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ABSTRACT

INVESTIGATION OF DUAL-NARROWBAND
PLASMONIC PERFECT ABSORBERS AT VISIBLE
FREQUENCIES FOR BIOSENSING

Farhan Ali
M.S. in Physics
Advisor: Oguz Giilseren
Co-Advisor: Serap Aksu
December 2019

Since the introduction of first plasmonic perfect absorber (PA) in early 2008 by
Landy et al., numerous studies have demonstrated their superior optical perfor-
mance in frequencies ranging from terahertz to visible region of electromagnetic
spectrum. In the literature broadband PAs are studied in more detail compared
to narrowband PAs as their large absorption bandwidths make them a prime
candidate for energy harvesting applications or security and defense. Recently
scientists have shown a great interest in designing narrowband PAs by controlling
the optical losses of the plasmonic materials as the narrowband resonances with
a high quality-factor is particularly important for label-free biosensing. However,
given the lossy optical properties of metals, this task has been challenging and
requires delicate investigation and parameter control in contrast to broadband
perfect absorbers.

In this research, we numerically studied and experimentally fabricated a
narrow-band plasmonic perfect absorber based on a metal-insulator-metal con-
figuration. We analyzed the origin of perfect absorption for our proposed system
and investigated the parameters that effect the optical properties. The purposed
plasmonic structure comes up with a dual narrow-band absorption peaks at visible
and near-infrared region of electromagnetic spectrum with near unity absorption
efficiency. The physical origin of these absorption peaks is shown to be the excita-
tion of propagating and localized surface plasmon resonances at certain individual
frequencies, that leads to impedance matching and critical coupling when certain

conditions are satisfied.
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Finally, we analyzed the sensing capabilities of PA by embedding nanostructure
into different background refractive index, resulting in sensitivity of 500 nm/RIU,
making such a platform suitable for biosensing and spectroscopic applications.

This work analyzes the perfect absorption phenomena in visible frequencies in
detail and will be a go to guide for researchers in the perfect absorber community.

Keywords: Plasmonic nanostructures, Metamaterial, MIM Perfect absorber, Nar-
rowband perfect absorbers, Biosensing.



OZET

BIYO ALGILAMA ICIN GORULEBILIR
FREKANSLARDA IKILI INCE BANT PLAZMONIK
MUKEMMEL SOGURUCULARI INCELEMES]I

Farhan Ali
Fizik, Yiiksek Lisans
Tez Danigmani: Oguz Giilseren

Ikinci Tez Damsmant: Serap Aksu

Aralik 2019

[lk plazmonik miikemmel sogurucu (MS) tamtildigindan beri bir¢ok ¢aligma
terahertzden goriilebilir frekanslara kadar caligabilen bu malzemelerin {istiin op-
tik performanslarini gostermek iizere sunulmustur. Bunlar arasinda genis bantta
absopsiyon gosteren MSler, yiiksek sogurma genisliklerinden dolay1 enerji hasati,
glivenlik ve savunma alanindaki uygulamalarda siklikla kullanilmigtir. Son za-
manlarda bilim insanlari, yiiksek kalite faktoriine sahip ince bant rezonanslarinin
isaretsiz biyo algilamadaki ¢éneminden dolay1 ince bant MS tasarimina yiiksek
ilgi gostermiglerdir. Ancak metallerin optik kayiplarindan dolay1 genig bant
miilkemmel sogurucularin aksine ince-bantlarin elde edilmesi hassas ve belirli

parametrelerin kontroliinii gerektirmektedir.

Bu calisgmada metal-yalitkan-nano metal yapili bir ince bant plazmonik
miikemmel sogurucusunu deneysel olarak iiretip ntimerik olarak optik perfor-
mansin aragtirdik. Onerilen sistemdeki mitkemmel sogurmanin kokenini inceledik
ve optik ozellikleri etkileyen parametreleri belirledik. Hedeflenen plazmonik yap1
tam sogurma verimi ile elektromanyetik spektrumun goriilebilir ve yakin kizilotesi
bolgesinde ikili rezonans frekansi olusturmaktadir. So6z konusu sogurma rezo-
nansinin fiziksel kokeninin yayilan ve lokal yiizey plazmon rezonasinin belirli
frekanslarda uyarilmasi, bunun da belirli kogullar altinda empedans eglesmesi ve

kritik eslesmeye sebep olmasi oldugu gosterildi.

Son olarak, MSnin algilama kapsitesi nanoyapimin fakhi kirma indekslerindeki
resonanslari ile analiz edildi, ve belirlenen hassasiyetin (500 nm/RIU) platformun
biyo algilama ve spektroskopik uygulamalar i¢in uygun oldugu gosterildi.
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Bu caligma, goriilebilir frekanslardaki miikemmel sogurma olayimi detaylica
aragtirmig, ve mitkemmel sogurma alaninda calisanlar igin giivenilir bir rehber

olmustur.

Anahtar sozcikler: Plazmonik nanoyapilar,Metamateryal, MYM Miikemmel
Sogurucu, Ince bant Miikemmel Sogurucular, Biyo algilama. .



Acknowledgement

First of all, I would like to express my deep gratitude to my advisor, Dr. Serap
Aksu for her extensive guidance and support throughout this research period.
It’s all of her trust and motivation which helped me to focus on my work despite
of a lot of challenges and roadblocks. I am grateful for all the support i received,
her patience and knowledge she shared to make this thesis possible. I would also

like to thank Prof. Oguz Giilseren for his support and help.

I acknowledge Semih Korkmaz (PhD scholar at Erciyes University, Turkey)
who helped me to understand this field in the very beginning. I am also extremely
thankful to my friends and colleagues Lugman Saleem (PhD scholar at KAUST,
Saudi Arabia), Mohammad Hilal, Mohammad Sallahuddin,Ali Sheraz, Samar
Batool, Naveed Mehmood, Sabeeh Igbal (Graduae scholars at Bilkent University),
and Armagan Ayaz (PhD scholar at Kog University), for the motivation and
meaningful discussions about my research work. I am grateful to Umutcan Giiler,

MS student at Physics department, who translated abstract into Turkish.

I own more than thanks to my family and friends back in Pakistan for all
kind of support and encouragement. Especially my brothers for supporting my
decisions and believing in me while i didn’t. They have a huge role in all of my
achievements till date. Finally I dedicate my thesis to my parents, especially to
my beloved father, Naseer Ahmed who is not here with us now, but would have

been very happy on this achievement of mine.

I acknowledge financial support by TUBITAK under project no. 117F345.

vil



Contents

1 Introduction 1
1.1 Motivation . . . . . . . . oL 1

1.2 Project Overview . . . . . . . . . .. 3
1.3 Theoretical background . . . . . . .. ..o oL 4
1.3.1 Maxwell’s Equations . . . . . ... ... ... .. ..... )

1.4

1.5

1.3.2  Dielectric Function of free electrons gas and Interband tran-

sitions . . . .. 6
1.3.3 Theory of surface plasmon polaritons . . . . . . .. .. .. 9
1.3.4  Excitation of surface plasmon polaritons . . . . .. . ... 13
Metamaterials . . . . . . ... oo 14
Plasmonic Metamaterial Perfect Absorbers . . . . . . . . .. ... 15
1.5.1 Broadband PA . . . . .. ... ... 16
1.5.2 Narrowband PA . . . . . . ... ... ... 17
1.5.3 Metal-Insulator-Metal Plasmonic PA . . . . . .. ... .. 18

viil



CONTENTS ix
1.5.4  Physics behind Perfect absorption of MIM plasmonic MM

absorber . . . ... 20

1.5.5 Sensing with MIM plasmonic absorbers . . . . . . . . . .. 21

2 Design and Simulations 23

2.1 Finite difference time domain Solver. . . . . . . . . .. .. .. .. 24

2.1.1 Background Physics . . . ... ... ... .. 24

2.2 Simulation Domain and Objects . . . . . . . . ... .. ... ... 26

2.2.1 General and geometry settings . . . ... ... ... ... 26

2.2.2  Geometric and material parameters . . . . . .. .. .. .. 26

223 Meshsetting. . . . ... ... L 27

2.2.4 Boundary Condtions . . . . .. .. ... ... ... .... 27

225 Sources ... 28

226 Monitors . . . . ... 29

2.3 Simulating the proposed structure . . . . . . . ... ... ... 29

2.3.1 Physical origin of Reflection dips . . . . . . .. .. .. .. 32

2.3.2  Structural Parametric Effect . . . . . ... ..o 000 33

2.3.3 Polarization dependence . . . . . . . ... ... L. 40

2.3.4 Material dependence . . . . . . ... ... 41

2.3.5 Shape dependence of top nanounit array . . . . .. .. .. 44



CONTENTS X

2.4 TImpedance Analysis . . . . . . .. .. ... ... 45
2.4.1 Case 1 : Symmetric behavior of the device . . . . . . . .. 46
2.4.2 Case 2 : Non-Symmetric behavior of the device . . . . . . 47

2.4.3 Calculating effective material properties of the proposed

MIM absorber . . . . . . . ... 48

2.5 Critical Coupling Phenomenon . . . . . . ... ... ... ..... 50
2.6 Near Field analysis . . . . . . .. ... . ... ... ... .... 52
2.7 Sensing capabilities of proposed MIM absorber . . . . . . . .. .. 54

3 Fabrication and Characterization 56
3.1 Fabriaction process and methods . . . . ... .. ... ... ... 56
3.1.1 Electron-Beam Evaporation . . ... ... ... ...... Y

3.1.2 Electron-Beam Lithography . . . .. ... ... ... ... 58

3.1.3 Lift off process . . . .. . ... 59

3.2 Fabrication of MIM plasmonic absorber . . . . . . ... ... ... 59
3.3 Characterization of MIM absorber . . . . . . . ... .. ... ... 61
3.3.1 Measuring thickness with Stylus Profilometer . . . . . .. 61

3.3.2 SEM Measurements . . . . . . . ... ... ... ... 62

4 Plasmonic nanoantennas for a Cr:ZnSe laser 64

4.1 Optical Setup . . . . . . . .. 64



CONTENTS

4.2 Designing and Fabrication of Plasmonic nanoantennas . . . . . . .

4.3 Optical measurements . . . . . . . . . ... ... ...

5 Conclusion and Future Direction

A Data

B Code

x1

65

67

69

78

79



List of Figures

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

Project cycle . . . . . .. oo

A comparison of Surface Plasmon Polariton and Localized Surface

Plasmon Resonance [25]. . . . . .. ... ... ...
Dispersion relation for the free electron gas [1]. . . . . . .. ...

A schematic of propagation geometry and geometry of flat metal-

dielctric interface for SPP propagation (xz view) [1].. . . . . . ..
Dispersion curve of SPP on single metal-dielectric interface [26]. .

A schematic diagram of phase matching of light to SPPs using
grating coupling technique [1]. . . . . . ... ... ...

Broadband PA: Absorption spectra and design of a broadband PA

in near-infrared region [34]. . . . .. ...

Ultra broadband PA: Absorption spectra of a broadband PA in
visible to near-infrared region yieliding an average absorption effi-
ciency of 97% with a high bandwidth of around 712 nm [47]. . . .

Absorption spectra of the narrowband absorbers based proposed
by Meng et al. (a) and Lietal. (b).. ... ... ... ... ....

x1i

12

13

16

17



LIST OF FIGURES xiii

1.10 A schematic view of MIM based plasmonic absorber with a con-
tinuous (a) and periodic patterned nanostructured (b) top metal

layer. . . . . 19

1.11 Absorption / Reflection spectra of uni-resonant (a) and multi-
resonant (b) Metal-Insulator-Metal (periodic cross-bars) configu-

ration based narrowband perfect absorbers [63, 48]. . . . . . . .. 20

2.1 A schematic of the proposed MIM metamaterial absorber. . . . . 23

2.2 A Yee cell, showing how field components are solved at various

points inside a grid cell [65]. . . . . . .. ... 25

2.3 A Schematics of simulation domain employed to simulate the pro-
posed MIM absorber with appropriate boundary conditions and

simulation objects. . . . . .. .. ... oL 30

2.4 A schematic of unit cell of the proposed MIM absorber struc-
ture based on a bottom gold layer with thickness(tg), ts thick
middle dielectric spacer, and top gold disk of diameter(D) with
thickness(tr). . . . . . ..o 31

2.5 Simulated Reflection and Absorption spectrum of the system under
study for optimized structural parameters, yielding a dual band
spectra achieving near unity absorption with FWHM of 15nm and
80nm, respectively. . . . . . .. ... 32

2.6 Simulation reflection spectra of the PA where the physical origin
of reflection dips are shown to be the excitation of SPP and LSPR

resonances at certain wavelengths. . . . . .. ... .00 33

2.7 (a) Absorption (color scale) and resonant wavelength (first peak
. yellow diamond, second peak: red square) of the system under
study, (b) absorption efficiency at resonance wavelengths; as a

function of the array pitch constant P. . . . . . ... ... ... . 35



LIST OF FIGURES

2.8

29

2.10

2.11

2.12

2.13

2.14

2.15

2.16

2.17

(a) Absorption (color scale) and Resonant wavelength (Peakl :
Yellow diamond , Peak2 : Red square ), (b) Absorption resonance

peak amplitude; as a function of dielectric spacer thickness. . . . .

Absorption as a function of incident light wavelength, with and

without top metal resonant layer. . . . . . . .. .. .. ... ...

Absorption and resonant wavelength as a function of top gold nan-
odisks thickness(tr) (a), Absorption Resonance Peak amplitude for
different values of top gold nanodisks thickness (b). . . . .. ..

Absorption and resonant wavelength as a function of diameter D

of the top nanodisk resonator array. . . . ... ... .. .. ...

Absorption spectra of the MIM perfect absorber as a function of

wavelength for different polarization angles. . . . . . . .. . ...

The simulated Reflection (R), Transmission (T) and Absorption
(A) spectra for the Top / Bottom metal layers made up of Gold
(a), Silver (b), Aluminum (c). A comparison of the absorption
characteristics of the proposed absorber for the all three metals

used for Top / bottom metallic layers. . . . . ... ... ... ..

Absorption (a) and Resonant wavelength (b) as a function of re-

fractive index of the dielectric layer (ng). . . ... .. ... ...

Six different shapes of the top metallic periodic array used to per-
form simulation to understand the behavior of MIM platform based

structure. . . . . . . L

Absorption (a) and Resonant wavelength (b) as a function of var-

ious shapes of top periodic layer of nanounits. . . . . ... .. ..

A schematics of S-parameter calculation principle for a metamate-

rial from FDTD simulations. . . . . . . . . . . . . . . ... ...

Xiv

36



LIST OF FIGURES

2.18 Absolute values of the simulated S-parameters for the MIM ab-
sorber under study with corresponding device parameters tp =
100 nm, tg = tp = 40 nm, D = 180 nm and periodicity P = 600

0

2.19 Permittivity (a), Permeability (b), Refractive index (c) and

Impedance (d), retrieved from the s - parameters. . . . . . . . ..

2.20 Simulated scattering, absorption and extinction (scattering + ab-
sorption) cross sections as a function of wavelength for the MIM
absorber with optimized structural parameters (tg = 100 nm, tg
=ty = 40 nm, D = 180 nm and periodicity P = 600 nm). The
vertical blue dashed lines gives the resonant wavelengths (Ag; ,

ARr2) for both modes, respectively. . . . .. ... ... ... ...

2.21 Cross-sectional view of the simulated electric field intensity |E|?
and magnetic field intensity |H|? at resonant wavelengths of A\g; ~
653 nm (a, ¢) and Agy ~ 865 nm (b, d), respectively. The color

bar shows the field enhancements. . . . . . . . . . . . ... ...

2.22 (a) Absorption spectra for different values of refractive index. (b)
Resonant wavelength as a function of refractive index, with S; and

So sensitivities of both resonant peaks, respectively. . . . . . ..

3.1 Flowchart diagram of fabrication process. . . . . . . . . . .. ...
3.2 A schematic diagram of process flow to fabricate MIM absorber. .

3.3  Thickness of the Ti-Au-MgF, stack measured with a Stylus pro-

filometer. . . . . . .

3.4 SEM images(Top view) of top nanodisks with radii 90nm (a-b) and
100nm (c-d). . . .o

XV

39



LIST OF FIGURES

4.1

4.2

4.3

4.4

A schematics of the optical setup consisting of two parts. One part
is related to the tunable Cr:ZnSe laser lasing between 2200-2700
nm. Second part is for the characterization of sample. Credit to

Laser research laboratory, Ko¢ University, Istanbul. . . . . . . ..

Schematics of four different types of nanoantennas with their struc-
tural parameters. These structures are periodic in lateral direc-

tions with periodicity P. . . . . . . . ... oL

SEM images of horizontal bow-tie(a), Vertical bow-tie(b), rhombus

(c) and bar (d), shaped nanoantennas. . . . ... ... ... ...

Reflection spectra of the fabricated nanostructures using (a) FDTD

simulations, (b) Cr: ZnSe laser setup. . . . . .. ... ... ...

Xvi



List of Tables

2.1 Geometrical parameters corresponding to different shapes used for

the top resonating metallic layer. . . . . .. .. ... ... .. ..

XVvil



Chapter 1

Introduction

1.1 Motivation

Since the last decade, Plasmonics, a field laying at the interface of Photonics,
electronics and nanotechnology, has been able to caught researchers attention
due to its potential control of light matter interaction at sub-wavelength scale
[1, 2]. Plasmonics take benefit from the collective oscillations of conduction elec-
trons (Plasmons) at metallic interfaces, and to create possibilities of coupling of
electromagnetic radiation with nanoscale objects resulting in the generation of a
broad range of novel optical phenomenons at sub-wavelength scale. Confinement
of light at nanoscale, strong electromagnetic field enhancements, scattering and
absorption at resonance are among the most remarkable properties exploited by
it [3]. These unique and unordinary properties allow it to cover a wide range of
novel stimulating applications in the fields of biomedicine, nanoelectronics, photo-
catalyis, photovoltaics and many more. Bio-sensors, nanolasers, photo-detectors,
optical filters, absorbers are some of its exciting applications in above mentioned
fields of study [4, 5, 6, 7, 8].

Among the most rapidly growing fields of research in recent years, electro-

magnetic metamaterials (MM) is also the one, which takes advantage from the



composition of naturally existing materials in such a way that they deliver ex-
otic electromagnetic properties, which are unachievable in the nature [9]. These
artificial materials consist of sub-wavelength structures and can be treated as a
homogeneous medium with an effective permittivity (¢) and permeability (i), al-
lowing to tune these materials deliberately thus yielding unusual properties like
negative refractive index materials. Such exotic properties enable such mate-
rials to produce many exciting and fascinating applications like perfect lenses,

electromagnetic invisibility cloaking and MM perfect absorbers [10, 11, 12].

Plasmonic metamaterial perfect absorbers (PAs) have gained much attention
since the first PA proposed in early 2008 by Landy et al. [13] due to its high effi-
ciency to absorb incident electromagnetic energy, and numerous efforts have been
made to study PAs from terahertz to visible region of electromagnetic spectrum.
In the literature, broadband PAs are investigated in more details than narrow-
band PAs due to its large absorption bandwidths, which make such an absorber
ideal candidate for energy harvesting and security purposes [14, 15]. However,
in recent years scientists have also shown a great interest in designing narrow-
band PAs by excitation of narrowband resonances with high quality-factor, and
employing them for spectroscopic and sensing applications [16, 17, 18]. Most
of these narrowband PA are uni-resonant, but a delicate control over structural
parameters lead to multi-resonant PAs [19, 20, 21]. Researchers comes up with
different platforms based PA, among which the most typical one is based on a
Metal-Insulator-Metal (MIM) platforms, where a sheet of insulating spacer is
sandwiched between a bottom metallic plate and a top periodic metallic pat-
terned layer serving as nanoantennas [22]. Also, most of the Multi-resonant PAs
are reported in the Infrared region, but to best of our knowledge no MIM platform
based PA is proposed yet with a proper study both numerically and experimen-
tally at viable-near-Infrared frequencies for biosensing applications. So, here our

aim is to fill the gap at these frequencies.



1.2 Project Overview

This project is aimed to design, simulate and fabricate a dual-narrowband plas-
monic perfect absorber at visible frequencies for biosensing applications. This

research work is carried out through a cycle of steps shown in Fig. 1.1.

= owiningorra

ol
. 4

| biotn ) chrsceriaton

Figure 1.1: Project cycle : A schematics of the steps followed to carry out this
research work.

In the first step, finite difference time domain (FDTD) method is employed to
design a narrowband PA based on a MIM configuration, and from an iterative
simulation analysis, the device giving maximum efficiency is chosen to further
analyze the system. In the next step, similar method is applied to numerically
investigate the physical mechanism of the PA and its performance relationship
with various parameters of the system. After a successful numerical analysis, the
designed PA is fabricated and characterized using standard nanofabrication and
characterization techniques. Finally, the sensing capabilities of the PA are de-
scribed to show that it can be a prime candidate for spectroscopic and biosensing

applications.



1.3 Theoretical background

Fundamental light matter interaction results in some interesting phenomenons.
Surface Plasmons (SPs) is one of them, where free electrons in metals oscillate
collectively at the metal-dielectric interface under certain conditions. Excitation
of these surface plasmons is usually described a technique, so called Surface Plas-
mon Resonance (SPR). When an electromagnetic radiation is incident on noble
metal nanoparticles, a sea of conduction electrons above metal surface starts os-
cillating coherently relative to a lattice of positive ion cores, leading to displace
the electronic cloud from the nuclei. consequently, there is a surface charge distri-
bution. Due to charge separation between displaced electronic cloud and positive
background, a restoring force is induced. These forces give rise to periodic col-
lective oscillation associated to different surface charge distributions, known as
Surface Plasmon Resonance (SPR). Surface Plasmon Resonance is categorized
into two main classes: Surface Plasmon Polariton (SPP) and Localized Surface
Plasmon resonance (LSPR) [1, 23].

Surface Plasmon Polaritons (SPPs) are the non-stationary excitations propa-
gating along metal-dielectric interface and decay exponentially upto 200 nm in a
direction perpendicular to the propagation. These modes arise due to coupling
of light with plasmons under certain conditions. SPP cannot be excited directly
by illumination of light as there is a momentum mismatch between wavevector of
SPP and dispersion relation of light in free space as shown in figure 1.2. To over-
come this problem, techniques like prism coupling (kretschmann configuration)
and grating coupling (Periodic structures) are used to provide additional wavevec-
tor to conserve momentum and excite SPP. On the other hand, Localized Surface
Plasmons (LSPs) are the stationary excitations of free conduction electrons cou-
pled to electromagnetic field. Localized Surface Plasmon Resonance (LSPR) can
be excited directly by incident electromagnetic radiation on nanoparticles as a re-
sult of scattering and absorption through the surface of the sub-wavelength sized
conductive particles shown by figure 1.2. Such kind of Resonance is strongly
dependent on geometrical parameters, composition as well as surrounding envi-

ronment of the particle [24, 25].
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Figure 1.2: A comparison of Surface Plasmon Polariton and Localized Surface

Plasmon Resonance [25].

1.3.1 Maxwell’s Equations

To investigate the optical properties of metals, we usually take advantage of

Maxwell’s equations which are the basic pillars of classical electrodynamics given

as

H=Jew+—
V x t+8t

(1.1)
(1.2)

(1.3)

(1.4)

These equations describe macroscopic fields and how they are linked with each

other. In equations (1.1-1.4), external charge density pe,; and current density



Jezt are Electric and magnetic field sources, respectively. D and E are electric
field displacement and electric field intensity, whereas H and B are magnetic field
intensity and magnetic induction. From Maxwell’s equation, electric displacement
D and Magnetic induction B in a material with material constants €, | are

associated with the electric field intensityE and magnetic field intensityﬁ as
D=¢E=¢FE+P (1.5)

B = pH = po(H + M) (1.6)

where, P is electric polarization vector, M is magnetic polarization vector and

€0, fo are permittivity and permeability of free space.

1.3.2 Dielectric Function of free electrons gas and Inter-

band transitions

Drude model is widely used to understand the response of a metal to any external
electromagnetic field by describing the behavior of its conduction electrons. Paul
Drude presented this model in 1900, which assume that the conduction electrons
are free and can move similar to an electron gas. These free electrons collide with
each other and the ions with a collision frequency v = 1/7, where 7 is known as
relaxation time. In a consequence to these collision, these electrons can also come
out of the metallic surface and form a sea of electrons above the surface moving
with a specific frequency, known as Plasma frequency (w,). By adopting the so
called Drude-Sommerfeld model, one can write the equation of motion for a free
conduction electron as 92p 9

Mman + mY 5y = —eE(t) (1.7)
where m, e are mass and charge of an electron, E(t) is time dependent incident
electromagnetic field. By doing simple Fourier transformation in time domain,

one can reach the solution to r in frequency space as

Fw) = e’/m

w4 yw

E(w) (1.8)



with ¢ being the sign of imaginary unit. Now, we can define electric polarization
vector, dipole moment per unit volume, by P = -ner(w), where n is the density

of electrons.

Now, by inserting the above mentioned value of P in equation(1.5) and com-
bining with (1.8), it is quite easy to reach the dielectric function of the free

electrons given by
w2
(w) =1 —5—"— (1.9)
w? + ryw
where w, = ﬂ/g)%i is the plasma frequency. This complex dielectric function is

divided into real and imaginary parts as €(w) = eg(w) + ie;(w) given by

L

w27_2
= P 1.10b
r(w) w(l + w?r?) ( )

We can further study dispersion relation for the dielectric function of free elec-
tron gas in different frequency regimes. In the regime w < w,, when the frequency
reaches near plasma frequency, there is negligible damping as the product, wr, be-
comes too smaller than the order of magnitude(wr << 1). As a result, dielectric
function can be rewritten as

fw)y=1--2 (1.11)

In the regime w > w,, combining the equation (1.11) and general dispersion
relation for transverse relation, K? = ¢(w)(w/c)?, one can reach the dispersion
relation given by

w® =w) + (Ke)? (1.12)

and plotted in figure(1.3). We can see when the frequency of incidnet EM wave is
less than plasma frequency, the propagation is forbidden. In contrast, for w > w,
the wave is supported by plasma and propagates in the medium with a group
velocity v, = dw/dK.

The above mentioned Drude model works well to describe the optical proper-

ties of metals for the frequency range upto near IR. As we move toward higher

7
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Figure 1.3: Dispersion relation for the free electron gas [1].

frequencies (i.e A < 550nm), this model looses its validity. At higher frequencies,
one need to take interband transitions into account, as there must be the prob-
ability of transition of electrons from the lower bands to conduction band. This
phenomenon results in amendment of equation of motion (1.7) by addition of an

extra force term given by

O*r N or
Mo T

and as a consequence, interband transition dielectric function takes the following

+ Br = —eE(t) (1.13)

new Lorentz-like form

Q2
p
w? —wd) +lTw

EIB(O.)) =1- ( (114)

n'e® with n*, m* are the density and effective mass of the bound

where 2, = .
eom

electrons, wy = y/f3/m* is resonance frequency of bound electrons and I' is the

damping parameter for bound electrons.



1.3.3 Theory of surface plasmon polaritons

To investigate the physical properties of the propagating SPPs, one need to take
into account the solutions to the Maxwell’s equations with the relevent boundary

conditions at interfaces. Starting from the general wave equation given by
VZE-——— =0 (1.15)

these propagating waves trapped at the metal/dielectric interface can be de-
scribed in two steps. First, assuming the time dependent harmonic field E(r, t) =

E(r) exp~™®! and inserting into equation (1.15) yields
VZE + kgeE = 0 (1.16)

the so called Helmholtz equation, where k2 = (w/c)? is the wavevector of the

propagating wave. In the next step, we define the propagation geometry shown

by figure (1.4).
Z
| X N Dieél\;ectric
‘\V (direction of propagation) &
y

Metal

Figure 1.4: A schematic of propagation geometry and geometry of flat metal-
dielctric interface for SPP propagation (xz view) [1].

Now, assuming the light source to be monochromatic with propagation direc-
tion x-axis in Cartesian coordinates, the propagating waves at the interface can
be described by E(z,y, z) = E(2)exp®®, with 8 = k, a propagation constant.
Inserting this information into equation (1.16) takes form into

0?E(z)
022

+ (ke — BHE =0 (1.17)

with a similar equation holds for magnetic field H. For each component of field
E and H, explicits expression can be found by taking advantage from both curl
equation (1.3-1.4) and harmonic time dependence of fields (0/0t = —iw). Also
along the propagation direction x (0/0zx = i) and for y-axis (0/0y = 0) due to
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no spatial movement in this direction, the following system of simplified equations

can be found as

oE .
a_zy = —wpuoH, (118&)
oE, :

5, iBE, = wpoH, (1.18b)
iBE, = wuoH, (1.18¢)
O0H,

—azy = WeEOEz (119&)
OH, . :
— ifH, = —iwepel), (1.19b)
0z
iBH, = —iwepel, (1.19¢)

This set of equation can be further solved for two different polarization states
TM (P) and TE (S), separately. For transverse magnetic (TM) case, only the

field components E,, £, and H, are nonzero and the set of equations (1.18-1.19)

reduces to oK
1
E,=—i Y 1.2
Zweoe 0z (1.20a)
E, =—- b H (1.20b)
wepe !

with the corresponding wave equation (Magnetic analogous to equation (1.17))

0*H,
022

+ (kje — B)H, = 0 (1.20c)

Whereas, for transverse electric (TE) case, only the field components H,, H,

and E, are nonzero and the set of equations (1.18-1.19) reduces to

1 0E,

H, = i—2 1.21
Zwuo 0z (1.21a)
H, = ﬂEy (1.21b)
WHo

with the corresponding wave equation (equation (1.17))

0*E,
022

+ (kie — BHE, =0 (1.21c)
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Figure (1.4) shows a simple geometry for SPP propagation with a single in-
terface between metal with dielectric function €;(w) (z < 0) and dielectric with
a positive constant €5 (z > 0). Finally, we are in a condition to just apply the

boundary conditions to fully describe SPPs for both states.

Let’s first look up at the TM mode by Solving the system of equation (1.20) on
the both sides of interface. Continuity of the field components (H,) and (¢ E,)
at the boundary (z=0) require A; = Ay with

kﬁz €9
— S 1.22
> 4 (1.22)

and solving wave equation (1.20c) for H,, yields the propagation constants
k3 =52 — ke (1.23a)

k2 =82 — K2ey (1.23b)

Combining equations (1.22) and (1.23) finally results in the dispersion relation of
SPP as

ﬁ _ k‘o €1.€2
ate (1.24)
W €Em-€d
ksz?p =

c\ €n+ €

where €, and ¢4 are the dielectric constants of metal and dielectric. ¢, could be
real as well as complex and above mentioned dispersion relation holds for both
cases. This constant is an important parameter to describe this phenomenon and

connected with the refractive indices (n’s) of the materials via relation n = \/e.

Now, for TE surface modes, set of equations (1.21) solved for both sides across
the interface. Continuity of field components E, and H, at the boundary leads
to the condition

Al(l{il —f- ]{?2) - 0

(1.25)
A1 - A2

For the confinement to surface, it requires Re[ki] > 0, Re[ks] > 0 which can be

only fulfilled when A; = As = 0. As a consequence there are no SPP excitations
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for this mode of polarization and we can say SPP exist just for TM mode of

polarization.

To know more about SPP properties, we can continue the discussion from
equation (1.24). By inserting dielectric function of free electrons equation (1.9)

in (1.24) yields the characteristic surface plasmon frequency given by

Wp
=/ 1.26
O)p 1+6m ( )

At this frequency, propagation constant [ — oo resulting in the group velocity

v, — 0 and Rele,,] = - €4 (€4 > 0). The dispersion curve in figure (1.5) describes

the relationship between different frequency regimes.

@

@ =ck,
photon

T_ oty okl
@n =y, H O, in air

plasmon
polariton

volume plasmon

surface plasmons

surface plasmon polariton
I
. | €, , T E
o= [

Lek,
\ e.e

Figure 1.5: Dispersion curve of SPP on single metal-dielectric interface [26].

In the regime w < w,, €, is real but negative and the dispersion curve for
SPPs lies right to the light line. This suggest that for the same frequency w, the
wavevector of the SPP propagating along the surface is greater than the wavevec-
tor of light in air. With an increase in the frequency, SPP’s dispersion curve shows
a deviation from the light line and reaches an asymptotic frequency line, so called
Surface plasmon frequency, wg,. For w > w,, €, is real and positive. The wave
propagates in the medium without any decay due to its positive wavenumber as

given by Drude’s Model.
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1.3.4 Excitation of surface plasmon polaritons

Surface plasmon polariton can not be excited directly upon illumination of electro-
magnetic radiation due to large mismatch between their wavevector and photon’s
wavevector. To cope with this fact, many configurations have been developed to
excite SPP e.g. prism coupling, grating coupling, usage of highly focused optical
beams etc. Here, only a short description of grating coupling is given in an ap-
proach to this project.

In this technique, a periodic array of holes is patterned on the metallic surface
with a lattice constant p to provides an additional momentum to overcome the
mismatch in the wavevector between k) and 3. For a simple one dimensional grat-
ing of grooves as shown in figure 1.6, phase can match only under the following

condition

with g = 2&

is the grating’s reciprocal vector and v = {1,2,3,....} is the
grating order. These SPP excitations usually appear as dips (minima) in the

reflection spectrum of the light.

L7
6
k
kg
EEEE .

Figure 1.6: A schematic diagram of phase matching of light to SPPs using grating
coupling technique [1].
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1.4 Metamaterials

Metamaterial is a class of novel artificial materials having extraordinary char-
acteristics lacking in naturally existing materials. This emerging field of meta-
material opened many doors for the researcher to focus on the electromagnetic
properties of a vast variety of novel materials by tailoring their effective elec-
tromagnetic response. A metamaterial is usually composed of well organized
periodic array of structures with a size much smaller as compared to their exci-
tation or working wavelength. Electromagnetic properties of these materials are
mainly described by permittivity and permeability, which can be tuned with a
great precision in different ways to control the impinging electromagnetic waves
(27, 28, 29]. Electromagnetic Cloaking, Imaging technologies, Energy harvesting
, perfect absorbers are among some of the applications where this precise control
of EM waves is demonstrated successfully. There are different kinds of meta-
materials, among which Left handed materials with a negative refractive index
have caught a special attention of the researchers for its remarkable novel class
of applications e.g. invisibility cloaking, flat lens etc. High impedance surface is
also a type of metamaterial, with thin metal-dielectric sheets exhibiting unique
desirable properties by controlling their geometrical parameters [30]. An impor-
tant phenomenon, Perfect Absorption, occurs when effective surface impedance
(Zefr = \/E ) of such a surface gets similar to the free space impedance (Z.yy

= 1) at some certain frequency. These metamaterials are termed as Perfect Ab-

sorbers and are well studied over a range of electromagnetic spectrum from radio

to optical frequencies [31].
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1.5 Plasmonic Metamaterial Perfect Absorbers

Metamaterial electromagnetic absorbers have been frequently investigated aiming
to achieve maximum absorbance, tunability of absorbance wavelength and oper-
ational modes by controlling geometrical parameters of the device and finding
new ways for simpler fabrication. In such absorbers, reflection and transmitted
powers are minimized to get high absorbance and have many applications like
photo-detectors, photovoltaics, wireless communication and sensors. Extraordi-
nary absorption properties of such a plasmonic absorber comes from intrinsic
losses induced by excitation of plasmonic resonances in these special materials.
These excitation originates from the collective oscillations of electrons by inter-
action of incident electromagnetic light with well organized nanostructures or
metallic nanoparticles. By Properly designing and carefully controlling various
geometrical parameters, these looses can be enhanced to achieve maximum ab-
sorbance via these excitations. Also excitations of different resonance modes con-
sequently produce critical losses in such nanostructures, thus allowing to reach

the perfect absorption.

Up to date, plenty of PMA have been reported theoretically as well as experi-
mentally with its potential applications in the electromagnetic regime, spanning
Radio frequency, Microwaves, Infrared and visible [22, 32, 33, 34, 35, 36, 37, 38].
Especially, in visible and infrared regime, these absorbers have a wide range of
promising applications, which includes EM cloaking [39], optical switches [40],
Thermal TR sensors [41], refractive index sensors [32], gas sensing [42], surface-
enhanced spectroscopy etc [17, 18]. Furthermore, these metamaterial absorbers
are categorized on the basis of absorption bandwidth into broadband and narrow-

multiband absorbers.
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1.5.1 Broadband PA

In literature, broadband perfect absorber are studied more extensively due to
its large absorption bandwidth which makes them superior to utilize for en-
ergy harvesting, thermal emitters, thermophotovoltaics and security applications
[43, 44, 45]. These PA actaully takes adavantage from high optical losses of the
material used and excitation of several closely spaced plasmonic resonances to
produce a large absorption bandwidth, and are studied over a range of EM spec-
trum [37, 38, 46]. For example in 2016, Fei Ding et al. [34] proposed a MIM
based PA in the near-infrared region, where a thin sheet of SiO, is placed be-
tween a thick bottom gold layer and top periodic layer of nanodisks made up of
Ti. High optical looses of Ti lead to absorption efficiency exceeding 90% over a

broad spectral range from 900-1825 nm as shown in Fig. 1.7.

1 H
09t |
08} |
07t
06}
051"
0.4}
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02}
0.1}

Absorption

0 L 1 ! L L !
800 1000 1200 1400 1600 1800 2000 2200
Wavelength (nm)

Figure 1.7: Broadband PA: Absorption spectra and design of a broadband PA in
near-infrared region [34].

Similarly, in the visible to near-infrared region Lei et al. [47] proposed an
absorber composed of a periodic array of titanium-silica (Ti-SiO) cubes sitting
on a thick bottom film of aluminum. Their proposed PA came up with an average
absorption efficiency around 97% spanning a large bandwidth from 354 nm to
1066 nm shown by Fig. 2.8.
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Figure 1.8: Ultra broadband PA: Absorption spectra of a broadband PA in visible
to near-infrared region yieliding an average absorption efficiency of 97% with a
high bandwidth of around 712 nm [47].

1.5.2 Narrowband PA

In contrast to broadband absorbers, for spectroscopic [48, 49] and sensing ap-
plications [50, 51], narrowband PA are preferred. Recently, scientists have also
shown their interest in designing narrowband PA and plenty of efforts have been
made so far to design ultra narrow-band plasmonic nanostructures to improve
the quality-factor of resonance peaks despite many difficulties due to ohmic and
radiative losses in the material [32, 51, 52, 53, 54]. Few years back in 2014,
Meng et al. numerically demonstrated a narrowband absorber with absorptiv-
ity touching 98% mark, with a bandwidth of just 0.4 nm (Fig. 1.9 (a)) [55].
In the same year, Li et al. proposed an all-metal nanostructure based narrow-
band absorber, by experimentally achieving nearly 90% absorptivity with peak
width of 20 nm (Fig. 1.9 (b)). Both these absorbers are based on a periodic
layer of patterned nanostructures sitting on a thick metallic sheet and Lattice
resonance in these all-metal nanostructures based absorbers is responsible for the
ultra-narrow bandwidth and is somehow not easy to satisfy due to limitations
in designing the structure [56]. But, the most typically PAs are composed of a
multilayer metal-insulator-metal platform, where middle dielectric layer plays a

crucial role to achieve perfect absorption, and are discussed in detail below.
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Figure 1.9: Absorption spectra of the narrowband absorbers based proposed by
Meng et al. (a) and Li et al. (b).

1.5.3 Metal-Insulator-Metal Plasmonic PA

Recently, a particular interest have been developed in Metal-Insulator-
Metal(MIM) based plasmonic metamaterials, and are investigated intensively due
to near unity absorption and ultra-narrow bandwidth. Typically, these absorbers
consist of a thin dielectric spacer sandwiched between a bottom metallic plate and
a continuous [33] or patterned periodic metal absorber layer on the top [38, 52]
as shown in Fig. 1.10. There is a possibility to choose the lattice structure such
as square, triangle, hexagonal and honeycomb. Whereas, the top nanosized pat-
terned metallic structures could be designed in different shapes such as square,
rectangles, circles, bow-ties, cross-shaped, to name but a few. The shape of these
patterns play an important role to define single or multiband resonance modes.
Thickness of the bottom metal plate, placed a subwavelength gap from the well
patterned top periodic metal layer, is set to be electromagnetically thick to min-
imize the transmitted power meanwhile sustaining the plasmonic resonance in
the device. By illuminating such an absorber with electromagnetic radiation, ab-
sorption of incident light take place due to minimization of reflection around the

resonant, frequencies. Together with the thick ground metallic plate to minimize
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transmission and excitation of plasmonic resonances with the help of critical cou-
pling and impedance matching phenomenons under certain conditions, lead to

zero reflection ensuring perfect absorption.

Top metal nanounits
/ (Periodic)

Insulator

Top metal layer
(Continuous)

~

Metal
Insulator

Metal

(a) (b)

Figure 1.10: A schematic view of MIM based plasmonic absorber with a contin-
uous (a) and periodic patterned nanostructured (b) top metal layer.

In such kind of absorbers, the bottom and top layers are usually based on
metals such as silver(Ag) [57], gold(Au) [48], aluminum(Al) [58]. Meanwhile,
Graphene, highly doped silicon(Si), tungsten(W) and molybdenum(Mo) are also
the candidates for above mentioned layers [59, 60, 61, 62]. The middle dielectric
spacer could be either nitride or oxide e.g. silicon nitride(SiN) [58] , aluminum
nitride(AIN) [62], silicon dioxide(SiO3) [47], aluminum dioxide(AlyO3) [63]. Also,
Magnesium fluoride(MgF5) and calcium fluoride(CaF3) can be used as dielectric

spacer [48].

These narrowband PAs usually show up a single absorption peak upon excita-
tion of a plasmonic resonance. For example, Liu et al. proposed a narrowband PA
based on MIM configuration, where an Al,O3 spacer layer is placed between a bot-
tom gold film and top periodic layer of cross-bar shaped nanoantennas, resulting
in a single absorption peak as shown in Fig. 1.11(a) [63]. A similar kind of struc-
ture was proposed by Kai chen et al., where a sheet of MgF, is inserted between a
bottom gold plate and top layer of periodic cross-bar resonators. By simply play-
ing with the symmetry of top cross bars, multi-resonant behaviour was appeared

in the reflection/absorption spectra of the device as shown in Fig. 1.11(b) [48].
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Such kind of Multi-resonant PAs are very demanding especially in the Infrared
region, where it can simultaneously detect and identify different biomolecules

employing Surface enhanced infrared absorption (SEIRA) spectroscopy.
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Figure 1.11: Absorption / Reflection spectra of uni-resonant (a) and multi-
resonant (b) Metal-Insulator-Metal (periodic cross-bars) configuration based nar-
rowband perfect absorbers [63, 48].

1.5.4 Physics behind Perfect absorption of MIM plas-

monic MM absorber

Metamaterial perfect absorbers are of much importance in many fields of science
and technology such as microbolometers, thermal imaging, sensitive detectors,
photovoltaics solar cells, to name a few. The physics behind perfect absorption
can be explained in term of system’s impedance matching with the input (air
/ vacuum) impedance and critical coupling phenomenons [48, 64] in addition
to the excitation of plasmonic resonances. Here, we have discussed the perfect
absorption phenomenon in only MIM platform based absorbers. Let’s assume
that the incident energy can be just reflected, absorbed or transmitted from/ by
the metasurface such that the sum of all these is unity ( R + T 4+ A = 1).
So, for such a system to achieve near unity absorption, the idea is to minimize
the transmission and reflection of the system. To minimize the transmission of
device is quite easy for which the bottom metallic plate in made enough thick
(more than the skin depth of the metal) that it does not let any incident light

to pass through it and plays a critical role to minimize the transmission (T =
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0). Then absorption of the system can be found from the reflection by (A = 1
- R). To minimize the reflection, the system is designed in such a way that upon
incidence to EM radiations, plasmonic resonances are excited in the system at
certain frequencies that leads to impedance matching and critical coupling when
certain conditions are satisfied. So, all the incident energy is absorbed by the
system and dissipated in the structure due to ohmic or dielectric losses of the

system.

1.5.5 Sensing with MIM plasmonic absorbers

Plasmonic nanoparticles based multilayered MIM system has a great potential
to serve as a sensing device due to its subwavelength scale spatial dimensions
and sensitivity to any change in the surrounding environment. These character-
istics make such a device to show up some promising applications in the fields
of biomedical and material sciences. Plasmonic resonance based MIM metama-
terial absorber are of particular interest for biosensing purposes due to favorable
confinement of light in the visible/IR region of electromagnetic spectrum. Just
like typical refractive index sensor, a resonance shift is monitored to sense any
biomolecule placed on such a system. These absorbers actually take advantage
from the excitation of plasmonic resonances. At these resonance wavelengths, the
near fields strongly enhance around the metallic nanostructures and, thus boost-
ing the interaction between incident electromagnetic radiation and the structures.
These interactions are very sensitive to the surrounding environment, and any
change in the ambiance cause a shift in the resonance peak which can be moni-
tored to sense biochemicals etc. There are some certain parameters that quantifies
the performance of such a sensor, which depends on several geometrical parame-

ters and material properties.

Sensitivity and Figure of Merit(FOM) are two commonly used parameters
to quantify plasmonic sensor’s performance. As the resonance conditions for a
plasmonic sensor strongly depends upon its surrounding’s dielectric permittivity,

a shift appears in the resonance wavelength as consequence of any environmental
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change. Sensitivity(S) is defined as change in the resonance wavelength ()
per unit change in refractive index (n) of the surrounding medium and is given

as A
S = e 1.2
A (1.28)

Sensitivity is a key parameter of such a sensor and plays a vital role in sensing

measurements. However, sensitivity does not provide any information about the
shape and sharpness of the resonance peaks. So, figure of merit (FOM) is the
other useful parameter to analyze the sensor’s performance which is defined as

S

FOM = +vam

(1.29)

where FWHM defines the full width at half maximum of the resonance peak.
Also, there is another dimensionless parameter that is compared with the band-
width of plasmonic resonance peak, called Quality factor(Qy). It is defined as
a ratio of resonance wavelength and FWHM of the resonance peak and strongly

depends on the damping constant () of the corresponding metal, given as

A7’68

Q= Fwmor

(1.30)
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Chapter 2
Design and Simulations

In this work, a narrow band Metal-Insulator-Metal plasmonic absorber is pro-
posed with top metal layer as a patterned 2-D metallic circular nanodisks pe-
riodically spanned in the lateral directions as shown in Fig. 2.1. For the top
and bottom metallic layers gold is used, whereas MgFs is considered for middle
insulating layer. The whole MIM system sits on a transparent glass substrate. To
calculate the far-field and other numerical analysis, proposed system is simulated
by Finite difference time domain (FDTD) method using a commercial software

Lumerical Inc.

X

1

Figure 2.1: A schematic of the proposed MIM metamaterial absorber.
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2.1 Finite difference time domain Solver

FDTD is a state of art method to solve Maxwell’s equation in time and space for
complex geometries. FDTD solver also provides frequency solutions to calculate
a range of useful quantities such as transmission /reflection of light and Poynting
vector by exploiting Fourier transforms. In contrast to finite element solvers which
requires separate simulation for each frequency, it offers the user a broadband
simulations over a frequency range in a single run . This solver is reliable and well
suited to analyze the interaction of electromagnetic radiation with complicated

structures at subwavelength scale.

2.1.1 Background Physics

FDTD solver solves any electromagnetic or photonic problem by solving

Maxwell’s curl equation given by

OH 1 .
- D 2.1
T MOV X (2.1)
oD .
i H 2.2
5~ VX (22)
D(w) = eoey(w)E (2.3)

where D, E and H are electric displacement, electric and magnetic fields, re-
spectively. ¢ is free space permittivity and €,(w) is complex relative dielectric
constant given as €,(w) = n?, where n is refractive index of the material under

consideration.

Maxwell’s equations have total six field components given by E,, E,, E., H,,

H, and H., in 3 dimensions. If an assumption is made that the structure is infinite
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in z-axis and the fields are independent of z, such that

OE OH

27 T 2.4

0z 0z 0 (2:4)
ET(.I',y,Z,CL)> = 67«(1',:[/,0.}) (25)

then the Maxwell’s equation get separated into two different sets of equations
termed as transverse electric(TE) and transverse magnetic(TM). Both TE and
TM are then solved in only x-y plane for the vector components

TE: E,, E,, H,

T™: H,, H,, E,

These equations are solved by FDTD solver on a discrete temporal and spatial
grid and each component of electric and magnetic fields is solved on different
location within a grid cell, so called Yee cell, shown by Fig. 2.2. After collecting
the data calculated at various points inside a grid cell, it is interpolated at the

origin of each grid point by default.

Figure 2.2: A Yee cell, showing how field components are solved at various points
inside a grid cell [65].
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2.2 Simulation Domain and Objects

To simulate a proposed structure, simulation domain defines many important
simulation parameters such as simulation volume/area, Meshing, boundary con-
ditions and simulation time. Also, there is range of simulation objects to solve
a problem. Finite difference time domain (FDTD) is set to be the simulation

domain, in which these simulations are carried out.

2.2.1 General and geometry settings

The general tab in the simulation region includes the information about the di-
mensions of simulation (2D/3D), maximum time allowed for simulation (simu-
lation time), simulation temperature and background refractive index in which
simulation is running. Whereas, geometrical parameters of the simulation region

are defined by filling the information in the geometry tab.

2.2.2 Geometric and material parameters

After defining a simulation region, desired structure is inserted using structure tab
available in the top main layout window. Then the dimensions of the structure
can be set and material is chosen. Material is basically selected on the bases of
its refractive index. There are two ways to choose a material; first is selecting
the material from built-in available material and the second one is user defined
by inserting the material’s refractive index. In this work, gold, glass and silver
are taken from built-in Palik data [66] while MgF5 is defined by inserting its
refractive index (n=1.377).
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2.2.3 Mesh setting

FDTD solver solves Maxwell’s equations using a Cartesian mesh and calculate
fundamental simulation quantities e.g. electromagnetic field, material and geo-
metrical properties at each mesh point. There are three types of meshes; auto
non-uniform, custom non-uniform and uniform. Auto non-uniform is the default
one which is controlled by Mesh accuracy parameter with a slid bar ranging from
1-8, with greater the number greater the accuracy of the simulation. For sub-cell
scale accuracy, Mesh refinement parameter is used. Other settings include DT
stability factor which defines the time step used for the simulation and minimum
mesh step which gives the absolute minimum value for each interval for the whole
region to be solved. For more accuracy, mesh override is also an option which

can be used .

2.2.4 Boundary Condtions

Boundary conditions are one of the most important parameters to simulate the
desired structure. There are six types of boundary conditions featured in this
FDTD solver, and an appropriate boundary condition(BC) is required to impose
to get the expected results. Below, these different types of BC’s are discussed in
detail.

Periodic boundary condition (PBC): Periodic boundary condition is used
when both the structure and electromagnetic fields are periodic. This condition
can be used in one, two or all three dimensions depending on the structure’s pe-
riodicity. Periodic BC connects two ends of simulation domain and are applied
to both negative and positive sides of any axis.

Perfectly matched layer (PML): Perfectly matched layer is a reflectionless
boundary condition and has the ability to absorb the incident electromagnetic
radiations. Infact, PML came from a basic concept of electromagnetism that,
no reflection of waves takes place from the matched region in contrast to the
unmatched region which reflect the waves back. For this boundary condition,

usually default parameters are used except tuning the number of layers (typically
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8 to 12), to prevent the incoming light to reflect back from the simulation domain.
Metal or perfect electric conductor (PEC): This boundary is applied to
the surfaces which behave as a perfect electric conductor. Both, electric field
component parallel to the metal boundary and the magnetic field component
perpendicular to the metal boundary are zero. This makes it a perfectly reflect-
ing boundary conditon and does not allow any power to escape the simulation
region along that specific boundary.

Perfect magnetic conductor (PMC): PMC is magnetic equivalent of the
metal PEC boundary condition. Here, magnetic field component parallel to
the PMC boundary and the electric field component perpendicular to the PMC
boundary are zero, yielding the condition for perfect reflection. But, it should
be noted that PMC boundary condition is not experimentally realizable, whereas
PEC can do the job.

Bloch boundary condition (BBC): This boundary condition is an extension
to the periodic boundary condtion. BBC is used when both the structure and
electromagnetic fields are periodic but there is a phase shift exists between each
period. This condition is usually imposed when the periodic structure is excited
obliquely.

Symmetric/Anti-Symmetric boundary condition: This boundary condi-
tion is used when the problem exhibits planes of symmetry, with both source and
structure symmetric. Symmetric boundaries behave like a mirror for the electric
field and anti-mirror for the magnetic field. Meanwhile, the reverse is true in case
of anti-symmetric boundaries i.e. mirror for the magnetic field and anti-mirror

for the electric field.

2.2.5 Sources

FDTD solver has a range of sources to excite the desired structure. These sources
includes, point dipole source, Gaussian source, plane waves, total field scattered

field (TFSF) source, mode source and customized import source.
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2.2.6 Monitors

To record the calculated data, monitors are required to be placed at an appro-
priate position in the simulation region. There is a variety of these monitors in
Luemrical’s FDTD solver e.g. Index monitors, Movie monitors, frequency-domain
field profile monitors, Frequency-domain power monitors, and Mode expansion

monitors.

2.3 Simulating the proposed structure

In this thesis, simulation domain consists of a single unit cell of our periodic
MIM structure, shown by Fig. 2.3. The rectangular unit cell has six faces and
each face require an appropriate boundary condition. Here, we used two types
of boundary conditions, periodic and PML as depicted in Fig. 2.3. Periodic
boundary conditons are used on the surfaces of unit cell perpendicular to x and
y axis as the proposed structure is periodic upto infinite extent in both x and y
directions, whereas along z-axis PML are used. Whereas, to excite the proposed
MIM structure an x-polarized plane waves source is injected along z-axis from
top towards the structure. As the proposed absorber is designed to work in the
visible-near-infrared region, the wavelength of the source is set to span from 400-
1000 nm.

Frequency-domain power monitors are used to compute the reflection coeffi-
cient(R) and transmission coefficient(T) as electromagnetic radiation from the
source get interacted with the designed structure. Then, the absorption of the
system can be calculated easily using the formula A=1-T-R. If we consider the
fact that, as the bottom layer is made optically thick resulting in almost zero
transmission (T=0). Then, even there is no need of transmission monitor and
absorption can be calculated by A=1-R by placing only reflection monitor above

the source inside simulation region.

29



PML _~ domain

Reflection <=
monitor

Source
(plane wave)

Transmission
monitor

""""""

Figure 2.3: A Schematics of simulation domain employed to simulate the proposed
MIM absorber with appropriate boundary conditions and simulation objects.

After defining the simulation domain with structure’s geometry, sources and
monitors, simulations are run simultaneous to get the proposed narrow band
metamaterial absorber. Fig. 2.4 shows a unit cell of proposed MIM absorber
which repeat itself with a period P in both x and y directions. It is based on an
optically thick bottom gold layer of thickness tp acting as a mirror to prevent
any transmission in the system, middle dielectric (MgF5) spacer of thickness

(ts) and top gold disks of thickness (t7) with corresponding diameter (D).
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Figure 2.4: A schematic of unit cell of the proposed MIM absorber structure based
on a bottom gold layer with thickness(tg), ts thick middle dielectric spacer, and
top gold disk of diameter(D) with thickness(t7).

Initially, structure with optimal parameters giving the maximum performance
is demonstrated. Fig. 2.5 shows the reflection/ absorption spectra of the pro-
posed MIM absorber with top periodic array of gold nanodisks with optimized
geometrical features tg = 100 nm, tg = 40 nm, t; = 40 nm, D = 180 nm
and periodicity P, = P, = P = 600 nm. Using Lumerical FDTD solver, reflec-
tion coefficient is computed by exciting the structure with a TM polarized plane
wave source and then the absorption is calculated from the formula A=1-R as
shown in Fig. 2.5. In the Reflection spectra, two dips with reflection reaching to
zero appeared around 653nm (visible region) and 865nm (Near IR region) leading

to two peaks with near unity absorption in the absorption spectra.
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Figure 2.5: Simulated Reflection and Absorption spectrum of the system under
study for optimized structural parameters, yielding a dual band spectra achieving
near unity absorption with FWHM of 15nm and 80nm, respectively.

2.3.1 Physical origin of Reflection dips

The two dips appearing in the reflection spectra of the designed PA structure
comes from the combination of LSP and SPP resonances as shown in Fig.2.6. The
first resonant peak is sharper with a Full width at half maximum (FWHM) around
15nm, whereas second resonance peak has wider bandwidth with FWHM ~ 80
nm. The first resonance around 653 nm corresponds to the (m,n) = (1,0) SPP
mode at the spacer / gold film interface , where (m,n) is the grating orders of the
reciprocal lattice vector G = (27 / P) v/m? 4 n?2 provided by the lattice with pitch
constant P. Excitation wavelength of such a resonance depends strongly on the
pitch constant of top periodic layer of gold nanoantennas, refractive indices of the
corresponding metal (gold here) and surrounding material. Meanwhile, the peak
appearing in the NIR region corresponds to the LSP resonance within top gold
nanodisks particles and the corresponding resonant frequency is determined by
the geometry (size, shape) of top resonating nanounit as well as the surrounding

material’s dielectric constant.
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Figure 2.6: Simulation reflection spectra of the PA where the physical origin of
reflection dips are shown to be the excitation of SPP and LSPR resonances at
certain wavelengths.

2.3.2 Structural Parametric Effect

In order to better understand and investigate the effect of structural parame-
ters (e.g. periodicity, dielectric spacer thickness, top nanodisks thickness and
diameter) on the absorption and resonant characteristics of the proposed MIM
absorber, many FDTD simulations are performed. Now, the effect of sweeping

these parameters is discussed one by one as following.

2.3.2.1 The impact of periodicity

Periodicity is among the main and most significant factors, which plays a critical
role to determine the position of resonance peaks. Many simulation are run with
slight changes around our optimal periodicity P=600 nm. During simulations,
other geometrical parameters t3=100 nm, ts=40 nm, t;=40 nm and D=180
nm are fixed. Fig. 2.7 shows the impact of periodicity on the system’s resonance
peaks and absorption characteristics. As the periodicity swiped from 500 to 700

with an increment of 50nm, huge red shift in the first resonant peak is observed
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with a slight change in the peak amplitudes as well as the respective bandwidths.
In Fig. 2.7(a), yellow diamonds shows that the first resonance wavelength linearly
follows the periodicity . Whereas, the other broadband peak at longer wavelength
is not much affected by this factor as there is just a slight shift in the resonance
wavelength. In consequence to a huge red shift in the peak appearing at shorter
wavelength, as the period swept from 500 to 700nm inter-peak distance decreases
upto 20%. Fig. 2.7(b) plotted the absorption resonance peak amplitude as a
function of the lattice constant (P) of the nanodisks based MIM absorber. Even
for small values of lattice constant (P), amplitude of resonance peaks touches
almost 90% and reaches upto unity absorption in the region P= 600-700 nm. Both
the peaks have slightly different amplitudes for some values of period, however
a remarkable difference in the bandwidths of two resonant peaks can be seen.
Discrete sharp bands for the first resonance are observed, while wider bands for
the second mode which are overlapping with the bands for different values of P
appears as depicted in Fig. 2.7(a). At-last, we can say that periodicity defines
the position and bandwidth of the first narrow-band resonance peak as it appears
from the excitation of propagating plasmon resonance at the bottom gold film
/ dielectric spacer interface and the resonant wavelength of such a resonance
is proportional to the lattice constant of the system under study. However, no
significant changes can be seen in the absorption characteristics of the relatively

broadband peak showing up at lower frequency.
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Figure 2.7: (a) Absorption (color scale) and resonant wavelength (first peak

yellow diamond, second peak: red square) of the system under study, (b)
absorption efficiency at resonance wavelengths; as a function of the array pitch
constant P.

2.3.2.2 The impact of dielectric spacer thickness

Middle insulator(MgF5) sheet also plays a key role to absorb the impinging elec-
tromagnetic radiations and there is a need to exactly tune the thickness of this
middle spacer layer to achieve an ideal absorber with narrow-band and highly
absorptive features. To observe the role of the dielectric spacer thickness, sim-
ulation are performed by sweeping the t,; from 20 - 70 nm with a step of 10
nm. During the simulations, other geometrical parameters t3=100 nm, t=40
nm, D=180 nm and P=600 nm are kept fixed. In Fig. 2.8(a), absorption
and resonant wavelength is plotted as a function of dielectric spacer thickness.
By increasing the tg, a small red shift in the first resonance peak (Yellow dotted
line in the figure) and a blue shift in the second excitation peak (Red dashed
line in the figure) appeared in the absorption spectra of the system, consequently

reducing the inter-peak distance.

Fig. 2.8(b) plotted amplitude of the absorption resonance peaks of the pro-
posed MIM absorber with a sweep in the thickness of middle insulator. There
exists a certain value of thickness (critical value) which yields maximum absorp-
tion. It can be seen that in the beginning, absorption efficiency of both resonant

peaks increased by making an increment in the spacer thickness, but after a
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certain point (critical / optimum thickness) it again starts falling towards lower
values of absorption amplitude. As our goal is to achieve maximum absorption by
tuning various geometrical parameters of the system, peak amplitudes for both
excited peaks converges around our optimal value of dielectric thickness (tg=40
nm) as witnessed in Fig. 2.8(b). It can be explained by the fact that as the
dielectric thickness starts increasing, plasmon coupling between the bottom film
and top nanodisk strengthens and at the critical thickness these plasmons have
strong coupling which gives the maximum absorption. A further increase in the
thickness weaken the coupling and thus reducing the absorption efficiency of the

system.
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Figure 2.8: (a) Absorption (color scale) and Resonant wavelength (Peakl : Yellow
diamond , Peak2 : Red square ), (b) Absorption resonance peak amplitude; as a
function of dielectric spacer thickness.

2.3.2.3 The impact of top gold nanodisks thickness and diameter

To explore the impact of top metal periodic nanoresonators (gold nanodisks) in
the absorption response of MIM absorber, a sweep is applied for thickness and
radius of the top nanodisks. Before optimizing the parameters like radius and
thickness of the top nanodisks, a case is mentioned without top plasmonic layer
for MIM structure. In such a case, system behaves like a dielectric spacer coated
mirror and reflects most of the incident light without any efficient absorption.
As evident from Fig. 2.9, when there is no top resonant unit most of the light

is reflected and resonant behavior is not observed (blue line in Fig.2.8). But
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addition of the top nanodisks (D = 130 nm) even with a small thickness (t7 = 10
nm) in the system, yields a resonant behavior in the absorption spectra as shown
by green line in Fig. 2.9. This resonant behavior comes from the excitation of
plasmonic resonances due to collective oscillation of electron in along the metal /
dielectric layers. By controlling the coupling of incident electromagnetic radiation

with these excitations, such a device can harness the incident light in the desired

designed frequency range.
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Figure 2.9: Absorption as a function of incident light wavelength, with and with-
out top metal resonant layer.
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Thickness of this top nanoresonator plays a crucial role in the absorption
strength and bandwidths of the resonant modes. If these top units are made
too thick, scattering from these top thick metallic particles enhances and they
will not allow any light to pass through the system which results in the dom-
inance of this top plasmonic layer’s response over sandwiched dielectric cavity
mode’s response. In contrast, making these units too thin, weakens the strength
of plasmonic coupling and there is no efficient absorption can be observed. So,
we also need to optimize this parameter to achieve maximum performance of our
system. For this purpose, thickness tr is swiped from 20-70 nm with a step of 10
nm by keeping other parameter constant as tg = 100 nm, ts = 40 nm, P =
600 nm and D = 180 nm.

As illustrated in Fig. 2.10(a), an increase in the thickness shifts the second
resonant peak towards lower wavelengths (red dashed line) while the first peak is
not much affected by this factor. As discussed earlier, thickness also effects the
absorption strength, Fig. 2.10(b) plotted the efficiency of absorption resonance
peaks for different values of t7. As moving towards thicker top plasmonic layer,
the first peak becomes more stronger reaching up-to maximum value in the range
40-50nm (yellow dotted line), whereas the second peak looses its strength as
we move further towards higher thicknesses(red dashed line) due to scattering.
From Fig. 2.10(b), it can be seen that the absorption strength of both the peaks
overlaps with near unity peak amplitude around our optimal value for thickness

(critical thickness) tr ~ 40 nm.

Finally, the last parameter for investigation is the radius/diameter of top nan-
odisk resonator. To maximize the proposed system’s performance, both tg and
t7 are fixed at 40nm and a sweep is conducted on diameter (D) of the top res-
onating nanodisks array for five different values of D within 120 - 200 nm with
a step of 20 nm. Absorption maps for different radii have been depicted in Fig.
2.11. Increment of radii does not put any remarkable effects one first resonant
peak (Yellow diamonds) while a huge red shift in the spectral locations of sec-
ond resonant mode is observed (red dashed line) owing the localized nature of
the this resonance which depends on shape, size and geometry of the top units.

Besides these shifts, as the radii increase the strength of absorption resonance
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Figure 2.10: Absorption and resonant wavelength as a function of top gold nan-
odisks thickness(tz) (a), Absorption Resonance Peak amplitude for different val-
ues of top gold nanodisks thickness (b).
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Figure 2.11: Absorption and resonant wavelength as a function of diameter D of
the top nanodisk resonator array.

peaks fluctuates and is maximum for our optimum diameter (D = 180 nm) in

this work.
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2.3.3 Polarization dependence

To investigate the polarization dependence of the proposed MIM absorber, sim-
ulations are run by injecting the source on the structure with three different
polarizations angles 0°(x-pol), 45° and 90°(y-pol). Fig. 2.12 plotted the absorp-
tion spectra for the above mentioned polarizations of the proposed system with
optimized structural parameters. As from figure it is clear that there is no change
in the absorption characteristics of the absorber for different polarizations, so the
proposed system is polarization insensitive. The circular symmetry of the top
metallic resonating layer is responsible for this characteristics of the proposed
system, as it corresponds similarly to different polarized states of the incident

light.
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Figure 2.12: Absorption spectra of the MIM perfect absorber as a function of
wavelength for different polarization angles.
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2.3.4 Material dependence

In this section, we investigated the effect of materials which can be used for the

composition of designed metamaterial absorber, discussed below.

2.3.4.1 Impact of material for bottom and top periodic layer

As, our structure is Metal-Insulator-Metal based platform, for the top and bottom
layer, a metal usually gold or silver is preferred. So, we performed Numerical
simulations to examine the behavior of absorption Spectra’s dependence on the
chosen metal, gold, silver and Aluminum. These simulations are run for the
designed absorber with the optimum parameters i.e. tg = 100 nm, tg = 40
nm, t;7 = 40 nm, D = 180 nm and periodicity P = 600 nm, by just changing
the most top and bottom material. The optical data for the Silver and Aluminum
is taken from the built-in Palik data. Fig. 2.13 shows the simulated reflection /
transmission / absorption spectra for all three metals i.e. Gold (a), Silver (b) and
Aluminum (c¢). When we switched from Gold to Silver, SPP (1,0) and LSP modes
appeared around the same frequencies as in the Gold case however with somehow
less absorption efficiency comparatively, which can be tuned by slightly changing
the geometrical parameters of the system. However, interesting thing in the case
is the addition of two more resonance peaks which are observed at the shorter
wavelengths around 516 nm and 442 nm, which corresponds to the higher order
SPP modes along the gold film. Similarly, for the Aluminum based top periodic
and bottom continuous metallic layers based system, a higher order SPP mode is
excited around 470 nm. Meanwhile, it can be observed from Fig. 2.13 (d) that,
both LSP and PSP modes for the Gold and Silver particles appear around the
same frequencies but for the Aluminum case both the modes showed a blue shift
and are excited closed to each other owing to the strong coupling of plasmons.
Here, we used the same parameters as used for the Gold based absorber, we can

tune the other structures as well to get perfect absorption.
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Figure 2.13: The simulated Reflection (R), Transmission (T) and Absorption
(A) spectra for the Top / Bottom metal layers made up of Gold (a), Silver (b),
Aluminum (c). A comparison of the absorption characteristics of the proposed
absorber for the all three metals used for Top / bottom metallic layers.

2.3.4.2 Impact of material for middle dielectric spacer

We also investigated the absorption and resonant behavior dependence on the
dielectric spacer material, for which we run various simulations by changing the
refractive index values of the middle dielectric spacer layer ng. Fig. 2.14 (a) shows
the evolution of absorption as a function of ng for the proposed absorber with
optimum parameters. It can be seen from the figure that even for a small value of
refractive index ng , absorption is exceeding 90% and we can realize the perfect
absorbance with both modes for ng = 1.38 (MgF5), 1.46 (SiO3) and 1.50. In
comparison to the absorption efficiency, resonant wavelength seems more sensitive
to the dielectric refractive index as evident from the Fig. 2.14 (b). Resonant
wavelength for both the modes depends linearly on the ng in the studied range
and can be fitted as A\; = 84ng+ 540 and Ay = 393ng+ 331 , where A\, Ay are the
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resonant wavelengths for both the modes, respectively. As the refractive index
of the gold in this regime is very linear, which leads to the linear dependence
of resonance frequencies on ng. We also noted that the tuning sensitivity of the

mode 02 is much higher than the mode 01, which reaches around 400 nm.
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Figure 2.14: Absorption (a) and Resonant wavelength (b) as a function of refrac-
tive index of the dielectric layer (ng).
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2.3.5 Shape dependence of top nanounit array

In this section, We investigated the effect of top resonator shape on the absorption
efficiency and resonant frequency of the MIM absorber for six different shapes
which are shown in Fig. 2.15. All other parameters of the system (i.e. tg, tg,
tr, P) are kept constant as in the above section, just the top resonating unit is
changed with the geometrical parameters given in the table 2.1. Figure 2.16 (a)
shows the absorption spectra for all the shapes with the parameters given in the
table 2.1. It can be seen that the absorption efficiency of most of the systems is
approximately same, and by just small changes in the device’s parameters, the
perfect absorption cab be achieved for those system’s as well which yield somehow
less absorption comparatively. Figure 2.16 (b) shows the resonant wavelength as
a function of various shaped nanoparticles based top periodic metallic layer. We
found that a change in the shape of top layer, only the second resonance showed
a quick response by a change in the resonant frequency, meanwhile almost no
notable response is given by the first resonance mode at lower wavelengths. This
confirms our expectation that one of the factors which defines the resonance
wavelength of LSP mode is the shape of top nanounits, but this factor does not

play any significant role to determine PSP mode, as evident from Fig. 2.16 (b).
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st pr
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—>
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Figure 2.15: Six different shapes of the top metallic periodic array used to perform
simulation to understand the behavior of MIM platform based structure.
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H Shapes Geometrical parmeters (nm) H

Circular Disk D, = 180
Square W, = W, = 180
Parallelogram Wy, = W, = 180
Rhombus W, = W,, =180
Horizontal Ellipse Dpe = 180 ; Dy, = 120
Vertical Ellipse D,, = 120 ; D,, = 180

Table 2.1: Geometrical parameters corresponding to different shapes used for the
top resonating metallic layer.
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Figure 2.16: Absorption (a) and Resonant wavelength (b) as a function of various
shapes of top periodic layer of nanounits.

2.4 Impedance Analysis

Here, to explain the physical mechanism of the perfect absorption of the proposed
MIM plasmonic absorber, we calculated impedance at the resonant frequencies.
We performed the FDTD simulations to get S-parameters, which can be then
used to retrieve the impedances. S-Parameters are actually the complex ampli-
tude reflection and transmission coefficients of the system, and can be measured
from the built-in S-Parameters analysis group in the Lumerical FDTD solutions.
Fig. 2.17 shows a schematic explaining the principle to calculate these complex
reflection / transmission coefficients. Only unit cell of the proposed metamate-
rial absorber is considered and illuminated by plane wave source from both the

direction (inputs I; and Iy), then the output signal O; and O, are given by
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I, Sa1 Sa2 O,
where, S11, Soo are the complex reflection, and S, S19 are the complex trans-
mission coefficients for the I; and Iy incidence signals, respectively. These pa-
rameters can be defined from incident (E;) and reflected (E,) / transmitted (r;)

electric fields as S1; = (E;) / (E;) and Soy = (E;) / (E;) for I; incident plane wave

and vice versa for the I, incidence.

I, O,
ﬁ ﬁ
O, I,
_ h

Figure 2.17: A schematics of S-parameter calculation principle for a metamaterial
from FDTD simulations.

Once, we have the S-parameters , we can retrieve the impedance (Z) and
other effective properties of the device easily [67]. But, the calculations of these
parameters strongly depends on the homogeneity of system and falls into two

different categories discussed below.

2.4.1 Case 1 : Symmetric behavior of the device

When the device under study behaves similarly for the forward / backward prop-
agating sources, i.e. S;; = Sgo and Sg; = Spo, we can take advantage from the
symmetry of system and the device is only illuminated from either direction.
Let’s consider, the system is excited from forward direction with incidence source

signal Iy, then from S-parameters analysis we will get Si; (reflection) and Sy
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(transmission). Then the impedance and other effective properties (i.e. refrac-
tive index, permittivity and permeability) of the device can be found from the

following equations

Lepf = 2.
o \/ (1= SuP - 5% 27

Lo o (1=5h+5
e ™ . 2.
Meff = 73508 ( 255, (2.8)

with k, d the respective wavevector, metamaterial’s span along z-direction, re-
spectively. After achieving effective refractive index and impedance, permittivity

and permeability can be easily retrieved as

€eff = Neff/Zefs (2.9)

Peff = NeffZeff (2.10)

2.4.2 Case 2 : Non-Symmetric behavior of the device

Here, we discussed the method of calculating effective material properties for the
devices, which perform differently under forward / backward propagating source.
In such a case, we can not take advantage from the symmetry as S;; # Sos, so
two simulations are performed by illuminating the device from both directions
and all four scattering parameters are calculated. Then the following equations

are used to retrieve effective properties :

1 1— 51,8 S2
Neff = chos_1 ( 1;52? : 21) (2.11)
Toy — Th1) £/ (Toe — T11)2 + 4T, T
Zeff:( 22 11) \/( 22 11)2 + 471575 (2.12)

2T
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where the elements of transfer (T) matrix used to calculate effective impedance,

can be calculated from the S-parameters as :

1+ 511)(1 — Sa2) + S91.512

55, (2.13a)

T12 _ (1 -+ Sn)(l —+ SQQ) — 521512 (213b)
259

Ty, = (1 = S1)(1 = Sz) — 52151 (2.13¢)
2591

Ty — (1 = S11)(1 + Sa2) + 521512 (2.13d)

Then the effective permittivity and permeability can be found in similar way

as given by equations 2.9 and 2.10.

2.4.3 Calculating effective material properties of the pro-
posed MIM absorber

In this subsection, we calculated and discussed the effective properties of our
proposed system. As our device consists of a multilayer system, where the bottom
metallic layer does not let any incident energy to pass through it and we consider it
a non-symmetric case to calculate the properties. Two simulations are performed
by exciting the metamaterial structure from +z and -z directions. Fig. 2.18 shows
the magnitude of all four scattering matrix elements for the absorber. S;;, So; are
obtained when the system is illuminated with a source propagating from bottom
towards top surface and Sss, Sio for the reverse case. It can be seen from the
figure that, when the source is propagating from the bottom side, almost all the
light get reflected (S1; =~ 1) as its thickness is more than the skin depth, thus no
light can even reach to the spacer/top periodic layer, which are responsible of the
resonating behavior. However, to see the resonating behavior, one must excited

the structure from the top towards bottom.
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Figure 2.18: Absolute values of the simulated S-parameters for the MIM absorber
under study with corresponding device parameters tg = 100 nm, tg = t;7 = 40
nm, D = 180 nm and periodicity P = 600 nm.

Once, we have these S-parameters, we can easily calculate the effective permit-
tivity, permeability, refractive index and impedance from the method discussed
in above section. Fig. 2.19 shows the retrieved effective permittivity, perme-
ability, refractive index, and impedance of the MIM plasmonic absorber which
are extracted from the scattering matrix elements using equations 2.9 - 2.13. At
the first resonant absorption peak wavelength, permittivity and permeability are
found as ey = 1.04 - 0.027 and pr; = 1.34 - 0.371¢, leading to effective impedance
Zy = 1.15 - 0.144. Similarly, for the second peak, these values are calculated as
€ry = 1.58 - 0.464, ury = 1.48 + 0.264, and Zy = 0.93 - 0.217. So, at the reso-
nant frequencies, effective impedance values are almost satisfying the condition of
impedance matching with the free space value of Z,;, ~ 1. Hence, the reflection

is minimum at these values, and perfect absorption is achieved.

49



—Re(¢) —Re(y)
—Im(e) —Im(y)

Permittivity

Permeability
o

- . - . 5 .
600 700 800 900 1000 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)
(a) (b)
2 T T T 3 T - .
—Re(n) —Re(2)
1r o 17
(%]
x c
(] [ [ |
E 0.5 -g- 0
£
or q - At
0.5 —/k—/¥ 2f
1 . 3 A
600 700 800 900 1000 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)
(c) (d)

Figure 2.19: Permittivity (a), Permeability (b), Refractive index (c) and
Impedance (d), retrieved from the s - parameters.

2.5 Ciritical Coupling Phenomenon

Another scenario to explain the perfect absorption is to count the radiative and in-
trinsic damping rates, v, and ~;, respectively, of the system which becomes equal
at the resonant frequencies resulting in the critical coupling (c.c) phenomenon
(48, 64]. Middle dielectric spacer plays a critical role and at certain values of tg
(discussed in section 2.3.2.2 ), these losses become identical around resonant fre-
quencies, resulting in critical coupling and near unity absorption. In this study,
we also explained the perfect absorption of our system from the perspective of
c.c phenomenon. We calculated the absorption (Cgs), scattering (Cg.,)and ex-
tinction (Cepr = Cgeq + Caps) cross sections using FDTD simulations, presented
in Fig. 2.20. It is observed that at the both resonant frequencies (Ag1 , Ag2),

absorption cross section is almost identical to the scattering cross section i.e. Cps
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~ Cgeq, leading to the extinction cross section Ceypy >~ 2C,., =~ 2C,ps. This occurs
whenever the system is in the critical coupling regime such that the radiative
and intrinsic rates becomes identical ~; ~ ~,, allowing to achieve near unity ab-
sorption. Moreover, it is worthy to mention that at the critical coupling point,
absorption and scattering cross sections can exceed the geometrical cross section
Cgeo by an order of magnitude and in this study, we found Cgs and Cg, around
10-15 times greater than the C,, (= 7 (D/2)?).
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Figure 2.20: Simulated scattering, absorption and extinction (scattering + ab-
sorption) cross sections as a function of wavelength for the MIM absorber with
optimized structural parameters (tg = 100 nm, tg = t7 = 40 nm, D = 180 nm
and periodicity P = 600 nm). The vertical blue dashed lines gives the resonant
wavelengths (Ag1 , Age) for both modes, respectively.
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2.6 Near Field analysis

In this section, an analysis of the electromagnetic field distributions through
the proposed absorber is conducted. To understand the origin of resonant ab-
sorption characteristics, electric and magnetic field intensities are computed at
resonant wavelengths using frequency domain profile monitor in the Lumerical
FDTD solver. These monitors are placed along xz-cross section at y = 0 where
the fields intensity is maximum, and cuts through all three layers of the proposed
system. The system is excited with an x-polarized plane wave source propagating
along z-axis, with device parameters; tg = 100 nm, tg = t7 = 40 nm, D = 180

nm and periodicity P = 600 nm .

Fig. 2.21 (a-b) plotted the electric field distribution profiles at the resonant
wavelengths of 653nm and 865nm, respectively. Both resonances look like dipole
resonance which are excited on the edges of gold nanodisks and the electric field is
mainly confined along the boundaries of nanodisks as shown in this figure. How-
ever, in case of the first resonance at 653nm, field intensity is enhanced around
the top edges at the top nano-unit/air interface, while field is more intense at
top nano-unit /dielectric spacer interface for the second resonance at 865nm. In
contrast to the electric field distributions which are quite similar for both the
resonant modes, magnetic field distribution profiles showed up distinct charac-
teristics as shown in Fig. 2.21 (c-d). In case of the first resonance appearing
in the visible region, magnetic field is mostly confined above the nanodisks and
between disks in the dielectric spacer/ bottom gold film interface (Fig. 2.21(c)).
Meanwhile, this confinement of H-field is much stronger below the nanodisk in

spacer region for the second resonance at 870 nm.

From the electric and magnetic field distribution profiles shown in Fig. 2.21 (b,
d), we can see that the shorter wavelength resonance appears due to the incident
light coupling into the Propagating surface plasmons (PSPs) on the gold film .
This resonance clearly follows the periodicity (P) by showing a rapid red-shifting
in the absorption peak (Fig. 2.7 a) under grating coupling condition (Equation
1.24) provided by top nanodisks array. On the other hand, the second resonant
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peak at 865 nm is fundamental localized surface plasmon (LSP) resonance as the
magnetic field is mostly confined and localized in the middle dielectric spacer
region with no efficient coupling between neighboring nanodisks (Fig. 2.21(d)).
This resonant mode shows a rapid red-shifting in response to an increment in

nanodisk’s diameter (dr) (Fig. 2.11) but is almost insensitive to the periodicity

(P) (Fig. 2.7 a).
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Figure 2.21: Cross-sectional view of the simulated electric field intensity |E|? and
magnetic field intensity |H|* at resonant wavelengths of A\, ~ 653 nm (a, ¢) and
Ar2 &~ 865 nm (b, d), respectively. The color bar shows the field enhancements.
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2.7 Sensing capabilities of proposed MIM ab-

sorber

To analyze the sensing capabilities of the designed MIM absorber, simulations are
performed for various values of background refractive index. Plasmonic modes
appearing in the absorption spectra are extremely sensitive to surface conditions
due to their strong field enhancements and light confinement at subwavelength
scale. Consequently, any change in the surrounding environment cause a shift in
the resonance peaks. For this purpose, simulations are performed by embedding
the proposed structure in dielectric ambiance with refractive index from 1 - 1.25
RIU, with a step of 0.05 RIU. Fig. 2.22(a) shows that a red shift appears in the
both resonant peaks as the refractive index is increased. Fig. 2.22(b) plotted
the change in resonant wavelengths (Peakl : blue circle, Peak2 : green diamond)
of both the peaks with respect to the refractive index. For peak 1, resonance
wavelength linearly follows the refractive index (blue dashed line), and the slope
of that linear line defines the refractive index sensitivity which is calculated as
(S1 ~ 500). In contrast, second peak’s sensitivity is calculated as (Sy &~ 235).
Meanwhile, first narrow-band peak shows a (FOM ~ 34), almost 11-fold to the
second peak giving just a small number(FOM = 3). From these observations, we
can say that as the first mode is more exposed to the surrounding environment
as the field enhancement for the first resonant mode is along the top edges of the
gold disks and it can be affected more easily to any change in the surrounding
environment than the second mode where the field is enhanced along the lower
edges of nanodisks and is comparatively less sensitive. This causes the first peak
to shift more than the second peak at higher wavelength as soon as there is some
change happens in the ambiance. Also, the quality factors for the both resonant
peaks are calculated as (Q; ~ 44) and (Qy & 11) , respectively. These results
show that the studied Metamaterial absorber is a good candidate for the sensing

applications in the designed frequency regime.
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Chapter 3

Fabrication and Characterization

In this chapter, the fabrication process and tools used to fabricate and charac-
terize the proposed MIM absorber are discussed. For the fabrication, we used
the optimized parameters for the system with two different radii of the top nan-
odisks. The proposed optimal design is composed of 100nm thick gold layer on
the glass substrate and a 40nm thick MgF's layer as middle dielectric spacer. Top
nano-unit is patterned metallic nanodisk with 40nm thickness and two different
diameters D = 180, 200 nm. The whole structure is periodic in both x and y axis
with the periodicity, P=600.

3.1 Fabriaction process and methods

Fig. 3.1 shows the flow diagram to fabricate proposed MIM absorber. As shown
in figure, this nanofabrication process consists of six steps. First of all, an ap-
propriate selection of substrate is made. A square glass substrate is used in this
work. In the next step, ground metallic sheet and middle dielectric spacer is de-
posited using an electron-beam evaporator. Then, to generate a desired pattern
the system is covered by a resist (positive or negative) and pattern is formed us-

ing various techniques like electron-beam Lithography (EBL), Focused Ion-beam
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(FIB) etching and Optical lithography. In this work, EBL is preferred due to its
nanometer scale precision. After exposing the sample to E-beam, the pattern is
developed by soaking the sample in specific chemicals. Once the pattern is gener-
ated, the top metallic layer is deposited again using E-Beam evaporator /Thermal
evaporator. In the final step, by employing a lift off method desired pattern is

transfered to the sample.

. Deposition of metal and : Resist spinning and
Substrate selection ::> dielectric layers pattern generation
Lift off <: Gold deposition <: Pattern development

Figure 3.1: Flowchart diagram of fabrication process.

3.1.1 Electron-Beam Evaporation

E-Beam Evaporation is actually a thermal evaporation process, which is used to
deposit thin films of various materials. In an E-beam evaporator, the material to
be deposit is placed in a crucible. By injecting current to a tungsten filament,
it bombards an electron-beam on the source material to evaporate and convert
the particles into gaseous state to deposit on the target sample. This all process
takes place in the vacuum chamber allowing the vapor atom/molecules to precip-
itate, thus forming a thin layer on the target sample. For depositions, generally
the chamber is set under a vacuum value of 6x107¢ torr. The deposition rate
is kept between 0.1-0.3A /sec upto initially 3-5nm of coating, which can be in-
creased upto 1.5A /sec beyond the initial 5nm deposition. The lower deposition

rates exhibit better results than the higher rates which may result in non-uniform
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thickness over the sample substrate. To deposit any metal on glass/silicon sub-
strates, a thin adhesion layer of Titanium is first deposited on the substrate to

stick the metal better.

E-beam evaporation has many advantages over other deposition techniques.
One of the main advantage is that it produces highly pure films. As only the
material is heated without heating the crucible and it is performed inside high
vacuum, resulting in just a lower degree of contamination. Also, due to multiple
crucible evaporator, many layers of different materials can be deposited simulta-

neously without breaking the vacuum.

3.1.2 Electron-Beam Lithography

Lithography is a technique used to generate certain designed patterns in a special
kind of layer (Resist). Top plasmonic nanostructures are patterned using different
etching techniques which depends on the size of desired structure. For example,
in higher wavelength regions optical lithography is one of the commonly used
microfabrication technique to pattern micron scale structures by exposure of ul-
traviolet rays. But fundamental diffraction limit does not allow it to pattern the
structures at subwavelength scale. However, EBL uses an electronic beam to over-
come this diffraction limit and has the capability to realize nanoscale resolution.
Due to this reason, EBL is now widely used to pattern nanoscale structures with

a precision upto 10nm for a number of plasmonic and metamaterial applications.

EBL is based on scanning a focused electronic beam with designed pattern on
an resist covered sample. The resist layer is electron sensitive and usually de-
posited on the substrate by a spin-coater. There are two types of resists, positive
and negative. In EBL system, electron beam is generated by an electron-gun
with a tungsten filament and accelerated at high acceleration voltage within a
range of 1-100 keV. Then, there is a need to define certain parameters to achieve
better exposure to expose the designed patterns. These parameters include; Ac-
celeration voltage, aperture size, writefield size, current, working distance and

stepsize.
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3.1.3 Lift off process

After doing EBL on the resit layer, a pattern is developed on the layer which is
reverse of the designed pattern. Then the final layer is deposited on the sample.
To get the designed pattern, sample is soaked in specific chemicals to remove

residue of excess resist and material and the technique is known as Lift off.

3.2 Fabrication of MIM plasmonic absorber

In this research work, we proposed a MIM (Gold-MgF,-Gold) plasmonic absorber
with top layer as periodic gold nanodisks showing a narrow-band plasmonic reso-
nance peak in visible and a broad-band plasmonic resonance peak in NIR region.
Fig. 3.2 illustrates a schematic diagram of process flow to fabricate MIM absorber

with the detailed procedure discussed below

Resist
MgF2 MgF2
Gold Gold

Resist spinning Glass

Pattern generation
with E-beam

Glass

a0l B N
MgF, MgF2
Gold ‘ Gold
Glass Pattern Glass
development
‘Gold deposition
MgF2 MgF2
Gold —- Gold

Lift off
Glass Glass

Figure 3.2: A schematic diagram of process flow to fabricate MIM absorber.

1. Gold and MgFy deposition: After cleaning the glass sample with IPA (iso-
propyl alcohol), substrate is deposited with 5nm titanium, 100nm gold and
40nm MgFs using a E-beam evaporator. Titanium layer is deposited to en-
hance the adhesion between glass substrate and gold film. The deposition
is operated at a pressure around 5x107% Torr and deposition rates of 0.2,
0.9 and 1 A /sec are used to deposit Ti, Au and MgF; layers.
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2. Spin coating of Resist layer: To deposit top patterned periodic array, a
resist layer is coated on the sample using a spin coater. Bilayer process has
been performed to have easy liftoff. The sample is spin-coated with a 495
PMMA C2 at 4000 rpm for 50 seconds and baked at 170°C for 2 minutes on
a hot plate. Then, 950 PMMA C2 is spin-coated with the same parameters
on top of the first layer and baked at the same conditions. Total PMMA
thickness is around ~ 200nm (~ 100nm-+100nm).

3. Pattern generation with EBL exposure: Once the sample is coated with
bilayer PMMA resist, the desired pattern is generated by EBL exposure.
Patterns are processed through a special program called BEAMER form
GenlSys Company with including 200nm PMMA Proximity Effect Correc-
tion(PEC) module and adjust the resolution with 2nm Spot Size / Distance
parameters suitable with our EBL system Vistec/Raith EBPG 5000+ES.
Exposure is performed with 0.5nA at 100kV with 700 C/cm? Dose.

4. Pattern development: The sample is developed by soaking in 1:3
(MIBK:IPA) solution for 1 minute followed by rinsing with IPA for 15 sec-
onds and then dried with nitrogen gas. A very short (5 seconds) Oxygen
plasma is performed to get rid of any possible remained PMMA residues on

the developed regions.

5. Metal deposition: 3nm Ti and 40nm gold are deposited on the patterned

sample using E-beam evaporator with deposition rates of 0.2 and 0.9A /sec.

6. Lift off and plasma cleaning: Sample is soaked in acetone solution placed
on a hot plate at 80°C for 30 minutes and rinsed by IPA for 60 seconds to
remove unnecessary resist and residue metal particle. Finally, the sample is
ready with the designed MIM structure. Despite the lift off process, some
residue of resist are left on the sample and an oxygen plasma cleaning is

performed for 20 minutes to get the final structure.
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3.3 Characterization of MIM absorber

In this section, a brief discussion is provided to describe the process and tools
used to characterize the fabricated MIM absorber. A Stylus Profilometer is used
to measure the thickness of MIM layers. To visualize and check the consistency
of designed and fabricated device’s geometrical parameters, scanning electron

microscopy (SEM) is used.

3.3.1 Measuring thickness with Stylus Profilometer

Profilometry is a technique adopted to extract topological information from a
surface. It is generally used to measure height variations and surface roughness.
These measurement are made via two methods by using light (Optical Profilome-
ter) or a physical prob (Stylus Profilometer). A Stylus profilometer involves a
physical movement of probe(Stylus) in all three direction which needs a force feed-
back and gives high z resolution. After depositing Ti-Au-MgF5 (5-100-40nm) on
the glass substrate, thickness of these layers is measured with a Stylus profilome-
ter which gives the total thickness around ~151nm (Fig. 3.3) with a difference

of few nanometers from the expected 145nm thickness.

Recipe;
ABDULLAH
Site Mame:

Length: 330,00 pm
Speet 10.00 pmis
Rate: 10Hz
Direction -=
Repeats: 1

Farce: 2my

Noise Fiter: 8.3 pm

Cursars

Left  Right
Mess 7.000 2510
Dets 1850 380
Level 6000 1550
Deta 2800 1770 B00A

Ref 0000
L Height: -2.4 &

R Helght: 15207 &
St Height: -1518.3 A 12008
Width,  208.50m
TR 15489 R

14008 |

-16008

1a00k

Figure 3.3: Thickness of the Ti-Au-MgF; stack measured with a Stylus profilome-
ter.
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3.3.2 SEM Measurements

Scanning electron microscope is used to visualize any sample surface by scanning
a focused beam of accelerated electrons and detecting secondary, backscattered
electrons simultaneously. In this technique, sample is placed in vacuum and elec-
trons are bombard on the sample from an electron gun. Then through detection
of backscattered electrons, secondary electrons and x-rays, signals are produced.
An analysis of secondary electrons produce a topographic image, while backscat-
tered electrons generates an image based on mass of the elements. In contrast to
any optical microscope which creates any image with a resolution around ~200
pm,an SEM image can have resolution of ~10 nm. We used SEM to visualize
and determine the geometrical dimensions of the top nanodisks layer of fabricated
MIM absorber. Fig. 3.4 shows the images taken from SEM for nanodisk with two
different radii 90nm (a,b) and 100nm (c,d). It can be observed from the figure

that nanodisks have almost round shape and a well distributed square lattice.
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Figure 3.4: SEM images(Top view) of top nanodisks with radii 90nm (a-b) and
100nm (c-d).

63



Chapter 4

Plasmonic nanoantennas for a

Cr:ZnSe laser

In this chapter, a discussion is made on an ongoing project to check a homemade
tunable Cr:ZnSe laser in the infrared region lasing around 2200-2700 nm, with

monolayer plasmonic gold nanoantennas.

4.1 Optical Setup

Optical setup consists of two parts as shown in Fig. 5.1. In the first part,
Tm fiber laser pump is used to pump a beam of wavelength around 1.8 pum,
which passes through a curved mirror and excites a Cr:ZnSe crystal, resulting
in beam of infrared light which is dispersed into different wavelengths between
2200-2700 nm using a prism and high reflector. To measure the wavelength of
laser beam, it is passed through several mirrors and with the help of a movable
mirror, it is transferred to an APE spectrometer which gives information about
exact wavelength and bandwidth of the signal and by properly tuning the high
reflector, wavelength is adjusted. To characterize the sample, movable mirror is

moved away from the path of laser beam, and with the aid of another mirror, it
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Figure 4.1: A schematics of the optical setup consisting of two parts. One part is
related to the tunable Cr:ZnSe laser lasing between 2200-2700 nm. Second part
is for the characterization of sample. Credit to Laser research laboratory, Kog
University, Istanbul.

strikes the sample placed on a translational stage sample holder passing through
an aperture and lens. As we want to focus on particular points on the sample,
we need to look the beam spot on the sample with the help of charged coupled
device (CCD) camera. But as laser is operating in the IR range, the spot can
not be observed. To overcome this problem, an He-Ne laser lasing in the visible
region is used and with the help of couple of mirrors, its light beam is overlapped
with the IR beam, which results in showing the laser spot on the sample. Then
to measure the reflectance or transmission, a power meter is placed before and

after the sample for each data point.

4.2 Designing and Fabrication of Plasmonic

nanoantennas

To check the laser system, we designed and simulated plasmonic monolayer gold
nanoantennas with different shapes and geometries on a CaFy substrate. These
nanoantennas are designed in such way that plasmonic resonances can be excited
within the operating region of our laser setup. For the simulations, same FDTD

method is employed using a commercial Lumerical software. Fig. 5.2 shows four
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Vertical Bowtie

VBx = 480 nm
VBy = 1350 nm Bx = 2000 nm
G =40 nm By, = 100 nm
P =2100 nm P =2200 nm
Horizontal Bowtie Rhombus
HBx = 1800 nm
HB, = 900 nm Rx = 500 nm
C=120nm Ry = 800 nm

P =2100 nm P = 1900

Figure 4.2: Schematics of four different types of nanoantennas with their struc-
tural parameters. These structures are periodic in lateral directions with period-
icity P.

different types of periodic nanoantennas with corresponding structural parame-

ters. All nanoantennas are composed of gold with thickness tg = 40 nm.

In the next step, the designed nanostructures are fabricated using standard
nanofabrication techniques. In the first step, a PMMA layer is deposited on
CaF, substrate and the designed structures are patterned. Each structure is
spread in x and y direction within area of 200 x 200 pgm. Then, a thermal
evaporator used to deposit gold on the desired structures followed by a standard
lift-off process. Finally, the required nanoantennas are achieved. To visualize
the fabricated sturctures, scanning electron microscope is used. Fig. 5.3 depicts
SEM images for all four kind of periodic gold nanoantennas and all are in well

agreement with the designed shapes and structural parameters.
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Figure 4.3: SEM images of horizontal bow-tie(a), Vertical bow-tie(b), rhombus
(c) and bar (d), shaped nanoantennas.

4.3 Optical measurements

The designed nanostructures are simulated using FDTD simulations and resulting
reflection spectra is shown in Fig. 5.4 (a). All four nanoantennas are resonating
between our desire wavelength range where the laser system is lasing i.e. around
2200-2400 nm. We have got our initial results where one of the structure’s is
showing resonance behavior around 2300 nm with reflection reaching to almost
0.4. However, due to fluctuations in the laser beam there are some discrepancies,
as we are dealing with the homemade laser and it’s quite challenging to get the

results easily. But, we expect more compatible results, still to come.
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Figure 4.4: Reflection spectra of the fabricated nanostructures using (a) FDTD
simulations, (b) Cr: ZnSe laser setup.
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Chapter 5

Conclusion and Future Direction

In this thesis, we numerically investigated and fabricated a dual-band perfect
absorber at visible-near-infrared frequencies. This project is carried through a
cycle of four steps; Designing, simulation, fabrication and characterization, re-
spectively. For designing and simulations, FDTD simulations were performed
using Lumerical software. To produce optimum results (narrow band and perfect
absorption), numerous simulation were carried out to optimize the design and
structural parameters of the proposed device. An analysis is made to describe
the device performance for these structural parameters : top metal layer thick-
ness (t7), dielectric spacer thickness (tg), addition of top metal nanodisk’s and
its diameter (D), and array pitch constant (P). Polarization dependence was also
investigated, which did not give any noticeable results as the top periodic disks
behave similarly to any polarized source due to its circular symmetry. Also the
effect of material used for the composition of perfect absorber is demonstrated
by applying a sweep on the refractive indices of the middle dielectric spacer and
for three different metals (Gold, Silver and Aluminum). The proposed design is
optimized for dual-narrow band characteristics achieving perfect absorption and
high sensitivity. Two narrow band peaks showed up in the absorption spectra of
the system reaching almost 100 % absorption efficiency, and the physical origin of
these peaks was found to be the excitation of two different plasmonic resonances

(Localized and propagating). To explain the perfect absorption of the system
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through impedance matching and critical coupling phenomenons, FDTD simula-
tion were performed to calculate scattering matrix elements (S-parameters) and
cross sections. Finally, sensing capabilities of the MIM absorber were analyzed
by calculating Sensitivity, Figure of merit and quality factors of the resonance

modes.

After successfully optimizing the device parameters, it was fabricated using
various nanofabrication techniques. E-beam evaporator was used to coat the
bottom metal and dielectric layers on a glass substrate. In the next step, sample
was covered with a bi-layer PMMA using a spin coater and patterned (circular
nanodisks) by E-beam lithography. Finally, gold was deposited on the developed
sample by a thermal evaporator and a lift-off process performed to obtain the

final structure.

For the characterization of the fabricated sample, Profilometer and SEM (scan-
ning electron microscopy) were used. A stylus profilometer was used to measure
the thickness of the metal/dielectric layers. To visualize the fabricated MIM de-
vice and to determine the dimension of the top periodic nanodisks, an SEM tool

was used and images were taken.

In a nutshell, this research study analyzes the perfect absorption phenomenon
in MIM based PA in detail and in the community of PAs it will be a go to guide
for the researchers. In Future, we will apply our methodology to explain perfect
absorption phenomenon in similar kind of nanostructures operating at infrared

frequencies.
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