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Abstract

This thesis presents a detailed account of the research work conducted by the au-
thor in the area of metamaterials which includes certain novel application-specific
designs, as well as, a few unanticipated applications of the existing designs of
metamaterials. In this work a broad spectrum of metamaterials ranging from pos-
itive to negative through zero refractive index have been explored and employed
for useful applications.

An all-dielectric metasurface has been used to make high quality laser cavity
by reducing the losses due to finite reflectivity. Besides high quality factor, the
metasurface cavity has a compact design which improves its practicality. The
metamaterial used here is a purely dielectric perfect reflector having near zero
impedance. Secondly, a novel design of a lossy dielectric based metamaterial per-
fect absorber has been proposed whose working principle is substantially different
from existing and commonly used metallic patch type metamaterials absorbers.
Both these metamaterials lie in positive refractive index domain.

In the negative index domain, a novel design of split-nanotube based negative
index metamaterial has been proposed which is an extruded version of a conven-
tional split ring resonator. The split-nanotube has an upper hand over a split ring
resonator in terms of both — strength of magnetic resonance and ease of fabrication
on a substrate.

Between positive and negative index, lies the zero index region. The recent
development of zero refractive index metamaterials (ZIMs) have unfolded multiple
unprecedented properties leading to astonishing applications like wavefront engi-
neering, electromagnetic cloaking, zero phase transfer, etc. This thesis includes
two major works on zero index metamaterials, first is a zero index metamate-
rial based unidirectional nanoantenna which makes use of the well acknowledged
dielectric rods-in-air type ZIM. The second one is a novel design of zero index
metamaterial suitable for both TE and TM polarization which is an improvement
over the existing ZIM designs which are suitable for only one type of polarization.

Metamaterials hold tremendous possibilities for broad range of applications
from medicine to optical computing, communication, energy harvesting, defense,
imaging, etc. In this research work almost all the types and domains of metama-
terials have been ventured, explored & analyzed, and attempts have been made
to suggest novel designs and applications.
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Chapter 1

A few prerequisite concepts

1.1 Evolution of elctrodynamics

Ineteenth century witnessed a tremendous progress in Electromagnetism,
N prior to which, electricity and magnetism were not perceived as the two
sides of the same coin, as they are today. It all started in 1820, when Hans Chris-
tian Qersted demonstrated for the first time, that an electric current flowing in a
wire generated a circulating magnetic field around it (figure 1.1(a)). In the follow-
ing year, André-Marie Ampere took things further by showing that two parallel
current carrying wires exert attractive or repuslive force on each other depend-
ing upon the direction of current in one with repect to the other (figure 1.1(b)).
Besides, he also presented a theoretical explanation of the phenomenon and es-
tablished a mathematical relation between the magnitude of the current flowing
and the intensity of magnetic field generated. As the news about Qested’s exper-
iment reached Michael Faraday in the Royal Society, he immediately conceived
the idea of a device that could harness the magnetic energy and furnish some
mechanical work. This led to the invention of primordial electric motor by him
in the year 1821 (figure 1.1(c)). Moreover, Faraday envisioned the possibility of
realizing an absolutely reverse phenomenon. He ardently believed that symmetry
was nature’s innate property, hence, if electricity could produce magnetism, the
vice-versa must be true as well. A series of painstaking experiments during next 10
years led to the discovery of electromagnetic induction in 1931. By this time, the
coalition between electricity and magnetism had been established. Another sig-
nificant milestone in this arena was set by James Clerk Maxwell, who established
light as a manifestation of the principles of electrodynamics. He argued that a
varying electric field generated a varying magnetic field which, in turn generated
another varying electric field and the phenomenon perpetuated. He brilliantly
condensed entire electromagnetic theory into four simple equations, now referred
to as, Maxwell’s Equation. These equations are the most generalized mathemati-
cal representations of the Guss’ Law for electricity and magnetism, the Faraday’s
Law and the Ampere’s Circuital Law. He also introduced a significant correction




Chapter 1

factor in the Ampere’s law which facilitated the comprehension of electromagnetic
waves.

@/ Rotating Needdle

Ti + i * i * i _+
F F F T
- —>> > <
Dy
(b) R_epulsioﬁ _Attraction_ (C)

Figure 1.1: (a) Circular magnetic field lines around a current carrying conduc-
tor; (b) force exerted by two parallel current carrying conductors on each other
depending upon the direction of current flow in them; (c) the first electric motor
invented by Faraday.

Having physical and mathematical understanding of electromagnetic waves,
made it easier to interpret their interaction with matter. The response of a ma-
terial to an electromagnetic wave is linked to the redistribution of charges inside
it, upon being subject to the electric and magnetic field of the wave. This knowl-
edge about light-matter interactions led to the development of numerous devices
working in different parts of spectrum, during the entire twentieth century. The
transition period from the twentieth to the twenty first century, i.e. late 1990 and
early 2000s, marked the beginning of a new era of electromagnetics by the advent
of a special class of man-made materials called Metamaterials, which have sev-
eral abnormal and unnatural properties like negative refraction, electromagnetic
cloaking, perfect lensing, etc,. Their interesting and intriguing properties drew a
lot of attention from the scientific community and for the same have been chosen
by the author of this thesis as his area of research. The working of metamaterials
is completely based on the principles of Classical Electrodynamics. An elaborate
account of metamaterial is present in chapter 2, but for understanding them and
this research work, one needs a few basic concepts in hand. This chapter presents
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all those fundamental principles of electrodynamics which are needed as a pre-
requisite for efficient comprehension of advanced concepts spread throughout the
rest of the thesis. It includes Maxwell’s equations, the origin of refractive index
with detailed account of its dispersive nature, two main types of scatterings— Mie
and Rayleigh scattering and the concept of reciprocal lattices and Brillouin zones.
Keeping these in mind, understanding the metamaterials and the work proposed
in the thesis becomes easy.

1.2 Maxwell’s equation

Maxwell’s equations are a brilliant example of unification and generalization. En-
tire electrodynamics is packed into a simple set these four mathematical equations.
Below are the different variants of Maxwell’s equations subject to certain condi-
tions.

Differential Form

V-E=p/e (1.1)
V-B=0 (1.2)
0B

E=-——"— 1.

V x T (1.3)
0

B = — 1.4

V x pd s + e T (1.4)

Intergral Form

#D-ds:///pdv (1.5)

#Bds:o (1.6)

¢E~dl:—%//B-ds (1.7)

%B-dlzﬂ//Js-ds—Fue%//E-ds (1.8)
Special Cases

Static field assumption: On assuming the fields to be invariant with time, i.e.
0/0t = 0, equations 1.1 - 1.4 reduce down to

V-E=p/e (1.9)
V-B=0 (1.10)
VxE=0 (1.11)
V x B = uJ, (1.12)
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Time harmonic field assumption: On assuming the time-harmonic variation,
i.e. field varying as ¢/*' with respect to time, 9/9t can be replaced by jwt and
equations 1.1 - 1.4 reduce down to

V-E=p/e (1.13)
V-B=0 (1.14)
V xE=—juB (1.15)
V x B = uds + pejwE (1.16)

Electromagnetic wave propagation is possible because of an interplay of the equa-
tions 1.3 and 1.4, where, varying electric field produces varying magnetic field,
which in turn produces varying electric field and the phenomenon perpetuates.
The electric permittivity and magnetic permeability offered by different materials
depend upon light-matter interaction. The next section throws light on this and
explains the cause of refractive index.

1.3 Origin of refractive index

Refractive index offered by a material depends upon how its atoms interact with
light which further depends upon how strongly the electrons are bound to the
atoms. Different materials have different values of refractive index because the
strength by which the electrons are bound to nucleus is different in each one of
them. Moreover, for a particular material, refractive index is a strong function of
wavelength of incident light, specifically in the optical region [28]. A rigorous anal-
ysis of dependence of refractive index on the material specific intrinsic parameters
and the wavelength of the incident light is given below.

Let a given medium be exposed to an x polarized light. The electric field
associated with the electromagnetic wave is

E = xFEycos(kz — wt) (1.17)

The electric field causes the electron cloud to get displaced opposite to the direc-
tion of electric field vector (as shown in figure 1.2). The displacement (say x) of
center of the electron cloud with respect to the nucleus is given by the solution of
the differential equation

d2
md—;( + kox = —qE (1.18)
or » -
X
e + wix = —% (1.19)

where —q and m are the charge and mass of an electron, kg is the restoring force
constant and wy = \/ko/m is the resonant frequency. On solving equation 1.18,
we get,

qE

2

X=———F-—
m(wg — w?)

(1.20)

4
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E=0 E=+vel E=0 E=-vey E=0

Nucleus

|

Electron Cloud

Figure 1.2: The electron cloud shifts according to the magnitude and direction
of electromagnetic wave. Illustrated here, is the displacement of electron cloud
throughout one complete cycle of oscillation of the electric field.

If there are N electrons per unit volume, then the polarization P induced in the
medium by electric field E is given by

P =—-Ngx (1.21)
Ng?
=——F 1.22
m(wg — w?) (1.22)
— ¢oxE (1.23)
where
N 2
X = a (1.24)

meg(wi — w?)

is the electric susceptibility and ¢y is the permittivity of free space. Hence the
permittivity of the medium is given by

€ = €yt €0X (125)
= €o(1 + Xx) = €€y (1.26)

where €, is the relative permittivity of the medium given by

N¢?

PR (1.27)

e=1+x=1+

Now, it is known that relative permittivity is the square of refractive index,

bt
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hence, equation 1.27 can be written as

N2 2\ 1
nP=1+x=1+ q2<1—°"—2) (1.28)

N 2 2

~ 14 q2(1+°"—2) (1.29)
N 2 N 2 4 2.2

SRR —— (1.30)
mepws — Meowy G
B

=A+ (1.31)
Ao

which is the well known Cauchy’s Formula. In case of metals, the electrons are free
and there is no restoring force acting on them. Hence, equation 1.27 is reduced to

21— 1.32
" megw? ( )

2

w

where
Nqg?

— /=1 1.34
Wp meg ( )

is the plasma frequency of the metal. For w < w, refractive index is imaginary
which is the reason for ohmic loss associated with metals. Above plasma frequency
(w > w,) refractive index is real and metals behave like a dielectric.

It should be noted that, in the above analysis the damping force has not been
considered. Considering the damping factor is necessary because damping factor
does become significant in a certain region of spectrum. For example, silicon is a
lossy dielectric in visible region but is practically lossless in infrared (eg. 1550 nm)
and beyond. Hence, in a more realistic perception, equation 1.18 should be written
as,

d*x dx
oy + Fa + kox = —¢qE (1.35)
and equation 1.19 becomes
d*x dx qE
— 2K — twix = —— 1.36
gz NG T T Ty (1.36)

Solving equation 1.36 the accurate expressions for polarization, susceptibility and
relative permittivity, inclusive of damping factor are obtained as,

N¢?
P= 1.37
m(wd —w? — 2iKw) (1.37)

N¢?
_ 1.38
X meg(wi — w? — 2iKw)’ (1.38)
(1.39)
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and

Ng?
meo(wi — w? — 2iKw)

e =1+ (1.40)
It can be noticed that the relative permittivity is complex in nature which im-
plies that the refractive index is complex. Let the complex refractive index be
represented as

n=mn+ik (1.41)

Then,

n®=e¢ = (n+ix) =n*— K>+ 2inK (1.42)

On comparing equations 1.40 and 1.42 we get,

. N¢?
21 1.43
(n+ir) * meo(wi — w? — 21 Kw) (1.43)
14 N¢*(wg — w? + 2iKw) (1.44)
B meg(wd — w? — 2iKw)(wd — w? + 2iKw) ’
> 2 2 1 + Nq2(wg — WZ) (1 45)
— K= :
g meo|(wd — w?)? + 4K2w?]
and N2
Mk = ¢ 2Kw) (1.46)

meo|(wd — w?)? + 4K2w?]
Figure 1.3 shows the qualitative variation of real and imaginary part of relative
100

1 -

05

0
50

wlw

1
0.6

50 L

(a) Lossy dielectric (b) Metal

Figure 1.3: Qualitative variation of real and imaginary part of relative permittivity
with respect to frequency for (a) dielectrics and (b) metals (assuming wy = 0)

permittivity with respect to frequency for both - dielectrics and metals. Since
metals have free electrons, resonant frequency wy = 0. The x-axis of the graph has

7
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been normalized with respect to resonant frequency wy in figure 1.3a and plasma
frequency w, in figure 1.3b. Below the plasma frequency, n*—£? is negative and 2nrk
is significantly high, which accounts for the highly reflective and absorptive nature
of metals. Above plasma frequency, as 7> — k% becomes positive, thus, metals begin
to acquire dielectric like properties of wave propagation. Additionally, the value of
2nk also descend to extremely low values which in turn reduces absorption losses.
Hence, for w > w, metals become transparent to em waves.

1.4 Scattering

1.4.1 Mie Scattering

Scattering of light by particles of size comparable to the wavelength is referred to
as Mie scattering, named after Gustav Mie who derived the solution of Maxwell’s
equations for such a situation in 1908. An absolutely independent study of scat-
tering of light by dielectric spheres was also performed by Ludvig Lorenz. Mie
solutions accurately describe the distribution of electric and magnetic field inside
and outside the particle. Accurate analytical solution exist for spherical particles
which demonstrate the dependence of strength of scattering upon the particles’
size and permittivity. A particular particle exhibits strongest scattering at certain
values of wavelength (Mie resonance). Some important analytical results of Mie
theory for a spherical particle are shown below [9]
Coefficients of field inside the particle:

p11jn () [xh <”<sc>]'—u1h<”< [ ()]

Cp = (1.47)
pagu(ma)[ehl) (@) — phi? (2)[mag, (ma))

o (e e @) - mmhn%x)[xjn(as)r (1.48)
pm2j, (ma)[eh) ()] — b (x)[mag, (me))’

Coefficients of scattered field:

_pma(ma) [ ()] — puga (@) [maga(ma)) (1.49)

T um(ma)[ehl) (@) — h (2) [mag, (ma))

b, — uun(mw)[ivjn(x)]’ = Hn (@) [ g (m)] (1.50)
pagn(ma)[ahl) (@) — phi? () [mag, (ma))

Here, m = N;/N is the ratio of the refractive index of the particle with respect
to that of the surrounding; p; and p are the relative permeabilities of the par-
ticle and the surrounding medium respectively; * = 27 Na/A; and j, & hY are
Bessel function and Hankel function of the first kind repectively. The scattering
coefficients can be written in simpler version using Riccati-Bessel functions and

8
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assuming (i, = [, as

_ mpp(ma)iy, (x) — Pu(2)yY (ma)
» S MR (7) — (@) ) (15
Y (M), (z) — mab, (2)y' (ma)
P = ) () = méa () (ma) (1:52)
where
Un(p) = pin(p) (1.53)
&nlp) = phY (p) (1.54)

are the Riccati-Bessel functions. Using these coefficients, the scattering cross-
section (.., the extinction cross section C.,; and the absorption cross-section
Cas can be calculated as

o0

Cuca = 73 220+ 1)(lau]* + [ba]*) (1.55)
n=1
2T
Con = 73 > (2n+1)Re{ay + by} (1.56)
n=1
C1abs = Cea;t - Csca (157)
where k is the wave vector.
% 10
Q% 9+ ,\EADD Magnetic resonance
/)(‘ Total
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7
& Electric resonance
-~ 5F
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2 |-
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(a) Silicon sphere (b) Scattering cross-section

Figure 1.4: Calculation of scattering cross section for a silicon sphere w.r.t wave-
length of incident light

Figure 1.4b shows the scattering cross-section for silicon sphere of radius a and
refractive index m = 3.5, calculated using above mentioned formulae. It should

9
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be noted that the first resonance peak appears at A\/(2am) = 1.04, which means
that the particle resonates at A ~ 2am. In other words, for resonance to occur,
the wavelength inside the particle should be approximately equal to the diameter
of the particle. Second peak is obtained at \/(2am) = 0.80.

Calculation of field distribution inside the particles shows that the first res-
onance corresponds to a magnetic dipole mode while at second resonance it is
always an electric dipole mode.

1.4.2 Rayleigh Scattering

Scattering of light by particles very small in size compared to the incident wave-
length was first studied by Lord Rayleigh (John William Strutt) in 1871, about
three decades prior to Gustav Mie’s explanation (Mie theory) for the various col-
ors scattered by colloidal solution of gold particles in water. Rayleigh, in his
derivation did not include the absorption of light by particle and focused only on
the scattering. However, Mie considered both the phenomena because adsorption
spectrum played a pivotal role in deciding the color of the colloidal solution. It
should be noted that Rayleigh scattering can be considered as a special case of
Mie scattering, when incident wavelength is very larger compared to particle size.
For qualitative analysis of Rayleigh scattering, let us expand the Riccati-Bessel
functions to first few terms as

Yi(p) =~ %2 - %

=20

fl(P)ﬁ—%—%pﬂL%Z

()~ = 5

O (1.58)

balp) =

L)~ 2

&a(p) =~ _;_?2)

() =

where symbols have their usual meaning. Using these formulae in equations 1.51
& 1.52 the scattering coefficients accurate to sixth power of z (i.e. 2°) can be
obtained as

10
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_i2x3 (m?—1) 225 (m? —2)(m? - 1)

M= i) 5 (m2+2)p
R+ 00
by = —%(m2 —1)+0(z" (1.59)
as = —%27:;—__’_13 +O(2")
by = O(z")

where we have taken the permeability of the sphere to be equal to that of the
surrounding medium. Assuming |m|z << 1 (i.e. size of the sphere is very small
compared to wavelength) we get,

223 (m? — 1)

S 7T 2) (1.60)

a] — —
and |by| << |aq].

For an unpolarized incident light of irradiance I;, the irradiance of scattered
light I, is given by

2

2
1
m (1 + cos20)1; (1.61)

m2+2

8t Nab
I = \ip2

which means that if the particle is sufficiently small compared to the wavelength
of light, the irradiance of the scattered light is inversely proportional to A* and is
independent of the shape of the particle. Moreover, the degree of polarization of
the scattered light strongly depends on the scattering angle . Equation 1.61 is
true for unpolarized incident light, but for a polarized incident light the ratio of
the scattered to the incident irradiance (I5/1;) is given for,

polarization parallel to the scattering plane, as,

9 2
i = %00829, (1.62)

polarization perpendicular to the scattering plane, as,

9ay|?
In this way, irradiance for unpolarized incident light becomes,
.1 .
1= §<ZH +1i1) (1.64)

11
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Figure 1.5: (a) Angular distribution of Rayliegh scattered light for different po-
larization; (b) Degree of polarization of scattered light for unpolarized incident
light.

It should be noted that, if the incident light is perpendicularly polarized the
scattered light retains the polarization, but for an unpolarized incident light, scat-
tered light becomes partially polarized. This happens because, the polarization
perpendicular to scattering plane survives as it is, but the parallel component
diminishes with increase in scattering angle 6, as shown in figure 1.5.

Why is the sky blue and the clouds white?
The way light interacts with matter largely depends upon the size of the par-
ticle relative to the wavelength as illustrated in the figure below.

Geometrical Diffraction Mie Rayliegh
Optics Scattering Scattering
| | | |
€ | | | | >
a>>A a~A a<A a<<A
1 1 — 1
Snell's Law asin® = nA Ao ~ Ma Py o -

Particles which are very small compared to wavelength of the illuminating
radiation exhibit Rayleigh scattering in which scattered power is inversely
proportional to the fourth power of wavelength (P, o 1/\*). For instance,
the red wavelength is 1.5 times the blue wavelength, as a result, the blue color
scatters 5 (= (1.5)%) times more strongly than the red color. Azure hue of
the sky is attributed to Rayleigh scattering of the visible light primarily by
atmospheric gas molecules and to some extent, by sub-micron dust particles.
As the particle size increases and becomes comparable to or little less, i.e. 3-5
times smaller than wavelength, Mie scattering dominates. In this case the

12
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waves whose wavelength is approximately equal to the particle size times its
refractive index (Ao = ma), are scattered the most. White color of the clouds
is due to Mie scattering. Water vapour gets precipitated on the dust particles
forming scatterers of size beyond Rayliegh scattering regime. As a result all
colors get scattered with similar probability and the clouds look white. Rainy
clouds are dark because they are substantially thick and absorb huge amount
of light. As the particle size increases further and becomes comparable to or
even a few times (2-3 times) larger than the wavelength of light, phenomenon
of diffraction becomes noticable. For particles which are very large compared
to wavelength of light in free space, geometrical optics takes over and incident
radiation is reflected according to the Snell’s law.

1.5 Reciprocal lattice and Brillouin zone

Every crystal lattice has a reciprocal lattice attached to it whose primitive vectors
are reciprocals of the real lattice’s primitive vectors. Unit cell of a reciprocal
lattice is called a Brillouin zone. If the basis of real lattice is made up of position
vectors, the reciprocal lattice is constituted of wave vectors. Reciprocal lattice is
basically the diffraction pattern or Fourier transform of real lattice.

A unit cell of a lattice and Brillouin zone of the reciprocal lattice are shown
in figure 1.6. From the basic knowledge of vector algebra we know that area of

Real Lattice Reciprocal Lattice

Figure 1.6: Unit cells of (a) real lattice and (b) reciprocal lattice.

the face including a; and as is given by A = a; X as and volume of the unit
cell is given by V = (a; X az) - as. It is understandable that vector ag in terms
of V and A is written as ag = V/A, hence, the reciprocal vector b = A/V =
(a; X az)/(a; X az) -ag. In this way, all the three primitive reciprocal vectors can

13
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be defined as

Ag X ag
by =27 273 (1.65)
A - Az X ag

ag X ap

by = 21———M——
A - Az X ag

a; X Ag

by =2r—M—
A - Az X ag

It should be noted that the factor of 27 is included for the sake of convenience so

Brillouin zone

Unit cell
o o \ o o \ WA M
sunsnnshasnnns
‘e o @ :
_n/a: m/a
a : 9r X
® 06 O ] : :
2n/a | |2n/a . :
- > V "ssssssgusmmnnn .
® 6 0 © e
Real Lattice Reciprocal Lattice Brillouin zone
(Shaded region: Irreducible Brillouin zone)
(a) (b) (c)

Figure 1.7: Unit cells of (a) real lattice and (b) reciprocal lattice.

that the reciprocal vector can be translated into the wave vector.

A crystal lattice is a periodic arrangement of atoms, which in turn means, a
periodic variation of potential. On the similar lines, in a photonic crystal, the
refractive index varies periodically. The most common type of photonic crystal
is a square array of dielectric rods in air (as shown in figure 1.7(a)). It can
be noticed from figure 1.7(b) that reciprocal of a square lattice is also a square
lattice with a square Brillouin zone (figure 1.7(b)&(c)). In the Brillouin zone both
the components of wave vector (k, and k,) vary from —7/a to w/a. A closer
inspection tells that the Brillouin zone is not the most fundamental unitcell and
there is a smaller and more fundamental unit of the of the reciprocal lattice, shown
as the wedge shaped shaded area in the figure 1.7(c). The shaded area is referred
to as Irreducible Brillouin zone and the rest of the region can be obtained by
applying mirror and rotation symmetry on it. For the intellectual satisfaction of
a more ardent reader, Kittle (2005) presents a more exhaustive explanation of the
reciprocal lattice and Brillouin zone for a variety of two and three dimensional
crystal structures.

These are the basic concepts on which the peculiar properties of different types
of metamaterials, are based. For example, frequency dependence of refractive in-
dex leads to the resonant nature of certain metamaterials; the plasmonic properties

14
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of metals play pivotal role in achieving negative refractive index; Mie resonance
becomes the underlying principle of the all-dielectric metamaterials including both
— the positive index and the zero index variants; the zero index nature is attributed
to certain specialties in the band structure arising due to symmetry in the Brillouin
zone, and so on. In this way, this chapter presents the prerequisite information
needed to understand the working of various types of metamaterials, which have
been discussed in the next chapter, in detail.
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Introduction to metamaterials

Etamaterials are an extraordinary class of artificial materials which posses
M certain unnatural properties that seem to challenge common sense. These
special properties are by the virtue of their structure. The unit cell of the struc-
ture is generally very small compared to the wavelength of light so that effective
medium theory is applicable and the effective material parameters are considered.
This chapter presents a variety of metamaterials, their classifications, working
principle, merits & demerits and their potential applications.

2.1 Classification of metamaterials

2.1.1 Classification on the basis of dimensions of inho-
mogenity

Depending upon the number of dimensions in which the structure is inhomogenous,
the metamaterials can be divided into three categories - one dimensional, two
dimensional and three dimensional. Figure 2.1 gives a good visualization of the
three categories.

(a) One dimensional (b) Two dimensional (c¢) Three dimensional

Figure 2.1: Classification on the basis of dimensions of inhomogenity
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There is another, a fourth variant, called a metasurface. Metasurfaces are two
dimensional, planar, sheet type metamaterials whose thickness is very small com-
pared to other two dimensions. There are two types of metasurfaces — metafilms
and metascreens. Metafilms are two dimensional periodic arrangement of isolated
scatterers, like the one shown in figure 2.2(a). Metascreens, on the other hand,
are periodic arrangement of isolated apertures drilled in an otherwise continu-
ous and impenetrable sheet of material, as in figure 2.2(b). A few intermediate
structures, such as a parallel wire grating, exhibit both the traits. It behaves like
a metafilm for polarization perpendicular to wires and acts as a metascreen for
parallel polarization.

(a) Metafilm (b) Metascreen

Figure 2.2: Two types of metasurfaces

2.1.2 Classification on the basis of constituent materials

In early stages of development, metamaterials had been metal-dielectric compos-
ites. Both the components had a crucial role to play in their functionality. Such
designs achieved several interesting phenomena including negative refraction and
electromagnetic cloaking. However, a major drawback with them was their signif-
icant ohmic loss, which dropped their performance drastically. Serious endeavors

dielectric spheres

T

incident m..
radiation

(a) Metal-dielectric composite (b) All-dielectric

incident light

Figure 2.3: Two categories on the basis of constituent materials
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seeking low loss alternatives led to the advent of all-dielectric or Mie resonance
based metamaterial. Figure 2.3(a) illustrates fishnet type metamaterial which is
a very common design to achieve negative refraction at higher frequencies. The
other one shown in figure 2.3(b) is the famous Mie resonance based metamate-
rial structure which is basically a two dimensional periodic arrangement of high
permittivity dielectric spheres (mostly silicon). A dielectric sphere is the sim-
plest particle for which solutions of wave equation have already been deduced in
terms of Riccati Bessel functions, by Gustav Mie in 1908 [9]. For any other shape
numerical methods like finite difference time domain method [94, 74], finite ele-
ment method [74, 41], etc are needed. All dielectric metamaterials have found
applications like perfect reflection, directive radiation, wave shaping etc.

2.1.3 Classification on the basis of resonance

Resonance means the situation when the response of the scatterer is the strongest
at one particular frequency of incident wave, and at any other frequency whether
higher or lower than the resonant one, the response decreases sharply. Resonance
happens when the incident or exciting frequency matches with the natural fre-
quency of vibration of the system. The metamaterial structures which exhibit
this property are referred to as resonant metamaterials. Figure 2.4(a) shows a
split ring resonator (SRR) which is a resonant structure and a well known mag-
netic meta-atom, while in figure 2.4(b) a wiremesh structure is shown which is a
non resonant metamaterial [35, 5, 83, 70, 13, 86, 84]. Resonant behavior of a split

(a) Resonant metamaterial (b) Non-resonant metamaterial

Figure 2.4: Categorization on the basis of resonance

ring resonator is attributed to its LCR circuit like nature. The split in the ring
provides that capacitive element while the metal of the ring has some latent in-
ductance and resistive loss associated with it. In this way, it behaves like an LCR
circuit having a certain resonant frequency. On the other hand, the wire mesh
structure is made up of continuous metal wires which do not have any breaks in
them. Hence in the absence of capacitive element they fail to exhibit resonant
behavior. Exhaustive details about working of split ring resonator and wire mesh
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structures are presented in the later sections of this chapter.

2.1.4 Classification on the basis of refractive index

By definition, the metamaterials are basically the structures whose optical prop-
erties or particularly the refractive index can be tailored as desired. On the basis
of effective refractive index the metamaterials can be of three types — positive in-
dex, negative index & zero indexr metamaterials. Figure 2.5 shows the refraction
of light as it emerges out of the prisms of a positive, a negative and a zero index
medium into air. The figure illustrates that while in case of positive index medium
the emergent ray is on the other side of the normal, as usual; for negative index
prism it lies on the same side of the normal as the incident ray. Although it seems
abnormal, it is absolutely in accordance with the Snell’s law of refraction.

Air
emergence on emergence on normal emergence
the other side the same side
of the normal . of the normal
e
refraction
Positive index metamaterial = Negative index metamaterial Zero index metamaterial

Figure 2.5: Refraction of light by positive, negative and zero index metamaterial

According to the Snell’s law,
ny sin 07 = ny sin O (2.1)

where n; is the refractive index of prism and ns is the refractive index of surround-
ing (air, in this case), and the angle 6 is measured w.r.t the normal and considered
positive in clockwise sense. If ny < 0, ng = 1(> 0) and 6; > 0, it is certain that
B2 < 0. In consequence, emergent ray lies on same side of the normal as incident
ray. From the same equation 2.1, it can be deduced that if n; = 0, for any value of
angle of incidence (6;), the angle of emergence is inevitably zero. In other words,
light always emerges normally (i.e. along the normal) irrespective of the angle of
incidence, if it travels from a zero index medium to a positive index medium.
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2.2 A few important and commonly used meta-
materials

A meta-atom is the structural unit of a metamaterial whose periodic repetition
generates the metamaterial structure. Metamaterials can be responsive to either
electric or magnetic field depending upon the type of meta-atoms they are made
of. A few most significant and commonly used metamaterials have been described
in detail, in the following subsections.

2.2.1 Metal dielectric layers

Figure 2.6: Schematic illustration of metal-dielectric layers based electric meta-
materials for parallel and perpendicular polarization.

The simplest electric metamaterial (i.e. responsive to electric field) is the al-
ternating layers of a metal and a dielectric material, which is the easiest way to
achieve the desired permittivity at the wavelength of interest. Metals intrinsi-
cally exhibit negative dielectric constant below their plasma frequency due to the
presence of free electron in them. This property proves beneficial in realization
of negative refractive index where negative permittivity (e < 0) and negative per-
meability (4 < 0) are required simultaneously. Interleaving dielectric layers in
between metals, dilutes the metal in a way and allows the liberty to reduce the
permittivity to the desired magnitude. The value of effective permittivity thus
obtained depends upon the filling fraction of the metal and the dielectric in a unit
cell, as well as, on the polarization of the incident field. For the structure shown
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in the figure 2.6, let us suppose that ¢,, is the permittivity of metal and ¢4 is
the permittivity of the dielectric, and h,, & hy are their respective thicknesses,
and in consequence, f,, = hp/(hm + hq) and fg = hg/(hy + ha) = 1 — fi, be-
come the filling fractions of metal and dielectric respectively. The incident electric
field can either be polarized parallel or perpendicular to the interface. In case of
perpendicular polarization, the electric field is discontinuous across the boundary,
but the displacement vector is continuous, i.e. D,, = Dy = D;. On account of
discontinuity, the effective electric field, as a weighted mean, is given as

E, = fnEn+ faly (2.2)

Hence, the effective permittivity e, is given by

1 E,

€ D 1
D, D,
f m + f d (2 5)
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f, =02 0.03 |
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Figure 2.7: Dependence of (a) real and (b) imaginary part of effective permittivity
on dielectric filling fraction for perpendicular polarization

On the contrary, for parallel polarization, the electric field is continuous across
the interface, i.e E,, = Eq = E)|, while the effective displacement vector is repre-
sented in average as

D\ = finDu + faDa (2.6)
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Therefore, the effective permittivity is

Dy

9= (2.7)
mem ded

= + 2.8

B B (28)

= fmem + fded (29)

The effective permittivity as a function of wavelength, for the perpendicular and
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Figure 2.8: Dependence of (a) real and (b) imaginary part of effective permittivity
on dielectric filling fraction for parallel polarization

parallel polarization, have been shown in figures 2.7 & 2.8.

2.2.2 A periodic array of metallic wires

A wire mesh structure is a very good and useful artificial medium whose plasma
like behavior can be configured for any spectrum of choice, by simply manipulating
the geometrical parameters. Rotman [73], in 1961, propounded for the very first
time, what he called the rodded medium, a periodic array of long metals wires
capable of simulating plasma. Since then such media have been used by radio
engineers as a simple method to imitate the ionospheric conditions in a laboratory
environment. Pendry et al. [67, 66], in 1996, proposed it afresh in his seminal
paper which later turned out to be of great significance in the development of
negative refractive index metamaterials. They also presented a Drude’s model
based representation of the effective permittivity of the metamaterial.

Let us consider a square lattice of thin and long metallic wires, shown in
figure 2.9, of radius r and periodicity a being illuminated by a z-polarized wave. If
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ax 3

X y

Figure 2.9: An array of metal wires

N is the number density of electrons in the pure metal, then, the effective number
density of electrons in the metamaterial is

Nrr?
Nepp = " (2.10)
and it can be shown that [13, 70]
2 2N
Mesy = %m (a/r) (2.11)
Hence, the plasma frequency of the metamaterial becomes,
Njre? 2mc?
w2 = efr® 2% (2.12)

eomerr  a?In(a/r)

where ¢ is the speed of light in vacuum. Using the plasma frequency w,, the
conducticity o of the metal, the radius r and the periodicity a, the Drude’s model
based effective permittivity e.;r can be calculated as,

w2

opf=1— P 2.13
cefs w(w + iea’w?/mrio) (2.13)

For a typical metamaterial structure made of up silver wires of radius r = 0.1 mm,
periodicity @ = 5 mm and conductivity ¢ = 6.30 x 10" (S/m), the Drude model
based effective permittivity the metamaterial has been shown in figure 2.10(c) as
a function of angular frequency w, whereas, figure 2.10(b) shows the permittivity
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(a) Pure silver (b) Silver wire medium

Figure 2.10: Real and imaginary part of permittivity (a) pure silver and (b) wire
mesh type metamaterial made up of silver wires

variation of pure silver metal. This is a clear evidence of the fact that wire mesh
structures are efficient means to simulate the plasmonic properties in the spectrum
of choice. It can be noticed in both the graphs that the permittivity remains
negative before plasma frequency and becomes positive above it. It manifests
into the behaviour that, the materials remain plasmonic hence reflecting below
plasma frequency, but as soon plasma frequency is passed, plasmonic character
is redeemed and dielectric like transmitting nature is begun to acquire. However
a major contrast visible in the two figures is that the plasma frequency of the
metamaterial lies in terahertz spectrum, while that for pure silver lies in petahertz
range.

2.2.3 Split ring resonator - a magnetic meta-atom

Naturally occurring materials cease their magnetic activity at high frequencies,
hence become unresponsive towards magnetic field component of the incident elec-
tromagnetic waves settling the value of relative permeability pu, to 1. In year 2000,
Smith et al. invented a meta-atom which could interact with magnetic field of the
incoming radiation and exhibited a magnetic dipole like behavior whose strength
was maximum at a certain resonant frequency. They called it a split ring resonator
(SRR) as the structure was basically a metallic ring with a split on one side. Its
working principle is simply the Lenz’s law.

Let us consider a metallic disc which is exposed to oscillating magnetic field
along the axis. The varying magnetic field induces current in the disc such that the
induced flux opposes the applied flux. It is an acknowledged fact that current is
mainly confined to the outer boundaries of the disc, the inner region of the disc can
be removed turning it into a ring without destroying the inductive characteristics.
The disc and the ring are purely inductive elements in which capacitive effects
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are absent, hence, they are non-resonant. For resonance to occur, a capacitive
element is required to be added, in order achieve an LCR circuit like system which
resonates at a certain frequency. This is accomplished by purposely introducing a
split in the ring which harbors charge accumulation and hence provides capacitive
element in the system. This type of design has inductance as well as capacitance
and considering the resistivity losses of metal, it can be represented by a series
LCR circuit whose resonance frequency is given by wg = 1/ V' LC where symbols
have their usual meaning. In figure 2.11, the complete transformation from a
disc to double split ring resonator is shown. It can be seen in the figure that the
direction of the induced current is such, that the induced field opposes the applied
field. Furthermore, charge accumulates at two ends of the split, which causes
existence of electric field in the gap region. It excites an electric dipole mode which
can overshadow the desired magnetic dipole and in consequence, the electric field
component of the incident wave interacts with the device more strongly compared
to the magnetic field. In order to avoid this situation, a double split ring resonator
(DSRR), as shown in figure 2.11, is always a preferred choice. A DSRR has two
concentric rings with splits deliberately placed opposite to each other, so that the
two electric dipoles are anti-parallel and net electric dipole moment is negligible.
Being resonant structures, both - the single and the double split ring res-
onators, can be electrically represented by equivalent LCR circuits (figure 2.12)
whose effective inductance L, effective capacitance C' and resistance R decides the
systems resonance frequency wy. In figure 2.12, r is the inner radius of smaller
ring, w is the linewidth of each ring, d is the gap between the two rings and ¢
denotes induced current. Inductance can be simply estimated as L = 2uor [13].

H H
Circular disc Circular ring
H
E
Split ring Double split ring

Figure 2.11: Evolution from a simple circular disc to double split ring resonator
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Figure 2.12: LCR equivalent circuit for single and double split ring resonator.

The total capacitance of a DSRR is contributed by two sources - capacitance due
to the split ¢ and capacitance due to slot d between the two rings. Out of which
the latter is more dominant [6], since circumference of the rings is large compared
to the split size g and slot width d is usually smaller. As current flows through
the two rings it encounters the gap d in each cycle. More accurately, the resultant
capacitance can be thought to be due to two capacitors in series combination, as
shown in figure 2.12. Hence, if C' is the capacitance between two annular elec-
trodes, then, C/2 is the capacitance due to each half of the ring, and C/4 is the
total capacitance of the DSRR [13, 6].

The purpose of this entire analysis is to calculate the dispersion in effective
magnetic permeability of an SRR and to derive a mathematical equation for it. A
rigorous analysis has been presented by Ramakrishna (2005) [70] for the artificial
magnetic activity of the split cylinders and the split ring resonators.The author
shows that for an SRR, effective capacitance C' = epe,mr/(3d) and its effective
magnetic permeability in relation to a split cylinder is given as

B 7rd Ja?
1 — (3d/poeoe,m2w?rd) + i(2p/ powro)
fw?

wi — w? —ilw

(2.14)

efr =1

=1+

(2.15)
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where, €, is the relative permeability of the material present in the gap, a is the
periodicity of the array of SRR, f = 7wr2/a? is the fill fraction and wy being the
resonant frequency is given by

3d )1/2
’ (u 3 (2.16)

2
0€0ETT Ty

Figure 2.13 shows the pi.s¢ versus frequency graph of an SRR having ry = 1 mm,
a =5mm, d =01 mmand p = 1.0 Q/m. The resonant frequency for the
SRR comes out to be 8.317 GHz, and it can seen in the figure that at resonant
frequency that the imaginary part of zi.¢y becomes maximum while the real part
toggles polarity. The real part remain negative beyond wy uptil a certain value of
frequency called magnetic plasma frequency, after which it returns to the positive
values. The magnetic plasma frequency, as mentioned by Ramakrishna(2005) [70],
is given as,

3d 1/2
Wy, = ((1 — f)uoeoe7r2r3> (2.17)

which in this case is 8.87 GHz. A great advantage of the structure is that it is easily
tunable to different frequency ranges by varying the geometrical parameters. The
split-ring resonators led to the development of SRR-wire composite type negative
index metamaterials which proved to be a great revolution in electrodynamics.
Beside SRR a few other interesting magnetic meta-atoms have also been developed

Real

Hett

-2 1 1 1 1
5 6 7 8 9 10
Frequency (GHz)

Figure 2.13: Effective magnetic permeability of an SRR
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including the couple-rods [12], tunable V-shaped resonator [46], etc, but popularity
gained by SRR remains unmatched.

2.3 A few interesting manifestations and appli-
cations of metamaterials

Out of numerous interesting application of metamaterials a few interesting ones
have been listed here, which include, negative Goos-Hanchen shift, perfect lensing,
electromagnetic cloaking and wavefront engineering.

2.3.1 Negative Goos-Hanchen shift

Precise investigation show that, in total internal reflection light does not get re-
flected back into the denser medium from the same point at which the incident ray
hits the interface of the two media. The reflected ray is sifted from the incident
wave by a minute distance, which is called Goos Hanchen shift [29], as shown in
figure 2.14(a). The reason for this shift is the fact that light does not get reflected
immediately from the interface, and is able to penetrate into the rarer medium to
some extent which causes a slight delay. During this period it happens to travel
a little distance along the interface before re-entering the denser medium. The
Goos Hanchen shift is calculated as

d= _—13in9 dor

Ky dk,

(2.18)

where k; is the propagation constant in denser medium, 6 is the angle of incidence
and d¢pg is the phase shift in the reflection coefficient. In case of negative index
medium (metamaterial), as shown in figure 2.14(b), the phase shift is negative, as
a result Goos Hanchen shift is negative as well [8].

(@ (b)
Rarer medium Rarer medium
(positive refractive index) (negative refractive index)
Positive Goos Hanchen shift Negative Goos Hanchen shift
_—

¥
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Denser medium Denser medium

Figure 2.14: Goos Hanchen shift in case of, (a) positive index and (b) negative
index metamaterials
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2.3.2 Perfect lensing

Light emerging from an object has both — the propagating and the evanescent
component. The propagating component is sinusoidal and can be collected by
simple optical lenses based instruments, but the evanescent waves are lost because
they decay exponentially to immeasurably small magnitudes within close prox-
imity of the source, as illustrated in figure 2.15. Due to the Abbe’s diffraction
limit, the conventional lenses are unable to resolve objects smaller than the il-
luminating wavelength )\, hence the subwavelength details of the object remain
invisible. However, the negative index metamaterials are capable of collecting
evanescent waves which contain subwavelength details of the object, hence defeat-
ing the Abbe’s diffraction limit. The wave vector in the direction of propagation
can be written in terms of Fourier components as

ko = k2 — k2 — k2 (2.19)

where £y is free space wave vector and k,, k, are Fourier components of waves from
object. For the propagating wave,

ko= JR2 4+ 2 < ko (2.20)

:

Hence, k, is real and the electric field varies sinusoidally as e****. Where as, for
the evanescent component,

ko= \/R2 k2> ko (2.21)

:

Hencek, = iy/k2+ k2 — ki = is. (imaginary), and the field is exponentially

decaying e~":* (see figure 2.15). But inside a negative index metamaterial, the
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Figure 2.15: Prefect lensing by a negative index metamaterial
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field varies as e~ ("1%:# = ¢#2% hence, instead of fading it grows exponentially. In
this way a negative index metamaterial is able to collect evanescent waves, which
can reveal the subwavelength details of the object.

2.3.3 Electromagnetic cloaking using zero index metama-
terials

Huang et al., in 2011 [37], showed that a square lattice of dielectric rods in air
of a certain radius to periodicity ratio, acts a low loss zero index medium (ZIM).
Being a zero index medium it does not change the phase of incident radiation,
which means that, phase of the incident light hitting one end of the ZIM slab is
exactly the same as that of the transmitted wave exiting the other side. The wave
is apparently tunneled unperturbed through the ZIM slab. In this way, if an object
is embedded inside the ZIM slab, it remains undetected as the incoming wave has
technically no perception of the space inside the ZIM. This phenomenon challenges
common sense, but it can be better understood by means of visualization shown
in figure below. Figure 2.16(a) illustrates the zero index property of the Huang’s

No phase change Cloaking Shadow formation

||

(a) (b) (c)

Figure 2.16: Electromagnetic cloaking using zero index metamaterials.

metamaterial. The phase of the wave at the entry is same as that at the exit
boundary of the slab. In figure 2.16(b), there is an object embedded in the ZIM,
but its does not distort the wavefronts, they pass undisturbed to other side and
no shadow is formed. Whereas, in the absence of ZIM (figure 2.16(c)) the object
breaks the incident wavefront and shadow region is created.

2.3.4 Wavefront engineering

The interesting applications of zero index metamaterials are as many as a creative
mind can think. Another interesting and useful application of a ZIM is wave-
front engineering. Similar to the electromagnetic cloaking, this application is also
attributed to the no change in phase property of ZIM, as discussed above. In
zero index medium all the points inside the bulk, as well as, on the boundaries
are vibrating in the same phase, hence shape of the boundary is replicated into
the shape of the wave front as it is. Figure 2.17 shows that the shape of the
exit boundary decides the shape of the wavefront of the exiting wave. Convex
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Convex surface Concave surface

>1 ZIM ZIM

Figure 2.17: Electromagnetic cloaking using zero index metamaterials.

boundary produces diverging wave while concave boundary produces converging
wave.

The metamaterial structures and the applications discussed in this chapter
are very basic and well-known. The later chapters of the thesis present a rigor-
ous account of a few novel designs of application specific metamaterials. In the
next, the chapter 3, a unique design of a high-quality laser cavity based on all-
dielectric metasurfaces has been proposed, which is an extremely compact design
with high-quality factor. The chapter 4 presents a split-nanotube-based negative
index metamaterial (NIM), for which the value of the negative refractive index
achieved is as low -2 and the figure of merit (FOM) is as high as 8 in mid infrared
spectrum. The proposed design is an elongated version of split ring resonator
(SRR), excluding its limitations. A potential application of the proposed nega-
tive index metamaterial can be perfect lensing, as discussed above. Chapter 5 is
dedicated to a novel design of metamaterial perfect absorber (MPA), which com-
prises a periodic array of LiTaOjs microcylinders grown over a silver substrate,
shows high absorption coefficient in the said wavelength range with a maximum
of 99.9% in terahertz spectrum and is useful in terazhertz applications such as
thermal imaging. The chapters 6 and 7 deal with a particularly new and intrigu-
ing class of metamaterials called zero index metamaterials (ZIMs). The chapter 6
presents an interesting application of ZIM, where, a highly directive all-dielectric
zero-index metamaterial (ZIM) based nanoantenna has been reported which has
the ability to directionally transmit the radiation from an isotropic quantum emit-
ter. It makes use of Huang’s rods-in-air type zero index metamaterial. In chapter
7, a novel design of zero index metamaterial has been proposed which can operate
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for both — the transverse magnetic TM and the transverse electric TE polariza-
tion. The author has tried his best to present a rigorous theoretical explanation
and numerical analysis for a potential reader’s appetite. In the end, the chapter 8
presents a summary of the entire research work and talks about the future scope
in the area of metamaterials.

33



Chapter 2

34



Chapter 3

All-dielectric metasurface perfect
reflectors as cavity resonator

3.1 Introduction

S explained in the previous chapter, metasurfaces are two dimensional sheet
A. type metamaterials having thickness several times smaller compared to the
wavelength of operation. Their subwavelength structure spreads in two dimen-
sions in either periodic or aperiodic arrangement. Metasurfaces can be used to
provide such peculiar optical properties to a device which cannot be achieved by
thin films of naturally occurring materials [105, 45, 36]. Recently, all-dielectric
metamaterials and meta-surfaces have been proposed as a more effective counter-
part for plasmonic ones [49, 38, 4]. The principle which lies at the heart of the
all-dielectric metamaterials and metasurfaces is the optical response of high-index
dielectric nanoparticles. The high-index dielectric nanoparticles possess electric
and magnetic resonances in the visible range, providing efficient control of light
scattering [68, 108, 26, 25, 59, 3, 54] and strong field enhancement [7, 14, 22, 78|.
An advantage of choosing dielectric structures is the very low dissipation losses
due to their negligibly small extinction coefficient. Today, such all-dielectric meta-
surfaces have been implemented for wavefront engineering [20, 18], electromagnet-
ically induced transparency [103], high transmission [106], beam collimators [2],
and especially for broadband perfect reflectors [85, 61, 10]. The last one opens
new & unique opportunities for designing of optical lenses, reflectors and especially
cavities for semiconductor lasers. Semiconductor lasers have revolutionized optical
communication system. It has been demonstrated that they are excellent power
sources for optical fibers, because of which long distance and high speed commu-
nication is now possible. Despite the tremendous development in design of lasers
in terms of geometry, wavelength of operation, pulse duration, threshold current,
etc., attempts are continuously being made to improve their performance [81].
In particular, further miniaturization of the semiconductor lasers is an important
issue to create sub-micron thick highly efficient coherent light sources.
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Ordered metasurface Disordered metasurface

Figure 3.1: (a) Schematic illustration of laser cavity based on all-dielectric meta-
surfaces. (b) Design of the first reflector. (c¢) Design of the second reflector based
on a disordered metasurface.

In this chapter, a compact design of cavity resonator based on all-dielectric
metasurfaces has been reported. In the reported design (see figure 3.1), mirrors
are made up of a two dimensional periodic arrangement of silicon (Si) cylindrical
particles having wisely chosen diameter, height and periodicity to operate at a
particular wavelength. The cylindrical shape of particles was chosen because its
performance in perfect reflection is well studied and it is easy to fabricate by
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means of electron beam lithography. In Refs. [18, 61, 60, 32, 83] it has been
experimentally demonstrated that a perfectly ordered array of the silicon cylinders
can reflect nearly 100% of the normally incident radiation. In Ref. [61] it has also
been shown that reflectivity is reduced if there is a slight disorder in the periodic
arrangement of cylinders. In the reported design, the perfectly ordered dielectric
array exhibits property of perfect reflection (reflectance ~ 100%) and hence can
be used as the first mirror of a cavity. Any type of disorder slightly reduces the
reflectance, hence such an array (reflectance ~ 99.5%) can be used as the second
mirror of a cavity i.e. the output coupler. Furthermore, a comparative study
between the metasurface reflector type cavity and a Bragg reflector type cavity
has been presented, in which the former clearly outshines the 25 pairs thick Bragg
mirror due to more compact design, 5 times higher quality factor and 80% lesser
threshold gain coefficient.

3.2 Fundamental principle of perfect reflection

Air Semi-infinite

medium

Reflected

wave
Transmitted

wave

Incident
wave

Figure 3.2: Reflection and transmission taking place at the interface of air and a
semi-infinite medium due to the impedance mismatch between the two media.

As a wave travels from one medium to another, it undergoes transmission and
reflection in parts, depending upon the impedance mismatch between the two
media. While small mismatch results in high transmission, high mismatch leads
to high reflection. Hence extreme contrast in the impedances of the two media
leads to prefect reflection. To derive the conditions of perfect reflection let us
assume semi-infinite medium of complex impedance z = 2’ 4 iz”, into which light
enters from air. At the interface between the two media, reflection takes place
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whose amplitude reflection coefficient and reflectance are given by,

z—1
T= (3.1)
and
I _ 1 2 "2
RepppoZ D +2 (3.2)

(Z/—i— 1)2 +Z”2

where z = \/p /€, in which, p = ¢/ + ip” and € = ¢ + i€’ are complex relative
permeability and permittivity respectively. Perfect reflection means R = 1, i.e.

(Z/ o 1)2 + Z//Q B

(Z’—l— 1)2 —I—Z”2

(Z/ . 1)2 +Z//2 — (Z/ + 1)2 +Z//2
(Z/+1)2 o (Z/_ 1)2 —

!/
z =

(3.3)

without any particular condition on 2”. Considering z = /(i + iu")/(¢' + i€"),
we get

o Hl +iu”
€ + 1€
2 72 N (Nl + iM/I)(EI — ie”)
25—+ 22 = R
B (/,1//6/ +M//€//) _'_?:(N,/E/ _ M/€,/>
- 6/2 + 6//2

Considering 2z’ = 0 according equation 3.3, we obtain that,

MHE[ . N/E// =0 (3.4)
and
M/EI + MHEH _m
€2 1 2 =<
M/EI — _Z//2(6/2 + 6//2) o /LHGH (35)

Since 2" is certainly a positive number and €’ & p” are positive due to the passive
nature of medium, therefore it can be concluded that,

we <0 (3.6)

Equations 3.4 and inequation 3.6 are the conditions of perfect reflection out of
which the former is strict and direct while the latter is deductive. First condition
is achieved when imaginary part of both u & € are zero while the second one needs
the real parts of € and u to be of opposite signs.
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Figure 3.3: (a) Scattering cross-section vs wavelength for the silicon cylinder with
diameter D = 420 nm and height H = 525 nm. Inset: geometric dimensions of the
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parts of the effective permittivity ‘¢’ and the effective permeability ‘y; (c) real part

of the effective impedance 'z’ and imaginary part of the effective refractive index

/n/

3.3 Design and numerical analysis of metasur-
face based cavity

Firstly, to determine the value of diameter of the cylinder (D), in order to achieve
resonance at the desired wavelength, scattering cross-sections of the silicon cylinder
has been calculated at different values A\/D. The results are shown in figure 3.3.
Here, the peaks at A\/D = 3.47 and A/ D = 4.3 correspond to electric and magnetic
dipole resonances, respectively (according to figure 1(b) in Ref. [61] for the aspect
ratio equal to 1.25). The plot indicates that in order to achieve electric resonance
at the desired wavelength (1500 nm in this case), the diameter D should be equal
to A/3.5. The numerical analysis has been performed in COMSOL Multiphysics.
Data for permittivity of silicon € has been taken from Palik [63]. The imaginary
part of permittivity has been ignored due to its negligibly small value for crystalline
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Figure 3.4: (a) Reflectance vs wavelength for first metasurface reflector. (b) Re-

flectance vs wavelength plot for second reflector.

silicon in the considered spectral range (1000-2000 nm) and only real part has
been considered. Figure 3.1(b) shows the scheme of the ordered metasurface.
The unit cell of the metasurface is the silicon cylinder designed above. Based
on the above analysis, the diameter of the cylinder (D) is chosen to be 420 nm,
height (H) is 525 nm (aspect ratio = 1.25) and periodicity (a) of the metasurface
is 700 nm. The structure can be tuned to achieve perfect reflection at different
wavelengths by varying the height of the cylinder. In figures 3.3(b-d), effective
material parameters obtained by field averaging [87] are shown. The results clearly
illustrate the presence of the electric resonance around 1600 nm. As a result
of which, a region of nearly zero effective impedance is obtained between 1480
nm and 1640 nm. This band of extremely low effective impedance is the main
cause of the perfect reflection [85]. Furthermore, a small peak in the imaginary
part of the effective refractive index eradicates the possibility of leakage of power
through the metasurface. The extremely low effective impedance is attributed to
the fulfillment of the two conditions of perfect reflection in the said wavelength
range. Figures 3.3(c) & (d) respectively show that between 1480 and 1640 nm
real parts of relative permittivity are of opposite signs, satisfying equation 3.6 and
imaginary parts are negligibly small validating equation 3.4.

For a laser cavity, the linewidth Av = 14/Q), and the quality factor @) can be
written as (as shown in Ref [28])

Q B 4’/Tl/077,0d
~ ¢(2ad — In(RRy))

(3.7)

where v, is the frequency of the mode, ng is the refractive index of the medium
inside cavity, d is the length of the cavity, R; is the reflectance of the first mirror,
R, is the reflectance of the second mirror, « is the losses due to other factors except
finite reflectivity of the mirrors. Thus, to achieve very high values of quality factor
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@ the first reflector should have reflectance R; as close to 1 as possible (ideally
Ry =1). In other words, it should be a perfectly ordered two dimensional periodic
array (see Figure 3.1(b)). Figure 3.4(a) shows the reflectance versus wavelength
graph of the metasurface array which shows that R, = 0.9999 in the wavelength
range from 1490 nm to 1530 nm.

Second reflector should be slightly transmitting with reflectance ~ 99% but
not less than it. Because the quality factor depends upon the product of R,
and Ry according to Eq. (3.7), lowering Ry will reduce @) as well. So, the re-
flectance of second reflector needs to be controlled in a very precise manner.
An easy way to do this is to deliberately introduce a small disorder in the pe-
riodic arrangement of the structure (as it has been shown in Ref. [61]). The
proposed design of second reflector is shown in Figure 3.1(c). Percentage dis-
order can be defined as standard deviation of the distance of a cylinder from
the four neighboring cylinders divided by periodicity a of perfectly ordered ar-
ray multiplied by 100. In this case, if A is the small offset introduced in the
position of every 1 out of 4 cylinders, then, r3 = /(a —A)2+ A2 ry = 73,
r = /(a+ A2+ A% ry = r. Hence mean 7 = (ry + ro + r3 + 74)/4, stan-
dard deviation o = /[(r; — 7)2 + (ry — 7)2 + (r3 — 7)2 + (r4 — 7)2] /4, and disor-
der is 1000 /a. For A = 70 nm and a = 700 nm, we get r; = ry = 773.17 nm,
rg = ry = 633.87 nm, ¢ = 69.65 nm and disorder=9.94%. Figures 3.4(a) and
3.4(b) show the reflectance of the first and the second reflector respectively at
different wavelengths.

Using the proposed designs of two reflectors it is possible to create a very
high quality cavity. Figure 3.1(a) shows the design of proposed metasurface-based
cavity. It should be noted that the medium surrounding the cylinders has been in-
tentionally chosen to be air for that sake of computational simplicity, however, low
refractive index material like silica can also be used here, with slight modification
in design parameters. Thickness of the active medium has been chosen to be A/2ny,
where A (1500 nm in this case) is the wavelength of operation and nyg is the refrac-
tive index of the active medium. According to Ref. [81], for the wavelength range
920 nm — 1700 nm, a double hetrostructure of InP/In;_,Ga,As,P;_,/InP can be
used as the active medium, where InP is the confining layer and In;_,Ga,zAs,P;_,
acts as the active layer. According to Ref. [39], to minimize lattice mismatch
between InP and In;_,Ga,As,Pi_,, x ~ 0.466y. In this way, beside A, refrac-
tive index depends on y only. For y = 0.6, the refractive index (ng) of intrinsic
In;_,Ga,As,P;_, is 3.43 [39]. The refractive index of the confining layer InP is
3.17 [63].

Figure 3.5(a) shows the normalized electric field distribution profile inside the
cavity and figure 3.5(b) shows intensity distribution along the length of the cavity.
Figure 3.5(c) shows the quality factor of the metasurface laser cavity at different
wavelengths with a maximum of 2630 at 1500 nm.

While talking about the performance of a laser it is necessary to discuss its
threshold gain coefficient gy,. For lasing g, = a+ ag, where agp = —In(R; Ry)/2d

41



Chapter 3

40819 b
(a) o)
1
08 0.8f
Reflector ’
06 0.7}
04 0.6f
0.2 tmos
0 0.4f
-0.2
0.3f
0.4
z 0.6 0.2
V;—,\j/,x -0.8 0.1r
-1 0 . n . . I I
-600 -400 -200 0 200 400 600

v -1.0237 cavity length x(nm)

(d)

Q factor
o
o
o
Gain threshold (pm™" )

oA 10'3 . . . .
1%00 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
Wavelength (nm) Wavelength (nm)

Figure 3.5: (a) Distribution of the normalized electric field inside the cavity at
A = 1500 nm and (b) variation of normalized E* along the length of the cavity.
(¢) Quality factor and (d) threshold gain coefficient of Metamaterial Laser Cavity
at different wavelength.

is the loss due to finite reflectivities of the mirrors and « is loss attributed to other
factors (including diffraction, dissipation, etc) which can be ignored for the sake
of simplicity. Hence, threshold gain coefficient becomes [81]:

_ 1H<R1R2)
2d

According to Eq. (6.12), at 1500 nm threshold gain coefficient g, = 0.00557 pum 1.
In figure 3.5(d), the variation of threshold gain coefficient is shown.

Jth = (3.8)

3.4 Comparison with Bragg reflector based cav-
ity

After performing such an involved analysis, it is worthwhile to compare the re-
ported design with a Bragg reflectors based cavity. The Bragg reflector is a stack
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of alternating layers of a high refractive index material and a low refractive index
material with high refractive index layers at both the ends. Bragg reflector is an
excellent reflector with negligible losses because it is made up of dielectrics only.
Here, it has been proven that the metasurface perfect reflector has the upper hand
because its single layer can provide reflectance equivalent to what is achieved by
>25 layers Bragg mirror.

Let us consider a Bragg mirror made up of alternating layers of AlAs (n; = 2.9)
and Alp1GaggAs (ny = 3.57). For maximum reflection, quaterwave thickness
of AlAs and Aly1GaggAs layers are respectively given by: ¢; = Ao/4n; and
to = Xo/4ns. In this way, we get that t; = 130 nm and ¢, = 105 nm. Active
medium is again In;_,Ga,As,P_, (refractive index ng = 3.43) and length of the
cavity d=X/2ng. Generally, for functionality as a resonator for laser cavity, 25-
30 pairs stack is used to make mirror M; and 20-25 pairs stack is used to make
mirror M. In this case, N = 25 for M; and N = 20 for M, have been chosen.
Figure 3.6(a) shows the design of the Bragg cavity, figure 3.6(b) shows the re-
flectance vs wavelength graphs for both mirrors, figure 3.6(c) shows the quality
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factor of the cavity and figure 3.6(d) shows variation of threshold gain coefficient
at different wavelengths. According to the calculations, at 1500 nm quality factor
is 505 and threshold gain coefficient gy, is 0.0267 pm™1.

3.5 Effect of Substrate

As it has already been mentioned above, that during the entire analysis the cylin-
ders have been assumed to be surrounded by air, which may not be the case in
a practical situation. An experimenter may feel the need of embedding the res-
onators in a low index medium for practical feasibility. Hence, it is interesting as
well important to investigate whether the perfect reflecting properties persist if
the refractive index (ng) of the surrounding is greater that 1. For this purpose,
optimization analysis has been performed for the variation of n, from 1.1 to 1.6
and the corresponding 2D plots have been presented in figure 3.7 , which provide
a range of values of diameter D and periodcity a to achieve perfect reflection. The
color bar in figure 3.7 represents reflectance which can vary from 0.0 to 1.0. The
more yellow color means closer to 1 value of reflectance. In all the six plots, it can
be seen that there is ample amount of high reflectance region (yellow region) but
the range of values on x and y axes is different in each one of them. It implies
that 100% reflection is easily realizable for each of the six values of ng, the only
difference being in the range of suitable values of diameter D and period a, which
must be appropriately selected.

Besides, if one can get a bit more ambitious, the thin film technology com-
patible ultra-low refractive index materials can also be employed, which mimic
the effect of air as the surrounding medium. These are basically nanorods films
which have been reported to exhibit refractive index as low as 1.08 (close to that
of air) [79, 80, 102]. They have been strong enough to hold solid layers of ho-
mogeneous material on their top, which is a clear indication of their mechanical
stability. In spite of all these merits, their utility in the present application is still
uncertain and needs experimental verification. Hence, homogeneous materials of
low refractive index such as silica (SiO2, n &~ 1.5) are more reliable choices for
fabricating a metasurface perfect reflector based cavity.

3.6 Conclusion

The above analysis clearly shows that quality factor achieved using metasurface
reflector is 5 times higher and threshold power is 80% lesser than that using Bragg
reflector. Since line-width is inversely proportional to quality factor [28], the higher
quality factor also results in reduced line-width and improved monochromaticity.
But most importantly, the design of the metasurface cavity is more compact with
just a single layer of dielectric cylinders compared to 20-25 layers of dielectric
pairs in case of the Bragg cavity. It should be noted that such impressive results
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Figure 3.7: Optimization plots for geometrical parameters corresponding to 6 dif-
ferent values of refractive index of the surrounding medium (the color bar indicates
reflectance R).

could be seen because the dissipation losses in the Silicon are insignificantly small
due to negligible value of its extinction coefficient x, hence no ohmic loss, around
1500 nm. If the metasurface had been designed for visible spectrum, dissipation
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loss would be large enough to deteriorate the ability of perfect reflection. It is
believed that these results can be useful for the development of compact laser
cavities.
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Split-nanotube based negative
index metamaterial for
midinfrared wavelengths

4.1 Introduction

N the previous chapter a purely dielectric metamaterial has been used whose
operation is based on Mie resonance and which exhibits effectively positive
refractive index. Positive index seems natural and normal, however there is an-
other interesting and attractive category of metamaterials which have effectively
negative refractive index. Negative refraction is unusual but achievable if both
— the permittivity and the permeability become negative at the same frequency.
The idea of negative refraction was first conceived by Vaselago in 1967, but his
vision [99] remained unrealized for a long time due to the absence of negative per-
meability in nature. Magnetic response of a material is negligibly small for visible
and longer wavelengths [50]. Weak magnetic response is attributed to the fact
that, the coupling strength of the magnetic field component of the incident light
with the atoms of a material, is ~18,000 times weaker than that of the electric field
component [13]. As a result, permeability is mostly considered to be invariant with
frequency. In 1981, Hardy and Whitehead [35] proposed a structure, which they
called a split-ring resonator (SRR), to achieve magnetic resonance in a frequency
range of 200 to 2000 MHz. In 1999, Pendry et al. [65] proposed a planar version of
Hardy’s SRR, which showed strong magnetic resonance at low frequencies. In this
way, the obstacle of achieving magnetic resonance was overcome. By combining
Pendry’s SRR with metallic wire mesh, negative refraction was achieved at mi-
crowave frequency [84]. Since then, SRR has been a popular choice as a magnetic
meta-atom and has been used in large numbers of metamaterial structures. How-
ever, at optical frequencies, SRRs become inefficient due to two main reasons. The
first one is the fact that a metal ceases to behave as a perfect conductor at optical
frequencies. The second one is the condition that the magnetic field vector should
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Figure 4.1: Two types of orientations of an SRR to be fabricated on a substrate by
lithography: (a) shows strong response but is difficult to fabricate and (b) shows
weak response but is easy to fabricate.

be normal to its cross section for proper operation, which is extremely difficult to
be met in case of a nanostructure being fabricated on a substrate by lithography
(see figure 4.1 for better visualization). The orientation shown in figure 4.1(a) is
extremely difficult to realize. But the planar structure shown in figure 4.1(b) can
be easily fabricated. In 2004, Yen et al. [104] developed a magnetic metamaterial
based on planar SRRs, which resonated at 1 THz. The resonance was not very
strong, and maximum value of negative permeability achieved was -1. Later that
year, Linden et al. [55] fabricated a similar metamaterial with smaller SRRs and
pushed the resonance frequency to 100 THz. The maximum value of negative
permeability achieved by them was -0.5. As a result, other types of structures,
such as paired nanostrips [107], were explored leading to the development of fish-
net type metamaterials [23, 98, 72]. Using fishnet metamaterials, negative index
has been achieved at telecom wavelengths. Several works have reported the value
of negative refractive index from -0.5 to -2. There is also an entirely different
breed of negative index metamaterials (NIMs) whose operation is based on Mie
resonance [101]. But magnetic resonance shown by them is weak, the value of neg-
ative permeability is humble (~-0.5) and the negative refractive index achieved is
~-1.

In this chapter, a split-nanotube-based NIM (shown in figure 4.2) has been
proposed for which the minimum value of the negative refractive index is -2 and
the figure of merit (FOM) is 8 at 3 um. It is easy to have a magnetic field oriented
along the axis of a split-nanotube, hence its resonance is stronger than that of a
planar SRR and on account of being tubular in shape, its fabrication is much easier
than that of an upright SRR. Hence, the performance of the proposed structure
is superior to that of SRR and Mie resonance-based NIMs but comparable to
that of fishnet structures. The proposed structure has been designed for infrared
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Figure 4.2: (a) Schematic diagram of the proposed metamaterial made up of a two-
dimensional array of split-nanotubes and nanowires and (b) three-dimensional unit
cell used for numerical analysis.

wavelength because this part of the spectrum is still unused and unexplored. The
proposed metamaterial can be a basis for the development of infrared imaging
systems, secured wireless communication systems, sensors, perfect lensing, etc.

4.2 Design

It is well known that a split ring can be represented by an equivalent LCR circuit.
For split ring of a finite thickness, similar to the one shown in figure 4.3(a), the
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capacitance C can be approximately determined by relating it to a parallel plate
capacitor and the inductance L can be estimated by relating it to a solenoid [31,
92]. Hence,

t
C= eoewg + eoe(t +w + g) (4.1)
Il
and the resonant frequency,
1 1
fo=—"F7—= (4.3)

2/ LC

where € stands for the permittivity of the material in the gap. The second term
in equation 4.1 represents the fringe capacitance [92]. Equation 4.2 is a bit inaccu-
rate for a split ring whose thickness is small compared to its side length since it is
valid only for a long solenoid [31]. However this limitation proves beneficial in our
case because for a split nanotube thickness t is very large compared to side length
ly or [,. Figure 4.2 shows the proposed metamaterial made up of split-nanotube
and nanowire mesh. Split-nanotube acts as a magnetic meta-atom and nanowire
mesh provides negative permittivity. While deciding the geometrical parameters
of splitnanotubes and nanowires, Drude’s model of permittivity of metals has been
considered. The penetration depth of light in nobel metals at optical frequencies
is ~50 nm. For particles smaller that 50 nm, the damping factor of Drude’s
model does not remain a constant and a correction factor has to be introduced
[13] which makes the the damping factor dependent on the size of the particle.
Hence for convenience of assuming a constant damping factor, w has been chosen
to be 50 nm. The line-width of each nanowire has also been set to 50 nm for
the same reason. Besides, a line-width of 50 nm can be accurately achieved by
lithography. The gap g has been chosen to be 50 nm, purely on the basis of ease
of fabrication using lithography. The side lengths [, and [, have been strategically
taken to be equal to 300 nm each in order to achieve resonance in mid-infrared
region around 3 pm. Periodicities of both the splitnanotubes and the nanowires
have been optimally taken to be 500 nm. The structure has been optimized with
respect to periodicity to achieve minimum value of refractive index at 3 pym. It
turns out that for periodicity of 500 nm refractive index is minimum i.e. -2.078
at 3 pm. Periodicity has been taken to be same in all 3 directions for the sake of
simplicity. The splitnanotube and nanowires are made up of silver because it is
least lossy among the metals and the surrounding medium is NaF (n = 1.32) be-
cause it is transparent and practically lossless in the considered wavelength range.
Figure 4.3(b) illustrates all the geometrical & material parameters of the proposed
metamaterial structure and the polarization & the direction of propagation of the
incident wave. Figure 4.3(c) shows the variation of resonant frequency of the split
ring with respect to thickness ¢ keeping [, = 300 nm. It should be noted that when
t >> [, resonant wavelength becomes a constant and independent of ¢. In this way
according to equations 4.1 — 4.3 and figure 4.3(c) the resonant wavelength of the
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Figure 4.3: (a) A split ring of a finite thickness with equivalent LCR circuit. (b)
Cross-sectional view of a unit cell of the proposed metamaterial displaying all the
geometrical and material parameters. (c) Variation of resonant wavelength with
thickness t keeping [, a constant. (d) Variation of Sy parameter with respect to
wavelength showing a dip at the resonant wavelength

splitnanotube is equal to 3.56 pm. For the sake of confirmation, the resonance in
splitnanotube has also been analyzed numerically by performing full wave analysis
in COMSOL Multiphysics® and Sy; parameter thus obtained has been plotted
with respect to wavelength in figure 4.3(d). A sharp dip is observed at 3.65 ym
which indicates resonance. Hence, both the analytical and the numerical methods
predict the same value of resonant wavelength i.e ~3.6 pm.
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Figure 4.4: Contour plots of-(a) x component of J and (b) z component of .J,
flowing in the split-nanotube. Blue color indicates negative value and red color
indicates positive value.

4.3 Numerical Analysis and Results

Full wave analysis of the unit cell has been performed in a finite element method
based commercial software package COMSOL Mulitphysics®) and s-parameters
have been obtained. Using the s-parameters, the effective material parameters
have been calculated using Kramer-Kronig’s relation based parameter retrieval
technique [93]. During the simulation, the H field of the incident wave was parallel
to the axis of the tube (y direction), the electric field E was aligned along the length
of wires (-x direction) and the direction of propagation was along -z direction as
shown in figure 4.3.

Figure 4.4 shows the contour plots displaying volume current density J flowing
in the split-nanotube at 3 pm, in which, figure 4.4(a) shows the x-component of
J and 4.4(b) shows the z-component of J. Looking at figure 4.4, it is easy to
understand that current is circulating in anticlockwise direction which implies that
the induced magnetic field B is directed along the negative y direction (opposite
to the incident H field). This behavior obviously gives rise to negative effective
permeability at 3 pym which is reflected in figure 4.5(c).

For a better understanding of the material properties, effective parameters have
been calculated from s-parameters and are shown in figure 4.5. Figures 4.5(a)
and (b) respectively show the variation of magnitude and phase of the Sj; and
So1 with respect to wavelength. It can be noted that phase of S5 is negative
at 3.3 pm and below, till 1.5 um. This means that, light undergoes a negative
phase change as it travels through the unit cell which is a good sign for negative
refraction to take place. Figures 4.5(c)—(f) show the effective material parameters
— permeability (perr), permittivity (e.sr), refractive index (n.sr) and figure of
merit(fom = |Re(nesr)/Im(nesr)|) obtained at different wavelengths using the
retrieval technique [93]. In the permeability curve, magnetic resonance can be
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Figure 4.5: Effective material parameters obtained. Real part is shown in blue

solid curve and imaginary part is shown in red dashed line.

noticed around 3.3 pm with negative permeability between 1.5 ym and 3.3 pm.
Minimum negative value of real part of pi.r is -12.77 at 3.3 pm. However no res-
onance is observed in the permittivity curve, as the chosen wire mesh structure is
non-resonant in the wavelength range under consideration. Nevertheless, negative
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Figure 4.6: Condition of negative refraction [21]

permittivity is achieved owing to the peculiar natural property of metals of show-
ing negative permittivity below their plasma frequency. Now, as a consequence of
simultaneously negative p.rr and ey, refractive index (n.sy) of the metamaterial
is also negative between 1.5 pym and 3.3 pm with the maximum negative value
equal to -3.03 at 3.3 um. At 3 pm FOM is high ~8 which indicates low extinc-
tion coefficient of the metamaterial. It should be noted that though the refractive
index is most negative at 3.3 pm, the metamaterial can perform the best at 3 um
due to high value of the figure of merit. At 3 um refractive index is -2.078. A high
value of fom (~11) is also observed at 1.7 pm, but it is insignificant due to the low
value of real part of n.sr (~0.53) at that wavelength. Hence, it is observed that at
3 pm the metamaterial exhibits substantially negative refractive index with high
figure of merit.

Now, in order to reinforce the above inference, its has been proved that the
condition of negative refraction, holds good for the proposed metamaterial. For
a metamaterial to have negative phase velocity, €'|u| + p'|e] < 0 [21]. Figure 4.6
shows the variation of €'|u| 4 p'|e| with respect to wavelength and proves that the
condition for negative refraction is satisfied between 1.5 ym and 3.3 pm.

Any discussion of NIM is incomplete without the visualization of negative
refraction actually taking place. For this purpose a wedge of the metamaterial has
been constructed and light (A = 3 pm) is launched from one of its sides. As light
travels from the metamaterial to air, most of it emerges at the same side of the
normal as the incident wave as shown in figure 4.7(a). Moreover, the NIM wedge
has been compared with a similar wedge of positive index (n=2.078) dielectric
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Figure 4.7: Contour plots of x-component of the electric field for—(a) Negative
refraction as light travels from a wedge of proposed metamaterial. (b) Normal
refraction in case of a similar positive index dielectric wedge

material as shown in figure 4.7(b). In case of positive index material (PIM) wedge
intensity on the right-hand side of the normal is greater than that on the left-hand
side.

4.4 Conclusion

Based on all the above analysis and results, it can be stated that the proposed
metamaterial successfully functions as negative index medium at 3 pm (mid-
infrared). Split-nanotubes acting similar to SRRs, play a major role in imparting
the left-handed functionality to the structure. The value of Re(n.ss) is signif-
icantly negative and fom is sufficiently high. Moreover, in comparison to an
upright SRR, split-nanotube is easier to fabricate and its magnetic response is
much stronger that of a planar SRR. All these factors prove that the proposed
metamaterial can be a good choice as NIM in mid-infrared spectrum.
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Chapter 5

All dielectric metamaterial
perfect absorber for terahertz
spectrum

5.1 Introduction

N the previous two chapters, two distinct types of metamaterials were put to
showcase. One of them was purely dielectric and has positive refractive in-
dex (chapter 3), the other one is a metal-dielectric composite and shows negative
refractive index (chapter 4). A common thing between the two, is the minimiza-
tion of resistive loss. The purpose of using a purely dielectric metasurface in a
laser cavity was to avoid ohmic loss and enhance quality factor. Similarly in the
split nanotube metamaterial the frequency corresponding to minimum ohmic loss,
hence, highest figure of merit was chosen for operation. In both the designs, the
ohmic loss was an impediment in performance, hence undesired. However, in this
chapter, the resistive loss becomes useful to achieve high absorption by means of
a lossy dielectric whose working is based on the Mie resonance.

Mie resonance based metamaterials have been deeply explored in the past few
years. Particles of high permittivity are suitably arranged to achieve desired func-
tionality at the desired wavelength. Material of the particles is chosen depending
upon the wavelength of operation. To achieve Mie resonance at telecom wavelength
and in near infrared spectrum silicon is the most common choice. In terahertz
spectrum, materials like lithium tantalate (LiTaOs), silicon carbide (SiC), poly-
crystalline titanium oxide (poly-TiO,), cuprous chloride (CuCl), are more suitable.
Whereas particles made up of barium strontium titanate (Bag.5Sro.5TiO3, BST)
have been reported to show Mie resonance in microwave spectrum. Dielectric
metamaterials and metasurfaces designed and fabricated so far have a broad range
interesting applications including - negative refraction, shaping of the wavefront,
electromagnetic transparency, electromagnetic cloaking, perfect reflection, perfect
absorption, subwavelength confinement, realization of zero index, etc. Moreover,
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highly directive all dielectric nanoantennas including Yagi-Uda nanonantena, have
also been reported in the past few years.

(a) Dallenbach absorber (b) Salisbury absorber

%

Lossless Dielectric

Metal Ground Meta! Ground

(c) Conventional metamaterial absorber (d) Proposed metamaterial absorber

Metal Patches
- B ) = ) B )

Lithium Tantalate (a lossy dielectric) cylinders
Lossless Dielectric [ [ [
* |
Metal Groun Metal Ground

Figure 5.1: Different types of absorbers

This chapter is dedicated to the property of perfect absorption. The concept
of electromagnetic wave absorbers is not new. There have been Dallenbach [19]
and Salisbury [77] absorbers employed to absorb microwaves, for about a century.
Dallenbach absorber is simply made up of a layer of lossy dielectric laid on a metal
ground plane while Salisbury absorber consists up of a lossless dielectric layer sand-
wiched between a resistive layer and a metallic ground plane. Figures 5.1(a) &(b)
show the basic design of classical Dallenbach and Salisbury absorbers as an aid
to visulization. In recent times, a large number of metamaterial perfect absorbers
operating in microwave, visible and near-infrared spectrum have been reported,
most of which comprise patterned metallic structures separated from a continuous
metallic plane by a thin dielectric spacer layer, as shown in figure 5.1(c). Some
other works have reported BST based dielectric metamaterial perfect absorbers
whose fundamental principle of operation is the occurrence of Mie resonance and
they work in microwave spectrum. In this chapter a LiTaO3 based metamaterial
structure (figure 5.1(d))has been proposed which shows high absorption in the
range 65 pm-100 pm (terahertz spectrum) with maximum absorption of 99.9% at
88 um. But before getting into the technical details of the design and operation
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of the proposed structure, it is necessary to discuss the basic principle of perfect
absorption, which has been described in detail in the next section.

5.2 Fundamental principle of perfect absorption

A perfect absorber is the one which neither allows transmission (7" = 0) nor
reflection (R = 0)to take place and almost the entire incident wave is absorbed and
transformed into other forms of energy such as heat. To meet these restrictions the
absorber must be able to radiate only in forward direction and not in backward
direction. The forward radiation from the absorber must be able to cancel the
incident electromagnetic wave to ensure zero transmission. The simplest picture
of an absorber that comes to one’s mind is that of an infinitesimally thin sheet of
a certain absorptive material. Pozar [69] demonstrated that an array of dipoles
(a single layer) can only provide a maximum 50% absorption in free space, but,
if it is over a ground plane the absorption efficiency can be as high as 100% for
matched load resistance. On the basis of Pozar’s findings, it is easy to analogously
understand that a single infinitesimally thin layer of material can never act as a
perfect absorber, it is bound to have a certain finite thickness.

Ra’Di et al. [71] beautifully described the conditions of perfect absorption in
terms of sheet currents. Let us assume a perfect absorber made up of two parallel
layers at the distance d from each other (figure 5.2). The incident wave induces
current on the two sheets whose current densities are written as J; and Jo which
generate a plane wave of their own. Let the incident wave approach from the side
of the sheet 1, as shown in figure 5.2, with the magnitude of the electric field as
E;,.. at the sheet 2. The system will exhibit perfect absorption, only if the plane
waves due to the two sheets destructively superimpose on the incident wave behind
the second sheet (region 3 in figure 5.2) canceling its field and hence nullifying the
possibility of transmission,

—@Jleijkod - @Jg = _Einc (51)
2 2

and the plane waves interfere destructively with each other in front of the first
sheet (region 1) to eliminate the possibility of reflection.

"o M0+ —jkod
——J; — —Jge7 =0 5.2
g "1 gt (5:2)
where 79 is the impedance of the free space and kg is the wave propagation con-

stant. On solving the above equations for J; and Js, it is obtained that,

J
J = —Einc .
" nosin(kod) (5:3)
and L
je] 0
Jo=—""——E;, 4
2 nosin(kod) (5.4)
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Incident wave
E

AN AT
\UZ

Region 1 Region 3

Layer 1 Layer 2
Figure 5.2: Schematic illustration of two layers acting as perfect absorber

In this way, the total field at the second sheet comes out to be

Bior = Bipe — 5 d1e77" = DI, (5.5)
= Einc - Einc
=0

The total field being zero at the second sheet strictly means that the second is
sheet is a perfect electric conductor (PEC). This is why a ground plane is present
in every perfect absorber design shown in figure 5.1. Similarly, the total field on
sheet 1, using equation 5.2, is

Ejo = Ejpee’™? — %Jl - %Jﬁ_ﬂ%d (5.6)
= Ejee?™? 40 (5.7)
= EincejkOd (58)

Substituting the value of E;,. from equation 5.3 into equation 5.8, E;, can be
rewritten in terms of J; as

Eit = —jmosin(kod)e**J, (5.9)
— 7,0, (5.10)
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where
Z, = —jnosin(kod)e’ (5.11)
n(2kod
= —jmw + 10sin?(kod) (5.12)

is the complex sheet impedance of the first layer. In a Salisbury absorber, the
thickness of the lossless dielectric layer is A\g/4. Substituting the value of d = A\o/4
in equation 5.12 we get Z, = 1y + 0j (purely real), which indicates that the first
layer in a Salisbury absorber should be purely resistive in nature without any re-
active component, which is actually the case. In fact, all the modern designs of
metamaterial perfect absorbers similar to the one shown in figure 5.1(c) are ad-
vanced versions of Salisbury absorber having patterned resistive layer. However,
the metamaterial perfect absorber proposed in this thesis is actually an advanced
version of Dallenbach absorber where instead of a continuous layer of lossy di-
electric, an array of lossy dielectric microcylinders have been used. The following
sections discuss in detail, the design and operation of proposed metamaterial per-
fect absorber, along with a comparative study of its performance with that of a
well known and commonly used high-frequency metamaterial perfect absorber.

5.3 Design and numerical analysis

12 x
o

10 b
)
B2 8 d
—
B
5
8T A I
£
h3 d
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Q
=

Qo _

2 -

o

f - o

O 1 1 1 1
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Wavelength (um)

Figure 5.3: Refractive index of Lithium Tantalate between 60 and 100 pm

The high absorbance of the proposed metamaterial structure is attributed to
Mie resonance occurring in the particles. Hence a material which has a high value
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of refractive index in the terahertz spectrum is needed. LiTaOs is one such ma-
terial, whose refractive index is ~10 around 80um (see figure 5.3). Moreover, its
extinction coefficient is high as well (~3), which acts as an aid to the absorp-
tive properties of the proposed structure. The data for refractive index has been
taken from Palik [63], shown as markers in figure 5.3. The proposed structure
is basically a two dimensional square array of LiTaOs microcylinders grown on
a metal substrate which doubles as the ground plane. Despite the existence of
complete analytical solutions for a Mie resonant sphere, the cylindrical shape has
been chosen for the sake of substrate compatibility. Figure 5.4 shows the design
of the proposed metamaterial structure along with its unit cell.

The geometrical parameters of the cylinder viz. the radius r and the height
h have been optimized in order to make the structure resonate in the wavelength
range 60-100 um. The resonant wavelength )\ is identified by the position of the
peak in the extinction cross-section versus wavelength curve. The dependence of
Ao on r and h has been studied individually, by varying one at a time while keeping
the other a constant. The results of the analysis are shown in figure 5.5. It is seen
that resonant wavelength linearly depends on r while it varies non-linearly, w.r.t.
the aspect ratio a (= h/2r), resembling an error function like behavior. Based on
these results, an empirical formula (shown as equation 5.13) has been obtained to
express the resonant wavelength as a function of radius and aspect ratio of the
cylindrical particles. Hence, the resonant wavelength is given as,

Ao = —7.83erf(a)r + 16.18r + 56.97er f(a) (5.13)

where )\ is the resonant wavelength, a is the aspect ratio, r is the radius and er f()
stands for error function. The blue solid curve in figures 5.5(a)&(b) represents
equation 5.13 and markers represent discrete data obtained upon computation.
It is clearly visible how well 5.13 fits the computational data in both the curves.

(a)

(b) incident light

Figure 5.4: (a) Unit cell of the proposed metamaterial structure, (b) array of the
LiTaO3 cylinders over silver substrate.
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Figure 5.5: Dependence of resonant wavelength on (a) the radius and (b) the
aspect ratio. The blue solid curve represents equation 5.13 and markers represent
discrete data obtained on computation

It should be noted that the material dispersion has been taken into account dur-
ing optimization. Hence, though the refractive index is not visible in the above
formula, its role is intrinsically included.

Now, to obtain the geometrical parameters which correspond to maximum
absorption, the structure has been optimized with respect to radius and aspect
ratio independently and the result of optimization are shown in figure 5.6. From
figure 5.6(a) & (b) it can be inferred that the absorption is maximum for radius
r = 3.75 and aspect ratio a = 1.9. On substituting these values in equation 5.13,

(a) Dependence of absorbance on aspect ratio (b) Dependence of absorbance on radius
1 T 1 i i & "
o
0.9+ g
0.8
0.8r
g07 8 0.6} A
c c
[ [
206 <
2 3
< 0.5t < 04y
a
0.4r 0.2
0.3} g
0'%.5 1 1.5 2 2.5 3 8.5 3 3.5 4 4.5
Aspect ratio, a Radius, r (um)

Figure 5.6: (a) absorbance vs aspect ratio curve (b) absorbance vs radius of the
cylinder. These graphs show that absorbance is maximum for ¢ = 1.9 and r =
3.75 pm

the corresponding resonant wavelength which is also the wavelength of maximum
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absorption, comes out to be 8 um. This is further confirmed by figure 5.7 which
shows absorption, scattering and extinction cross-sections for a cylindrical particle
of radius » = 3.75 and aspect ratio a = 1.9 pum calculated at different wavelengths
with a peak at 88 pum. It is clearly visible that absorption dominates scattering

r=38.75umanda=1.9
1.4 ‘

Normalized Cross Section

‘ ‘ J/K

065 70 75 80 85 90 95 100
wavelength (um)

Figure 5.7: Absorption, scattering and extinction cross-section at different wave-
lengths with maxima at 88 pm. Inset: orientation of electric and magnetic fields
with respect to the particle during calculation of the extinction cross section.

owing to the high value of extinction coefficient of lithium tantalate.

Role of the metallic substrate: In the theory of perfect absorption discussed
above, it was established that in the case of two-layer absorber, the second layer
has to be a perfect electric conductor (PEC) so as to obliterate the possibility
of transmission. Hence the bottom-most layer is always a metallic ground plane.
In the proposed design silver has been used to form the ground layer, however,
other high conductivity materials like gold and copper can also be used. The
thickness of the ground layers is decided by the penetration depth of the em wave
into the metal. To ensure negligible transmission, the thickness should be very
large compared to the wavelength of the illuminating electromagnetic wave. In
electrical engineering, it is a rule of thumb that if one thing has to be very large
that another, it should be at least 10 times larger than it. The penetration depth
0 of the electromagnetic wave can be known by the formula,

5= ]2 5.14
Ve (5.14)
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where, w is the frequency of the electromagnetic wave, u is the permeability of
the metal and o is the conductivity of the metal. For w = 2.14 x 10'® rad/s
(i.e. X =88 um), u = 4rx107" & o = 6.3x 107 S/m, penetration depth § ~ 35 nm.
It should be noted that 5.14 is most suitable for low frequencies (microwaves and
radio waves) and tends to give inaccurate results in high frequencies, although, it
is useful here because only a vague idea of penetration depth is needed. Based on
the above result it is inferred that the thickness of the silver layer should be greater
than 350 nm. Hence, for the sake of absolute surety about zero transmission, the
thickness has been chosen to 500 nm. The computation of the reflection, transmis-
sion and absorption coefficient with and without including silver layers show the
significance of the substrate. Figure 5.8(a) shows the reflectance R, transmittance
T and absorbance A of an array of LiTaO3 microcylinders at different wavelengths
in the absence of the silver substrate. It can be noticed that while the absorption
of light is not more that 50%, the transmission is substantial. The small absorp-
tion peak indicates that LiTaOj is itself capable of absorbing some amount of
incident radiation. Reflection is, however, small due to the negligible scattering of
light (blue curve in figure 5.7). In the other situation, where the metallic ground
is present, transmission delightfully drops to zero level and absorption peaks to
100% at 88 pm. With transmission being practically zero for all wavelength, the
reflection coefficient (originally given as R =1 —T — A) is now simply calculated
as R =1— A. Hence, as the absorption becomes maximum (100%) at 88 pm, the
reflection becomes minimum.

Now, it is important to mention here, that the 100% absorption observed above
is for normal incidence only, and it is necessary to study the impact of oblique
incidence as well, without which, the analysis remains incomplete. Hence, the light

(a1 ) Without silver substrate (b) With silver substrate

: 1
—Ref

—Tm
— Abs

—Ref

0.8 0.8f
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0.4 0.4¢
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%5 70 75 86 85 90 95 100 %5 7‘0 7‘5 86 85 96 95 100
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Figure 5.8: (Reflectance, transmittance and absorbance of an array of LiTaOj
cylinders (a) with and (b) without including metal (silver) substrate. A small
absorption peak shows that LiTaOj itself absorbs some amount of light in the
absence of sliver substrate.
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was made to fall at different angles varying from —90° to 90° and the corresponding
absorption coefficients were calculated. The results have been shown in figure 5.9.
It conveys that absorbance remains above 90% up to 55°. Hence it can be stated

Dependence on angle of incidence
1 ‘ :

0.8

Absorbance
o
D

o
N

0.2

0 -50 0 50

Angle of incidence (degree)

Figure 5.9: Variation of absorbance with respect to angle of incidence. Absorbance
remains greater that 0.9 upto 55°

with certainty that the proposed structure is a broad angle absorber.
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Figure 5.10: (a)Distribution y component of magnetic field (color contours) and
rotating electric field (arrows) in xz plane. (b) distribution of power loss density
at 88 pum
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Finally, the field and power distribution inside the metamaterial unit cell at
resonance have been illustrated in figure 5.10. Figure 5.10(a) shows the distri-
bution of y-component magnetic field and the arrows show rotating electric field
vector which confirms the magnetic resonance occurring at 88 m m. Figure 5.10(b)
shows power loss density inside the cylinder.

5.4 Comparision with a metallic patch type meta-
material perfect absorber

In light of all the above discussion, the excellent absorption capabilities of the
proposed metamaterial perfect absorber have been well established. However, for
an extra piece of information, it shall be delightful to compare this MMPA with a
contemporary design, in terms of bandwidth. For this purpose, the design reported
by Hao et al. [33] has been selected, which is a high-performance metamaterial
absorber. Its should be noted that though the design was reported to operate
in near-infrared spectrum, it has been appropriately scaled up here, in order to
shift the resonance to 88 um for fair comparison with the LiTaO3 absorber. The
unit cell of metamaterial inspired from Hao’s work is shown in the figure along
with necessary geometrical details. Upon computing the absorption spectrum of

Figure 5.11: A unit cell of metallic patch type metamaterial perfect absorber
resonant at 88 pm, inspired from Hao et al. (2010) [33]

the structure shown in figure 5.11 and plotting it along with that of the proposed
LiTaOg3 absorber, figure 5.12 was obtained. Even a glance at the figure 5.12 shows
that as far as bandwidth is concerned, LiTaOs; based metamaterial is a clear
winner. Hence it can be stated with certainty that the proposed structure is a
broadband absorber.
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Figure 5.12: Comparison of the proposed the LiTaOj3 absorber with the work of
Hao et al. [33]

5.5 Conclusion

From the above analysis, it can be concluded that the proposed metamaterial
exhibits perfect absorption (A>99.0%) at 88 pm. The reason behind this extraor-
dinarily high value of absorbance is the fact that, the high value of the extinction
coefficient of LiTaO3 dissipates the field localized inside the cylindrical particle
due to Mie resonance. Silver substrate present below the cylinders blocks trans-
mission and as well as reinforces the process of absorption by the virtue of the
huge ohmic loss associated with the metal. Hence, perfect absorbance is observed.
Furthermore, it has been shown that the proposed metamaterial has absorbance
> 0.9 for the angle of incidence up to 55° and beats a contemporary, popular &
high-performance MMPA design, which is sufficient to earn for it the title of a
broad-angle broadband metamaterial perfect absorber.
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An all-dielectric zero-index
metamaterial based nanoantenna

6.1 Introduction

He ability of the metamaterials to show abnormal refractive index has been
T well exploited in the previous chapters, where both - the positive index
metamaterial (chapter 3 and 5) and negative index metamaterial (chapter 4) have
been designed, analyzed and put to useful applications. On the similar lines, a
metamaterial can also be made to exhibit effectively zero refractive index. A large
number of metal-dielectric composites have been proposed in the past [56], which
achieve zero refractive index by reducing either the permittivity or permeability
or both to zero. An appropriate nomenclature is thus used for their classification
as, epsilon-near-zero (ENZ), mu-near-zero (MNZ) and epsilon-and-mu-near-zero
(EMNZ) depending upon whether permittivity (¢) or permeability (u) or both are
zero [53]. The EMNZ metamaterial can be alternatively called zero-index meta-
materials (ZIM). They show a very interesting property of wavefront engineering,
which have been extensively utilized in the recent past, for gain and directivity
enhancement of antennas [109, 111, 97, 57, 17, 91, 110, 76, 96]. It is understand-
able that a wave does not undergo any change in phase upon passing through a
ZIM. Hence phase matching capability is intrinsic to them. Thus ZIM can also be
employed in realization of nonlinear phenomenon like second and third harmonic
generation [58, 16, 15], four-wave mixing [90, 11|, etc where phase matching is a
necessary condition. However, there is an intrinsic and inevitable demerit attached
to the metallic inclusions based metamaterials called the ohmic loss. The power
dissipation in metallic inclusion at high frequency (visible and near infrared), is
substantial and renders such structures unsuitable for high frequency applications.
As a result, the all-dielectric route is being adopted for the evolution of ZIM to
the next level.
In 2011, Huang et al. proposed a brilliant design of an all-dielectric ZIM [37],
which comprised a square lattice of dielectric columns. The rods were made up of
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silicon and surrounding medium was air. The authors successfully demonstrated
the zero refractive index behavior and interesting phenomena like electromagnetic
cloaking and wavefront engineering as its manifestations. Huang et al. argued that
the existence of Dirac cones in the photonic band structure of the metamaterial
was the underlying principle for the zero-index behavior [64, 100, 82, 1, 34, 75].
The term Dirac cone has been borrow from graphene where a similar feature is
observed in the electronic band structure [27, 44]. Though the ZIM proposed by
them was brilliant, it was difficult to erect long upright columns on a substrate.
Moitra et al., in 2013, came up with a modification, in which horizontal columns
instead of vertical, were laid down on a substrate with silica as the spacer between
them and PMMA (poly(methyl methacrylate)) as the surrounding medium [62].
Though their ZIM was easy to fabricate, it still lacked compatibility to on-chip
operation. This incompatibility was totally removed when in 2015, when Li eta al.
suggested about confining the dielectric columns between parallel conductors, due
to which the dielectric cylinders of finite high behaved like infinitely long columns
and TM mode was enforced on them [52, 47]. It is Li’s metamaterial on which
the nanoantenna reported in this chapter is based. The directional transmission
using ZIM has been studies for a long time. Temelkuran et al., in 2000, reported
a highly directive photonic crystal based resonant antenna [95]. They used a com-
bination of a monopole source and a layer-by-layer photonic crystal. Enoch et al.,
in 2002, reported an entirely different structure which had a monopole antenna
embedded inside a metamaterial [24]. Metamaterial was made up of multiple lay-
ers of copper grids separated from each other by foam. The monopole operated
near the plasma frequency of the metamaterial and ENZ behaviour resulted in di-
rectivity enhancement. This was followed by several other works which employed
ENZ or ZIM structures to enhance directivity and gain of different types of giga-
hertz antennas [40, 96, 76, 110, 91, 57, 97, 111, 109]. All these structures were
basically made up of metallic resonators and hence had intrinsic ohmic losses. For
nanoscale application, all-dielectric ZIMs are more suitable option, as they are free
from ohmic losses. Dielectric ZIMs are basically photonic crystals having Dirac
like dispersion at I point [27, 82, 100, 37]. Besides effectively zero refractive index,
Dirac dispersion has many other interesting applications as well [64, 44].

The aim of this chapter is to propose a ZIM based all-dielectric nanoantenna
to directionally radiate emissions from an isotropic nanoscale emitter. Though
the directional radiation using ZIM has been reported in the past, non of them
has design compatible to on-chip fabrication techniques. In the following sections,
the fundamental principle of zero refractive index, the conditions of zero index
behaviour, critical role of the design parameters, effect of materials and the sur-
rounding media, etc, have been presented in rigorous detail. The ZIM used here
is the one proposed by Huang (2011) and improved by Li (2015). As the chapter
unfolds, the reader comes to realize that the zero index property is absolutely
natural and in terms with the laws of physics.
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6.2 The fundamental concept of zero refractive
index

6.2.1 Zero index metamaterial systems

Basically, any medium whose effective refractive index exhibits transition from
negative values to positive values, is bound to exhibit effective index at the fre-
quency of transition i.e. the frequency at which the refractive index curve cuts
the x-axis. This type of dispersive property is abnormal for natural materials
but can be easily achieved by metamaterials. For example, let us consider a well
acknowledged fishnet type negative index metamaterial. Its typical unitcell and
effective refractive index (n + ik) are shown in figure 6.1. It can be seen that as

Effective index

i i i i i i i
.Mng 1300 1350 1400 1450 1500 1550 1600 1650 1700
D Ag Wavelength (nm)

(a) Unit cell of fishnet metamaterials (b) Effective index

Figure 6.1: Fishnet metamaterial

the wavelength is increased, the refractive index transits from positive to negative
values, continues to remain negative for a range of wavelengths and returns to the
positive domain. And the two points of transition, corresponding to 1530 nm and
1630 nm, are the points of zero refractive index behavior. Investigation of optical
properties at these two wavelengths can pave way for several interesting appli-
cations. However, a major drawback is that the fishnet metamaterial has huge
ohmic loss attached to it, hence is a poor choice as a zero index metamaterial.

In their seminal paper, Wang et al. [100] suggested that an optical system
that sustains double Dirac cones i.e. exhibits Dirac-like linear dispersion (see
figure 6.2(a)), is ideal for realization of zero refractive index. They formulated the
dispersion relation for a double Dirac system in the vicinity of the Dirac point,
which can be derived as follows. Let us write the wave vector k as a function of
angular frequency w in Taylor series form about the Dirac point as,

k' wWp k" wWp
(1! >(w—wD)—|— (2! )

k(w) = k(wp) + (w—wp)? + ... (6.1)
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where wp is the frequency corresponding to Dirac point. If k(wp) = 0 and the
dispersion curve is almost linear in the vicinity of the Dirac point (as shown in
figure 6.3), higher order terms can be neglected and equation 6.1 reduces to

. W — Wp

k(w) = o (6.2)

where vp = (dw/dk)|w=w, = 1/k'(wp) is the group velocity at Dirac point. It is
clearly visible in equation 6.2 that with respect to frequency, the value of k(w)
varies from negative, through zero, to positive. The refractive index follows the
same trend with zero value at wp (see figure 6.2(b)). Wang et al. labeled such
media as negative zero positive index (NZPI) media and advocated the candidature
of low loss metamaterial for the purpose.
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Figure 6.2: A Dirac like dispersion in a negative zero positive index metamaterial

Now, in order to identify the characteristic which imparts linear dispersion and
zero index nature, let us assume a metamaterial which exhibits both - electric and
magnetic activities and whose effective permittivity (e.;r) and permeability, on
the basis of Drude’s model, are given by

2

W,
. =1-—"° 6.3
(w) =1 <y (6.4)
e w)] = _ .
Hett w? + iwy

where, w,, and wy,, are the electric and magnetic plasma frequencies, and v (<<
Wep, Wimp) 1 the loss factor. According to the above equations , when w — we,,
erf(w) = 0 and when w — wyyp, fefr(w) — 0. Now, if somehow, the magnetic
plasma frequency happens to be equal to electric plasma frequency, i.e. Wy, =
Wep = wp and v = 0; then, for w = wp ey & pesy simultaneously become

72



APPLICATION SPECIFIC METAMATERIAL STRUCTURES, DEVICES
AND COMPONENTS

zero. As a result, at the Dirac point frequency w = wp effective refractive index
Neff = /€effr/Hess also becomes zero. The figure 6.2 depicts this type of system,
where, W, = wep = 1 x 10% rad/sec and v = 107°w,,. Figure 6.2(a) shows
dispersion diagram in which the Dirac cones and the Dirac point can be clearly
observed and figure 6.2(b) depicts the resultant nature of effective refractive index
which is zero at the wp. In this way, the basic characteristic of a zero index system
have been profoundly understood.
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Figure 6.3: Photonic band structure of the ZIM. The inset shows the square shape
of the array. The region around the Dirac point has been zoomed to show the linear
dispersion in its neighborhood.

Wang et al. presented a beautiful model for ZIM systems, but real design
was proposed by Huang et al. [37] in 2011. Huang reported that a sqaure array
of dielectric columns of a suitably chosen radius and periodicity can perform as
zero index metamaterial as it sustains Dirac cones and linear dispersion near the
Dirac point. Moreover, since it involved no metallic components, the design was
practically free from resistive losses. Figure 6.3 shows the band diagram of a
square lattice of silicon rods having r/a ratio equal to 0.2. The band structure
clearly depicts a Dirac point at the center of the Brillouin zone. The conical shape
of the dispersion surface becomes more evident in the three dimensional version
of the the band structure shown in figure 6.4. Huang’s design is robust and works
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Figure 6.4: 3D dispersion surfaces displaying the formation of Dirac cones

so efficiently well, that since then, its has been investigated, improvised and and
utilized in many research works. And for the same reasons, it has been used in
the ZIM based nanoantenna, to which this chapter is dedicated.

6.2.2 Rectangular waveguide: A zero index system other
than metamaterials

Though above mentioned works proposed the metamaterial route to achieve zero
refractive index, the rectangular waveguides have always been showing this prop-
erty much prior the perception of metamaterials. It is just that nobody pays
much attention to it, because, a waveguide is always operated above the cut-off
frequency. For better understanding, let us assume a rectangular waveguide like
the one shown in figure 6.5(a).

For TE,,, mode, where m index corresponds to the larger dimension a and n
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Figure 6.5: Dispersion anlysis of a rectagular waveguide indicates zero phase at
the cut-off frequency wig

to the smaller dimension b, the wave number k is given by [30]

RO 69

where,

= [ ()" + (3] )

is the cutoff-off frequency. The wave velocity or phase velocity is given as,

v, == = < 6.8
k - (Wmn/w)2 ( )

and the group velocity is given by

1

vy = k) do =cy/1 — (Wimn/w)? (6.9)

Below cut-off frequency (w < wy,y,), no mode exists as k is imaginary and for very
high frequencies (w >> w,,), propagation becomes similar to that in free space.
At very high frequencies, wavelength \,,,, is very small compared to the dimensions
a & b, so much so that, the incoming wave feels as if its traveling in free space. The
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lowest cutoff frequency is wig, corresponding to TE;y mode. Figure 6.5(b) shows
the dispersion curve for TE;q mode, along with the dispersion of free space (or
air). It is visible that as frequency increases the dispersion approaches free space
behavior. The curve has been plotted for a waveguide of dimension a = 3 cm and
b = 2 cm, whose lowest cutoff frequency wyy = 3 x 10'° rad/sec. Below wiy no
mode exists, all the higher modes appear at cut-off higher that w.

For any mode, At w = w,,,, wave vector k is zero, hence, the effective refractive
index is zero and the phase velocity is infinite, which, it is free to be. It should be
noted that no laws of physics are violated if phase velocity becomes greater than c,
or even infinite, as it has no physical significance. The group velocity is the actual
rate of transfer of energy, which is always less than ¢, according to equation 6.9.
Hence, it has been understood that zero refractive index is a very natural property
of a certain physical systems.

6.3 Design of zero index metamaterial

The ZIM used in this work is the same as the one proposed by Huang et al., a
photonic crystal (PhC) made up of Silicon (¢ = 12.5) rods in air. Figure 6.3
shows the photonic band structure of ZIM in which the location of Dirac point
and the linear nature of dispersion is displayed. Linear dispersion manifests itself
in the conically shaped dispersion surfaces, referred to as Dirac cones, touching
each other at the Dirac point (see figure 6.4). The desired frequency correspond-
ing to Dirac point has been chosen to be 193 THz which translates to 1550 nm
wavelength. The periodicity (a = 840 nm) of the array and radius (r = 0.2a) of
each rod have been suitably chosen to achieve Dirac point at 1550 nm.
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Figure 6.6: Illustration of how critical the r/a ratio is for Dirac like dispersion

This condition is not easy to achieve because wave vector is generally a quadratic
function of frequency at the center of Brillouin zone. However, a PhC having a
particularly chosen r/a ratio (0.2 in this case, but may differ for a different di-
electric) can fulfill the condition of linear dispersion. For any other value, the
condition fails and Dirac cones are lost. This has been demonstrated in figure 6.6.
It can be observed that even a slight deviation from the appropriate value of r/a,
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substantially disturbs the Dirac cone. It should be noted that the structure can
be tuned to different wavelength if one varies the periodicity and radius without
disturbing the r/a ratio.

6.3.1 Calculation of effective material parameters
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Figure 6.7: (a) Magnitude and phase of scattering parameter Ss;. (b) Effective
material parameters retrieved by s-parameter inversion

To confirm the zero index character, an s-parameter inversion based parameter
retrieval technique has been implemented to calculate the effective permittivity,
effective permeability and effective refractive index [89]. The calculated mate-
rial parameters have been plotted with respect to wavelength and are shown in
figure 6.7. Figure 6.7(a) shows that, the phase of the Sy; parameter is zero at
1.55 pm and in figure 6.7(b) it is shown that, the refractive index curve passes
through zero at 1.55 pm. It should be noted that, as the wave vector and effective
index tend to zero inside a ZIM, the effective wavelength tends to infinity. Hence
effective medium theory still holds good and the above-mentioned parameter re-
trieval technique is absolutely applicable.

6.4 Principle of directional radiation by ZIM

Inside a ZIM, a wave experiences zero change in phase, i.e. all the points on the
boundary and in the bulk of a ZIM vibrate in the same phase. This property can
be exploited to generate highly directive radiation [1, 53]. If an infinitely long
ZIM slab is provided with a current line source embedded inside, highly directive
beams can be obtained, as illustrated in figure 6.8. In figure 6.8(a), cross-section
of ZIM with an embedded current line source (acting as a point source in 2D) is
shown. It can be observed in figure 6.8(c) that, a substantially larger amount of
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Figure 6.8: Demonstration of the capability of a homogeneous ZIM slab to generate
highly directional beams of light. (a) Geometry of the slab with an embedded
current line source, (b) Electric field distribution around it, and (c) farfield plot
to display the amount power flow w.r.t. the azimuthal coordinate at 193.4 THz
(1550 nm).

radiation emerges out of the longer edge of the ZIM slab compared to the shorter
one. It is attributed to the fact that every point in ZIM which vibrates in phase
with the embedded point source, acts as a source itself. Hence it seems logical
that the longer boundary of the slab, which has a greater number of points, gives
out a larger amount of radiation compared to the shorter boundary. In this way,
the ZIM slab plays the role of a highly directive antenna for an omnidirectional
source.

6.5 Design and operation of ZIM nanoantenna
Based on the above principle one can think of ZIM based directive nanoantenna

which comprises a 2D array of silicon rods in air operating in TM mode (as dis-
cussed in section 2). While calculating the band structure, the rods are assumed
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to be infinite in length which seems impractical. Upon fabrication on a substrate,
rods will obviously have a finite height hence their behaviour is bound to deviate
from the ideal case. However, Li et al. successfully developed an on-chip compati-
ble ZIM in which silicon rods of finite height were made to behave like infinite ones
by purposely enclosing them between parallel sheets of a conductor (gold) [52]. In
this way the electric field remains along the axis of the rods and TM mode is en-
forced. Such an arrangement can be used to directionally radiate light generated
by nanoscale emitters like quantum dots. Figure 6.9(a) shows the design of the
proposed nanoantenna with quantum emitter embedded in it. The nanoantenna
contains ZIM to provide high directivity, and Bragg reflector to reduce backward
radiation. The ZIM is made up of a 3 x 7 periodic array of silicon rods whose
periodicity a = 840 nm, radius 7 = 0.2a and height A = 4r. The central rod has

Bragg Reflector
(Si slabs in air)

ZIM (Si rods in air)

Without ZIM With ZIM

(b)

Figure 6.9: (a) Design of ZIM based nanoantenna. (b) radiation pattern of the
emitter alone (left), and radiation pattern of the emitter with nanoantenna (right)
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been removed and the quantum emitter sits in its place. A point dipole source was
used to represent the emitter during computation. The Bragg mirror is made up of
periodically placed silicon slabs of quarter-wave thickness. The thickness of each
slab is ¢; = 109 nm and the air gap between them is t, = 387 nm. Figure 6.9(b
(left)) illustrates the original radiation pattern of the emitter alone in which the
power is seen flowing isotropically in H plane. But when the emitter is embedded
inside the ZIM, most of the power flows towards the positive x direction, as shown
in figure 6.9(b (right)). One can easily notice the large frontal lobe, small back
lobe and insignificant side lobes.
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Figure 6.10: Directivity D in H plane - (a) Cartesian plot and (b) Polar plot.
Directivity in E plane - (c¢) Cartesian plot and (d) Polar plot.
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From the radiation pattern, other useful parameters such as directivity and
beamwidth have also been calculated. The directivity D has been calculated
using the formula [48]

4dmp(6
D(o, ) = T2 f’)

where 6 and ¢ respectively represent the polar and azimuthal coordinate of a
spherical coordinate system, p(6, ¢) is the power radiated in a particular direction
and P,.4 is the total power radiated. Plots for directivity D as a function of ¢
in H plane and as a function of # in E plane respectively are shown in figure 6.9.
Maximum directivity in H plane comes out to be 8.28 dB at ¢ = 0° and in E plane
it is 6.04 dB at 8 = 90°. It should be noted that directivity has been expressed
in decibels (dB) in figures 6.10(a) & (c) to easily calculate the 3 dB beamwidth.
3 dB beamwidth is 45°in H plane and 63° E plane.

(6.10)

6.6 Effect of the surrounding material
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Figure 6.11: (Left) Dependence of required r/a ratio and normalized frequency
(a/X) on the refractive index of the chosen surrounding medium, (Right) Varia-
tion of periodicity of the rods with respect to the refractive index of the chosen
surrounding medium.

Though air has been taken as the surrounding medium for the sake of sim-
plicity, it is obvious that during on-chip fabrication the rods shall be embedded
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in some matrix such as SU-8 [52], poly(methyl methacrylate) (PMMA) [62], etc.
Hence it is necessary to study how the design parameters need to be modified
according to the choice of the surrounding medium, in order to achieve a proper
Dirac Cone. Figure 6.11(a) shows the variation of the required r/a ratio with
respect to refractive index, ng, of the surrounding medium, for the formation of
Dirac cone. It also shows the decreasing trend in the normalized frequency (a/\)
corresponding to Dirac point with increase in refractive index. If one intends to
keep radius, a constant, the periodicity needs to be decreased with respect to in-
crease in surrounding material’s refractive index, as shown in figure 6.11(b), so
that the Dirac point and hence zero-index is achieved at 1550.

6.7 Effect of the gap between ZIM and Bragg
mirror

It is understandable that since the reflected wave renters the ZIM, interference
effects are bound to influence that output power. Hence it becomes necessary to
study the effect of gap between ZIM and the Bragg mirror, on the ouput power
received. On contemplating figure 6.12, it is noticed that before re-entering the
ZIM, wave has undergone path difference of 2¢g + A/2. The factor of A\/2 has
been incorporated to include the phase reversal occurred on being reflected by an
optically denser medium. Basic understanding of interference phenomenon leads
us to the following conditions:
For constructive interference,

29+ N2 =nA (6.11)
or
g=(2n—-1)\/4 (6.12)
For destructive interference,
204+ N2 =(2n+1)\/2 (6.13)
or
g=mn\/2 (6.14)

Constructive interference results in high output power in the farfield zone. Hence

the value of gap parameter g should be set accordingly. To determine the most
suitable value, the gap parameter was varied from 100 nm to 1500 nm upon which
two maxima were observed at 340 nm and 1085 nm. Figure 6.13 shows the vari-
ation of electric field intensity in the farfield zone with respect to the variation
of the gap parameter. The periodic nature observed is intrinsic property of in-
terference phenomenon. However the values of g corresponding to local maxima
in intensity profile are not exactly equal to those predicted by equation 6.12 on
assuming n = 1 and n = 2 respectively.
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Figure 6.12: Schematic illustration of the design of the nanoantenna showing
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Figure 6.13: Variation of output field with respect to the gap parameter g

Table 6.1 shows the comparison between the values of g according to equa-
tion 6.12 and values obtained by numerical analysis shown in figure 6.13. It can be
observed that numerically obtained positions of maxima are deviated by 47.5 nm
and 77.5 nm respectively, from those predicted by equation 6.12. The reason for
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Table 6.1: Values of gap parameter g corresponding to maximum output in the
farfield zone

maximum 1 maximum 2
Present case (Fig 6.12) 340 nm 1085 nm
Ideal case (Eq 6.12) | 387.5nm (n=1) | 1162.5 nm (n = 2)
Deviation 47.5 nm 77.5 nm

this deviation is the fact the reflector is made up of pure dielectric slabs which
cannot offer a sharp perfectly reflecting boundary to the incoming radiation and
a small amount of light is always able to slightly penetrate into the first layer.
This imperfection leads to the discrepancy that actual gap value comes out to be
slightly smaller than that in the ideal case.

6.8 Conclusion

Zero-index metamaterial based nanoantenna has been successfully designed and
analyzed. It has been demonstrated that the proposed ZIM nanoantenna can
unidirectionally radiate the electromagnetic radiation from an isotropic quantum
emitter embedded in it. The proposed structure is simple and compatible with on-
chip fabrication techniques. Although the nanoantenna is free from ohmic losses
for being made up of dielectric, there will surely be some power dissipation in the
parallel conductors. But on the bright side, this is more of an advantage than a
limitation, because radiation losses along the z-direction are checked this way.
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All dielectric zero index
metamaterial for TE/TM
polarization

7.1 Introduction

E zero index metamaterial used in the previous chapter is a very simple,
T easy to fabricate, low-loss option for any zero index application. However,

despite all advantages, a major limitation of the structure is that it works only in
TM mode. Recently, in 2017, Vulis te al. designed and fabricated a complimen-
tary structure, in which holes had been drilled in a dielectric slab, acting as a ZIM
for TE polarization. The authors labeled it as a CMOS compatible ZIM. But this
design was limited to TE polarization only and was nonfunctional in TM polar-
ization. Hence, a structure which can be tuned to operate for both polarizations
is seriously needed.

In this chapter, a novel design of ZIM has been proposed which can operate
for both transverse magnetic (TM) and transverse electric (TE) polarization. The
structure is basically an array of dielectric walls running parallel and perpendicular
to each other, as shown in figure 7.1. The structure is commonly called dielectric
vein type photonic crystal and unlike a square lattice of dielectric rods, it is a
connected structure. Being a connected structure it allows both TM and TE
mode to keep most of their energy confined in the high permittivity region [42].
Hence any of the two polarizations can be made to excite Mie resonance by suitably
tuning the design parameters. The methods used in this work to demonstrate zero
index behavior of the proposed design are — to calculate photonic band structures
and seek for Dirac cones in them [43], to calculate effective material parameters
by inversion of scattering parameters [89] and to calculate angle of refraction as
light travels from ZIM to air.
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Figure 7.1: Design of the proposed metamaterial (a) Unitcell, (b) two dimentional
array

7.2 Design and Numerical Analysis

While designing a ZIM, the choice of geometrical and material parameters play
the most crucial role. Formation of Dirac-cone is a requisite for achievement of
zero index behavior. The cone can not form for just any value of periodicity and
vein width. One needs to carefully choose the vein width w and the periodicity
a so that a well defined cone is formed in the photonic band structure. The
dielectric used here is Silicon whose permittivity ¢ has been taken as 12.5 and
desired wavelength () of operation is 1.55um. The design of the proposed ZIM
is shown in figure 7.1.

7.2.1 Calculation of band structure

A photonic band structure is a graphical representation of frequency eigenvalues
at different wave vectors. It is calculated for both polarizations viz. transverse
electric and transverse magnetic. A transverse magnetic (TM) mode has electric
field normal to the plane of propagation (E = E(p)2) and magnetic field in the
plane (H(p).2 = 0) [42]. The TM band structure for the unit cell, shown in
figure 7.1(a), was calculated for different values of w/a (width/periodicity) ratio
using a plane wave expansion method based open-source software package called
MIT Photonic Bands (MPB) [43]. It was found that a well-defined Dirac cone
was achieved when w = 0.22a, a = 0.40\ and where A = 1.55um. Figures 7.2(a)
& (b) show the photonic band structure of the said geometrical parameters, in
which, the bands number 3, 4 and 5 intersect each other at a triple degenerate
Dirac point. In a different mode of representation in which the three dimensional

dispersion surfaces are plotted, one gets a better visualization of the Dirac cone
(see figure 7.2(c) & (d)).
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Figure 7.2: (a) TM mode Photonic band structure of proposed ZIM, (b) zoomed-
in image of the band structure to get a better view of intersection of bands, (c)
band structure in terms of 3D dispersion surfaces & (d) zoomed-in version of 3D
surfaces of for closer look of the Dirac cone. (e)-(h) similar band plots for TE
mode.

On the similar lines, photonic bands were also calculated for TE mode and a
well defined Dirac cone was obtained at w = 0.3a and a = 0.46\. The plots for
TE modes are shown in figure 7.2(e)-(h)

7.2.2 Interpretation of fields

The E, and H, field profiles corresponding to different bands at the Dirac point
have been obtained for TM and TE polarization respectively and are shown in
figure 7.3. In case of transverse magnetic polarization, the bands 3, 4 and 5
correspond to a transverse electric monopole, a longitudinal magnetic dipole and a
transverse magnetic dipole respectively. To identify the transverse or longitudinal
nature, the fields were calculated not at the exact center of the Brillouin zone
but in its vicinity, where x component of the wavevector is extremely small k, =
0.01(27/a) and y component is zero (k, = 0). It can be noticed that while magnetic
dipole of band 4 is aligned parallel to x-axis, its alignment is perpendicular in band
5. Hence, it is inferred that band 4 and 5 correspond to longitudinal dipole mode
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Figure 7.3: Distribution of normalized E, and H, at the triple degenerate Dirac
point for TM and TE polarization respectively.

and transverse dipole mode respectively.

Similarly, for transverse electric polarization it has been identified that the
field profiles of bands 3, 4 and 5 represent a magnetic quadrupole, a longitudinal
electric dipole (flat band) and a transverse electric dipole respectively.
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7.2.3 Calculation of effective parameters
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Figure 7.4: Calculation of effective material parameters by s-parameter inversion
technique [89]. (a) Two dimensional unit cell used for s parameter calculation.
Effective material parameters calculated for (a) TM and (b) TE polarizations. In
both the cases €, u and n tend to zero at 1.55 pm.

Although the Dirac like dispersion is an indication of a zero-index system, it
is necessary to confirm it by calculating the effective material parameters. The
effective parameters — refractive index (n), permittivity (¢) and permeability (u),
have been retrieved by s-parameters inversion technique proposed by Smith et al.
in 2005 [89]. Figure 7.4(a) shows the two dimensional unit cell whose boundaries
were defined as illustrated. An electromagnetic wave of a specific polarization
(E, for TM and E, for TE mode) is fed into the system from the input port and
is collected at the output port. The other two boundaries have been assigned
periodic boundary condition (PBC) to simulate the response of an array. The
s-parameters data thus obtained has been used to determine effective parameters.

Since operating wavelength is not very large compared to the size of the unit
cell, one may wonder whether it is possible to calculate effective parameters using

89



Chapter 7

the above method. However, it should be noted that the zero index behavior is
exhibited in the vicinity of the Dirac point at the center of the Brillouin zone
where the wave vector is approximately zero, as a result, effective wavelength
approaches infinity making it possible to accurately calculate the effective param-
eters. Figure 7.4(b) and (c) show the variation of effective material parameters
with respect to wavelength for transverse magnetic and transverse electric po-
larizations respectively. It can be noticed that in both the cases £, pu and n all
approach zero simultaneously around 1550 nm.

7.2.4 Verification by Snell’s Law

Although the above exercise proves the predicted zero refraction, for an additional
confirmation it was examined whether the proposed structure satisfies the Snell’s
law or not. It can be comprehended that, for a wave traveling from ZIM to air,

Input wave port

(a) Transverse Magnetic

Input wave port

(b) Transverse Electric

Figure 7.5: Demonstration of normal emergence of light from a prizm of the
proposed zero index metamaterial in TM and TE mode at 1.54 um
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angle of refraction should be almost zero irrespective of the angle of incidence. For
this analysis, two right-angled prisms of the ZIM (shown in figure 7.5) have been
designed having respective geometrical features according to the polarization they
are meant to operate for. Length of each of the two sides forming the right angle
is 10a. There is an air gap of width 385 nm between prism boundary and the
input port. The hypotenuse acts as the interface between ZIM and air at which
refraction takes place and the angle of incidence is 45° owing to the geometry of
the prism. Farfield calculations show that angle of refraction is —1.1° and —1.7°
for TM and TE mode respectively, which implies that, in both cases the wave
emerges almost normally from the prism . This observation is a strong evidence
in support of the claimed zero refraction.

7.3 Result and Discussion

It is a commonly known fact that in case of a square lattice of dielectric rods, the
electric field vector lies mostly inside the dielectric in TM mode, but penetrates
substantially into the air region in TE mode. Hence, it is easier to excite Mie
resonance in rods in TM mode but not in TE mode. On the contrary, in holes-
in-dielectric type structure TE modes are more strongly confined in the dielectric
region than TM modes. Hence excitation of Mie resonance by TE polarized light
is easier in holes-in-dielectric type structure. Consequently, the rods-in-air ZIM
is appropriate for TM mode only, while the holes-in-dielectric type ZIM is more
suitable for TE polarization. However, it has been shown in the above sections
that the design proposed in this chapter is equally suitable for both polarizations.
It is the specialty of the dielectric vein type structure that field can remain confined
inside the dielectric region for both polarizations as it is a well-connected structure.
The TM mode confines the field at crosses whereas the TE mode confines the field
in veins without leaving the high permittivity region. As a result, Mie resonance
can be excited by both the polarizations.

The proposed metamaterial can be fabricated by electron beam lithography
and reactive ion etching technique [51, 47]. The fabricated metamaterial will
have a finite height in z direction hence its response will certainly be different
from 2D simulation results for TM mode. However, Li, et al. [51] suggested that
such a structure with a finite height can pretend to be infinitely extended, if it
is confined between two parallel conductors spread normal to z direction, making
the enforcement of TM mode possible.

7.4 Conclusion

The novel design of an effectively zero-index metamaterial has been proposed.
Compared to the other existing structures whose zero-index is limited to only one
of two (TM or TE) polarizations, the proposed design can be tuned to work for
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any of the two polarizations by appropriately choosing the design parameters. On
top of that, the proposed design is mechanically more stable and easier to fabricate
than the well-known rods-in-air type ZIM.
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Summary and future scope

Etamaterials kick-started a completely new branch of electrodynamics, which
M drew enormous attention from the scientific community due to their in-
triguing and extraordinary properties, which many times challenge the common
sense. A broad spectrum of phenomena such as, negative refraction, electro-
magnetic cloaking, perfect reflection, perfect absorption, electromagnetic induced
transparency, directional radiation, wavefront engineering, zero refraction, etc,
have been investigated and reported by various research groups around the globe.
This thesis presents a detailed account of the research work conducted by the
author in the area of metamaterials which includes certain novel application spe-
cific designs, as well as, a few unanticipated applications of the existing designs of
metamaterials. In chapter 2, a broad classification of metamaterials on the basis
of dimensions, constituent material, resonance and refractive index have been pre-
sented, and it is claimed that all the metamaterial proposed or employed in this
research work, fall in at least one of the mentioned categories.

The chapter 3 suggests a unique application of an existing design of metamate-
rial perfect reflector (reported by Moitra et al.), in designing a compact and high
quality laser cavity. The quality factor of the proposed cavity has been found to
be 5 times greater than a Bragg mirror based cavity, considered for comparison
purposes. The reflectance of a single layer of the metamaterial (metasurface) is
superior to 25 layers thick Bragg’s mirror, which is the main reason behind its
compactness and high quality factor. Since line-width is inversely proportional to
quality factor [28], its higher value results in a reduced line-width and in improved
monochromaticity. The proposed cavity design not just overcomes losses due to
finite reflectivity, but is also free from ohmic loss due to pure dielectric nature of
the metamaterial. This work, serving as a primordial design, can pave way for
more sophisticated and compact laser cavities based on metamaterials.

In chapter 4, a novel design of negative refractive index metamaterial has been
proposed which is based on an ingenious and a unique type of magnetic meta-
atom, referred to as a split-nanotube. Split-nanotube is an elongated form of a
split ring resonator (SRR), which inherits SRR’s strong magnetic activity towards
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axial magnetic field but subjugates its nanoscale fabrication impediments. By this
metamaterial, refractive index as low as -2 has been achieved with a fairly good
figure of merit (FOM) of 8. As it has already been discussed in chapter 2, that
negative index metamaterial can facilitate subwavelength imaging by collecting
evanescent waves, the imaging devices equipped with metamaterial perfect lenses
can be possibly able to image a DNA, the internal processes of viruses and even
biomolecules like proteins, in the near future.

In chapter 5, an absolutely unique type of metamaterial perfect absorber has
been analyzed, which shows 99.9% absorbance at 88 pum and the absorbance re-
mains more that 90% for the angle of incidence up to 55°. Unlike other contem-
porary absorbers which are based on plasmonic resonance, this absorber employs
LiTa03 (a lossy dielectric) and utilizes Mie resonance to aid absorption, which
makes it a broadband broad-angle device. The most significant application of
the proposed metamaterial perfect absorber can be infrared imaging. On being
paired with a thermal sensitive resistor, it can work as a broadband sensor for
thermal imaging. Another probable future application of Mie resonance based
metamaterial perfect absorbers can be in photovoltaics. The presently used so-
lar cells are made up of silicon, which is a lossy dielectric in the visible region.
Hence, it is worthwhile to investigate the possibility of enhancing the efficiency of
photovoltaics, by means of a silicon based metamaterial perfect absorber of the
proposed configuration.

The chapters 6 and 7 deal with a special class of metamaterials called the
zero index metamaterials (ZIM), which have gained popularity very recently. The
chapter 6 presents a zero index metamaterial based highly directive nanoantenna
for the on-chip nanoscale applications. The nanoantenna successfully transforms
the radiation from an otherwise omnidirectional quantum emitter, into a unidi-
rectional beam. This happens because of no change in phase property of the zero
index metamaterial, which has been thoroughly discussed in chapter 6. The di-
rectivity as good as 8.28 dB in H-plane and 6.04 dB in E-plane has been achieved,
which translates into 3 dB beamwidth of 45°in H plane and of 63° E plane. The
work can be further extended by trying to couple the directive beams to nanoscale
plasmonic or dielectric waveguides in all-optical nanoscale circuits. The ZIM em-
ployed in this work is a well known design proposed by Huang et al. in 2011, which
has been chosen for it is free from resistive losses in spectrum of interest. However,
a major drawback of the ZIM is that it is limited to the transverse magnetic (TM)
polarization only and cannot function for the transverse electric (TE) polariza-
tion. This challenge has been successfully tackled in chapter 7, in which a novel
design of an all-dielectric zero index metamaterial has been proposed, which can
be tuned to operate in both — TM and TE polarizations by slight variation in the
geometry. Besides operational flexibility, it also has a certain mechanical stability
in comparison to Huang’s rods in air type design. The applications of the zero
index metamaterials can be as many as one can think of. A wonderful property
of ZIM which may be cultivated into powerful defense technology of the future, is
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electromagnetic cloaking. An electromagnetically cloaked combat aircraft or Un-
manned Ariel Vehicle (UAV) can be of substantial tactical advantage by the virtue
of being undetectable. Likewise, the phase preservation by ZIM can be beneficial
for nonlinear applications where phase matching is a requisite. Hence, the work of
chapter 7 can be extended to realization of nonlinear phenomena such as second
harmonic generation, four wave mixing, electromagnetic switching, etc.

Mentioned above are a very few ambitious applications of the metamaterials
envisioned for the future. Beside these, optical computing, wireless power trans-
fer, holography, radiative sky cooling, field enhancement in magnetic resonance
imaging (MRI), augmented reality, etc, are the areas where metamaterials can
open numerous possibilities. Most of these technologies are presently in infancy,
but are worthy of investigation and experimentation, because if accomplished,
they can substantially enhance the state of the art of the current technology. For
instance, a revolutionary application can be the radiative sky cooling. Radiative
sky cooling means cooling down of a sky-facing object by radiative transfer of
heat into the universe, which remains at an ambient temperature of at 4 K like
an infinite and eternal heat sink. This process happens naturally at night but is
not possible during the day because of solar radiation. The earth whose ambient
temperature is 300 K, acts as a heat sink for the sun whose surface temperature is
around 6000 K. Radiation peak of the solar radiation lies at =~ 0.5pm, while that
for the earth’s radiations fall in range 8 — 13 pum. Hence a metamaterial panel
which reflects back the solar radiation but allows transmission of the earth’s heat
rays into the universe, can make the process of radiative cooling possible during
the daytime as well. This technique can help in keeping the sophisticated outdoor
electronic equipments cool, specially in equatorial regions. This is a very attractive
application, which may be beneficial to the communication industry. Besides com-
munication systems, metamaterials can be useful in healthcare and medicine too.
For example, the usage of metamaterial field enhancers can generate high contrast
magnetic resonance images allowing detection of minute imperfections, so that,
any ailment can be handled in very early stage, before it gets too complicated to
be cured.

Though all these possibilities are very promising, one aspect that needs to
be kept in mind during their development is the cost-effectiveness. A wonderful
technology can only be beneficial to the society, if it can be commercialized. Hence,
the design and development technique should be such, that it allows the large scale
production of the device. In light of all the research work presented in this thesis,
and the above discussion, it is stated that metamaterials hold a tremendous scope
for future development.
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