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Verily, in the creation of the heavens and the earth, and in the
alternation of the night and the day, and in the ships (and ves-
sels) which sail through the ocean carrying cargo profitable for
the people, and in the (rain) water which Allah pours down
from the sky, reviving therewith the earth to life after its death,
and (the earth) in which He has scattered animals of all kinds,
and in the changing wind directions, and in the clouds (that
trail) between the sky and the earth, duty-bound certainly, (in
these) are (many) signs for those who put their reason to work.

(Al-Bagarah : 164)
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Abstract

A comprehensive research has been done to analyze the magnitude of
reflection coefficients from a metasurface composed of Gallium-Nitride
coated spherical particles under oblique incidence. The material
considered for coating is Gallium Nitride. To make the problem
simpler, the incident wave is taken to be normal, and a metasurface
(MS) is placed in a free-space background. By changing the thick-
ness of the coating material on the sphere’s surface, one can adjust
the amount of absorption. In this work, the magnitude of thereflection
coefficient versus the relative permeability of uncoated and coated
magneto-dielectric spheres has been studied. In this study, it has been
observed that Gallium- Nitride coated magneto dielectric surface
placed in a metasurface with free space as background acts as a good

reflector.
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Chapter 1

Introduction

A meta-surface (MS) is a two-dimensional equivalent of bulk metamaterial [1].
Metamaterials are composed of periodic sub-wavelength metal/dielectric struc-
tures that resonantly couple to the electric and/or magnetic components of
the incident electromagnetic fields, exhibiting properties that are not found
in nature [2] . Meta-surfaces manipulate light by arranging sub-wavelength
structures on a surface to control phase, polarization, and amplitude, enabling
advanced optics in a compact form [3] . It has historical roots in using pat-
terns for electromagnetic waves and sound control in ancient art and architec-
ture. Today, nanotechnology and material science have propelled metasurface
to a new level of capability. It has many applications such as exotic optical
phenomena and various useful planar optical devices [4, 5], Quantum optics,
Antenna and Radar, Sensing and Imaging, and Telecommunications.

The electromagnetic metasurfaces are very important due to their many
application [6]. Maci and co-workers have introduced the concept of meta-
surfacing, i.e., addressing wave on impenetrable metasurfaces . They have
developed the meta-surfacing concept using variations in surface impedance
and a localized dispersion equation. An analyti-cal framework and metasurface
applications were presented by Holloway and co-workers [7]. They observed

that metasurfaces require reduced spatial occu-
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pancy and exhibit lower losses within the microwave and optics.

A concept of polarization transformer has been studied by Niemi and co-
workers [8]. They concentrated on diverse categories of devices for transform-
ing polarization. Alexandra et al. have developed an idea of planar photonics
using metasur-faces [9]. Younas et al. have developed the concept of metamir-
rors [10]. They presented a metasurface composed of thin sheets containing
resonant structures with bi-anisotropic scatterers. For their design, they uti-
lized a special type of particle called an omega bi-anisotropic particle. To-
gether, these studies are helping to grow the field of metasurfaces, which are
used for making new and useful devices in photonics and changing how light

moves.

In a recent survey, Zhao [11] looked at the latest improve- ments in
optical meta-surfaces. They described about new ideas in theory, how to model
things, and how to experiment with optical metasurfaces. They also
discussed the behavior of a periodic array of inclusions in a homogenized
metasurface based on the geometry and shape of the inclusions. They also
presented about how optical metasurfaces are used for applications like
making lenses,beam shaping, and optical communications. In another group,
Asadchy and co-workers have introduced functional metamirrors using
bianisotropic inclu- sions [12]. They made these mirrors using unique
particles and shapes, giving them cool abilities like electricity and
magnetism. The authors [13, 14] also talked about interesting ways to use
metasurfaces. All of this adds up to lots of exciting progress in the field of

metasurfaces, with many practical uses in optics and beyond.

Ding and his team [15] provided a detailed look at the basic concept
and use of gradient metasurfaces. These special surfaces change how light
behaves across their surface, making the way light moves, its strength, and its
direction all change from one place to another place. They discussed about
different gra- dient metasurfaces, like ones that control light with their

shape, bounce light
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back, and use the Huygens principle. They also explored various ways gradi-
ent metasurfaces are used, such as creating waveplates, flat lenses spiral phase
plates, broadband absorbers, color printing, holograms, polarimeters, surface
wave couplers, and also nonlinear metasurfaces. They also mentioned how
gradient metasurfaces can work for more complex items, not just regular light
behavior.

Yazdi and Albooyeh’s [16] have extended the normal illumination analy-
sis of the metasurface to the oblique angles of incidence. They mathematically
derived the interaction coefficients necessary for a general analysis of metasur-
faces. In practice metasurfaces applications, both normal and tangential polar-
ization currents play vital roles. The researcher clarified the significance of
these currents when metasurfaces are subjected to oblique illumination. Their
proposed formulation was applied to two illustrative cases involving bi-an-
isotropic metasurfaces crafted from chiral and omega inclusions. Through
their study, Yazdi and Albooyeh provided valuable insights into how meta-
surfaces behave under various angles of light incidents, contributing to the
understanding of metasurfaces’ performance and enabling more accurate de-

sign considerations for real-world applications.

The physics applications of bi-anisotropic metasurfaces have been studied
by Asdchy et al [17]. They contended that in general linear metasurfaces, the
electric surface current can arise both incident electric and magnetic. = Simi-
larly, they noted that external electric fields can also lead to magnetic polar-
ization and magnetic currents. They termed metasurfaces as bi-anisotropic
when it shows magneto-electric coupling. This type of metasurface offers im-
mediate applications in precise manipulation of wave fronts using gradients.
It has been demonstrated that omega-type bianisotropy is a fundamental re-
quirement for the design of 100% efficient anomalous refractive and reflective
metasurfaces.

Wong and Eleftheriades [18] have introduced a new type of metasurface
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that is able to reflect a knowing incident electromagnetic wave in an arbitrary
direction with perfect power efficiency. They introduced bipartite Huygens
metasurfaces composed of ground-backed electric dipoles. They verified their
proposed design by full-wave simulation and experimental measurement. No-
tably, their proposed design stands out for its straightforward single-layer
structure, making it feasible for practical fabrication even at higher frequency
ranges, including millimeters, terahertz, and beyond.

The passage described the study of hypersurfaces (HSFs) conducted by Piti-
lakis and colleagues [19]. Hyper surfaces are planar metamaterial platforms
whose behavior is controlled by software. They serve as a bridge between
hardware and software, allowing for programmable control of electromagnetic
scattering properties across their surface. The main challenge in de- signing
HSFs lies in managing networking between tiles within and across the surfaces,
particularly as the frequency of operation increases. Various methods for
powering and communication, such as adaptive smart metasurfaces and
remotely-powered interactive electromagnetic mantles, are being explored for
gateways or chips. These approaches have applications in Internet of Things
(IoT) systems.

Radi and co-workers (RC) have introduced the concept of tunable metasur-
face in [7]. They have given an analytic treatment of tunable metasurface. They
talked about making a real version of their theoretical model and how they
tested it. They showed that their transparent metasurface can change in special
ways. They also made an electronically tunable metasurface which is capable
of rotating the polarization of an arbitrarily polarized incident wave without
changing its axial ratio. They concluded that a proposed design of polarization
rotating can provide real-time manipulation of polarization of communication
and radar systems.

Gallium nitride (GaN) and related materials, such as ternary AlGaN and

InGaN, as well as quaternary InAlGaN, have found applications in optoelec-
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tronic components. The synthesis of the first poly-crystalline GaN material
dates back to 1932 [20]. Studies on the crystal structure of GaN have been con-
ducted on GaN powders [21]. GaN-based high-frequency (HF) performance
has been explored in high-electron-mobility transistors (HEMTs) [22], with
Panasonic and Infineon producing the first fully industrial-qualified "true”
normally-off devices [23], which have gained traction in the industry. To fur-
ther expand upon this, the utilization of GaN and its derivatives has signifi-
cantly impacted the field of optoelectronics, paving the way for advancements
in high-frequency performance and reliability. Moving forward, the ongoing
exploration of these materials holds promise for even more groundbreaking
advancements in optoelectronics and related industries.

In this work, we explore how a special surface, called a Metasurface, re-
flects light under oblique incidence. We are studying a symmetrical metasur-
face composed of a periodic arrangement of dipole scatterers. We take two
approaches. One is uncoated magneto-dielectric (MD) and the other is Gal-
lium Nitride (GaN) coated spherical inclusions. GaN is a good conductor and
shows conductive behavior. Our goal is to carefully study and understand
how these materials work together to absorb light. By using theoretical analy-
sis and software, we study how electromagnetic waves behave when they are
incident to a metasurface composed of spherical inclusion. Through this work,
we not only enhanced our understanding of symmetrical metasurfaces con-
taining uncoated and coated magneto-dielectric spherical inclusions but also
made valuable contributions, to the field of electromagnetic and metasurfaces

for future developments. .
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1.1 Layout

The work presented in this dissertation follows the layout presented below.

1.1.1 Chapter 2

In this chapter, we will discuss the geometry and derivation of the absorption
characteristics of a meta-surface consisting of spherical inclusions with coat-
ing and without coating cases. We will also provide complete details of the

calculations and geometric information.

1.1.2 Chapter 3

In this chapter, we will discuss the analysis of the absorption characteristics of
a meta-surface consisting of spherical inclusions as coated (GaN) and without
coated (MD spherical inclusions using COMSOL plots. We will compare the
characteristics of a meta-surface consisting of spherical inclusions as coated
(GaN) and without coated (MD) spherical inclusions with Holloway plots, by
generating these plots through a COMSOL. Additionally, we will analyze the
comparison of a metasurface composed of coated (GaN) spherical inclusions
with Holloway plots using COMSOL software.

1.1.3 Chapter 4

In this chapter, we conclude the entire thesis by providing a comprehensive
report detailing the entirety of the work conducted throughout my research.

1.1.4 Chapter 5

In this chapter, we will discuss the future prospects of our work. Furthermore,
we will explore the benefits, potential applications, and significance in electro-
magneticS.



Chapter 2

Geometry and Derivation of
Absorption Characteristics for a
Metasurface Comprising Coated
(GaN) Spherical Inclusions

In this section, we explore the geometric and mathematical foundations under-
lying the electromagnetic behavior of a metasurface containing spherical in-
clusions. Our work is specifically focused on metasurfaces that are composed
of both uncoated Magneto-Dielectric (MD) and Gallium Nitride (GaN) coated
Magneto-Dielectric (MD) spherical particles. The primary aim is to study the
electromagnetic properties of these metasurfaces by investigating their inter-
action with incident electromagnetic waves. Through a comprehensive math-
ematical derivation, we seek to provide a deeper understanding of how the ar-
rangement and composition of the spherical inclusions influence the reflection
of electromagnetic waves. Our analysis involves a comparative study of un-
coated MD particles and GaN-coated spheres, with the goal of uncovering the
unique effects that different materials and configurations impose on the meta-
surface’s response to electromagnetic radiation. This endeavor contributes not
only to the advancement of theoretical knowledge surrounding metasurfaces
but also establishes a foundation for potential practical applications. These



GEOMETRY AND DERIVATION OF ABSORPTION
CHARACTERISTICS FOR A METASURFACE COMPRISING COATED
(GAN) SPHERICAL INCLUSIONS

applications span a wide array of fields, ranging from optics and telecommu-
nications to sensing, offering promising prospects for advanced wave manip-

ulation and control.

2.1 Mathematical Derivation

It is assumed that a metasurface is composed of a periodic arrangement of
inclusion in the yz-plane, with uniform spacing denoted as ‘d’ along both the y-
axis and z-axis respectively. It is considered that a unit vector 71 is normal to
the plane of the metasurface(MS). In our problem, this metasurface (MS)

is positioned at the coordinate x = 0. It is assumed that the region where
x > 0is occupied by Medium 1. A medium 1 is characterized by a pr((:)lpigation

constant k1 = ko pUn&1, where its intrinsic impedance is 1 = no  #4. The
parameters o and ko represent the intrinsic impudence and wave number of

free space respectively. It is also assumed that x < 0 is occupiedby Medium 2.
A medium 2 is characterized by a propagation constant k2 = ko H+2&2, where

q
by

its intrinsic impedance is N2 = nNo =*respectively.

The electric and magnetic fields tangential to the surface are denoted as Et1

and Ht1 within medium 1, as provided below.

Ey = Eie—jk1 sin 6z VTEEie_jkl sin Bz (2.1)
and for magnetic fields tangential can be written as

E; —ik+ sin 6. Ei 4 sne.
nxHp = = cos B F15M02 — prg cos 9, = ¢ Tk15In 62 (2.2)
N n

where 7 is unit normal vector to MS plane and rre is complex reflection

respectively. But where 6: and 6; are taken to be the angles of incidence and
reflection, respectively.

The electric and magnetic fields tangential to the surface are denoted as Et2
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and Ht2 within medium 2, as provided below.

En = rreEje ffasin®z (2.3)
E; —iky sin 6z
n x Hiz = rTE— cos B 125 Yi (2.4)
n2

Figure 2.1: A metasurface is placed along the z-axis and extends in the yz
plane. It consists of regularly arranged spherical scatterers. This metasurface
is positioned at the boundary between two distinct media. The medium above
the metasurface is referred to as medium 1, and the medium below the meta-
surface is referred to as medium 2.

Where fre is the complex transmission coefficient, and 6: is the angle of

reflection. The tangential field boundary conditions at the metasurface plane

are provided below[16].
En — Enp = ApEe fsin0z (2.5)
n x Hn —n x Hpp = B1Eje /1562 (2.6)
W

A= K o + 7= cos 6 (2.7)

Ad mm r]l

1 6

Bi= L2 e +0n <%
PR A YT (2.8)

1

where A: = d2. These combined polarizabilities also include the effects
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of interaction within the metasurface plane. Just like,avv, &7 ,@v= and @Y are
ee mm em me

collective electric, magnetic, magneto-electric and electromagnetic polarizabil-
ities. By replacing Equations (1) to (4) with Equations (5) to (6) and performing
some calculations, we can determine the complex reflection as follows,

nin> cos6; cos6;

(1- A1) - B: (2.9)
nicos 6t + 2 r n Ne

TTEZRZ

The values of A; and B; are provided in equations (2.7) and (2.8) given
above.

To make the analysis simpler, it is assumed that the meta-surface consists of
spherical inclusions as coated (GaN) and without coated (MD) spherical inclu-
sions. An uncoated sphere is simply made up of magneto-dielectric material,
while a coated sphere is made up of a gallium nitride coating on the outside,
which is still composed of magneto-dielectric material. In the case in which
inclusions are without coating, the radius is denoted as "a, with - showing the
relative permittivity and » showing the relative permeability of the inclusion.
In the case of GaN-coated inclusions, the inside core has a radius of al, while

the outer shell has a radius of a.

In this scenario, the internal shell has relative permittivity & and relative
permeability ur, while the outer region material is characterized by relative
parameters &c and . The wave numbers in the internal shell and outer re-
gions are determined as k = ko(u:€:)1/2 for the core and k. = ko(ur&r)l/2 for
the shell. Within this metasurface, the two types of spherical inclusions, with
and without coating, exhibit no cross-coupling. This means that there is no
interaction or coupling between electromagnetic and magneto-electric proper-
ties.

That’s way

ol = e = 0. (2.10)
The combined electric and magnetic polarizabilities, namely 0¥ and 0% ,
ee mm

10
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depend on the individual polarizabilities aW and a* , as well as the interac-
mm

tions within the metasurface plane(8, 16(]1 The individual electric and magnetic
polarizabilities a# and a* of uncoated or coated spheres can be expressed

ee mm
as[24].
vy 6775017 2z 6TTU0o a
Aee = ] k3 Qum = ]_3_k (211)
0 0

We will apply equation(2.9) for two types of spherical inclusions, i.e., with
and without coating inclusions comprising of a metasurface. The unit cell po-
larizability for uncoated and coated spheres can be found from electric polar-

izability tensor[24] as,

- - - -1 - - - -1 -

Aee = If — Qee * ﬁe — Qem * Bm ° It — Qem * Bm * Ame 'BB . -agg —+ Qem [))m . If — Qem * Bm * A'me
(2.12)
In case of sphere,we substitute@m. = dem = 0in Eq.(2.12) to get
- -1

Qee = I_t_ aEE "Be ) aee (2-13)

Where ft, aeeﬂnd,ée are given below as

n #
- 10
I = 01
n #
_ 10
Qee = () 7-}1 ’
n Be 0
B = e Be
Thus from Egs.(2.13)-(2.12),we obtain collective electric polarizability vy,
as,
1
vy = (2.14)

ee -
(agg)_l - ,3 e

11
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where @Y} is scalar electric individual polarizaibilty. The individual electric

polarizibility &Y for a spherical scatter can be written as

Wy 6T1TE b

aee :j kg 1 (215)

Here by is dipolar Mie scattering coefficient of electric type. Likewise the
unit magnetic cell collective tensor is given by[24],

- - - = -1 - =

- 4 - R

Aee = If = Amm * Bm — Qme * Be ° It — Qee * BL’ * Oem * Bm . Qmm + Qme * ﬁg . L‘ — Qee * ﬁc * Uem

(2.16)
putting Gem = ame = 01in Eq(2.16),we get,

- - - -1 _
amm = It_amm 'Bm 'amm (217)

where Qmm and By are given as,

Il0 0 #
1 mr’/f

r% 0
,Bm ="' 0 .@g ’ (219)

ng

So putting Eq.(2.19.2.18) in Eq.(2.17) and solving it we get,
1

o= = (2.20)

mm

(a%m)_l - B_m

12
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Where &2 = is scalar individual magnetic polarizability. For a spherical spher-

ical scatter, it can be written as[24].

zz 61TEa%

amm =7 1 2.21

2.1.1 Uncoated Spherical Scatters

Uncoated spherical inclusions are made up of MD material, which has the rela-
tive permittivity &, of 13.8 - j0.1 and relative permeability ur as 11. Its relative
permittivity & is different from unity which is why it is known as magneto-
dielectric. The relative permeability u values vary from 0 to 100 to study the
reflection characteristics. Hereaslf is the dipolar Mie scattering coefficient of

magnetic type. For uncoated spherical scatters, the coefficient a“l and bsclare

given as,

b = Hr1 ja(p1)p1(e1)] — (urign)ji(pin)[ps ji(e1)] (2.22)
prih(p11)[pe1 jip11 )] — (ure r1)(p11 )[P1 hﬁl)(pl )]’

,ur1]'1(p11)[p1(P1)]' - (jl(p1)[P1]'1(P11)],) (2.23)
Hr1j1(P11)[ o1 1P(01)]' — K% (ps Mo1171(011)]

@*1° = —

Here, the functions ji(-) and h{)() represent the spherical Bessel and spher-
ical Hankel functions with order one, respectively. The values p; and pi1 have

the following meanings

p1 = koa1, P11 = kia, ki = ko = (un&n)t/? (2.24)

13
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Figure 2.2: Free Space Region (COMSOL)

Figure 2.3: Magneto-Dielectric Spheres (COMSOL)

14
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2.1.2 Coated Spherical Scatters

Gallium Nitride is used for coating MD spherical inclusions which has a rel-

ative permittivity u» of 8.9. Similarly, as for the uncoated scenario, relative

permeability pr values vary from 0 to 100 to study the reflection characteris-
tics. For the case of coated spherical scatters, the scattering coefficients al“,bslf

become as
(L )j1(p0)Ae — [poj1(po)] Be
%C1: —__ &
(- )ht(po)As — alpoh*(po)] Be
(1 )jrleo)Ay = [poji(oo)] By

12
i h1i(po)Ay — [poh(0o)] By
4 = z'1£Q11)G1+ [;011]'1(;011]'(;2

ar* =

€ Er rl
B = MGg + [o11 ]'1(,011)]' G4
€ &2 &
A = o)y 4 o j G2
H Hr2 Mr1
g — heulcsy loarjilol g4
H Hr2 Hr1

Gl = lp2j1(p2)] Tp2y1(p21)] — [p21y1(p21)] Tozy1(o2)]
G2 = j1(p21)lp2y1(p2)] — [p2/i(p2)]y1(p21)

G3 = j1(p2)[p21y1(021)] = [p21/1(021)]ly1(p2)

G4 = ji(p21)y1(02) — j1(e2)y1(021)

15

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)
(2.32)
(2.33)
(2.34)
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Figure 2.4: Gallium-Nitride Coating (COMSOL)

Where factors po, 02, 21 are defined as we can write below

Po = koa, p2 = kaa, p21 = kaax (2.35)
In this context, the notation yi(-) represents the spherical Neumann func-

tion of order one, and "primer” denotes differentiation with respect to the ar-
gument of the Bessel function under consideration.

16



Chapter 3

Analysis of Absorption
Characteristics of a Metasurface
Containing GaN- coated Spherical

Inclusions.

In this chapter, we discuss the comparison of magneto-dielectric materials with
Holloway plots, as well as the comparison of Gallium Nitride with Holloway

plots.

3.1 Comparison of a Metasurface Containing of Magneto-
Dielectric Spherical Inclusions Plots with Hol-
loway Plot (COMSOL)

In this section, we discuss the comparison of the magneto-dielectric material
plot with the Holloway plot. To validate the theory introduced in the pre-
vious section, we consider a scenario where the medium in the background
is taken to be free space, and the metasurface consists of MD inclusions, as
described in [1, 2]. The wave for incidence is considered to be normal. Con-

sidering an uncoated spherical inclusions with a radius of a = 5mm, relative

17



ANALYSIS OF ABSORPTION CHARACTERISTICS OF A
METASURFACE CONTAINING GAN- COATED SPHERICAL
INCLUSIONS.

permittivity & = 15, and spacing d = 10.15mm, the analysis is performed
at a frequency of 1.5GHz, following the approach adopted by Holloway and

coworkers[1, 2]. Applying the formulated approach, we depict the magnitude
of the reflection coefficient |R| with respect to the relative permeabilityu, has
been shown in Fig.(3.1). This agreement with the reported works validates the
proposed theory[25]

In this paragraph, we compare Figure 3.1 with Figure 3.2 and observe how
both figures illustrate their respective behaviors. From Figure 3.1, it’s evident
that the metasurface transitions from total reflection to total transmission as
the permeability of the spherical scatterers varies. Notably, complete reflection
(IR| = 1) occurs at u, = 46.04, while total transmission (|R| = 0) happens at
Urp = 15.

Additionally, Figure 3.2 demonstrates a similar behavior to Figure 3.1. Both
figures depict that at py = 0, the value of |R| is approximately 0.3. Similarly,
at up = 0, the value of |R|is0. At wp = 56, thevalueof |R|isalso 0. As
we move along the graphs, we observe that at u,» = 71, the value of |R| is 0.2.
Further along, at u» = 91, the value of |R| is 0.1. Continuing along the graphs,

we see that at up = 100, the value of |R| is approximately 0. This consistent
behavior is observed for both figures.
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Figure 3.1: Plot showing the reflection magnitude of coefficient |R| as a corre-
sponding result of the relative permeability u of the sphere comprising the
metasurface. The other values are given in Holloway Citation [1, 2]. The reflec-
tion magnitude of the coefficient based upon the theory is in good matching
with Fig. 11 of Ref. [1] and Fig. 9 of Ref. [2]
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Figure 3.2: The variation of the reflection coefficient with the permeability, u»,
of the spherical particles that make up the metasurface.
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3.2 Comparison of a Metasurface Composed of coated
(GaN) Spherical Inclusions Plot with Holloway
Plot (COMSOL-Plots)

Here, we compare the figure of a Holloway plot with the plot of a meta-
surface containing spherical inclusions. Additionally, we examine the sce-
nario where the spherical inclusions are coated with GaN. The wave consid-

ered for incidence is taken to be normal. Considering a coated spherical scat-
terer with a radius of a = 5mm, relative permittivity & = 15, and spacing

d = 10.15mm, the analysis is performed at a frequency of 1.5GHz, and we
take values for free space (because both mediums are taken to be free space)

ai/d = 039, &1 = 1 = 1, &2 = U = 1. Figures 3.3 and 3.2 depict the ab-
sorption characteristics of metasurfaces consisting of with and without coated
spherical inclusions, respectively. Fig.(3.3) represents the reflection coefficient
|IR| with the permeability pr» of GaN-coated MD spheres. It is observed from
Figure that |R| = 0.5 occurs for up = 25, and |R| == 1 occurs for py = 35.
Similarly, from the Figure, |R| = 1 occurs for y» = 65, and |R| = 0 occurs for

U = 78. Additionally, |[R| = 0 occurs for u, = 27.

We compare Fig. (3.3) and Fig. (3.2). From Fig. (3.2), we observe that |R| =
0 occurs for up = 20, while from Fig. (3.3), |[R| = 0 occurs for up = 25.
Additionally, in Fig. (3.3), |R| = 0.3 occurs for y» = 5, and |R| = 0.5 occurs
for up = 25. Furthermore, we observe from Fig. (3.3) that |R| = 1 occurs for
u»= 35, and in Fig. (3.2), |[R| = 1 occurs for up = 47. Also, in Fig. (3.2),
IR| = 0 occurs for up = 100, and in Fig. (3.3), |R| = 0 occurs for up = 78.
Finally, |[R| = 0.55 occurs for p» = 100.
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Figure 3.3: Plot of magnitude of reflection|R| vs relative permeability

From values of relative permeability variating from 0 to 23, it acts as an absorber and from 23 to
65 it behaves as a good reflector .
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Chapter 4

Conculsion

This study shows a comprehensive formulation for understanding the phe-
nomena of absorption and reflection from metasurfaces, especially those com-
posed of an array of uncoated and coated spheres. This endeavor was not
merely theoretical; rather, it brought to light practical applications involving
real-world materials, magneto-dielectric (MD) substances, and Gallium Ni-
tride (GaN). Magneto-dielectric materials possess a unique combination of
magnetic and dielectric properties, allowing for fine-tuning of electromagnetic
responses. Gallium Nitride has gained considerable attention due to its excep-
tional electronic and optical properties. When integrated into metasurfaces,
Gallium Nitride opens up possibilities for active control of electromagnetic

waves.

The work specifically focused on two areas within the metasurface, one de-
scribed by w2 and ki, and the other by 2 and k.. The spherical inclusion is
made up of Magneto-Dielectric while the coating material is Gallium-Nitride.
The normal wave is taken for incidence and free space background is taken for
metasurface. For completeness, the individual electric and magnetic polariz-
abilities are also discussed as well the the magnitude of reflection coefficients is
discussed. Using Gallium Nitride coated spherical inclusions in metasurfaces
enhances the reflection allowing it to be used as a reflector. GaN is a good
conductor because its coefficient of reflection is equal to 1. GaN demonstrates
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CONCULSION

conductive behavior, making it a good conductor and an effective reflector.
When integrated into Metasurfaces, Gallium Nitride opens up possibilities for
active control of electromagnetic waves.

This study reveals a fascinating insight into how materials and metasur -
faces can make a big difference in electromagnetic characteristics. By changing
the coating thickness and material, we have shown that we can control how re-
flection characteristics. This work could bring about major changes in how we
design and improve metasurfaces for various uses like changing the direction
of waves and adjusting polarization. This research is a blend of theory and real-
world applications. By studying materials like magneto-dielectric and Gallium
Nitride, we make sure that our findings are useful in today’s world.

This research work is dedicated to understanding the characteristics of these
materials. By analyzing their properties we open up possibilities for improving
technology. This exploration has the potential to bring about advancements in
electromagnetism, metasurfaces, and metamaterials. With each finding, we
get closer to fully harnessing the capabilities of these materials, in real-life ap-
plications that inspire humanity.

24



Chapter 5

Future work

Our future endeavors in the realm of metasurfaces focus on two key directions.
Firstly, we will explore metasurface behavior in various background media,
aiming to understand their reflection responses in diverse electromagnetic en-
vironments. This will enhance their adaptability to real-world scenarios. Sec-
ondly, we will investigate the impact of incident angles on metasurfaces made
of uncoated and coated spheres, leading to improved functionality in applica-
tions like beam steering and wavefront control. Incorporating MD and GaN
materials into metasurfaces holds promise for transformative advancements in
technology, such as high-frequency communications and imaging. Our com-
mitment remains steadfast in uncovering new insights and contributing to the
field of electromagnetic wave manipulation. This helped us understand better
how things scatter and interact within the metasurface. This new understand-

ing is like a strong base for us to explore the bigger effects of our research.

The beauty of my work can be explained throughout all my research. Thus,
[ assert that this work can be further extended, exploring various types of
metasurfaces that can be created using Galium Nitride and other metamaterial
dielectric materials. There have been improvements in various aspects, which
distinguish and provide unique characteristics to these structures. While we
have covered a lot in our current work, there is still so much to explore. We
need to look at how different backgrounds and different materials affect this
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FUTURE WORK

reflection. There is a need to understand how different angles of the incom-
ing waves affect this behavior for both metasurfaces made of spheres with and

without coatings.

Looking forward, there is a lot more to discover, and that’s exciting. We
are driven to learn more about these cool electromagnetic systems and keep
contributing to the field of metasurfaces.
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