turns. Subsequently, helical resonators were embedded halfway into styrofoam
in accordance with required arrangement in the unit cell of metasurface. As mentioned
before, styrofoam is a transparent material in the operating frequency band that provides
mechanical support of copper helical resonators.

The operation of the twist polarizer metasurface was verified by conducting measure-
ments in an anechoic chamber based on the free-space method [141]. A schematic illus-
tration of measurement setup is shown in Figure 4.3(e). A microwave frequency signal
generator (high-frequency signal generator, G4-80) was connected to a transmitting horn
antenna (horn antenna, P6-23A) radiates linearly polarized radio waves, while the signal at

the receiving linearly polarized horn antenna (P6-23A) was analyzed with a microwave an-
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Figure 4.4: (a) Photo of fabricated off-resonance transparent helix-based twist polarizer.
The unit cell of the sample is depicted in the inset. (b) Perspective view of the sample
where copper single-turn helices are embedded into the styrofoam. (c) Measured and
analytical fitting (solid line) co-/cross-polarized reflection and transmission spectra at
normal incidence. The measured values are indicated by dots (o) in the experiment. (d)
Represented simulated results for comparison with measured data.

alyzer (measuring receiver, P5-5B). The horn antennas had the apertures of (35 x 27) cm?.

Fabricated sample was mounted in the hole of a wall made of microwave absorbing ma-
terial and located at the distance of four meters from the transmitting antenna, which
approximately secures plane-wave excitation of the samples. The receiving horn antenna
was positioned at the distance of one meter behind a sample.

Sample with a total area of (55 x 55) cm? consisting of copper single-turn helical
resonators which are halfway embedded into low-permittivity styrofoam material was fab-
ricated. As a result, photographs of twist polarizer sample comprising of 11x 11 unit cells is
presented in Figures 4.4(a,b). Amplitudes of co-polarized and cross-polarized transmitted
waves were measured in accordance with orientation (vertical or horizontal) of receiving
horn antenna relatively to transmitting one in the frequency range of 2.8 — 3.3 GHz. Am-
plitudes of co-polarized and cross-polarized reflected waves from the sample were found
using the same approach. Transmission measurements were calibrated to the transmission
between the horn antennas in the absence of the sample. The reflection measurements
were calibrated by using a copper plate with the area equal to that of the sample. The
measurement was carried out at normal incidence of linearly polarized electromagnetic
waves.

Measured reflection and transmission coeflicients with respect to the polarization state

63



4.2. Absorber based on single-turn helices

are shown in Figure 4.4(c). The fitting curves quantitatively demonstrate spectra behavior
in accordance with measured data in the microwave range. As seen, the cross-polarized
transmission reaches a peak value of 0.92 at the resonance frequency of 3.07 GHz while
the co-transmission coefficient tends to zero. The measured total reflection does not ex-
ceed of 6% in the operating frequency band from 2.8 GHz to 3.3 GHz (R = 5.4% at
the resonance). As expected, realized twist polarizer based on single-turn helices exhibits
a low-reflection behavior and a relatively high cross-transmittance (7., = 0.92) in the
operating frequency range. Figure 4.4(d) shows the results of numerical simulation for
qualitative comparison with measured data in considered frequency range. As seen, both
numerical and experimental results qualitatively represent the spectral characteristics of
proposed polarizer. Nevertheless, some inaccuracies in manual fabrication led to some
performances degradation due to slightly varying geometrical dimensions as a loop radius
r and a height h of single-turn helices. As a result, helices resonate at slightly different
frequencies that lead increasing the resonant bandwidth of the metasurface but decreasing
of the cross-transmittance peak values. Another reason might be a diffuse scattering on
metasurface inhomogeneities (slightly varying period, etc.). Nevertheless, all these possible
shortcomings critically do not impair the efficiency of fabricated off-resonance transparent
helix-based twist polarizer in the microwave range. Measured and simulated data are in
a good agreement, that manifestly confirm the effective operation of the proposed meta-
surface as a wideband low-reflection 90° polarization rotator based on helical resonators
with balanced polarizabilities.

To conclude, we have demonstrated a single-layer off-resonance transparent twist po-
larizer metasurface comprising of copper single-turn helical resonators which have the
equivalent EM response to external excitation by linearly polarized incident waves. Both
simulation and experiment results demonstrate 90° polarization rotation with a high cross-
transmission coefficient at the resonance. Cross-polarization conversion of helix-based
twist polarizer is performed with almost 100% efficiency. The major advantages of the pro-
posed polarization rotator are an electrically thin thickness (Ayes/7), polarization-invariant
to oblique incidence up to 35°, low reflectivity (less 6%) in a wideband frequency range
(0.1 — 5.5 GHz), and easy fabrication process. Low-reflection features allow to easily ex-
tend the functionalities of rotation metasurface to multiple-frequency ranges for control
of the polarization state using a cascade metamaterials [4-A]. The designed “invisible”
helix-based polarization rotator could be developed to explore more potential applications

in radio antennas and communication systems.

4.2 Absorber based on single-turn helices

The incident electromagnetic energy can be nearly fully absorbed in thin layers but only
in a narrow frequency band [142-145]. The absorption bandwidth of any passive layer
obeys a fundamental limitation, as follows from the causality principle [46,146,147]. The
limitations on periodical arrays concern only the transmission properties [147]. Obviously,

exploitation of the opportunity to design a resonant absorber, which is transparent outside
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of the absorption band, could open up a number of novel possibilities in applications, for
example, in ultra-thin filters for wave trapping, selective multi-frequency bolometers, and
sensors. Such an all-frequencies-matched resonant absorber would be “invisible” from the
illuminated sides, still acting as a band-stop filter in transmission. To the best of our
knowledge, such wideband matched thin resonant absorbers are not known.

In fact, most of the known designs of thin absorbers contain a continuous metal ground
plane (a mirror) behind the absorbing layer [142-145]. The mirror obviously produces
nearly full reflection outside of the absorption band. Although this feature is crucial for
some applications, it forbids designing resonant absorbers which are transparent outside
of the absorption band. The use of a mirror reflector can be avoided in absorbers based on
arrays of subwavelength Huygens sources (so-called Huygens metasurfaces) that possess
the appropriate level of dissipative loss. Such Huygens sources scatter secondary waves
only in the forward direction (without reflection) which destructively interfere with the
incident wave, yielding zero transmission. Pioneering topologies of Huygens inclusions
were introduced in Refs. [72,97,106,148]. Subsequently, Huygens inclusions of different
topologies have been used as structural elements in sheets to control transmission wave-
fronts [124,130,149].

Recently, several topologies of absorbers based on cut wire arrays separated by a
dielectric layer have been proposed [150-154]. However, in all these structures the Huygens
balance between the electric and magnetic responses (which is necessary for cancellation
of the reflected waves) holds only inside a narrow-frequency band for which the dimensions
have been optimized. Outside of this band, reflections appear due to prevailing excitation
of either electric or magnetic modes. The physical reason for this is that the different
resonant modes exhibit different frequency dispersions. The same conclusion is valid for
the idea of using a resistive sheet placed in a close proximity of resonating magnetic
inclusions to realize absorbing layers [155].

The analysis of these solutions reveals another feature of the known designs: absorbers
have multi-layered architectures. Typically, they comprise at least three layers (metal—
dielectric-metal). Although manufacturing of such structures is simple and inexpensive,
electric and magnetic responses in such compound architectures inevitably resonate as
different electric and magnetic modes. Thus, within that scenario, it is impossible to
realize a resonant absorber which is reflectionless over an ultra-wide frequency range.

Here, a possibility to create a thin resonant polarization-insensitive absorber which
produces negligible reflections in an ultra-wide frequency range is explored and exper-
imentally demonstrated. We examine the physical requirements for full and symmetric
(from either of the sides) absorption of incident waves and show that the ideal performance
can be accomplished in a single-layer array of specifically designed helical inclusions. We
show, both theoretically and experimentally, that an array of these inclusions truly oper-
ates as a Huygens surface in a very wide frequency range, exhibiting zero reflectivity even
far from the absorption band.

The symmetric absorption regime in a metasurface is possible only if there is no bi-

anisotropic coupling in the structure [132]. Taking into account conditions for total ab-
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Figure 4.5: (a) Unit cell design of off-resonance transparent perfect absorber based on
LH (red color) and RH (blue color) nichrome single-turn helices. Waves interaction with
helix-based absorber at the resonance at normal incidence is illustrated. (b) Top view
of the unit cell with structural parameters. (c) Front view of unit cell where helices are
embedded halfway into styrofoam with thickness of t = 14.4 mm.

N

sorption (3.53) and (3.54) and already proposed the design of perfect absorber based on
double-turn helices (see Figure 3.6(c)), we fabricated off-resonance transparent helix-based
absorber that ideally operates for incident waves impinging on either or both of its sides
and shows how the bi-anisotropy can be suppressed.

It should be mentioned one more time that second part of the condition for total
absorption (3.54) (oSl = —ats, = 0) means when using bi-anisotropic inclusions built-
in a unit cell the bi-anisotropy must be compensated on the level of the entire array.
This is possible to achieve by alternating bi-anisotropic inclusions of two sorts in the
array. These two sorts differ only by the sign of the electromagnetic coupling parameter,
therefore, the combination of them yields bi-anisotropy compensation. Thus, keeping zero
electromagnetic coupling within the array, at the same time we create coupled electric and
magnetic dipole moments in each unit cell resonating exactly at the same frequency and
having the same loss factors. Since the inclusions of the two sorts possess identical dipole
moments, no splitting of the resonance frequency of the structure occurs. As a result, it
is possible to realize a lossy and resonant array of inclusions so that the condition of full
absorption (3.54) is satisfied at one frequency, but the condition for impedance matching
or zero reflection (ol = o, /no) holds in an ultra-wide frequency range, although both
polarizabilities are frequency dispersive.

Figure 4.5(a) shows a design of off-resonance transparent perfect absorber based on
nichrome single-turn helices embedded halfway into a styrofoam. We position the helices
in the xy-plane in accordance with the analytical approach for determination of proper
arrangement of helical resonators in the unit-cell of metasurface depending on their desired
functionalities. The sub-unit cell of the metasurface consists of four blocks of helices as

shown in Figure 4.5(b). The blocks comprising four helices of specific handedness are
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Figure 4.6: (a) Reflectance, transmittance, and absorbance of helix-based PA versus
frequencies at normal incidence. Simulated absorbance spectra as a function of incidence
angle of the proposed absorber for TE (b) and TM (c) polarizations, respectively.

staggered in the unit cell. The size of such a structural block of single-turn helices is
equal of 0.6)\;¢s = 56 mm and period of the unit cell is 1.1)\;s = 112 mm. As seen, the
periodicity is not truly sub-wavelength, the arrays are in fact metasurfaces since they can
be homogenized. Numerical simulations show that the amplitudes of the Floquet modes
which become propagating for oblique illumination of the arrays are negligible compared
with that of the fundamental harmonic. Therefore, these arrays can be modeled as sheets
of homogeneous surface electric and magnetic currents. Structural parameters of single-
turn helices were taken from Table 2.1. In our design, we utilize helices made of nichrome
NiCr60/15 with the conductivity of 10® S/m, which approximately ensures the required
level of dissipation loss. A wire diameter was chosen as 0.2 mm in accordance with the
requirement of a proper level of dissipative loss in the helical resonators. As seen from
Figure 4.5(c), helical resonators are embedded in styrofoam plate for mechanical support
with a thickness of 14.4 mm.

Figure 4.6 shows reflection, transmission, and absorption frequency spectra of helix-
based absorber that were calculated using numerical simulation based on FEM. One can see
that designed metasurface based on single-turn helices absorb 96.5% of the incident power
at the resonance frequency of 3.05 GHz. Due to their symmetrical geometry, absorber
identically operates with waves impinging on either of their sides. Also, it can be seen
that reflection coefficient is practically zero in the absorption band of 0.1 — 4.8 GHz.

Nevertheless, when the circumference of single-turn helix becomes comparable with the
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Figure 4.7: (a) Photo of fabricated metasurfaces comprising of 480 nichrome helical
resonators. Sub-unit cell of the sample is depicted in the inset. (b) An enlarged view of
the sample based on single-turn helices embedded into a styrofoam. (c) Measured and
analytical fitting (solid line) reflection, transmission, and absorption spectra at normal in-
cidence. The measured values are indicated by dots (o) in the experiment. (d) Represented
simulated results for comparison with measured data.

wavelength and the first higher-order resonance appears.

For many applications of absorbers, it is of particular importance to absorb normally
incident radiation as well as radiation impinging on the structure at oblique angles. The
angular stability of the proposed absorber for TE and TM polarizations is shown in Fig-
ures 4.6(b,c). It is seen that whereas the metasurface based on single-turn helices absorbs
nearly perfectly only at the incidence angles close to normal. Nevertheless, for both TE
and TM polarizations the absorber operates with efficiency over 95% at angles of 0° — 15°
and 23° — 44°, respectively.

Figures 4.7(a,b) shows photos of fabricated low-reflection absorber comprising of 480
single-turn helical resonators embedded into the styrofoam. The sample preparation and
measurement details were described in the previous section (see Figures 4.3). Manufac-
turing single-turn helices with a small wire diameter of 0.2 mm optimized in simulations
imply practical difficulties associated with very flexible and unstable wire forming the he-
lix. Therefore, for our measurements, we fabricated an array of single-turn helices with
the wire diameter of 0.5 mm. The sample with single-turn helices has dimensions of
6Ares X 7-2Xes. It would be stressed that we used single-turn nichrome helices with re-
spectively low conductivity which differs from the case of realization of twist polarizer

metasurface based on copper single-turn helices (see Section 4.1).
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The measured reflection R, transmission T and absorption A spectra of fabricated
sample are depicted in Figure 4.7(c). The fitting curves quantitatively demonstrate the
spectral behavior in accordance with measured data in the microwave range. Sample
exhibits peak absorption amounts to 92% at the resonant frequency of 3.02 GHz, while
reflectance does not exceed of 7% in the entire frequency range. Simulated results of the
helix-based absorber with a diameter of the wire 0.5 mm for comparison with measured
data are presented in Figure 4.7(d). As seen from simulated spectra, absorption peak
reaches a value of 72% at the resonance of 3.05 GHz, while reflectance and transmittance
are equal to 8.8% and 19.2%, respectively. The absorption level difference in 20% between
simulation and experiment can be related to diffuse scattering on array inhomogeneities
and without taking into account some dissipative losses in the conductor. Nevertheless,
the simulated and measured spectra have similar shapes and nearly the same resonance
frequencies.

Summarizing, we have fabricated off-resonance transparent perfect absorber based on
nichrome single-turn helical resonators with balance polarizabilities. Absorber demon-
strates high efficiency (A = 90%) at the resonance, being totally transparent for radiation
of other frequencies. Also, the helix-based absorber is polarization-insensitive and sym-
metrically operating from both sides. This regime implies that the helices of the absorber
are equally strongly polarized electrically and magnetically, in the wide frequency range
as possible. From the theoretical point of view, the proposed absorber is probably the
first microwave realization of a dispersive and lossy structure which does not reveal its
dispersive and lossy nature when observed in reflections at any frequency. In view of
simplicity of the design and realization, we utilize smooth single-turn helices, since similar
resonant inclusions operating even at infrared frequencies can be manufactured based on

fabrication technologies reported in Ref. [75,156].

4.3 Absorber based on double-turn helices

Here, we are aiming to improve the obtained results described in the previous section by
the realization of perfect absorber based on double-turn helical resonators with balanced
polarizabilities. As mentioned early, absorbing metasurfaces based on double-turn helices
exhibit more broadband impedance matching leading to zero reflection and more strong
resonance behavior in comparison with single-turn helical resonators. Moreover, symmet-
ric current density distribution in double-turn helices might lead more stable absorption
angular dependence at the resonance.

Figure 4.8(a) shows unit cell design of off-resonance transparent helix-based absorber
for microwave range. The unit cell of metasurface consists of four blocks RH and LH
double-turn helices (similar case with absorber based on single-turn helical resonators)
that are embedded halfway into the styrofoam. Structural parameters of helices tailored
to the balance of their individual polarizabilities were taken from Table 2.1. The size
of each structural block of double-turn helices is equal of 0.4\, = 43 mm and period of

0.9X;es = 86 mm, respectively. Helix-based metasurface is excited by the normally incident
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Figure 4.8: (a) Unit cell design of off-resonance transparent perfect absorber based on
LH (red color) and RH (blue color) nichrome double-turn helices. Waves interaction with
helix-based absorber at the resonance at normal incidence is illustrated. (b) Top view of
the unit cell with indicated structural parameters. (c) Front view of the unit cell where
helices are embedded halfway into styrofoam with thickness of t = 14.4 mm.

plane wave. Figures 4.8(b,c) show top and front views of unit cell double-turn helix-based
absorber. In accordance with numerical optimization, we utilize the nichrome helical
resonators with a conductivity of 106 S/m, which approximately ensures the required level
of dissipation loss.

Figure 4.9(a) shows simulated reflection, transmission, and absorption spectra at nor-
mal incidence in the frequency range of 0.1—10 GHz. Helix-based absorber exhibits narrow
resonant peak centered near of 3.07 GHz frequency with peak absorptivity in excess of
99.99%. Meanwhile, absorber exhibits a low-reflection ability in the broad frequency range
from 0.1 GHz to 9.7 GHz. Thus, absorbing metasurface based on double-turn helices is a
better candidate for the realization of perfect off-resonance transparent absorbing metasur-
face in comparison with proposed absorber based on single-turn helices. Figures 4.9(b,c)
show simulated absorption coefficient as a function of incidence angle for TE and TM po-
larizations, respectively. The incident angle is varied in 5° steps from 0° to 85°. It can be
seen that helix-based absorber exhibits stable absorption behavior for TM incident waves
remains nearly angle-invariant up to 60°, while absorption for TE polarization shows a
sharp dip near 50°. Nevertheless, the off-resonance transparent helix-based absorber can
be regarded as polarization and incidence angle-invariant up till 40° incidence. Moreover,
this absorber demonstrates wider angular stability at oblique incidence in comparison with
the single-turn helix-based absorber (till 15 degrees) for both polarizations.

Figure 4.10(a,b) shows photos of a sample based on nichrome double turn helical
resonators. The sample comprising of 324 double-turn helices embedded halfway into
styrofoam is realized follows to fabrication approach described in Figures 4.3(a-d). The
nichrome wire with a diameter of 0.2 mm was utilized for fabrication of off-resonance

transparent helix-based absorber. As a result, the sample has dimensions of 3.6 X
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Figure 4.9: (a) Simulated reflection, transmission, and absorption spectra of the absorber
at normal incidence. Dependencies of the absorption with angle of incidences for (b) TE
polarization and (c) TM polarization, respectively.

3.6\ res-

The simulated and measured reflection, transmission, and absorption spectra are shown
in Figure 4.10(c). In the experiment, resonant absorption band centered near of 3.08 GHz
with the absorption peak of 81%, while reflectivity does not exceed of 12% in the considered
frequency range. Numerically simulated results for qualitative comparison with measured
data are depicted in Figure 4.10(d). As can be seen, simulated and measured results are
in good agreement. Nevertheless, resonance in the experiment exhibits broader behavior
than it was predicted. This is most likely due to inhomogeneous broadening resulting
from random variations of the helical parameters in the characterized area. Also, double-
turn helical resonators are difficult to fabricate using a hand-made approach since the
size of each helix is very small (\s/15) and structural parameters can be easily changed
leading to undesirable disbalance of polarizabilities. Nevertheless, these deficiencies do
not diminish our main achievement such as realization of the off-resonance transparent
perfect absorber for microwave range. It should be mentioned that more detail about
the theoretical background and practical realization of reflectionless absorbers based on
single-turn and double-turn helices can be found in our article [5-A].

It can be concluded that unique property of low reflectivity in an ultra-wide frequency
range combined with frequency-selective absorption offers exciting possibilities in applica-
tions, allowing the creation of perfect electrically thin band-stop filters for radiation of an
arbitrary frequency. The off-resonance transparency of the absorbers allows one to con-

struct various complex multi-frequency filters, combining in a parallel stack metasurfaces
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Figure 4.10: (a) Photo of fabricated metasurfaces comprising of 324 nichrome double-
turn helical resonators. Sub-unit cell of the sample is depicted in the inset. (b) Perspective
view of the sample based on helical resonators embedded into styrofoam for mechanical
support. (c) Measured and analytical fitting (solid line) reflection, transmission, and
absorption spectra at normal incidence. The measured values are indicated by dots (o) in
the experiment. (d) Represented simulated results for comparison with measured data.

resonating at different frequencies. The neighboring metasurfaces would not disturb the
performance of one another, and the overall thickness of such multi-layer structure would
be still of the order of one wavelength or less. Another exciting possibility of implemen-
tation of the proposed absorbers lies in designing new types of “invisible” bolometers and
sensors. Using the multi-layer metasurface absorber, it becomes possible to design a single
bolometer that measures the power of incident radiation of different spectral lines at the
same time. Moreover, the narrow-band response of the proposed absorbers makes them
ideal candidates for implementation in bolometer arrays in astronomy at millimeter wave-
lengths. Due to the reflectionless operation, the proposed absorbers can be successfully
used for stealth applications, especially for non-metallic objects. In contrast to conven-
tional metal-backed absorbers, they do not increase the radar cross section of the hidden

object outside of the absorption band.

4.4 Conclusions

e Off-resonance transparent twist polarizer based on copper single-turn helical res-
onator has been realized. We utilized hand-made approach for fabrication of helix-
based metasurfaces for microwave range. The experiment was carried out in an
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anechoic chamber in the frequency range of 2.8 — 3.3 GHz. Simulated and measured
data demonstrate 90° polarization rotation with a high cross-transmission coefficient
over of 0.92 at the resonance with up to 35° at oblique incidence. Meanwhile, helix-
based twist polarizer exhibits low reflectivity (R < 6%) in the wideband frequency

range from 2 to 4 GHz in accordance with numerical simulation.

Using numerical simulation and experimental verification, perfect absorber based on
nichrome single-turn helical resonators with balanced polarizabilities was studied in
the microwave range. Helix-based sample absorbs more than 90% incident radiation
at the resonance frequency of 3.05 GHz, being totally transparent for radiation in
the range of 0.1 — 4.8 GHz. Both simulation and experimental results are in a good

agreement.

To extend the transparency properties of perfect absorber based on single-turn he-
lices, ultra broadband absorptive metasurface using nichrome double-turn helical
resonators has been tested numerically and experimentally, respectively. In accor-
dance with simulation data, the proposed helix-based absorber exhibits near-unity
reflection in the range of 0.1 — 10 GHz with resonant absorption peak over of 99.99%,
respectively. In the experiment, resonant absorption band centered near of 3.08 GHz
with peak absorbance of 81%, while the reflectivity of the sample does not exceed of

12% in the entire microwave range.

In addition, the realized off-resonance transparent twist polarizer can found potential
applications in radio antennas and communication systems. Helix-based absorption
metasurfaces allowing the creation of perfect electrically thin band-stop filters for
radiation of an arbitrary frequency and in order to construct various complex mul-
tifrequency filters. Another exciting possibility in the application is a designing of

new types of “invisible” bolometers and sensors.
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Chapter 5

Direct laser write lithography

Towards to realization of functional off-resonance transparent metasurfaces helical res-
onators for infrared spectral range, the problem of practical downscaling helix-based meta-
surfaces using direct laser write lithography was solved. This chapter is devoted to the
fabrication of 3D dielectric architectures with micro/nanoscale size by usage of direct
laser writing lithography based on the principle of two-photon absorption in the photo-
sensitive material. This method makes it possible to produce 3D near-arbitrary shaped
micro/nanostructures with a spatial resolution of the order of 100 nm. The mechanism
of two-photon absorption in a photosensitive material is described in details (Section
5.1). Experimental setups which used in the process of fabrication 3D architectures are
described (Section 5.2). 3D dielectric volumetric and planar microstructures using fem-
tosecond pulsed direct laser writing technique were fabricated (Section 5.3). Moreover,
determination of optimal exposure condition to achieve the minimum feature size of ex-

posed voxel in microstructure using laser fabrication was carried out.

5.1 Direct laser writing

In the first attempts for the creation of metamaterials with micro or even nanoscale di-
mensions, standard lithographic methods were used (EBL, FIB, inkjet printing and etc.).
However, these tools were not intended for realization of 3D composites comprising sub-
wavelength meta-atoms with nanoscale sizes. Thus, in order to realize the metamaterial
with their advantageous properties, the scientific community has spent a lot of effort to ex-
pand and develop the 3D fabrication approaches giving several remarkable solutions. One
of them is a direct laser writing technique that allows us to fabricate the 3D metamaterial

architecture with subwavelength microscale inclusions.

5.1.1 Micro and nanofabrication methods

Currently, methods and technologies for the manufacture of nano- and microscale devices
that play a dominant role in information and communication technologies are actively
developing. A variety of methods has been developed to create the complex models with a
micrometer resolution or much lower. The dimensions and geometry of the desired pattern
determine the real choice for a particular technique. As a rule, the fabrication of nano-
and micro-patterns is realized owing of photolithography, electron-beam lithography, X-
ray lithography, microprocessing, direct writing or holography.

All manufacturing methods can be divided into two types: “top-down”or “bottom-

up” approaches. In general, the “top-down” approach starts with a mass substance and
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proceeds to reduce the size, removing unwanted substances or simply working in areas of
interest. On the other hand, the “bottom-up” approach starts with the smallest particles
and leaves as a whole, up to intramolecular force and dynamics at the molecular level, to
reach a low-energy point where the individual particles self-organize and settle. Respect to
these approaches the most common 3D fabrication techniques are self-assembly method,
glancing angle deposition technique, multiple-beam interference, and direct laser writing.

Self-assembly method is a general bottom-up growth approach using colloidal crys-
tals [157]. Colloids refer to structures containing fine particles suspended in a liquid. By
immersing the substrate in colloidal crystals, the particles will be deposited in a periodic
matrix on the surface of the substrate layer by layer after removal of the solvent at a tem-
perature close to the boiling point [158,159]. Self-assembly is very suitable for inexpensive
and large 3D architectures [160].

Another popular “bottom-up” approach is glancing angle deposition (GLAD) that
allows producing 3D metallic and dielectric templates. During the GLAD process, the
vapor flux arrives at the substrate with an oblique angle from the normal to the substrate
and structures grow to a vapor source [161,162].

Multi-beam interference is a method of “top-down” large-scale production that widely
used for manufacturing 2D and 3D polymer microstructures [163,164]. Interference oc-
curs when several beams are added together provided that the phase differences between
them remain constant over the observation time. It leads to exposing of photosensitive
transparent materials well-known as photoresist and after the development procedure, the
unexposed photoresist can be stored or deleted depending on negative or positive-type
photoresist was used. However, this technique does not give enough degrees of freedom to
fabricate metamaterials with arbitrarily shaped inclusions.

The direct laser writing (DLW) is an innovative and promising “top-down” approach
with truly 3D fabrication capabilities [165-167]. Three-dimensional nanostructures with
a particle size of less than 100 nm [168-170] were fabricated by overcoming the diffraction
limit. A minimum particle size of up to 40 nm was achieved by single-color initiation
and deactivation of polymerization [171]. Of all the above, laser direct writing is the
only method capable of arbitrarily producing various structures, such as spirals [170,172]
woodpile structures [173,174], “slanted pore” structures [175] and others.

Similar to standard methods of photolithography, structuring is carried out by illumi-
nating photoresists with negative or positive tone via light with a well-defined wavelength.
Due to two-photon absorption process, the photoresist will be exposed. The mechanism

of two-photon photopolymerization will be described below.

5.1.2 Two-photon absorption

Two-photon absorption (TPA) is the simultaneous absorption of two photons of identical
or different frequencies in order to excite a molecule from one state (usually the ground
state) to a higher energy electronic state. The energy difference between the involved
lower and upper states of the molecule is equal to the sum of the photon energies of the

two photons. T'wo-photon absorption is a third-order process several orders of magnitude
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Figure 5.1: Fundamentals of two-photon absorption generated by a focused laser
beam [178].

weaker than linear absorption at low light intensities. It differs from linear absorption in
that the atomic transition rate due to TPA depends on the square of the light intensity,
thus it is a nonlinear optical process, and can dominate over linear absorption at high
intensities [176].

Two-photon absorption (TPA) was predicted theoretically as early as 1931 and was
confirmed experimentally only in 1961 by Kaiser and Garrett [165]. Subsequently, TPA
was used only for spectroscopic purposes, but after published work [166] in 1965, it was
starting to use for induction of polymerization. Further development was updated for
lithographic microfabrication well-known as direct laser writing by Kawata’s group in
1997 [167]. To these days, the direct laser write technologies actively are used to manufac-
ture various photonic, micro-optical, microchemical and metamaterials devices [177-179].
The principle of TPA is based on a nonlinear response of a two-photon transition rate to
optical intensity [178].

Photoresist simultaneously absorbs two near infrared (IR) photons, the collective en-
ergy of which is equal to the ultraviolet photon, as shown in Figure 5.1. If the energies
of two photons are exactly the same number, this process is called a degenerate TPA,
otherwise, it is non-degenerate. The speed of the TPA is proportional to the square of
the light intensity, which causes the TPA to mainly occur around the laser focal point.
The linear relationship between the TPA and the quadratic light intensity leads to the
fact that the size of the TPA region exceeds the diffraction limit of the wavelength of the
incident light.

As it was mentioned before, the TPA process occurs at a focal point that leads to
induce a dramatic change in the solubility of the photoresist for appropriate developers.
The advantage of TPA is that the excitation process is a heat insulating process where
the deposition of photon energy occurs so quickly that electrons do not have time to
absorb it for the phonon emission. This feature is useful for photochemical reactions since

the thermal effects are undesirable. Moreover, polymers typically exhibit negligible linear
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absorption in the near-IR spectral range that allows the laser beam to penetrate deeply
into the sample and directly induce polymerization inside the material without disturbing
the external focal volume. All these functions of TPA are very useful tools in various

applications that are given in the following section.

5.1.3 Applications

Many new applications require 3D patterns and one of them is the emerging field of
metamaterials. To manipulate visible and infrared radiation, it is required nanostruc-
tures consist of subwavelength inclusions with dimensions on the order of 0.03—5 pm.
Researchers relied heavily on EBL and UV photolithography in combination with the de-
position stages of the material to create metamaterials. EBL is used when a very high
resolution is required, and UV photolithography is used when the resolution requirements
are on a micron scale. However, to create a truly 3D metastructures, these technologies
were not suitable, except for the creation of multilayered planar metamaterials. The fab-
rication process is quite cumbersome time-consuming and is limited in a design freedom.
The usage of laser lithography gave us to create 3D dielectric micro- and nanostructures
with a 100 nm spatial resolution for the subwavelength inclusions. Subsequently, the
realization of metallic nanostructures can be performed by using various metallization
methods. It should be noted that the method of laser lithography goes far beyond the
construction of only 3D structures since it is widely used in nanophotonics, microelec-
tromechanical systems (MEMS), microelectronics and microfluidics. Several examples of

DLW lithography applications are given bellow:

e using femtosecond pulsed laser, it was demonstrated a 3D microfabrication with
proteins, such as bovine serum albumin and collagen [180,181]. As a result, artificial
protein architectures are porous and demonstrate promise for use as drug delivery

devices or sustained-release devices that can be useful for biological applications;

e for biochip applications, it was recently developed a lobed micropump driven by

light [182];

e for photonic applications, using photosensitive materials and laser lithography it can

be applied to produce gratings and photonic crystals [168,175];

e it can be used to create high-quality waveguides, either in free space or on sub-
strates. For instance, unsupported waveguide structures, such as couplers, splitters
and Mach-Zehnder interferometers, between the ends of optical fibers have been
fabricated [183,184]. Further metallization of waveguide structures can be highly
conductive that opens up the door for electrical applications such as the microin-
ductor [185];

e the combination of stimulated emission depletion (STED) with DLW technique gives
huge opportunities and application for 3D manufacturing with extremely high spatial
resolution to produce the photonic crystals, waveguides, metamaterials and etc [75,
179];
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e laser technologies are widely used for coding consumer products with bar codes and

indicators of the last use date on food packaging;

e special polymers or additives are used to transmit laser radiation in written informa-
tion. Moreover, the products have been written in more complex templates, full-color
templates, and images, as well as DLW, can be used even for personalized security

features.

It should be mentioned that commercial applications are on the horizon in the creation
of high-performance, photonic crystals and microinductors, and functional 3D components

for microfluidic systems [178].

5.2 Experimental setup

In this section, we describe the main experimental setup, principle of work and their
functionalities that were used in this study. The experimental setup of DLW, a princi-
ple of critical point drying procedure and the optical characterizations measured by IR

spectroscopy is described in details.

5.2.1 DLW setup

In the 1990s, the commercialization of femtosecond lasers, in addition to recognizing high-
performance photosensitive materials, significantly accelerated micro/nanofabrication in
solid and even liquid media. Properties such as the duration of an ultrashort pulse (less
than 5 fs), high beam quality, coherence, significant nonlinearity, power, frequency stabil-
ity, strong localization, and others allow us to control various materials by laser lithogra-
phy.

Figure 5.2 shows a schematic illustration of DLW setup for fast prototyping of 3D
dielectric patterns. The laser source is a Ti: Sapphire femtosecond oscillator (Mai Tai,
Spectra-Physics). The Spectra-Physics Mai Tai oscillator is used for a wide variety of
applications: from general spectroscopy to multiphoton microscopy. Due to its leading
technical characteristics and the largest installed base characteristics of any laser of this
type, Mai Tai is truly an advanced tool for basic research and biological imaging. The
reliability of the Mai Tai series is supported using a ultra-stable regenerative mode-locking.
Using this method, the Mai Tai oscillator is capable of hands-free supporting, that allows
you to quickly collect excitation profiles with just one click.

The system has a central wavelength (\) at 800 nm with a temporal pulse length
(Tpuise) of about 120 fs. The laser beam is passed through a computer-controlled variable
attenuator and mechanical shutter. Variable metallic attenuators are used to reduce and
adjust pulse energy to the order of several nanojoules for fabrication purposes. In order
to correspond to the scan speed during the translation stage during actual production, a
repetition rate frequency f = 80 Hz is usually used. The repetition rate and the speed
of scanning of the stage determine the distance between the exposed voxels produced

by a series of laser pulses. The collimated laser beam is fed into an inverted optical
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Figure 5.2: Experimental setup for DLW process.

microscope and tightly focused owing a microscope objective with an oil immersion (
magnification 60x, NA =1.35) in the photoresist sample. The sample is attached to a
piezoelectric transducer (PZT) via controlling of a high-precision 3D translation stage
(Physik Instrumente P-563.3CL) which provides nanoscale positioning accuracy within
the range of (300 x 300 x 300) pm in XYZ axes, as well as the resolution of 3 nm and
1.5 nm, respectively. In actual production, an accuracy of about 1% of the degree of shear
with continuous scanning is observed at the stage.

The position scanning of the sample and the intensity of the laser beam are controlled
by a personal computer (PC) by software program 3DPoliCompiler. The software mainly
uses for translation commands, for example, to move at a certain distance in certain
directions (in the X, Y or Z directions) and is a subset for the digital stage controller.
The controller has provisions for performing real-time probing to get the current stage
positions. The overall monitoring of the fabrication was achieved when the halogen lamp
was illuminated (condenser illumination) using video camera attached to the microscope.
In photoresist samples, the image of modification is usually hidden, but the exposed resist
along the transfer lines can still be seen due to a small modification (107%) of the refractive
index, therefore, it is possible to monitor the manufacturing process in the real-time. In
addition, it is necessary to pass the light from condenser lens through a red filter before
shining it on the sample. As a result, spatial resolution approaching 100 nm can be
obtained by carefully adjusting average laser power slightly above the photopolymerization
threshold.

5.2.2 Critical point drying process

Figure 5.3(a) shows the photo of critical point drying (CPD) machine (JCPD-5, Jeol) with

the indicated notations. Critical point drying is a process to remove liquids in such a way
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Figure 5.3: (a) Photo of the supercritical point drying apparatus (JCPD-5, Jeol) with
indicated notations. (b) Phase diagram of the pressure versus temperature. The data in
critical point are indicated for COq liquid.

that the entire structure is not damaged during the drying process. Applications for critical
point drying are the preparation of biological samples for scanning electron microscopy
(SEM), production of aerogel, decaffeinating of coffee, production of micromechanical
systems, micro/nanostructures and others.

In the development process, the fabricated samples by DLW are usually put in the
liquid (usually alcohol) to remove unexposed photoresist. If after that the samples are
dried in air, the liquid passes at a certain rate into the gas (evaporates), while a number
of liquid decreases at the same rate. When this occurs in the samples, the surface tension
in the liquid body pulls against any structures with which the liquid contacts. Therefore,
the delicate structures (especially with nanoscale size) are easily destroyed and can not
be studied. To avoid this, the sample must be dried above the critical point through the
supercritical region. The supercritical fluid has no difference between gas and liquid (equal
densities) and, therefore, does not border on liquid and gas.

Figure 5.3(b) shows the phase diagram of the pressure versus temperature ranges where
solid, liquid and vapor exist. The boundaries between the phases intersect at a point on
a graph called a triple point. Along the boundary between the liquid and vapor phases,
one can choose a certain temperature and the corresponding pressure at which liquid and
vapor can co-exist and, therefore, have the same density. This is the critical temperature
and pressure. Drying in critical condition is based on this physical principle. The liquid
in the sample is replaced with a suitable inert liquid, the critical temperature of which for
the realized pressure is slightly higher than the surrounding medium.

The carbon dioxide (COs2) liquid is ideal for the CPD process due to the low tempera-
ture of the critical point, easily miscible with alcohol, non-flammable, non-toxic, and low
costs. To replace alcohol, a high-pressure liquid COq is used, and after that, the sample
is completely immersed in supercritical COs. Then it is heated until the temperature is
the critical point. After this, the pressure can be gradually reduced, allowing the gaseous
CO3 to escape and leave a clean dry sample. A critical point can be used at 35°C and a
pressure of 7.37 MPa. Thus, the temperature is raised to the critical temperature and the

liquid CO4 passes into the vapor without changing the density and surface tension effects
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with saving the sample architecture.

5.2.3 FTIR setup

Fourier transform infrared spectroscopy (FTIR) is a common technique to measure re-
flectance, transmittance or absorbance spectra of the fabricated samples. An FTIR spec-
trometer simultaneously collects high spectral resolution data over a wide spectral range.
This confers a significant advantage over a dispersive spectrometer which measures inten-
sity over a narrow range of wavelengths at a time [186].

In this study, we used two FTIR spectrometers: spectrometer MET-2000, JASCO and
FT/IR-6300, JASCO with microscope attachment of IRT-7000, JASCO. The first one, we
used to measure the reflection spectra and the second one (more advance) was used for
measurement of 2D mapping reflection. Setup for optical characterization of two FTIR
spectrometers is pretty similar that is not require description for both ones.

The main components and optical reflection and transmission pathways for FTIR setup
are given in Figure 5.4. The M1 mirror provides a switch for measuring the reflection or
transmission of a laser source from an FTIR spectrometer. Mirrors R1 and R2 serve to
guide the transmitted light through the sample to the detector, and for the same purposes,
R1 and R2 mirrors are designed to direct light into the detector. The Cassegrainian ob-
jectives (marked in blue) with magnification 16x, NA = 0.5, the minimum and maximum
convergence angle is about 16.5° and 31.7°, respectively, collect light for reflection or trans-
mission, which is routed to the detector through M2. The mercury cadmium tellurium
(MCT-M) detector is used in combination with a beam splitter with germanium covered
with potassium bromide (Ge/KBr) and a highly sensitive ceramic light source. The mea-
surement is carried out in the range of 2 — 15.4 um. The sample is installed on the stage
platform, which has freedom of translation in XYZ directions. The personal computer

performs data processing and analysis of the measured spectra.
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Figure 5.4: FTIR spectrometer used for optical characterization of the fabricated sam-
ples.
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5.3 Prototyping of 3D dielectric microstructures

Here, we are focused on the realization of 3D dielectric micro/nanostructures using DLW
technique. We have performed a simple test for determination of minimum feature size by
finding the best exposure conditions of DLW to achieve a high spatial resolution of about
100 nm. Further, to demonstrate the capabilities of DLW fabrication, we realized several

3D dielectric samples.

5.3.1 Fabrication details

At first, it is necessary to find or synthesize the photoresist that uses as the initial material
of two-photon absorption for DLW technique. As well known, SU-8 is often photoresist
that used in conventional MEMS photolithography [187]. However, for the photopoly-
merization of epoxy resins such as SU-8, cationic polymerization occurs that generates
a catalytic photo acid under illumination and therefore, each photoacid generator can
produce multiple polymerizations. It can easily be converted into thick films to produce
structures with a high aspect ratio. However, the added complexity resulting from the re-
quired stages of spin-coating and post-baking makes SU-8 less favorable than SZ2080 [188]
or acrylic resins for the rapid prototyping of micro/nanostructures.

In this study, we use negative-tone 20:80 mixture of zirconium-silicon with methacry-
late sol-gel hybrid organic-inorganic photoresist SZ2080 with 0.4% 4,4’-bis(diethylamino)
benzophenone added as photo initiator for DLW process. Details on synthesis, parameters
and applications of SZ2080 can be found in the available literature [189]. Figure 5.5 shows
the workflow steps of fast prototyping of 3D dielectric micro/nanostructures. All steps for

realization some dielectric sample are described in the follows:

@ The sample was prepared by drop-casting the SZ2080 solution onto 170 pm-thick
microscope cover glass substrates (Matsunami), and subsequently dried on a hot
plate using temperature ramp (for 5 min) between 40°, 60°, and 80°C (for 20 min)
and with a smooth cooling of the samples to room temperature. The refractive index

of the dried samples is about 1.50.

@ Next, one dried sample is fixed at XYZ stage control for the femtosecond laser expo-
sure. Using optomechanical setup (see Fig. 5.2) with the same exposure conditions
the arbitrarily-shaped pattern was writing in the photoresist SZ2080 by pulsed fem-
tosecond laser illumination. By carefully adjusting the parameters of laser exposure

we can achieve the sub-micrometric spatial resolution in the used photoresist.

@ After DLW process, the sample was developed in 4-methyl-2-pentanone or in 1-

propanol: isopropanol (50:50) solution for 5 min and rinsed in ethanol.

@ In order to gently remove the ethanol from the sample and minimize the destruc-
tive action of capillary forces on the finely-patterned photoresist, we have dried the

sample in a supercritical point drying machine using a high-pressure liquid COs.
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Figure 5.5: Workflow steps for fast 3D prototyping of dielectric micro/nanostructures.

@ Before to see the fabricated sample using Scanning Electron Microscopy (SEM), the
sample needs to be coated with thin layer of metal to make it conductive. Therefore,
an initially dielectric sample was coated with gold using plasma sputtering (Quick
coater SC-701 MKII). Since sputtering is not spatially selective, it coats both the

photoresist sample and the glass substrate.

@ Finally, observation of samples using SEM.

It should be mentioned that all fabrication process takes about 5 hours. Usually,
time is highly dependent on the DLW process due to the complexity of the geometry, the
amount and area of the pattern, the scanning speed and the intensity of the laser beam.
In some special cases, the fabrication time of the samples can reach several days or even
weeks depending on the task.

Some examples of 3D dielectric volumetric and planar structures realized by DLW
technique can be seen in Figure 5.6. It is clear to see the difference between volumetric
(upper row) and planar (lower row) structures. Here, we did not focus on any functionality
of volumetric structures or obtaining a high resolution. However, the realized dielectric
structures demonstrate the capabilities of the DLW fabrication for the realization of 3D
complex structures as well for planar periodic structures that resemble metasurfaces. In
future, this will allow us to create the functional metasurfaces based on helical or other

inclusions to obtain desired optical properties.

5.3.2 Determination of the minimum feature size

As well known, one laser pulse creates a single photomodified volumetric region known
as a voxel (see Figure 5.7(a)), an ellipsoidal shape is obtained from the light intensity

distribution in the focal volume of the laser beam. So called a “series of pulse trains”
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Figure 5.6: SEM images of 3D volumetric (upper row) and planar (lower row) dielectric
microstructures realized by DLW lithography.

creates a continuous chain of voxels, which is associated with the formation of lines or
continuous structures by choosing the appropriate laser repetition frequency and scan
speed. One can imagine that it works like when you are drawing by a sharp tip of a pen
on the paper the same a focal spot of a femtosecond laser is drawing in the volumetric
photosensitive material. However, laser beam remains fixed, but the photoresist itself is
moving in all XYZ-directions, so the drawing process is carried out. The inter-distance
between A (in nanometer units) adjacent voxel or laser pulses (for example in the z-

direction) is given by the next expression:

vy - 106
f b

where vy is the scanning speed along the z-axis, and f is the laser repetition frequency.

A =

(5.1)

The scanning speed and laser repetition rate determine the fabrication time, while the
pulse energy is drastically affected by the size of the voxels, that is determined the final
size of the elements in the structure. By manipulation of these parameters, the optimal
exposure condition for laser writing can be found, where the structural strength and filling
factor of periodic structures influence to the quality of fabricated structures.

Moreover, the voxel is the basic structural element from which various 2D and 3D
architectures are subsequently built, therefore, knowing the dimensions of the voxel, you
can determine the spatial resolution obtained by DLW process. Each voxel takes the form
of an ellipsoid and has a lateral dy, and axial d, sizes, respectively. It should be mentioned
that it is possible to achieve the near-spherical form of voxels by adding auxiliary elements
to the optical system and careful control of the exposure conditions [77]. In this study, we
use unmodified DLW technique with typical setup (see Figure 5.5) that allows obtaining
the only ellipsoid shape of the voxel. With various exposure conditions, such as laser pulse

energy, the overlap between the adjacent voxel and voxel size itself, the final dimension
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Figure 5.7: (a) Schematic illustration of laser pulse trains creating the volumetric voxels
with denoted inter-distance A, lateral dy, and axial d, sizes. (b) SEM image of sample
for determination of minimum feature size using exposure matrix with different structural
parameters depending on the laser power and scanning speed, respectively. The minimum
feature size can be seen in the inset, where lateral dyy, = 112 nm and axial d, = 325 nm
parameters are indicated. Dependence of lateral size (c) and axial size (d) on the scanning
speed, respectively.

of the structure is determined. Here, we use a photoresist SZ2080 that has a threshold
response, which means that a constant photomodification occurs when the fluency or
intensity increases above a certain threshold value. From theory, the threshold value can
be found knowing the maxima of the two-photon irradiation dose that have a full width

at half maximum (FWHM) and can be expressed in the following way [179]

A
55-NA

For example, at NA = 1.35 FWHM is seven times smaller than the free-space wave-

FWHM = (5.2)

length. Theoretically, the exposure profile will be even smaller for processes of higher
order FWHM. In actual fabrication, it is difficult to control and maintain the laser inten-
sity to such an optimum limit above the threshold due to fluctuations in the energy of
the laser pulses. In the case of TPA, the irradiated region has a quadratic dependence
on the intensity of the laser pulse, which means that it is even more sensitive to energy
fluctuations. Therefore, the photopolymerization threshold can be found only from the
direct experimental measurements of the later and axial dimensions of the voxels. Thus,
it is necessary to carry out a simple test for determination of minimum feature size using

exposure matrix with different energy pulses and scanning speed to define the structural
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parameters of the voxel, dy, and d,, respectively. The SEM image of the exposure matrix
is shown in the Figure 5.7(b).

We chose different power of laser pulses P, in the range of 6 — 3 mW with step of
0.1 mW and scanning speed (vyx in the range of 10 — 100 pm/s) to determine the lateral
(dxy) and axial (dyy) width of the twisted rod by usage of the SEM. Directly measuring the
width of the rods (average of three measurements), the truncation or torsion errors unlike
might be arisen. Figures 5.7(c,d) show the dependence of the lateral and axial width of
the twisted rod (particular, the size of the voxel) on the power of laser pulses and the
scanning speed, respectively.

It can be seen that a multiplicity of combinations of laser power pulses and scanning
speed lead to a dynamic range of linewidths (from 100 to 660 nm). The smallest later
sizes of voxel dy, and d, are about 120 nm and 600 nm, respectively, and an elongation
factor (d,/dy, = 2.8) can be inferred. The best parameters for laser fabrication of 3D
microstructures are chosen such as v = 10 pm/s and Pl = 3 mW, respectively. These
values provide an idea to the resolution achievable by DLW, using a high focusing optical
system for recording in a polymerizable photoresist SZ2080 by nonlinear TPA. The width
of these lines is less than the length of the used recording wavelength, it is verified that
the resolution of the sub-diffraction limit has been obtained. Subsequently, it is useful
and important to know the exposure conditions to realize the architecture consisting the

elements with high spatial resolution, for example, helix-based metasurfaces.

5.4 Conclusions

e Towards to realization of helix-based metasurfaces for infrared spectral range, DLW
technique was chosen as one of the modern approaches for the realization of 3D
dielectric micro/ nanostructures in the photosensitive material with a high spatial

resolution close to 100 nm based on TPA process.

e Capabilities of DLW technique for realization of 3D volumetric and planar mi-

crostructures has been demonstrated.

e By producing the straight twisted rods in the exposure matrix, the sought-for pa-
rameters of exposure conditions of v = 10 um/s and Pyyser = 3 mW for fabrication
with 120 nm feature size were found. Thus, the 3D dielectric microstructure can be

realized with high spatial resolution using DLW approach.
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Chapter 6

Entire metal absorbing metasurfaces
fabricated by DLW technique

Using DLW maskless technique, entire metal absorbing metasurfaces for mid-infrared spec-
tral range have been fabricated. Designs and fabrication of all-metal absorbers based on 3D
vertically standing split-ring resonators operating in the wavelength range of 4.5 —9.2 ym
has been reported (Section 6.1). Entire metal chiral-plate helix-based absorbers in the
spectral range of 6 — 11 um using a combination of high-resolution DLW lithography and
simple metallization process have been designed and successfully fabricated (Section 6.2).
Towards to realization of the off-resonance transparent absorbing metasurfaces for infrared
spectral range, all-metal compensated absorbers based on RH and LH single-turn helical
resonators have been realized (Section 6.3). All realized absorbing metasurfaces exhibit

non-transparent behavior in the mid-infrared spectral range.

6.1 VSRR-based absorber

Optical metamaterials allow the realization of extraordinary optical properties, such as a
negative refraction index [1] and a near-zero [190] via the subwavelength artificial struc-
turing of inclusions. In this respect, vertical split-ring resonators (VSRRs) are especially
interesting as building blocks for metamaterials at optical frequencies, since they exhibit
a direct interaction with the magnetic field of incident waves and enable a broad range
of optical functionalities [191]. For example, a perfect resonant absorption in structures
composed of weakly absorbing metals and dielectrics can be achieved. Perfect absorber
(PA) metamaterials based on VSRRs are attractive for sensitivity enhancement in optical
detectors and as thermal emitters, radiative coolers, and so forth [142,192]. However, the
realization of three-dimensional (3D) VSRRs at optical frequencies is a challenge, since
it requires the 3D structuring of inclusions with a submicron spatial resolution. High-
resolution planar structuring based on electron-beam lithography and thin-film deposition,
etching, and lift-off are poorly suited for 3D geometries; therefore, simpler architectures
consisting of a patterned metallic film separated from a metallic ground plane by a thin
dielectric film [193,194], have been mostly explored. Although planar architectures may
also enable an artificial magnetism at optical frequencies [68], their magnetic response is
mainly driven by the electric field of incident waves, whereas the direct interaction with an
optical magnetic field is weak. Also, planar PAs exhibit poor heat dissipation [195,196],
which may lead to thermal damage to intense absorption. An all-metallic architecture
consisting of VSRRs placed above the ground plane would be free of these disadvan-

tages [197,198], but its realization by planar fabrication methods, such as electron-beam
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Figure 6.1: (a) Schematic image of a VSRR with radius r = 0.5 pm of built from multiple
overlapping ellipsoidal voxels (volume elements) with minor and major diameters denoted
by wyy = 0.25 pm and w, = 0.7 um. (b) Normalized individual polarisabilities of an
VSRR made of Au at the resonance wavelength of A, = 7.5 pum.

double exposure [199], multilayer electroplating [200], stress-driven assembly [201], and
others [202] is difficult and not widely accessible.

Using numerical simulation based on finite element method (FEM) VSRR-based struc-
tures were designed taking into account fabrication the features of laser lithography. Fig-
ure 6.1(a) shows a single vertically standing split-ring resonator with non-uniformly elon-
gated elliptical cross-sectional shape in accordance with fabrication by DLW technique.
Since the focal region of the writing laser beam is elongated along the z-axis direction, the
shape of resonator fabricated by translating the focus also has an elongated elliptical cross
section. VSRR induces at the resonance a magnetic (m) and perpendicular to it an elec-
tric (p) dipole moments by excitation of incident electric (Ejyc) or magnetic (Hiy) fields,
respectively. Therefore, the induced dipole moments can be described in the following

form

Px = g  Eine, myx =0, 6.1)
py =0, my=a) -Hic,

Figure 6.1(b) shows individual polarizabilities of VSRR normalized to the impedance
of free-space ng. As one can see, the resonance is similar to the plasmonic resonance at
an interface of metal (negative real part of the polarizability), although in this case there
is no surface-wave excitation. A number of losses in the VSRR-based layer are chosen so
that the value of the total input impedance is equal to ng at the resonance. Therefore,
only oscillation of magnetic moment gives the response at such configuration of VSRRs in
the array.

We have performed the fast prototyping of functional VSRR-based PA structures for
an IR wavelength range, using direct laser writing (DLW) [169,203] and plasma sputtering
techniques. DLW is a maskless, high-resolution laser lithography exploiting the nonlin-
ear exposure of a photoresist by tightly focused ultrashort laser pulses that can deliver
nearly arbitrary 3D self-supporting structures with a submicron spatial resolution [204].
Dielectric templates prepared by DLW can be metallized to produce metallic optical ele-

ments, such as broadband polarization converters [75,77], PA structures [1-B, 2-B, 2-A]
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Figure 6.2: (a) Structural parameters and schematic image of VSRR unit cell before and
after metallization, inset illustrates size and shape of single exposed voxel. (b) Metalization
by plasma sputtering using tilted sample mounting and four-step deposition at several
azimuthal rotation angles.

and photonic crystals [205,206]. Although realization of VSRR structures using this ap-
proach was reported earlier [207] to demonstrate the 3D structuring capability, no optical
characterization was performed. Here, we report the theoretical optimization, fabrication,
and optical characteristics of all metallic PA structures based on the VSRR geometry.
The structures were theoretically optimized for an IR wavelength range of 7 — 9 pum, fabri-
cated using DLW and gold sputtering techniques and characterized optically by reflectance
spectroscopy. In accordance with expectations, resonant absorbance bands with peak ab-
sorbances of A > 0.85 were confirmed experimentally.

Various VSRR-based metamaterial architectures are known from the literature [200—
202]. The unit cell of our VSRR structure intended for DLW-assisted fabrication is shown
schematically in Figure 6.2(a). Four identical split rings having a radius r and a gap
width g are arranged on the corners of a square with a side length s, with gaps oriented
towards the center of a square unit cell with a side length a. Four split rings form two
crossed pairs of antiparallel magnetic resonators, ensuring a polarization-invariant optical
response dominated by coupling between the VSRRs and the magnetic field of incident
waves at normal incidence.

The fabrication of dielectric rings by DLW is most convenient using a laser beam
focused along the z-axis. The exposed volume elements (voxels) in the photoresist are
ellipsoids elongated in the z-axis direction, with the minor and major diameters dy, and
d, shown in the inset of Figure 6.2(a). VSRRs are drawn by the elongated focus arms
with a cross-sectional shape varying between a circle (radius ryy) and an ellipse (radii 7y
and 7). During DLW, an oil immersion lens with the numerical aperture (NA) of 1.35
was used, and the writing beam was focused in the photoresist through the glass substrate
(opposite focusing direction is indicated in Figure 6.2(a) for the sake of clarity). The
beam was derived from a Ti: Sapphire oscillator (MaiTai, Spectra Physics, pulse length
120 fs, central wavelength 800 nm, repetition rate 80 MHz). Drawing was facilitated by

89



6.1. VSRR-based absorber

(b)

Figure 6.3: (a) SEM image of sample and (b) SEM images of unit cell for PA VSRR-
based structure with minimum feature size of 0.25 um, respectively.

translating the sample using a high-precision three-axis piezo-stage (Physik Instrumente
P-563.3CD). Under these conditions, the resulting voxel elongation is d,/dyx, ~ 2.8 [206].
The high spatial resolution of DLW was controlled by maintaining the optical exposure
dose slightly above the photopolymerization threshold in the photoresist. Typically, an
average power 3 mW at a translation speed of 10— 50 pm/s was sufficient for obtaining the
lateral resolution dy, ~ 100 nm. The initial material for DLW was the negative-tone Zr-
containing hybrid organic-inorganic photoresist SZ2080 with 0.4% 4,4’-Bis(diethylamino)
benzophenone added as photo initiator [188]. The samples were prepared by drop-casting
the photoresist on microscope cover glass substrates (Matsunami) and subsequently drying
them on a hot plate. The exposed samples were developed in 1-propanol: isopropanol
(50:50) solution, rinsed with ethanol and dried in a critical point drying apparatus (JEOL
JCPD-5) to minimize the destructive action of surface tension forces.

Dielectric and metalized features are emphasized in Figure 6.2(b). Metalization by gold
was performed using a plasma sputtering machine (Quick Coater SC-701 MKII). To achieve
conformal coating and minimize shadowing, the substrates were mounted on a tilted stage
and sputtering was repeated four times at different angles of rotation about their normal
(0, 90, 180, and 270°) as illustrated schematically in Figure 6.1(b). The thickness of the
metal film was controlled by adjusting the sputtering time and was typical ¢ = 30 — 50 nm,
which is larger than the skin depth in Au, ts ~ 12nm at A = 5 — 10 um.

In order to optimize the PA performance, suitable combinations of the parameters r,
g, 8, a, dyy and d, were found using numerical simulations based on the electromagnetic
finite element method (FEM). Optical properties of the metal used were also taken into
account. Our DLW technique enables a spatial resolution corresponding to the voxel
diameters dyy, ~ 100 nm and d, ~ 280 nm. Using these parameters as the lowest limit for
the thickness of the split-ring arms, the approximate resonance wavelength infeasible PA
structures made of various noble metals was estimated to be in the range of 5 — 10 pm.
Further optimization for this spectral range was performed using optical properties of gold
because gold was found to perform well during the simulations, and metalization by gold
sputtering was readily induced.

The samples were inspected by Scanning Electron Microscope (SEM) (JSM-7800F,
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Figure 6.4: A comparison between simulated (shaded area) and measured (solid lines)
absorbance spectra of three VSRR structures having different split-ring radius of r =
0.5,0.6, and 0.7 um but identical parameters a = 3um, s = 1.5um, g = 0.3 um, dyy, =
0.25 pm, d, = 0.7 um, £t = 0.1 pm.

JEOL). SEM images in Figures 6.3(a) and (b) show large-scale and detailed images of the
VSRR structure having » = 0.5 um, respectively. Typically, the samples had an area of
50 x 50 pm?, which is sufficient for optical characterization. Good long-range order and
relatively uniform shapes of individual split rings can be seen. Arms of the metalized rings
have the lateral diameter dy, = 0.25pum. Assuming that approximate thickness of gold
film is 50 nm, uncoated features had diameter dy, ~ 150nm, which indicates the high
resolution of DLW structuring. Slight irregularities, such as the lateral deformation of the
rings and their grainy surface can also be observed. Deformations usually occur owing to
the loss of rinse liquid (ethanol) and the accompanying photoresist shrinkage during drying
and become more pronounced with decreasing thickness or photoresist features. Because
of this circumstance, we did not attempt to increase the spatial resolution of DLW even
further during this study. The nanoscale surface roughness of the gold film originates from
sputtering. These irregularities lead to random scatterings and nonabsorptive losses that
cannot be easily incorporated into the simulations.

Numerically simulated absorbance spectra of three optimized VSRR structures having
different radius r values of split rings are shown in Figure 6.4(a). Other geometrical
parameters are given in the caption. All structures exhibit the perfect absorption A =1
at resonance, which can be tuned in the wavelength range of Apes = 7.2 — 9.2 um by
increasing the radii of the split rings from r = 0.5 um to 0.7 um. From the well-known
relationship between the resonance wavelength A.es and geometrical length of the resonator
L = M\es/2 = 2mr — g, their effective radii r» ~ 0.5,0.6 and 0.7 um, which are close to the
design values, can be estimated. Hence, the nonuniformity of the split rings due to voxel
elongation does not affect the resonance wavelength significantly. We have also performed
the analysis of the simulated current density distribution at resonance, which confirmed
that surface current predominantly flows and absorptive losses occur in the split rings.

Experimental absorbance spectra were estimated from reflectance spectra measured

using a Fourier-Transform Infrared (FT-IR) spectrometer coupled with an IR microscope
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Figure 6.5: Simulated absorbance spectra as a function of incidence angle for (a) TE,
(b) TM polarizations, and (c) the thickness of gold for a VSRR-based architecture.

(JASCO FT=IR-6300, IRT-7000). Since the transmittance of the ground plane is T =
0 at all wavelengths, the absorbance A(A) = 1 — R()), where R(\) is the reflectance.
The experimental absorbances of three samples, whose design parameters are close to
those of the three simulated samples discussed earlier, are presented in Figure 6.4 for a
direct comparison with simulations. As can be seen, the simulated peaks spectrally match
the measured peaks, but are spectrally narrower and exhibit higher peak absorbances.
The spectral broadening of experimental peaks most likely represents an inhomogeneous
broadening due to structural irregularities pointed out earlier. Another potential reason
for the observed differences is the construction of the reflective Cassegrainian objective lens
in the IR microscope. The Cassegrainian lens blocks normally incident rays but transmits
oblique rays with incidence angles distributed around the average 30° value corresponding
to NA=0.5 of the objective.

PA resonance is relatively insensitive to the incidence angle. This is illustrated in
Figures 6.5(a,b), which shows calculated absorbance in the structure with » = 0.5 um as
a function of incidence angle for transverse electric (TE) and transverse magnetic (TM)
linear polarizations. TE resonance retains its spectral position and magnitude A > 0.9 for
incidence angles up to 50°. In the range of 20 — 80°, an additional weaker peak develops
at shorter wavelengths due to excitation of parasitic dipoles in the structure at oblique
incidence. For TM resonance, nearly stable spectral position and absorbance A > 0.8 are
retained for up to 30°. These results allow expecting polarization and incidence angle-
averaged performance with absorbance A > 0.8 for incidence angles up to 30°.

The calculated absorption spectra as a function of sputtered gold thickness dependence
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Figure 6.6: 2D spatial absorbance maps of three VSRR samples with different reso-
nance wavelengths A\, = 7.16,8.05, and 9.09 um (left to right columns) scanned at their
corresponding resonance wavelengths (top to bottom rows).

of VSRR-based architecture are illustrated in Figure 6.5(c). As one can see, absorbance
peaks reach maximum values in the range of thickness gold about 30 — 90 nm. A further
increase in the thickness leads to a significant decrease in the radius in the resonator,
thereby destroying the magnetic dipole moment and all electromagnetic response in the
whole structure.

According to simulated data from Figure 6.5(a,b), the oblique incidence leads to spec-
tral shifts and the appearance of a weaker secondary resonance at shorter wavelengths
(for TE polarization). Indeed, such peaks can be seen emerging in the experimental data
shown in Figure 6.4. Despite the broadening, experimental absorbance peaks exhibit a
high magnitude of A > 0.85 in all investigated structures. Hence, the qualitative agree-
ment between the experimental and simulation data is good.

The flexibility of the DLW-based approach allows one to combine multiple structures
having different resonant wavelengths into a spectrally selective absorber matrix. Fig-
ure 6.6 illustrates spectral and spatial selectivities obtained by comparing 2D absorbance
maps of a row of VSRR samples having the resonant wavelengths A\..s = 7.16, 8.05, and
9.09 um. At each resonance spatial map of reflectance was measured by scanning nar-
row spatial window of (5 x 5) um? over the samples. The resulting absorbance images
are shown in the figure. Dark areas correspond to high-absorbance regions. As can be
seen, the absorbing region systematically shifts with resonance wavelength. In each row,
off-resonant regions are somewhat brighter, which indicates their higher reflectance due
to the ground plane. Nevertheless, reflectance is still lower than that of a bare gold film

owing to scattering by the split rings.

6.1.1 Mesh-type VSRR-based absorber

The above data suggest that increasing r and L produces red-shift of PA resonance. How-

ever, this trend continues only to the point when neighboring split rings begin to be in
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Figure 6.7: (a) SEM image of a closely-packed VSRR sample. (b) Comparison between
experimental and simulated absorbance spectra. (c¢) SEM image of a merged VSRR sam-
ple. (d) Comparison between its experimental and simulated absorbance spectra. In (b,d),
simulations are performed for normally-incident plane waves, insets show top-view of 3D
surface current distribution in the unit cell at resonance.

contact with each other. The accompanying marked change in the metamaterial archi-
tecture and its optical response are illustrated in Figures 6.7(a) and (b), respectively.
When split rings come into contact with each other, but their gap regions are still isolated
from the nearest neighbors, four-ring clusters are formed. In our case, this condition was
achieved by increasing the split-ring radius to » = 0.8 um, while other parameters (s, a, t,
and ¢) were the same as in Figure 6.2(a). As can be seen from Figure 6.7(a), inter-cluster
gaps are about 100 nm. Experimental absorbance shown in Figure 6.7(b) exhibits a strong
peak with A > 0.8 at A\es = 4.3 um, i.e., blue-shift by approximately 40% was achieved
by increasing the split-ring radius.

The numerically simulated spectrum shown in the same plot qualitatively reproduces
the observed resonance wavelength and peak absorbance. The main peak is somewhat
narrower than the experimental one, most likely due to inhomogeneous broadening not
accounted for by the simulations, and rides on a wider peak centered near the 6 — 7 um
wavelength, which cannot be resolved in the experimental spectrum owing to the broad-
ening.

The physical origin of both peaks can be understood by considering the corresponding
spatial modes. The simulated distribution of the induced surface current in the unit cell
at resonance is shown in the inset of Figure 6.7(b). The detailed analysis of the calculated

3D current distribution did not reveal physically significant circular currents in the split
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rings, which indicates a low magnetic coupling in the structure and allows us to describe
the modes in a top-view representation. Hence, clustering achievable via the increase in
the split-ring radius r markedly transforms the perfect absorption resonance from pre-
dominantly magnetic to predominantly electric, simultaneously producing a strong blue
shift without the loss of absorbance. At the main resonance (Ares = 4.3 pm), the strongest
current flow occurs on the ground plane in the gaps between clusters (corresponding to
the corners of the calculated maps). A weaker spatial peak can also be seen at the center
of the map where a deep corrugation (pit) is formed by the surfaces of four split rings.

To gain further insight, we have also examined a merged structure (Figure 6.7(c)) in
which gaps between clusters were completely eliminated by increasing the split-ring radius
to r = 0.9. The experimental absorbance spectrum of the merged 3D meshlike structure
shown in Figure 6.7(d) exhibits only the broad peak with amplitude A > 0.65 centered
at Ares = 6 um. Surface current distribution of this mode, shown in the inset, exhibits
only the weaker spatial peak in the vicinity of the pit. Hence, in the clustered struc-
tures dominant resonant modes are concentrated in the gaps between the clusters on the
ground plane, whereas in the merged structures they are concentrated in the pits between
split-rings ~ r above the ground plane. These observations suggest that clustering achiev-
able via increasing the split-ring radius r drastically transforms the perfect absorption
resonance from predominantly magnetic to predominantly electric nature, simultaneously
producing a strong blue-shift without loss of absorbance. Transition from clustered to
merged structure transforms lateral position and height at which electric field modes are
localized.

The considerable absorbance, albeit at longer wavelengths, is retained in the merged
VSRR structures, with experimental absorbance (Figure 6.7(d)) being even higher than
predicted by simulations. This difference is most likely caused by non-absorptive losses,
such as randomness and diffraction in densely-packed structures, which scatter reflected
signal away from the angular acceptance the range of microscope lens used for sample
imaging during spectral measurements.

In conclusion, we have fabricated functional all-metallic metamaterial absorbers based
on VSRR architecture for IR spectral range using DLW technique as the main structur-
ing tool. Our PAs operate in the wavelength range of 4.5 — 9.2 um, can be spectrally
tuned by changing their geometric parameters, and exhibit polarization and incidence
angle-invariant absorbance A > 0.85 for incidence angles up to 30°. Practical advan-
tages of VSRR-based PAs, such as tunable magnetic or electric resonances and good heat
dissipation may be exploited in IR optical detectors, thermal emitters and radiative cool-
ers. DLW-based fabrication method can be regarded as a facile tool enabling exploration
and applications of optical metamaterials having geometries more complex than would be

achievable via traditional planar fabrication.
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6.2 Chiral-plate helix-based absorber

Chiral optical metamaterials attract strong interest due to their giant circular dichroism
controllable via artificial structuring [208]. Most straightforward way to realize them is
by assembling periodic 2D or 3D arrays of chiral particles, such as helices, but in practice,
this is difficult, especially at optical frequencies, where 3D fabrication with high spatial
resolution is required in order to properly downscale unit cell of the structure.

Although helical metamaterials also exhibit other exotic optical properties, such as
optical activity, polarization transformations, and perfect absorption phenomenon, their
deeper experimental exploration at optical frequencies is impeded by difficult fabrication.
Thin resonant PAs with structurally-tunable optical properties can be realized using elec-
tromagnetic metamaterials [197]. Helix-based metasurface PAs operating at infra-red (IR)
or near-infrared (NIR) frequencies would be attractive candidates for use in narrow-band
thermal absorbers, emitters, energy converters, and applications relying on enhanced IR
absorption [143,209]. Unlike planar metamaterial PAs consisting of densely packed pat-
terned metallic and dielectric films [142, 192,196, 210], helix-based PAs have sparse all-
metallic 3D architecture, which is permeable to liquid or gaseous substances and is more
stable against thermal damage due to better heat dissipation [68]. Moreover, helix-based
PAs do not require a metallic substrate for their operation and thus in principle may
enable PAs which are transparent at off-resonant frequencies.

Helix-based PA structure consisting of macroscopic periodically arranged single-turn
helices was proposed and successfully realized for radio-frequency (RF) spectral range [5-A]
by mechanical machining. Tuning the PA resonance towards IR or NIR frequencies would
require scaling the unit cell down to micrometers or by ~ 10 times, which is a challenging
task. Therefore helix-based PAs for optical frequencies have been mainly explored via
numerical simulations [211,212]. In this study, we address tunability of the helix-based
PA architecture to IR frequencies experimentally, via the use of DLW technique and simple
metallization process. We demonstrate that IR spectral range is indeed accessible using

this relatively simple and accessible route.

(b)

7 8 9
Wavelength (um)

Figure 6.8: (a) A schematic image and parameters of a single-turn helix built from
multiple overlapping ellipsoidal voxels (volume elements) with minor and major diameters
denoted by dyy and d,, respectively. (b) Normalized axial individual polarizabilities of
an single-turn helix made of Au, with optimized structural parameters r = 0.6 ym, h =
0.72 pm, dyy = 0.24 pm, and d, = 0.67 pm in the vicinity of the resonance.
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6.2.1 Numerical simulation

Figure 6.8(a) depicts the typical shape of the down-scaled helical resonator to fabrication
by DLW technique. Similar to VSSR design, single-turn helix was built from multiple over-
lapping ellipsoidal voxels where the features of laser fabrication were taken into account.
Therefore, realistic shape of the helix was included, and coating by Au film with thickness
t = 80 nm exceeding the skin-depth at IR wavelengths was assumed. Figure 6.8(b) shows
axial components of polarizability tensors for the single-turn metallic helix. By optimiza-
tion of structural parameters the axial components of polarizability tensors were balanced
(o/é'ey =1/ nga?ﬁm) in accordance with conditions of free-space impedance matching. As

seen, polarizabilities become purely imaginary (zero real part) at the resonance wavelength

of 7.8 ym.
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Figure 6.9: (a) A schematic image of working principle of chiral metasurface based on
balanced single-turn helices without a ground plane. (b) Simulated reflection, transmis-
sion, and absorption spectra under the linearly polarized excitation. (c¢) Working principle
of chiral metasurface with ground plane. (d) Simulated spectra of chiral-plate PA at nor-
mal incidence.

Figure 6.9 shows a schematic image of working principle chiral metasurface based on
balanced single-turn helices without a ground plane. Simulated reflection, transmission,
and absorption spectra under the linearly polarized excitation were shown in Figure 6.9(b).
As one can see, low reflectivity R < 0.02 is obtained in the broad spectral range 6 — 10 ym.
Nevertheless, this structure can absorb only half of the incident energy A = 0.5 at the
resonance wavelength of 7.9 um, since an electromagnetic coupling of helices must be
compensated (o = —ame = 0) as there are no ground plane [132]. On the other
hand, such architecture with the ground plane (see Figure 6.9(a)) and essentially non-
compensated electromagnetic coupling exhibit high absorbance A = 0.97 at the resonance
7.9 um as shown in Figure 6.9(d). Adding ground plane in helix-based metasurface would

result in 7'= 0, but R = 0 (leading to A = 1) would be retained despite high reflectivity
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of the substrate, since half of the transmitted energy lost through structure and due to
the presence of ground plane is reflected, leading to their absorption in the helix-based
metasurface. Further, the architecture can be referred to as a “chiral-plate” PA [213] due

to dominant chirality in metasurface.
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Figure 6.10: Unit cell of helix-based chiral-plate PA metasurface at perspective (a), top
(b) and front (c) views, respectively. Metasurface is excited by linearly polarized incident
wave.

In order to mechanically support helices above glass substrate on which photoresist is
deposited prior to DLW, vertical rods of length [ were added between the helices separated
by a distance s = 4 pm with array period of p = 6um and the substrate as shown
in Figure 6.10. Furthermore, non-uniformly elongated elliptical cross-sectional shape of
helix arms fabricated by DLW has to be taken into account during design and numerical
simulations. Figure 6.11(a) shows the simulated distribution of Poynting vector of a helix-
based PA unit cell. The fields are shown on a cross-sectional plane parallel to the incident
light direction, at the resonant wavelength of 7 ym. As can be seen, power is predominantly
localized in the helix layer, thus illustrating that excitation of the helical resonators is
dominant, while ground plane plays a role only a mirror.

Figures 6.11(b) and (c) show current density distribution at resonance for excitation by
normally incident TE and TM polarized waves. Strictly speaking, the distinction between
TE and TM polarizations is lost at normal incidence, but here we use these definitions
to define two mutually orthogonal linear polarization states. Figure 6.11(b,c) illustrates
selective excitation of different helix pairs by TE and TM excitation. For intermediate
polarization orientation contribution from both pairs leads to polarization-invariant re-
sponse. We emphasize, that current density is highest in the inner circumference of the
helices, which therefore defines length and resonance frequency of individual resonators in
the structure.

Figures 6.12(a) and (b) show simulated absorbance of the PA structure as a function
of incidence angle for transverse electric (TE) and transverse magnetic (TM) linearly
polarized waves, respectively. One can see that resonance with nearly-invariant central

wavelength and absorbance A > 0.8 is retained for up to 30° for TE polarization. For
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Figure 6.11: (a) Numerically simulated field distribution of Poynting vector in the unit
cell at the resonance wavelength of 7 um (side view). Distribution of surface current density
at TE (b) and TM (c) polarizations of incident light at the resonance, respectively.

TM polarization, A > 0.95 is retained for up to 45°, except for ~ 10°, where sudden drop
is observed. Anisotropic and non-monotonous angular dependence of absorbance can be
tentatively ascribed to parasitic dipole moments which evolve at the slanted incidence and
violate the conditions of perfect absorption. Nevertheless, one can estimate polarization
and incidence angle-averaged absorbance A > 0.7 for incidence angles up to 30°. Notice,
that high-absorbance can be still also obtained at certain wavelengths for incidence angles

as high as 80° for both polarizations.
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Figure 6.12: Simulated absorbance spectra as a function of incidence angle of a chiral-
plate PA structure for TE (a) and TM (b) polarizations, respectively.

6.2.2 Experimental verification

Experimental details regarding sample fabrication, processing and characterization are
described previously. Implementation of DLW lithography technique was used to fabricate
dielectric templates of PA structures with subsequent metallization by gold sputtering.
Figures 6.13(a) shows SEM images of the chiral-plate PA architectures. The square of
the sample is about (60 x 60) um? with a total time of fabrication process about five

hours. SEM image of unit cell chiral-plate structure can be seen in Figure 6.13(b). An
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Figure 6.13: SEM images of helix-based PA architecture (a) and its unit cell (b), and
(c) enlarged view of single-turn helix, respectively. (d) Simulated and measured reflection
spectra at nominally normal incidence.

enlarged view of the single-turn helix are presented in Figure 6.13(c). Design parameters
of these structures were obtained and optimized using numerical simulations. Their actual
parameters estimated from SEM are slightly different due to shrinkage and deformation
of photoresist templates. It should be noted that lateral width of the helix arms is about
220 nm, while a thickness of the metallic film is about 70 — 90 nm, which shows that
photoresist templates were fabricated with sub-150 nm spatial resolution. Obviously, the
samples exhibit high uniformity, although some disorder and nanoscale surface roughness
can be seen. Thus, the design of 3D metallic PA architecture with optimized structural
parameters was successfully realized using DLW technique.

Optical properties of the samples were characterized using reflectance measurement
by FT-IR spectrometer. Reflectivity spectrum of the bare metallic surface was used as
a reference, and the sample reflectivity was normalized to the reference. Figure 6.13(d)
shows simulated and measured absorption spectra of helix-based PA architecture in IR
spectral range. A resonant absorption band centered near the 7.7 pm wavelength with
peak absorbance of 90% can be clearly seen in the spectra. It can be concluded that our
theoretical predictions described before demonstration of a good qualitative agreement
with measured data. The resonance band is broader than predicted, most likely due to
inhomogeneous broadening resulting from random variations of the spiral parameters in
the characterized area. Also, homogeneous broadening due to a higher than expected
loss in the sputtered gold film may contribute to these observations. Nevertheless, these
deficiencies do not diminish our main achievement, namely realization of helix-based nearly
perfect absorber structures for IR spectral range.

The spectral tunability of PA structures is illustrated by the data shown in Figure 6.14.
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Figure 6.14: Spectral tunability of chiral-plate PA structures: (a) Reflectance spectra of
several samples with unit cell size proportionally downscaled by the factor of 1.2 (from top
to bottom), (b) 2D reflectivity maps of the samples measured at their respective resonance
wavelengths of Aes = 11.1,9.4,7.7, and 6.1 um.

For these studies, chiral-plate PA structures with unit cell parameters proportionally scaled
down by the factor of 1.2 were fabricated on the same substrate. The substrate was
subsequently investigated by an imaging FTIR spectrometer. Experimental absorbance
spectra of the structures shown in Figure 6.14(a) illustrate tunability of PA resonance in
the 6 — 11 um wavelength range. 2D reflectivity maps taken at the resonant wavelength
of each structure are shown in Figure 6.14(b). In the images, blue, low-brightness areas
correspond to low reflectivity and a high absorbance at the resonance. On the other hand,
yellow, high brightness areas indicate high off-resonance reflectance and low absorbance,
since helix layer is nearly transparent to radiation, and does not block the radiation
incident on the sample or reflected from the metallic substrate. Reflectance in the gaps
separating different PA structures does not increase to the reflectivity of the gold film
because size of the imaged area during the scanning, (5 x 5) um?, is comparable to the gap
width, and scanning in the gaps areas always integrates some loss due to residual scattering
from the neighboring PA areas. Scanning further away from the PA (not shown) results
in a high reflectivity of the bare gold film. The overall correlation between spectra and
images shown in Figures 6.14(a,b) is good. PA structures may be regarded as spectrally-
sensitive pixels, from which larger arrays can be composed of imaging-related applications.
Such arrays can be relatively easily prepared using DLW-assisted fabrication.
Interestingly, spectral tuning of PA resonance can be also achieved without scaling
the helices, but by changing length [ of the vertical rods instead. This possibility is
illustrated in Figures 6.15(a,b). According to simulations, the resonance wavelength of

chiral-plate PA structures increases linearly with [ as is demonstrated in Figure 6.15(a).
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Figure 6.15: (a) Simulated PA absorbance spectra versus the length of supporting ver-
tical rods I. (b) Experimental absorbance spectra of samples with different .

Notice that available tuning range in this case (A ~ 6 — 9 um) is nearly as broad as that
achievable by scaling the unit cell. At shortest wavelengths examined (Apes =~ 6pm),
the second line of peaks can be seen emerging in the top-left corner of the plot when
[ is increased by an amount of Al ~ A.s/2. This behavior suggests the formation of
planar waveguide modes confined between the helix layer and the substrate. By changing
the rod length [, the thickness of the waveguide (or size of an extended 3D unit cell) is
scaled, leading to proportional spectral shifts. Hence, in this case interactions between
the metallic substrate and the helix layer are important. Numerical simulations represent
qualitatively the experimental data shown in Figure 6.15(b), where absorbance spectra
of several PA samples having different rod lengths are shown. As one can see, practical
tuning of PA resonance within the 6 —8 um wavelength range is possible. Since fabrication
of vertical rods involves simple single-axis translation, adjusting the rod length provides a
highly practical alternative way to fine-tune the PA structures.

Summarizing, in our samples, polarization-invariant absorption A > 0.8 within IR
wavelength range of 6 — 11 um at normal incidence, and A > 0.7 at incidence angles up
to 30° was estimated. These results clearly illustrate the possibility to the downscale unit

cell of helix-based absorbers thus tuning the PA resonance to IR spectral range.

6.3 Compensated helix-based absorber

As was mentioned previously, helix-based PA metasurface can operate without a metal-
lic substrate, thus enabling high off-resonance optical transparency and low reflectivity.
However, in our structures, where the metallic substrate is always present we can test the
PA architecture that design closely similar to the low-reflection PA metasurface described
and tested for RF band (see Chapter 4.2). Here, the design with the ground plane will
be called as “compensated PA” architecture comprised of both LH and RH helices can
be simplified to a single 4-helix group. Chirality of the helices and condition of total ab-
sorption require an equal number of inclusion with LH and RH helices, which is done by
alternating four-helix groups as shown in Figure 6.16. Hence, the unit cell of compensated

helix-based PA structure, in general, comprises four groups separated by a distance p. It
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Figure 6.16: Unit cell of helix-based chiral-plate PA metasurface at perspective (a), top
(b) and front (c) views, respectively. Structural parameters are p = 12 pm, s = 4 pm,
=16 ym, and t = 0.1 pm.

worth notice, that resonators comprising the unit cell must exhibit a moderate amount of
dissipative loss without drastic reduction of their quality factor.

The DLW fabrication was performed with exposing conditions described in Section 5.3.
An oil-immersion objective with numerical aperture N A = 1.35 was used to achieve tight
focusing and ensure maximum possible spatial resolution of DLW, while exposure condi-
tions were controlled by adjusting the DLW speed and laser beam intensity of 10 pm/s
and 5 mW, respectively. The initial material for DLW was a negative-tone Zr-containing
hybrid organic-inorganic photoresist SZ2080. The fabricated samples were subsequently
coated with a thin gold film and thus converted from a dielectric to a metallic substrate.

Figure 6.17(a) shows SEM image of all-metal compensated PA architecture with the
square of a sample of (60 x 60) um?2. SEM image of the unit cell consists of helices with
different handedness can be seen in Figure 6.17(b). An enlarged view of the single-turn
helix with a wire thickness of the Au-coated helices is about 240 nm, which suggests that
minimum feature size of the original dielectric helices was close to 150 nm. Structural
parameters of samples are close to the optimized parameters that were calculated using
numerical simulation.

Figure 6.17(d) shows absorption spectra obtained by numerical simulation and in the
experiment for the mid-IR spectral range. A resonant absorption band centered near the
7.7 pm wavelength with peak absorbance of 90% can be clearly seen in the spectra. As
can be seen, the absorbance of the compensated PA exhibits an additional weaker peak
near A\es = 9.2 um. This peak was also observed in other compensated PA samples and is
qualitatively reproduced by simulations (a narrow spike near A\;es = 7.8 pm in simulation).
Detailed analysis of the simulated field patterns associated with this peak has revealed
that its physical origin can be associated with electromagnetic coupling between groups

of four helices of different handedness, in contrast to the main resonance which can be
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Figure 6.17: SEM images of helix-based PA architecture (a), its unit cell (b) consisting
of 4 sub-unit cells, and enlarged view (c) of single-turn helix. (d) Simulated and measured
reflection spectra at nominally normal incidence.

associated with coupling between helices within groups of the same handedness. Therefore,
the secondary peak can be also associated with compensated chirality of the PA structure.
This data also allows expecting that performance of a compensated PA structure would
be nearly the same (except for off-resonance transparency) once the metallic substrate is
removed.

The angular stability of compensated PA architecture at 25°, 50°, and 75° incidence
angles for TE and TM polarizations of incident waves is shown in Figure 6.18. Shading
area marked in gray means the range of the main resonance. It is seen that for TE and TM
polarized waves illuminating helix-based architecture it absorbs above 95% nearly to the
main resonance at 7 um only at the incidence angles of 25° and 50°, respectively. However,
the resonant shift can be seen clearly for TE and TM polarizations. Such not stable angular
dependence of absorption level can be explained by the 3D complex geometry of structure
where it might appear additional parasitic dipole moments that do not correspond to
analytical statements and conditions of total absorption.

Strictly speaking, a simple metallization process used in this study has inadvertently
created reflecting metallic plane behind the helices, thus preventing a demonstration of
genuinely transparent PA, this circumstance prevents the realization of transparent PA
metasurface in this study. Nevertheless, our data suggest that dominant contribution to
absorption in our structures comes from helical resonators, with substrate playing a minor
role. Also, other attractive characteristics related to the sparse all-metallic architecture of
the helix layer (e.g., environmental permeability, heat exchange capability) are retained.
Thus, transparent PAs can be realized in future via the use of more advanced, spatially

selective metallization methods.
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Figure 6.18: Simulated absorbance spectra of a compensated PA structure at oblique
incidence of 25°, 50°, and 75° for TE (a) and TM (b) polarizations, respectively. The
main resonant band at normal incidence is marked by the shading area.

6.4 Conclusions

e Design and fabrication of entire metal absorbing metasurfaces based on VSRR for
IR wavelength range of 7 — 9 um have been reported. Using numerical simulation
based on FEM and DLW technique with subsequent gold sputtering process, fabri-
cated samples exhibit peak absorbances of A > 0.85 at the resonances in accordance.
Moreover, VSRR~based absorbers exhibit polarization and incidence angle-invariant
operation for incidence angles up to 30°. Thus, maskless DLW approach was suc-
cessfully used for the realization of functional 3D absorbing metasurfaces with high

spatial resolution for IR spectral range.

e Using DLW technique with subsequent non-selective metallization, chiral plate helix-
based PA architectures for IR spectral range were fabricated. Samples were found to
exhibit polarization-invariant resonant absorption over 90% at the IR wavelengths of
6 — 11 pm in qualitative agreement with numerical simulation. Moreover, the possi-
bility of tunability the resonant absorption to different wavelengths by usage of two
simple way: by proportional scalability all structural parameters and by variation of
supporting rods was experimentally demonstrated. This result illustrates the pos-
sibility to use a DLW-assisted fast prototyping for the fabrication of PA structures

and can be easily extended to other metasurfaces operating similar frequencies.

e Towards to the realization of the off-resonance transparent helix-based metasurfaces
compensated absorbing metasurfaces based on RH and LH helical resonators in the
IR spectral range have been realized. The designed absorber is very similar to the
off-resonance transparent helix-based absorbers based on single-turn metallic helices
for microwave range (see Section 4.2). However, compensated helix-based PA has
a metallic substrate that makes its non-transparent for radiation. Nevertheless,
compensated helix-based structures exhibit polarization-invariant absorption peak
of 90% near the resonant wavelength of 7.8 pym. As a result, both numerically

simulated and experimental data are in a good agreement.
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Chapter 7

Off-resonance transparent helix-based

metasurfaces for IR range

Using numerical simulation, functional off-resonance transparent helix-based metasurfaces
for IR spectral range has been designed. Also, laser ablation process for removing a metal-
lic substrate from entire metal architectures to make them off-resonance transparent was
carried out (Section 7.1). Conventional and our designs of helix-based twist polarizer
metasurfaces have been reported as well as some experimental performance for the con-
ventional design was carried out (Section 7.2). High efficient (over 89%) off-resonance
transparent cross-polarized reflector based on silver single-turn helical resonators in the
IR spectral range has been designed (Section 7.3). In accordance with numerical simula-
tion, frequency-selective helix-based absorber has been designed for practical realization
by DLW technique, where selective metallization is required (Section 7.4). All proposed
functional off-resonance transparent helix-based designs can be fabricated using DLW

technique.

7.1 Laser ablation process

Previously, we have realized entire metal helix-based PA metasurfaces that have a non-
transparent metallic substrate the IR spectral range. Here we are focused on the realization
of off-resonance transparent metasurfaces based on the helical resonators using DLW tech-
nique. However, our approach for the implementation of helix-based metasurfaces does
not allow us to reach this goal since we have used a non-selective metallization (plasma
sputtering) of the dielectric templates. To solve this issue, it requires either a selective
metallization of the helices or the removal of the metallic substrate from the metasurface
after the sputtering. Here, we will try to perform the second way by usage of the laser
ablation process.

Laser ablation is the process of removing material from a solid (or occasionally liquid)
surface by irradiating it with a laser beam. With a small laser beam, the material is
heated by the absorbed laser energy and evaporates or sublimes. With a high laser flux,
the material, as a rule, is converted to plasma. Usually, laser ablation refers to the removal
of material by a pulsed laser, but it is possible to smooth the material with a laser beam
of a continuous wave if the laser intensity is sufficiently high. The depth at which the
laser energy is absorbed and, consequently, the amount of material removed by a single
laser pulse depends on the optical properties of the material, the laser wavelength, and
the pulse duration. The total mass removed from the target by the laser pulse is usually

called the ablation rate. Such features of laser radiation as laser beam scanning speed and
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Figure 7.1: (a) A schematic illustration of removing metallic thin substrate by laser
ablation process. (b) SEM images of 3D metallic pattern before and after laser ablation
process.

scanning line coverage can significantly affect the ablation process [214].

The Nanosecond Pulsed Laser Ablation (PLA) has been extensively studied as an
effective method for the complete mask-less direct patterning due to precisely localized
ablation for a variety of materials. However, for materials with a high thermal diffusivity,
such as metals, a pattern without damage can only be achieved by femtosecond pulses [215].
It was done due to the precisely localized ablation for a wide variety of materials and the
completely controllable data and the maskless nature of the PLA process. Laser pulses
can vary over a very wide range of duration (milliseconds to femtoseconds) and fluxes and
can be precisely controlled. Therefore, this makes laser ablation very valuable for this
research as well as it has become an accessible technique in applications such as circuit
patterning and trimming, mask repair, and so on.

Figure 7.1(a) illustrates the ablation process by usage of a nanosecond pulsed laser
(Nd:YAG) with an excited wavelength of A = 1.03 pm, a temporal pulse length of 0.6 ns,
repetition rate of 1 kHz and average power 10 mW, respectively. Using the DLW lithog-
raphy, we fabricated a dielectric template consists of periodically arranged elements with
arbitrary shape with a resolution of about 200 nm. Next, we metalized the dielectric
template by gold using the plasma sputtering, where the thickness of gold film was about
100 nm. Thus, a full metallic periodic microstructure was fabricated, which in principle
is similar to a metasurface based on helical inclusions. In order to carefully remove the
metallic film from the structure while keeping the inclusions metallic, we have focused on
100 nm gold film and sublimates it by controlling the irradiative laser power, scanning
speed and position of the focused beam along z-axis.

Figure 7.1(b) shows the obtained results where SEM images have been presented for
comparison of the periodic pattern before and after laser ablation by nanosecond pulsed
laser. It can be seen that the gold film was successfully removed from the entire metallic
pattern. However, the presence of deformations and even destructions of inclusions is
obvious, as well as spherical nanoparticles formation by melting gold are noticeable. In
general, the laser ablation process can be used as a method for removing a metallic film
from a microstructure, but this requires more careful control of the laser beam and the

choice of the optimal exposure conditions during the laser ablation.
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7.2 Twist polarizers

Optical metamaterials based on 3D helical inclusions have been actively investigated in
the IR spectral range to obtain circular polarization [75,77,208,216,217], perfect absorp-
tion [78,211,212], and an wavefront manipulation [218]. Usually, helix-based architectures
consist of vertically standing helices (the helix axis is perpendicular to the plane of archi-
tecture) and the incident wave propagates along the helix axis. Such design consisting of
vertically standing helices we will call “conventional design” since it was already used in
many studies with this arrangement of helices in the metamaterial. Before we have inves-
tigated only the helix-based metasurfaces in which the axes of the helices were directed
only in the plane of the metasurface, we can say that the helices lie on the plane, as it
were. In this section, we will demonstrate two types of twist polarizers (conventional and

our designs) for obtaining a cross-polarized transmission in the MIR spectral range.

7.2.1 Conventional design

Here we report a conventional design for the realization of twist polarizer (TP) based
on 3D vertically standing helical resonators that relatively easy to fabricate using laser
lithography for IR spectral range. It is worth mentioning once again that TP is a device
that rotates the polarization of a linearly polarized input wave by 90° upon transmission,
can be realized using chiral metamaterials. Physical insight into the working principle
of helix-based TP can be gained from Sections 3.3 and 4.1, where we have demonstrated
a realization of TP metasurfaces based on single- and double-turn helical resonators in
microwave frequency range.

Figure 7.2(a) shows the design of conventional TP structure consists of vertically stand-
ing metallic helices that are located on CaFy substrate (transparent in the considered
range). The unit cell of polarizer consists of four right-handed single-turn helices that are
rotated by 90° respectively to their initial positions that they have a phase shift. One
aspect of this spiral structure is an elliptic cross-section of helices (voxel) corresponds to
laser fabrication features that will be described below. We consider the case when electro-
magnetic plane waves with TE or TM polarizations are normally incident along z-axis on
helix-based architecture. Figures 7.2(b) and (c) show the unit cell of TP with indicated
structural parameters at the top and front views, respectively. All structural parameters
were optimized owing to simulation based on FEM. Notice, that thickness of TP structure
does not exceed Ayes/3 and period of p = 2 um, therefore, in fact, it is a helix-based
metasurface.

The main optical characteristics of TP are the co-polarized transmission (T¢,) and
cross-polarized transmission (7¢;), respectively. Cross-polarized transmittance indicates
that the polarization of the transmitted waves has changed exactly by 7/2 with respect
to the initial polarization of the incident waves. It was computed by exciting the two
lowest cut-off modes of the Floquet port, which have TE and TM polarization respectively.
Figure 7.3(a) demonstrates the simulated cross-transmittance of investigated TP structure

in IR spectral range. The helices were assumed to consist of different noble metals by
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Figure 7.2: (a) Conventional design of helix-based twist polarizer consisting of metallic
single-turn helices. Top (b) and front (c¢) views of the unit cell of the polarizer, respectively.
Structural parameters are follows: dy, = 0.25 ym, d, = 0.7 pm, w = 0.6 pm, h = 1.8 pm,

p =2 pym.

taking into account dielectric properties and their dispersion [219,220]. As one can see,
silver helix-based metasurface demonstrates more high resonant cross-transmittance of
light over 85% at the resonance of Ayes = 5.6 um in comparison with other metals, therefore,
this structure is preferable to obtain high-efficient TP device.

For completeness, optical properties of TP metasurface based on silver helices in the
comparable range are shown in Figure 7.3(b). As one can see that maximum value of
absorbance does not exceed of 12% in the IR spectral range of 4 — 7 pum. Meanwhile,
TP structure exhibits low reflectance (less than 7%) in the comparable wavelength range.
This offers the advantage to create a multifrequency resonant multilayer design that allows
operating in the broadband wavelengths range (see Section 3.5).

The efficiency of the polarization transformation can be characterized by the angle
of rotation of the polarization and the ellipticity of the transmitted waves. It is worth
mentioning once again that a pure transformation into a cross-polarized transmitted wave
corresponds to the case when the ellipticity is zero, while the polarization plane has a ro-
tation angle of 90°. When the ellipticity is equal 45°, the transmitted wave has a circular
polarization. Figure 7.3(c) demonstrates the simulated polarization angle and ellipticity
of cross-polarized transmitted waves, respectively. At the resonant wavelength of 5.6 pum,
the polarization angle and ellipticity reach values about 89.9° and 3.5°, respectively. Op-
tical isolation between co- and cross-polarized transmitted waves is about 99.8% at the
resonance. This represents a high degree of spectral purity of the helix-based metasurface
in mid-IR spectral range.

Figure 7.3(d) shows the cross-polarized transmission versus the oblique incident angles
for TE and TM polarizations of incident light, respectively. Due the to the symmetric
arrangement of helices in metasurface, cross-transmittance does not depend on the polar-
ization of incident light till 20°. In addition, the optical properties only slightly change at
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Figure 7.3: (a) Simulated spectrum of cross-polarization transmission coefficient for
different metals. (b) Reflectance, transmittance and absorbance respect to the polarization
state versus the wavelength at normal incidence. (c) Polarization angle and ellipticity
responses of cross-transmitted waves for the proposed TP design. (d) Cross-polarized
transmission at oblique incidence for TE and TM polarizations, respectively.

oblique incidence for both polarizations. The distribution of electric field, surface current
density, and vector Poynting in the unit cell at the resonant wavelength of 5.6 pm can be
seen from Figure 7.4. As seen from the distribution of electric field, helix-based TP rotates
the polarization of transmitted waves by 90° respects to the polarization of incident waves.
As in a case with balanced helices, the vertically standing helices has a maximum of the
surface current density at the middle part of the helical curve that corresponds to the
excitation of the main resonant mode (Aes/2). The distribution of vector Poynting shows
us that energy almost concentrates in the helical layer, especially, at the middle where
the maximum of extinction field occurs. Therefore, helical layer rotates the polarization
of transmitted waves by 90° at the main resonant mode.

Aiming to fabricate proposed TP design we used DLW technique that capable of
fabricating 3D spiral-based architecture with sub-micrometer spatial resolution in the
underlying material. However, fabrication of conventional helix-based TP metasurface
with high spatial resolution presents a significant practical challenge on the path towards
realization of off-resonance transparent devices for optical spectral range, since it requires
selective metallization of helix-based dielectric pattern fabricated by pulsed femtosecond
laser writing.

At first, we have fabricated full-metal helix-based TP metasurface using DLW and all
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Figure 7.4: Distribution of electric field, surface current density, and vector Poynting in
the unit cell of conventional TP at the resonance wavelength of 5.6 pm.

steps of post-processing that are described in Sections 5.3 and 6.1. It should be mentioned
that we have used gold sputtering to metalize the dielectric template, since as for the first
trial of realization using in additional laser ablation process described in above. The fabri-
cated structure by DLW technique before laser ablation can be seen in Figure 7.5(a). The
helices have a slightly different size and phase shift respectively to each other because of
difficulties in controlling PZT stage in z-positions and the shrinkage effects too. Neverthe-
less, the helix-based structure with a high spatial resolution about 150 nm was fabricated.
The structural parameters of samples are close to optimized by numerical simulation in
accordance with expectations.

Next, we have applied the pulsed nanosecond laser ablation to carefully remove a
metallic film from helix-based TP metasurface. Figure 7.5(b) shows SEM image of TP
after laser ablation process. As can be seen, by carefully controlling of laser energy and
focus point position, the metallic film about 100 nm was successfully removed from the
helix-based structure. However, the gold particles still can be seen and some scratches
that might influence for the operation of TP design. Moreover, during the measuring
process by FTIR spectrometer, we have not found any resonance response from the struc-
ture. Probably, it comes from some inconsistencies during the fabrication process or laser

ablation. Therefore, such issue is still under consideration.

~— o~

Figure 7.5: SEM images of helix-based TP samples before (a
process, respectively.

and after (b) laser ablation
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Unfortunately, to achieve truly TP design need to apply better approach for the real-
ization that is still in the development process or a new design of TP metasurface. Never-
theless, the obtained results demonstrate potential efficiency and possibilities realization
by femtosecond laser lithography of 3D spiral-based metamaterial TP in IR spectral range.

To conclude, using FEM numerical simulations the design of TP structure and their
optical properties were proposed and tested, respectively. Worth noting that conventional
helix-based architecture exhibits polarization-insensitive transformation electromagnetic
waves from TE to TM polarizations and vise verse within a considerable range. The
amplitude of transmitted light with cross polarization over 85% at the resonant wavelength
of 5.6 pm has been obtained. Such high performance and broadband low reflectance may

be advantageous in some applications.

7.2.2 Our design

Herein, we report another design of the off-resonance transparent helix-based twist polar-
izer. Previously, the helix-based design of TP metasurface has been proposed and success-
fully tested in the microwave frequency range (see Section 4.1). However, the realization
of such TP in optical range is a non-trivial task since it requires not only downscaling
of the size of the structure and takes into account the properties of materials but even
other design with structural elements are suitable for manufacturing technology. However,
tuning such structures towards optical range by straightforward scaling down of their struc-
tural elements into micro or nanoscale leads to drastic loss of conversion efficiency and
increases ellipticity of the converted waves. Thus, practical realization of efficient TPs for
optical spectral range requires taking into consideration many aspects during the capable
fabrication technique. DLW approach and laser ablation are capable of the realization
of the metallic off-resonance transparent helix-based microstructure. Thus, we designed
off-resonance transparent TP metasurface based on single-turn helices similar to a case
considered in Section 4.1.

First of all, we designed a helix-based TP metasurface using numerical simulation and
taking into account the features of laser fabrication. Figure 7.6(a) illustrates the design of
TP metasurface based on metallic helical resonators with optimized structural parameters.
The unit cell consists four silver single-turn helices with a period of p = 3.47 pym and half
of period inter-element distance. To be realistic in the simulation design, metallic helices
contact with CaFy substrate through a photoresistive stem with length of [ = 0.2 um
(the initial form and cross-section dyy = 0.25 pm of helices according to DLW results),
which is obtained by removing the metallic film from the sample by laser ablation process.
Consequently, metallic helices are over a transparent substrate, since the photoresist does
not contribute to the performance of the TP metasurface. The thickness of the structure
is about Ayes/5 and unit cell size of Ayes/3. The structural parameters of helical resonators
such as pitch (h = 0.72 ym), radius (r = 0.6 pm), and cross section of voxel (dyxy = 0.25 pm
and d, = 0.7 pm) are the same as in Figure 6.8 with balanced polarizabilities, respectively.
The TP metasurface is excited by an incident plane wave propagating along z-axis.

Figure 7.6(b) shows simulated co- and cross-polarized reflection, transmission, and
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Figure 7.6: (a) Design of helix-based TP metasurface consisting of silver single-turn
helices with optimized by simulation structural parameters. (b) Co- and cross-polarized
reflection, transmission, and absorption spectra at normal incidence. (c) Polarization
angle and ellipticity of cross-transmitted waves versus wavelengths. (d) Cross-polarized
transmission at oblique incidence for TE and TM polarizations, respectively.

absorption spectra at normal incidence. As can see, the cross-transmission peak occurs
at the resonant wavelength of 7.7 pm with normalized to the unit amplitude of 0.85. We
also emphasize relatively low reflectivity of about 13%, and low absorption 13% in the
4.6 — 14 pum wavelength range. The secondary peak (the high order resonance mode in
helices) occurs at the 4.4 ym wavelength. As one can see from Figure 7.6(c), polarization
rotation angle is —91° at the resonance wavelength, whereas ellipticity is less than 4.1°.
It is noteworthy that optical isolation between co- and cross-polarized wave transmission
is high around 98.8% at the resonance. In addition, we have investigated a polarization
dependents versus oblique incidence of TP metasurface for TE and TM polarizations,
respectively. It can be seen in Figure 7.6(d). The cross-transmission is stable at oblique
incident angles from 0° to 27°. The obtained result is a little better than in the case
of conventional TP metasurface. Thus, our helix-based TP design demonstrates a good
performance and operation in the considered IR spectral range. In future, we are planning
to fabricate this helix-based TP metasurface by usage of DLW technique, non-selective
metallization process, and laser ablation. The fabrication process of designed TP helix-

based metasurface is under consideration.
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7.3 Cross-polarized reflector

Another kind of cross-polarized rotator for reflected waves or we called “twist-reflector”
can be designed for IR spectral range. As it was mentioned previously, twist reflector
(TR) is a device that allows rotating the polarization plane of the reflected wave by 90°
relative to the polarization plane of the incident electromagnetic wave. Several works have
been reported at radio frequencies [120,121,123] and THz range [116,119], respectively.
However, there is still no implementation of TR for the IR spectral range. Thus, the
realization of such polarizer for IR wavelengths is under investigation.

We are aiming to realize TR by usage of helical resonators that have balanced po-
larizabilities in the microwave region that it was reported in Section 3.2. Here, we will
demonstrate the results of numerical simulation for helix-based TR metasurface for the
mid-IR spectral range. In the designed structure all peculiarities were taking into account

in accordance with the formation of microarchitectures by DLW process.
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Figure 7.7: (a) Design of helix-based twist reflector with indicated parameters. (b) Re-
flection, transmission, and absorption spectra respect to the polarization state at normal
incidence. (c) Polarization angle and ellipticity of cross-polarized reflected waves versus
wavelengths. (d) Cross-reflectance of TR at oblique incidence for TE and TM polariza-
tions, respectively.

Figure 7.7(a) shows the design of TR metasurface consisting of silver single-turn helical
resonators arranged into a periodic lattice with indicated optimized structural parameters.
The unit cell comprising of RH (blue color) and LH (red color) metallic helical resonators

is depicted in Figure 7.7(a). Similar to helix-based twist-polarizer design, all helices are
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supported by photoresistive stems, therefore, helices are located a little above of CaFq
glass that is transparent in the considered range. The TP metasurface is illuminated by a
normally incident plane wave propagating along the —z-direction.

The simulated spectra of co- and cross-polarized reflection, transmission, and absorp-
tion coefficients at normal incidence can be seen in Figure 7.7(b). Cross-polarized re-
flectance has a peak value of 0.89 at the resonant wavelength of 7.95 um. Co-polarized
reflectivity does not exceed of 17%, with the low absorption peak of 11% in the wave-
length range of 4.1 — 14 um. As seen, designed helix-based TR exhibits several peaks in
the vicinity of the resonance for the co-reflectance spectra that might be corresponded
to the disbalance polarizabilities of helices as well as some additional undesired coupling
effects occur between RH and LR helices. The high order resonance peak can be seen at
the wavelength of 4 pum.

Figure 7.7(c) shows the polarization rotation angle and ellipticity for a cross-polarized
reflected wave in the considered spectral range. It can be seen that polarization rotation
angle is equal 90.17° at the resonance wavelength, while the ellipticity is about —0.03°.
Therefore, optical isolation between TE and TM polarizations at the input and output
waves is around 99.8% at the resonance. This corresponds to a high degree of spectral
purity of the helix-based TR metasurface.

Figure 7.7(d) shows simulated cross-reflection at the resonance (Ajes = 7.95 pm) of the
proposed helix-based structure as a function of incidence angle for TE and TM linearly
polarized waves, respectively. One can see that TR metasurface is strongly depended for
the oblique incidence for both polarizations. The cross-reflectance properties are invariant
only till 7° of incidence angles. However, the spectra behavior at TE and TM polarizations
are absolutely the same in all considered range of oblique incidence angles.

Thereby, TR metasurface based on helical resonators exhibits normally incident polarization-
insensitive transformation electromagnetic waves for reflection regime from TE to TM
polarizations and vise verse within a considerable range. The amplitude of reflected light
with cross polarization about 89% at the resonant wavelength of 7.95 pym has been ob-
tained. Further, this design can be possible to realized owing to DLW technique, where

the selective metallization of helical resonators is required.

7.4 Absorber

In this Section, we propose a low-reflection absorptive metasurface based on helical res-
onators using DLW technique for the MIR spectral range. Previously, we have studied the
similar design of helix-based perfect absorber (compensated PA) in MIR spectral range,
numerically and experimentally (see Section 6.3). The compensated PA architecture was
comprised of metallic single-turn RH and LH helices located on a metallic substrate.
Here, we demonstrate the results of numerical simulations for the off-resonance transpar-
ent helix-based absorber. Therefore, this absorber does not have a metallic substrate that
allows making transparent away from resonance. This property was already demonstrated

for microwave frequency band theoretically and experimentally (see Section 4.2) but still
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Figure 7.8: (a) A schematic Illustration of the off-resonance transparent helix-based
absorber for IR spectral range. (b) Top view of a unit cell with a period of the structure p =
7.3 pm. (c) Front view of the helix-based absorber with selected length of photoresistive
stems (I = 1.6 pm).

does not for optical spectrum. At this moment we have performed only the simulation re-
sults, but hopefully, we will soon fabricate a low-reflection absorber using DLW technique
with subsequent applying of laser ablation to achieve transparent properties in the optical
range.

Using numerical simulation based on FEM the low-reflection absorptive metasurface
based on helical resonators was designed and tested in the MIR spectral range. Fig-
ure 7.8(a) shows the design of low-reflection absorber at a perspective view. The unit cell
of absorber consists of four sub-unit cell based on four gold RH(blue color) or LH (yellow
color) single-turn helices that are connected to transparent CaFy substrate by dielectric
stems (photoresist) for mechanical supporting. The helix-based absorber is illuminated by
a normally incident plane wave propagating along the z-direction. Figures 7.8(b) and (c)
show the unit cell of architecture with indicated structural parameters at the top and front
views, respectively. All structural parameters were optimized owing to numerical simu-
lation. As can be seen, the length of dielectric stems is much longer in comparison with
previous design of polarization rotators for reflected and transmitted waves (see Figs. 7.6
and 7.7). This feature in the design will be described below.

Using numerical simulation, the optical properties of helix-based absorber were ob-
tained. Reflection, transmission, and absorption spectra at normal incidence can be seen
in Figure 7.9(a). The absorption peak reaches maximum value of 0.79 at the resonant
wavelength of 7.7 um, while the transmission is reduced to a value of 0.14. As can be
seen, the reflectance does not exceed of 27% in the range of 4.1 — 14 pm that is a rather
high value for low reflection performance. Away from the resonance, the transmission spec-
tra exhibit transparency of helix-based absorber more than 70% in the considered range.
Nevertheless, transmission exceeds of 85% for the longer wavelength range of 8.3 — 14 um.

Figure 7.9(b) shows the dependence of absorption spectra at normal incidence for the

different length of dielectric stems. As can be seen, the absorption peak slightly increases
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Figure 7.9: (a) R, T, A spectra of helix-based absorber at normal incidence. (b) Ab-
sorption spectra at different length of dielectric stems.

with proportional elongation length of stems. The stem length ranges from 0.4 pym to
1.6 pm with a step of 0.2 pum, respectively. Therefore, we have chosen the length of
supporting stems is about 1.6 pum that it has relatively good absorption (A = 0.85).
However, the further increase of length is not suitable since it will be difficult to remove
the metallic covering from the helix-based structure using laser ablation. It requires a very
precise focusing position of nanosecond pulsed laser and controlling of laser power since
it can be easily broken due to the loss of the mechanical strength of the stems. In our
opinion, this length of the stem is optimal for fixing helices on the transparent substrate
during the laser ablation process.

Thus, we have designed a low reflection absorber based on Au single-turn helical res-
onators for MIR spectral range. Unfortunately, the obtained helix-based absorber demon-
strates a rather high reflection outside of the resonance and as a consequence, a weak
transparency, that makes this design not very promising for the implementation of a
multilayer cascade metamaterial in the future. Nevertheless, the proposed helix-based
architecture absorbs the incident power of over 79% and exhibits some properties of the

off-band transparency away from the resonance band.

7.5 Conclusions

e A simple way for selective metallization of 3D microscale inclusions in the metasur-
face from a full metallic architecture after the usage of the conventional non-selective
metallization process by gold sputtering has been reported. For removing the unde-

sired metallic substrate in micro/nanostructures, nanosecond pulsed laser ablation
has been used.

e Conventional design of TP metasurface based on vertically standing single-turn he-
lices was tested using numerical simulation based on FEM. In accordance with the-
oretical expectations, the helix-based TP metasurface exhibits cross-polarization ef-
ficiency over of 85% at the resonant wavelength of 5.6 pm, while the total reflection

does not exceed of 12% in the considered spectral range. Optical isolation between
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co- and cross-polarized transmitted waves is about 99.8% at the resonance. The
designed polarizer was realized by usage of DLW technique, non-selective gold sput-
tering, and laser ablation process. By carefully controlling the exposure conditions
of laser ablation process gold film with a thickness about 100 nm was removed from
the helix-based architecture. Further optical characterization and better fabrication

are under investigation.

Using numerical simulation, another design of helix-based TP metasurface was pro-
posed. This TP consists of the usual single-turn metallic helices with optimized
structural parameters and arrangement of inclusions in the unit cell. Our design
demonstrates resonant cross-transmittance peak of 0.85 at the wavelength of 7.7 um,
while reflectance does not exceed of 13% in the operational spectral range. However,

the realization of the proposed TP metasurface is still under fabrication.

Cross-polarized reflector (twist reflector) based on single-turn helices were designed
for mid-IR spectral range by usage of numerical simulation based on FEM. Helix-
based TR metasurface exhibits 90° rotation of polarization plane for reflected waves
with an amplitude of 0.89 respects to the unit at the resonant wavelength of 7.95 um,
while a transmission reaches a value of 0.83 in the outside of the resonance band.
This design was adapted for realization by DLW technique with subsequent selective

metallization.

Off-resonance transparent helix-based perfect absorber has been designed by nu-
merical simulation. PA structure possesses relatively low reflectivity properties
(R < 27%) in the range of 4.1 — 14 um with the absorption peak of 0.79 at the
resonance of 7.7 pm. Unfortunately, the obtained helix-based absorber does not
good operate as off-resonance transparent metasurface even in the simulation model
and further optimization in design is still required. Nevertheless, the absorption
properties with transparency away from resonance can be seen in the IR spectral

range.
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Chapter 8

Summary and outlook

8.1 Summary

Summarizing, we have designed and fabricated functional off-resonance transparent 3D
helix-based metasurfaces in the microwave range. In particular, perfect absorbers and
co-/cross-polarized rotators for reflected and transmitted waves have been reported. Our
goals have been to enhance the operation, tunability, and fabrication of off-resonance
transparent metasurfaces based on helical resonators with balanced polarizabilities. Here,

we briefly summarize these findings:

1) One of the most important theoretical results is the determination of all components
of polarizability tensors of electrically small polarizable scatterers with arbitrary shape. As
a result, we can define the EM response and behavior of any small scatterers to the incident
radiation. Consequently, it allows synthesizing of absolutely any material consisting of
these polarizable scatterers in order to obtain the desired electromagnetic properties in
the wide frequency range [8-A]. Moreover, conditions for impedance matching and balance
of polarizabilities of chiral metasurfaces to achieve zero reflection has been reported. As
a result, off-resonance transparent polarization-insensitive helix-based metasurfaces using

numerical simulation has been designed.

2) An analytical approach for determination of proper arrangement of helical resonators
in the unit cell of metasurfaces depending on the desired electromagnetic properties was
proposed. Since even if we know the individual polarizabilities of helical resonators, the
knowledge of the necessary arrangement in the metasurface is still required because of
the strong impact of the electromagnetic coupling between the inclusions in the entire
metasurface. As aresult, functional reflectionless helix-based metasurfaces can be designed

taking into account proposed an analytical approach and numerical simulation.

3) Using numerical simulation, we have demonstrated several off-resonance transparent
linearly polarized rotators based on copper double-turn helical resonators with balanced
polarizabilities which rotate the polarization plane of transmitted or reflected linearly
polarized waves by 90 degrees at the resonance in the microwave range. In other words,
transverse electric polarized waves are converted into transverse magnetic polarized waves
and vice verse [6-A, 2-B, 4-B, 4-C, 9-C|. In addition, we have shown several metasurfaces
based on double-turn helices that allow us to keep the polarization state of transmitted
or reflected waves respect to the incidence with controlling of the phase of these waves. It
opens up new opportunities for realization of wavefront shaping and anomalous refraction

of reflected and transmitted waves using helix-based metasurfaces [4-A, 3-B].
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4) Off-resonance transparent helix-based twist polarizer in the microwave range has
been verified both numerically and experimentally. Several off-resonance transparent ab-
sorbers based on single-turn and double-turn helical resonators in the microwave range
have designed [4-A, 5-A, 7-A, 3-B, 8-B, 3-C]|. In our opinion, we achieved the excellent
results, since the proposed helix-based absorbers are probably the first realization of dis-
persive and lossy structure which does not reveal its dispersive and lossy in nature when
observed in reflections at any frequency [5-A]. As a result, all functional metasurfaces

exhibit low-reflection behavior in the operation microwave range.

5) Towards to realization of the off-resonance transparent functional 3D helix-based
metasurfaces for IR spectral range, DLW technique has been proposed. However, practical
development of 3D helix-based metasurfaces is impeded by their difficult fabrication, since
it requires 3D structuring of metallic helical resonators with sub-micrometric size. To solve
this problem, we emphasized on practical realization of functional metasurface structures
for infrared spectral range using Direct Laser Write lithography that enables us to fabricate
of 3D dielectric pattern in a photosensitive material with subsequent simple metallization

by sputtering of gold [2-C].

6) Practical implementation and optical characterization of helix-based PA metasur-
faces in the infrared spectral range were carried out. As a result, we have fabricated several
entire metal absorbing metasurfaces comprising of single-turn gold helical resonators using
the DLW approach with subsequent non-selective metallization [2-A, 1-B, 5-B, 1-C, 6-C,
8-C]. In addition, we have fabricated several entire metallic PA metasurfaces based on

vertical split-ring resonators in the mid-IR wavelengths [1-A, 5-C].

7) Using numerical simulation, functional off-resonance transparent helix-based meta-
surfaces in the mid-IR spectral range have been designed. In addition, laser ablation
process for removing a metallic substrate from entire metal architectures to make them
off-resonance transparent was carried out. However, preliminary experimental results have
not shown good performance and still fabrication process is under investigation. Never-
theless, due to DLW technique, non-selective metallization, and laser ablation process, it
is possible to fabricate truly off-resonance transparent helix-based metasurfaces in the IR

spectral range.

All designed metasurfaces with the best and the main optical characteristics for mi-
crowave and IF spectral range reported in this doctoral thesis are summarized in Tables 8.1
and 8.2. To conclude, we hope that our results will form the basis for the future work of
researchers and scientists who are interested in continuing research on the above topics and
will further expand the functionalities and understanding of electromagnetic interactions

with helix-based metasurfaces. We hope, it gives evolutionary advances in technology.
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8.1. Summary
Microwave frequency range
. Value, % Value, % Range,
No. Design (simulation) | (experiment) Jres; GHz GHz
R, =98
R, =0.1
Co-reflector -
1) [Figure 3.2(c)] Teo = 0.4 — 2.95 2—14
T =0.1
A=14
Ro,=12
R.. = 96
Cross-reflector “
2) . Teo =0.1 — 3.01 25—-3.5
Figure 3.3(b
[Fig (b)] T. =01
A=24
R, =12
R.,=0.1
Co-transmit o
3) [Figure 3.4(b)] z?co_—OSg) — 3.06 2.5—-3.5
cr — Y.
A =123
R, =0.8
R, =0.1
Cross-transmit .
4 . Teo =0.1 - 3.04 25—-3.5
) [Figure 3.2(b)] T;O: 96.9
A=29
R., =85 6
Cascaded R.. = 85 5
5) metamaterial Teo = 85 — 3 1-7
[Figures 3.7] Ter =92 2
A =92 4
R.,=0.1 R, =4
Twist-polarizer R.. =0.1 R, =1 .
. . sim: 3.1 0.1—-6
6) | sim:[Figure 4.1] Teo =0.1 Teo =6 exo: 307 | 2.8 — 3.3
exp:[Figure 4.4] | T, =98 T = 92 e o T
A=1.7 A=1
Absorber R=14 R=538 .
7) | sim:[Figure 4.5] | T =0.9 T=26 | 2'82 2091__373
exp:[Figure 4.7] A =976 A=092 xpe o ’ ’
Absorber R=0.1 R=6.3 .
8) | sim:[Figure 4.8] | T =0.0 T=126 | " 2'8; 5'91__?}%
exp:[Figure 4.10] | A=999 | A=817 | P~ T

Table 8.1: The main optical characteristics of functional off-resonance transparent helix-
based metasurfaces in the microwave range.
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Infrared spectral range
. Value, % Value, % Range,
No. Design (simulation) | (experiment) Ares, pm pm
R., =3.14
. . R.. =0.01
1) Twist-polarizer T —03 B 556 A_7
[Figure 7.2] TCCrO: 84.9 '
A=11.7
R, =2.35
%) Twist-polarizer ?Cr f 82; B 73 414
[Figure 7.6] R i
T., = 84.6
A=131
R, =0.3
3) Cross-reflector ];fr :_808; B 7 05 414
[Figure 7.7] TCCrO:_O.bl ‘
A=10.8
Low-reflection R =17.06
4) absorber T=14.1 — 7.69 4—14
[Figure 6.16] A =189
Chiral-plate R—029 R—85
absorber e o sim: 7
= T = —1
) sim:[Figure 6.10] AT: 9;)8 . 9f5 exp: 7.7 b 13
exp:[Figure 6.13] ' ’
Compensated R—08 R—179
6) absorber T_— 0 T_— O. sim: 6.97 6— 10
sim:[Figure 6.16] A :_99 5 A :_82 1 exp: 7.6
exp:[Figure 6.17] ' ’
VSRR-based R—04 R—119
7 absorber T_ O T_— 0' sim: 7.18 5_13
sim:[Figure 6.2] A :_99 6 A :_88 | | exp: 8.05
exp:[Figure 6.3] ' ’
Mesh-type . _
) VSRR-based RT__5(')7 RT__IE'G sim: 4.03 5_13
absorber . . exp: 4.3
Fignre 6.7 A=943 | A=824

Table 8.2: The main optical characteristics of functional metasurfaces in the IR spectral

range.
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8.2. Outlook and future work

8.2 Outlook and future work

Here, proposed electromagnetic metasurfaces with helix-based architecture can be applied
for spectral filtering, polarization transformation, and absorption enhancement of radio
and optical waves. Absorption metasurfaces allow to harvesting radiation and absorption
enhancement in infra-red detectors, as well as a realization of narrow-band infrared thermal
emitters and radiation uncooled arrays are especially attractive. Since that, the available
broadband uncooled arrays of microbolometers are generally not sensitive enough for low-
concentration chemical detection. Perfect absorber metasurfaces based on the resonant
inclusions can be used to improve the performance of microbolometer arrays to hold the
potential for a significant improvement in thermal imaging, night vision, chemical and
biological probing capabilities.

Based on the huge number of obtained results, several suggestions can be singled out

for future work:

1) Fabrication of off-resonance transparent helix-based PA architectures in the near-IR

or even visible range (further downscaling of unit cell).

2) Fabrication of efficient transparent twist polarizers for reflected and transmitted

light using our approach described in Section 7.1.

3) Since there are still some difficulties in the fabrication process of 3D helical microar-
chitecture using DLW lithography, it might be possible to modify the helix-based design
to multilayered flat nanostructures that are for more suitable for fabrication by standard
highly accurate nanoimprint techniques (electron beam lithography, self-assembly method,

multibeam interference technique and others).

4) To improve the fabrication approach for realization of functional helix-based meta-
surfaces in the microwave range, it is possible to adjust the design for printed circuit board
(PCB) technology. This opens up new opportunities for the design of multifunctional mul-
tifrequency devices. Moreover, cheap mass-production manufacturing technologies can be

used.
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