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Preface

The whole world is dying of curiosity!!

- Sheldon Cooper

Plasmonic metamaterials provide a great deal of optical tunability and interesting
phenomena in terms of light-matter interaction. Metal-Insulator-Metal (MIM)
nanocavities are one of the most versatile systems for nano light confinement and
waveguiding. These cavities exhibit Epsilon-Near-Zero (ENZ) modes, which can be used in
conjunction with emitters to improve their optical properties. MIM nanocavities have
been extensively studied, but when the cavities are confined in one more direction, the
behavior changes. The purpose of this study is to investigate the effect of lateral

micro/nano structuring on the optical properties of these cavities.

The planar cavities are used in multiple applications, and among them are color filters,
due to their selective wavelength transmission. We design a ‘Grating MIM’ and determine
the minimum pixel size that can provide spatial ENZ response along with color filtering.
The ENZ cavity resonance present in planar cavities persist as long as the lateral
dimensions are larger than 1um. When the diameters of the cavities are further reduced
to hundreds of nanometers, electric (ED) and magnetic dipole (MD) modes appear in the
visible spectral range. These modes are present also in micron size structures, but they
fall in infrared region. Recently all-dielectric nanostructures have gained popularity to
manifest these dipole modes, as they do not show the dissipative losses present in
metallic nanostructures and support toroidal dipoles (TD) when the geometry is
optimized. The destructive interference of any two of these dipole modes, which cancels

the far-field radiation, results in a non-radiative mode known as anapole. However, this
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necessitates the use of materials with a high refractive index (n), typically n > 3. In low
index materials like Alumina (Al,03), the MIM configuration provides the necessary field
confinement and can excite these modes. The existence of ENZ cavity modes in MIM
micropillars, as well as dipole and anapole-like modes in MIM nanopillars, is

demonstrated experimentally.

Photolithography (for micropillars) and electron-beam lithography (for nanopillars) were
used to fabricate, and ellipsometry to characterize the samples. To facilitate cost-
effective, large area fabrication, Talbot lithography technique was exploited to get smaller
feature sizes (<200nm) using standard photolithography setup. In addition, a lithography-
free, dry-synthesis technique was explored to produce nanoporous metal films and their

properties as plasmonic nanomaterials were examined.

Thesis outline

This thesis is composed of five chapters discussing systematically the effects of lateral

structuring the MIM nanocavities from micro to nanometer range.

Chapter 1: Introduction presents the basic concepts required to understand the
experimental and numerical results reported in the later chapters. It covers the
fundamental physics of plasmonics, metal-insulator-metal structure and ENZ materials.

The state of art in these fields related to this thesis is also presented.

Chapter 2: Grating MIM provides the details of study on a structured metal-insulator-
metal nanocavity to obtain spatial ENZ response. Starting with a brief characterization of

MIM, the structured cavity (Grating MIM) is analyzed with simulations and experiments.

Chapter 3: MIM Micropillars is dedicated to study the properties of MIMs when
patterned as micro and nano pillar structures. A cost-effective lithographic technique
called Talbot lithography is investigated to obtain nanometer sized features. Samples
made using this technique were employed to enhance Photoluminescence of

Molybdenum Disulfide monolayers
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Chapter 4: MIM Nanopillars discusses resonant modes in pillars with diameters that are
in sub-micron range. The electric and magnetic dipole modes present in these pillars are
experimentally demonstrated. We use MIM nanopillars to observe and excite collective
modes that could be ‘Anapole-like’ in Al,O3 by taking advantage of the field confinement

provided by metal-insulator-metal configuration.

Chapter 5: Nanoporous Metal films presents a simple dry-synthesis process to produce
nanoporous metal films. The fabrication process along with the morphological
characterization and purity analysis is discussed. Surface enhanced Raman spectroscopy

is performed on one of these films to check the plasmonic activity.
A Thesis Conclusion is provided at the end to summarize the results of all the chapters.

An APPENDIX details all the simulation, fabrication and characterizations tools used in the

course of this thesis.

Happy Reading! @
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Chapter 1

INTRODUCTION

Who's ready for some science??

- Leonard Hofstadter

This chapter is dedicated to outline the basic concepts of plasmonic resonances and
Epsilon Near Zero (ENZ) materials. Physical insight along with fundamental mathematical
understanding for exciting different plasmonic resonances is discussed. The properties of
ENZ materials and their applications in the field of optics are presented. Plasmonic and

ENZ modes in the context of metal-insulator-metal nanocavities are reviewed.

1.1 Surface Plasmons: Fundamentals and theory

Plasmonics is the field of study of the interaction of electromagnetic radiation (i.e., light)
with the free electrons in conductive materials. These interactions result in resonances
called Surface Plasmon Resonances (SPR). During the past decades, these resonances
have been extensively investigated as they provide near-field enhancement! and light
confinement at nanoscale?. Due to these unique properties, surface plasmons have been
successfully implemented in optical waveguides®, photovoltaic devices?, surface-

enhanced spectroscopies®, biosensors®, optical data storage’and many more2.

Surface plasmons are longitudinal charge density fluctuations that result from coupling of
incident electromagnetic radiation with the electron oscillations in a conductor. Surface
plasmons exhibit shorter wavelengths than photons in free space, which can be used for
miniaturization of photonic technology®. Surface plasmons can be mainly categorized into
two types, Localized Surface Plasmon Resonances (LSPRs) and Surface Plasmon Polaritons

(SPPs). Localized Surface Plasmon Resonances are non-propagating electron oscillations



that are observed in nanoparticles. Surface Plasmon Polaritons are propagating
evanescent waves that propagate along the interface between a metal and dielectric

layer.

1.1.1 Localized Surface Plasmon Resonances

Localized Surface Plasmon Resonances (LSPRs) are non-propagating excitations which
arise from the coupling of light to the charge density oscillations of metallic
nanoparticles®!. When light is incident on a nanoparticle with dimensions much less
than the wavelength of light, the electric field polarizes the particle. This results in
displacement of the electron cloud which leads to charge accumulation at the surface of
the particle as shown in Fig.1.1. Due to the coulomb attraction between the displaced
electron cloud and positively charged nuclei, a restoring force arises resulting in a
resonant oscillation of the electron cloud'®. So, there is no need of any momentum

matching techniques to excite LSPRs, they occur naturally in nanoparticles.

Electric field

Metal
Hangaa: nanoparticle

+ + T /v

+
++++

Electron cloud

Figure 1.1: Localized Surface Plasmon Resonance. Schematic representation of
interaction of metal nanoparticles with light.

Gold and silver nanoparticles exhibit bright colors as their resonances occur in visible
spectrum??13, The localized surface plasmon resonance response can be altered by
changing the shape and size of the particle!3. As the size of the nanoparticle increases,
the distance between the charges at the interfaces increases, resulting in smaller

restoring force and therefore smaller resonance frequency (longer wavelengths). The
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resonance can be spectrally shifted by changing the aspect ratio of the particle and it can

also be broadened by increasing the particle volume®314,

1.1.2 Surface Plasmon Polaritons

Polaritons are quasiparticles resulting from coupling between an electromagnetic
radiation and an elementary excitation. Surface Plasmon Polaritons (SPPs) are result of
coupling of surface plasmon with a photon. SPPs are propagating electromagnetic
resonant excitations which are excited by impinging photons at the interface between
metal and dielectric. These excitations decay evanescently along the perpendicular
direction to the interface. Figure-1.2 shows the illustration of SPP propagating along a
metal-dielectric interface. Aspp is the wavelength of excited SPP, 6m and 84 are skin depth
(decay length) of the fields in the metal and dielectric layers along the z-direction

respectively.

A
z

Dielectric

Metal

Figure 1.2: (a) Schematic of propagation of Surface Plasmon Polaritons along
metal/dielectric interface. (b) Evanescently decaying electric field along z-direction.

The physical properties of SPPs along metal/dielectric interface can be investigated by
applying Maxwell’s equations!®. Traverse Magnetic (TM) polarized light has the electric
field components of the incident light in plane of incidence and magnetic components are
perpendicular to the plane of incidence. For deriving the dispersion relation of SPP, the
fundamental wave equation of TM modes in a waveguide is considered and is given as

0%Hy,
0z2

+(k§— BH, = 0 (1.1)
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where ko = % , wave vector of propagating wave in vacuum and {3 = kx is the propagation

constant in the medium.

The basic geometry realized to model SPP propagation is an interface between two
homogeneous, non-absorbing half spaces: (i) z > 0, medium which is dielectric with
positive real dielectric function &4 (w) and (ii) z < 0, metallic medium with negative real
dielectric function em (w). The incident TM wave (as shown in the Fig.1.2) has two electric
field components in x and z- directions and only one magnetic field component in y -
direction. Applying the boundary conditions and analyzing the longitudinal component

along z — direction, we get the following field components for z > 0.

Hy 4(z) = B el g7kaz (1.2)
E =iB kgetkx* g=kaz 1.3
ra@) = 1B kg e (13)
- _ kx _ipx ,-kgz
E,q(z) = Awsosde el (1.4)
Forz<O,
Hy ;(z) = Aetka* ghmz (1.5)
. 1 i
Exm(z) = —iA P k,,e#* ekmz (1.6)
k, .

E = -4 ihx ghm 2 1.
m(2) e e (1.7)

where A,B are Fresnel coefficients!?. The component of wave vectors perpendicular to
the interface can be written as kq = k;,4 and km = k;,m. To satisfy the boundary conditions

and continuity of the fields in the two media,
H,,(z=0) = H,,,(z=0) (1.8)
Ex,d(z = 0) = Ex,m(z = 0) (1.9)

This implies, A must be equal to B, which results in



k
fd - _ fd (1.10)

km Em

The confinement of the wave to the surface is only possible if Re (em) < 0 when €4> 0, i.e
for materials with opposites signs of the real part of permittivity, typically an interface

between conductor and insulator. To satisfy the wave equation 1.1,
k2, = kZ— k3 ey (1.11)
kZ = kZ— kie, (1.12)

Combining equations 1.11 and 1.12, we get the dispersion relation (relation between

frequency and wave vector) of SPP wave travelling at the interface of metal and insulator

kx = kspp = ko ’% (113)

One can derive the similar solution for TE (Transverse Electric) polarized waves, but after

and is given by

applying boundary conditions, none of the solutions satisfy the surface conditions. This
proves that no surface modes can exist with TE modes, which demonstrates that SPP
modes only exist for TM polarization. A more detailed derivation of the wave equation
(eq. 1.1) can be found in the book: “Optical electronics” by Amnon Yariv'®, and the
dispersion relations of SPP modes can be found in the book “Plasmonics: Fundamentals

and Applications” by S. Maier°,
Dispersion Relation

For the surface plasmons to exist at the interface according to the dispersion relation in

eq. 1.13, the following condition must be satisfied,

€d€m

— >0 1.14
Ea + Em ( )

= since €6, <0 =¢5+ ¢, <0 (1.15)



Since the em < 0 and €4 >0, eq. 1.14 also requires that the absolute value of

permittivity of the metal must be greater than that of the dielectric.
leml > leal (1.16)

To further understand the properties of SPPs let’s consider the dielectric function of
the metal given by the Drude modell7 assuming negligible damping,
W

eqw)=1— — (1.17)

w2

where wyp is bulk plasma frequency of the metal, which is given by,

ne” (1.18)
w, = |[— .
P gom
where n is the electron density, e is the electron charge, € is the free space permittivity

and mis the electron mass. At plasma frequency, the dielectric function changes sign from

negative to positive and the real part of the dielectric function falls to zero.

Substituting eqg. 1.15 in the dispersion relation eq. 1.13 gives

EdEm gq(w? — wf)
k = kg |—————= k 1.19
S 0 &4t Em O [(eg + Dw? — w} (119

We notice that kspp > ko , which implies that the phase velocity of the surface wave given
by vspr = w/kspp is smaller than the velocity of light, c = w/ko. Therefore, direct excitation
of surface plasmons is not possible as the momentum of light is smaller than the surface
plasmon momentum. This momentum mismatch must be compensated and can be done
by multiple techniques like using a Kretschmann prism?8, grating coupler'® or other

techniques?®??,
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Plasmon Polaritons v

Radiative modes
Em ~ 0

(Dp %\- ________________________
© Quasi Bound modes
& = -
O —&g < &m < 0
mSp ___________ \é}. ____________
6‘6
Bound modes

En == 4

o J Ed £
k.S'PP - k{) |

N Ed +&m
Surface Plasmon Polaritons

>

k,

Figure 1.3: Dispersion relation of Surface plasmons for metal/dielectric interface showing
different types of modes that can be excited according to the value of en.

Figure-1.3 shows the surface plasmon dispersion relation which can be divided into three
regimes, (i) Radiative modes (ii) Quasi-bound modes and (iii) Bound modes, depending on
the values of em and €4 (according to the condition in eq 1.14). For frequencies higher than
the plasma frequency (w>wp), |kspp| < |k| and hence transverse waves can propagate
in the metal as plasmon polaritons. This is called the transparency regime of the
metals. |kspp| > |k| is the bound mode regime which is located to the right of the
dielectric light line. Due to their bound nature, SPPs fall into this regime. The
frequency gap between and radiative and bound modes, has purely imaginative kspp

and prohibits any kind of propagation.

Two asymptotes can be observed from the figure and can be approximated as

w—=>0  kepp - ko\/g_d

kspp -0 w — = Wgp (120)
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where wsp is the surface plasmon frequency. Since €a > 0 , the surface plasmon
frequency is always smaller than plasma frequency, we. This implies that SPPs can only
be excited at frequencies below plasma frequency. Generally, for most metals, wp is of
the order of 1000-2000 THz, and falls in the ultraviolet spectral region?2. Therefore, it is
possible to excite the surface plasmons with visible light. However as previously
mentioned, it is not possible to excite the SPPs directly as there is a momentum mismatch
which requires using a phase matching technique. For small wave vectors, the dispersion
relation of kspp follows the wave vector of the light line. The charges in the metal follow
the displacement field and act as a perfect reflector. As the wave vector increases, the
free charges in the metal are not able to oscillate at such high frequencies resulting in the
deviation from the light line. This deviation increases and then saturates as surface
plasmon frequency. As kspp tends to infinity the phase velocity of the surface wave that is
inversely proportional to the wave vector approaches zero. This results in an electrostatic-

like behavior at the interface known as surface plasmon.

Surface plasmon polaritons are orthogonally confined to the interface’s plane and decay
evanescently in both sides of the interfacel®. The decay length of the fields perpendicular

to the interface is the skin depth (or penetration depth) and is given by,

1 1
2 1 2
5= ~

ko

1
ko

5, = gdtém gdtém (1.21)

2 2
&5 &

where 84 and &m are skin depths of SPP in dielectric and metal layers respectively. Due to
the condition, |em| > |&4| for the excitation of SPPs, the skin depth of SPPs inside the
dielectrics is larger than in the metals. So, the electric field travels longer inside the
dielectric. Generally, for a wide range of frequencies, the field decays in the order of about

20nm in metals while in dielectrics the decay is one or two orders larger in magnitude.
1.1.3 SPPs in Metal-Insulator-Metal system

When we consider multilayer systems, two main geometries are thoroughly studied, (i)
Insulator-Metal-Insulator (IMI) and (ii)Metal-Insulator-Metal (MIM) both known as

plasmonic waveguides?3. In these configurations, when the separation between the layers
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is comparable to the penetration depth, the SPP modes at the two interfaces couple with
each other giving rise to bound SPP modes. Consider three homogenous, lossless and

isotropic layers in MIM configuration as shown in Fig.1.4 (a). The top and bottom metal
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Figure 1.4: (a) Schematic representation of MIM structure (b) Dispersion relation of
MIM Charge distribution at the interfaces along with the magnetic field profiles for (c)
Symmetric mode (d) Anti-symmmetric mode

layers are made of same material, making it a symmetric MIM. A dielectric (&g, kq) slab of

thickness 2a is sandwiched between two identical metal (em, km) layers.

A TM polarized light is incident in the z-direction as shown in the Fig.1.4 (a). If we apply

the boundary conditions at the two interfaces and derive the dispersion relation, we get,

kdgnl

tanhkza = — ke (1.22)
de

cothkga = — kmg"; (1.23)
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Depending on the charge distributions and their oscillation at the interfaces, MIM can
sustain Symmetric (odd) and Anti-symmetric (even) modes. For anti-symmetric modes,
the dispersion curve exhibits a negative slope, leading to negative group velocity
(Ve=dw/dk) but the phase velocity (Vp=w/k) is positive. As a result, this mode thus behaves
as if it has a negative refractive index?*. On the other hand, the symmetric SPP mode
(below the surface plasmon resonance frequency) appears to have a positive refractive
index, as its group and phase velocities are both positive. Apart from these modes, there
are oscillatory modes which come into picture when the SPP propagation constant is
imaginary. Complete derivation of the dispersion relation and different modes can be
found in the book “Waves in metamaterials” by Solymar et al.?*> The above described SPP
discussion applies to MIMs acting as optical waveguide. In this thesis, we use MIM as a

photonic nanocavity?>, which will be discussed in Section 1.2.2.
1.1.4 Plasmonic Metamaterials

Light-matter interaction has been a stimulating field of research for a long time. These
studies have helped in engineering materials with desired optical properties which are
not naturally available and are called as “Metamaterials”. Metamaterials are periodically
or randomly distributed artificial structures with size and periods much smaller than the
incident wavelength. From macroscopic point of view, these elements can be assembled
to form a homogenous material with effective material properties?®. Since early 2000s,
plasmonics and metamaterials have been extensively studied in multiple fields like
optics?”?8, material science?®3°, biosciences3?, nanoscience3? etc. These two fields initially
advanced along their own individual trajectories, and once they reached the optical
regime, researchers started to combine the effects. The interplay between plasmonic and
metamaterials has given rise to unprecedented concepts and innovative discoveries. With
plasmonic metamaterials, researchers were able to demonstrate phenomena like
negative refractive index33, artificial magnetism343%, zero permittivity®®, zero
permeability?’, subwavelength field confinement®, surface enhanced effects3® and

strong chirality®®. Advances in nanofabrication made it easy for these materials to find



applications in biomedical imaging®!, energy harvesting®?, nanosurgery*?, photocatalysis**

and data storage®.

The three main mechanisms utilized to enhance or manipulate the electromagnetic fields
using plasmonic structures are (i) Near Field enhancement, (ii) Absorption and (iii)
Scattering. When plasmonic structures are irradiated with incident light, the localized
surface plasmons generate additional electric field around them. If some molecules are
in the vicinity of these plasmonic nanostructures, their Raman signal and fluorescence can
be enhanced. These effects are called Surface Enhanced Raman Scattering (SERS) and
Surface Enhanced Fluorescence (SEF)*¢-%8, Raman signal enhancements of factors 102 -
10%° have been reported allowing us to detect single molecules*®*°. The radiative and
non-radiative decay of fluorophores can be improved along their quantum vyield and

lifetime using plasmonic metamaterials>.

Strong absorption by plasmonic metamaterials can be manifested due to the excitation
of the surface plasmons. This in turn increases the localized energy absorption which also
generates heat (thermal energy). This phenomenon is mainly used in the biological
fields>%°3, By Irradiating plasmonic nanoparticles at their resonance wavelength, a local
temperature rise can be achieved which is used for a wide range of therapies. These
photothermal effects are used to generate high thermal contrast to kill/damage targeted
cells. Targeted delivery can be achieved by surface functionalization (e.g., biomolecule
and ligand conjugations). In 2019, Rastinehad et al., used Au-silica nanoshells in
photothermal treatment of prostate cancer in human®*. They reported near infrared (NIR)
absorption of Au-silica nanoshells and high-efficient results in clinical trial. This

demonstrated the first safe and efficient photothermal cancer treatment in human.



Page|28

* Plasmonics-mediated OO Bt il * Multiplex bio-imaging
nanosurgery of cells o

1 Functionalized  1I- Laser imadiation m Oploporation
ANPs on RGCs: loading to SiRNA entry

* Plasmonics-

based color = p-
encoding N (i n U _
+ Plasmonic-

enhanced
[ S photovoltaics

‘ Engineering choice § LLLA
s ------------------ Au@Ag nanocuboids

lllllll

A Scattering
| Absorption e il bhac b
e @ B
Laser & NPs
*  Nanofluidic i o2 lﬁg [“
solar steam TSPR b Near Field SERS -.-ﬁi . Colqr
generation oorea s 2 “nano-pixels”

+ Surface-
enhanced
fluorescence

» Surface-enhanced
Raman spectroscopy

» Near-field

*  “Hot-spot” between
enhancement

nanoparticles

Figure 1.5: Applications of plasmonics. The center circle shows the geometry and
composition of the plasmonic nanostructures and illumination source based on
wavelength, pulse width, etc. as an engineering choice. The second inner circle (orange)
represents the phenomena used for applications namely absorption, scattering, and near
field. The outer circle (grey) shows different applications based on the specific
phenomena according to the engineering choices. Reproduced with permission from Ref.
51. Copyright ©2020 Wiley-VCH GmbH

Plasmonics has found its place in energy technology as well. Solar energy is one of the
most abundant sources of energy available. There is significant amount of research going
on with remarkable advancements in this field*>>°6, But still for implementing these
developed approaches, lack of perfect light absorption and conversion efficiency are
limiting factors. Using plasmonic metamaterials, the energy conversion devices have

shown to improve the performance. Due to the scattering effects of plasmonic

nanoparticles, the light path in the semiconductors materials can be elongated, resulting

Introduction



in higher absorption®®. When plasmonic structures are implanted on a semiconductor
substrate, they tend to scatter light into the substrate, which in turn are reflected from
the bottom side of the device. The plasmonic structures can again reflect this light back
into the absorption layer increasing the effective path length of the light>l. This
phenomenon has been used to enhance the performance of standard solar cells>”°8,

organic solar cells>*®% and dye-sensitized solar cells®! giving rise to a new category of solar

cells called plasmonic solar cells®2,

Photonic integrated circuits (ICs) are the next most technological advanced circuits in
research®54, Given that the semiconductor technology reaching its limits, researchers are
turning towards photonic ICs to design new photonic based data storage and computing
devices. One of the main limitations of optical devices is the diffraction limit and using
plasmonic devices one can overcome this limit. Optical color filters based on plasmonics
are already in use®®®, Plasmonic metamaterials enable color-encoding at the nanoscale
which can be controlled through the illumination conditions and the, plasmonic
properties of the materials used®”® Plasmonics-based ‘nanopixels’ have been
demonstrated increasing the resolution over those of conventional imaging

techniques®7°,

1.2 Epsilon-Near-Zero materials

Near-Zero-Index (NZI) materials are class of materials which exhibit zero refractive index
values at certain frequencies’*’3. They display interesting phenomena like enhanced non-
linear optical interactions’4, emission tailoring’>, static light’®, super coupling’”’¢, photon
tunneling’®®%, The refractive index (n) is square root of product of permeability (i) and
permittivity (€), therefore one can achieve NZI condition in three ways (i) Mu-Near-Zero
(MNZ), (ii) Epsilon-Near-Zero (ENZ) and (iii) e-pu-Near Zero (EMNZ). As we are interested
in optical regime and most of the materials have weak magnetic responses in this
frequency regime, the relative permeability is regarded as a constant, p =1. It is therefore
easier to engineer the permittivity value to near zero than the permeability®®. This can be

achieved by implementing appropriate structural design8%23,



ENZ materials have been thoroughly under research in the past twenty years8848> There
are mainly four mechanisms to achieve ENZ behavior, (i) by using metal-dielectric
alternate layers to create an effective medium®3®7, (ii) by using free electrons in
semiconductors at bulk plasma frequency®®2°, (iii) by using metallic waveguides to confine
electromagnetic energy below a certain cutoff frequency®®®!, (iv) by exploiting the
photonic Dirac cone in Brillouin zone®>%3. The first two approaches are mostly used
because it is easy to engineer - multilayer photonic structures and, semiconductors and
transparent conductive oxides (TCO) by doping to obtain ENZ behavior. Generally, ENZ
condition requires only the real part of the permittivity to be zero. However, if the
imaginary part (which represents the losses in the material) is not sufficiently low, it
cannot be used for few applications. So, there should be a trade-off while designing ENZ

materials.
1.2.1. ENZ material properties

ENZ materials are those whose permittivity values are approaching zero, which in general
the occurs when the real part of permittivity changes from positive value to negative
value at a certain wavelength®*. This happens naturally in few materials, for example silver
films with thicknesses less than 40nm exhibits an ENZ mode at 326nm?®. For a material to
be a loss-free ENZ material, it should have both the real and imaginary parts of the
permittivity as zero. However, it is difficult to achieve such a lossless behavior, therefore
the ENZ materials designed are generally lossy due to a small positive imaginary part of
permittivity®>. ENZ materials show interesting properties®-8¢ which have led to some

novel phenomena, and we shall discuss few of them in this section.
Low wavenumber and long wavelength
When we consider the relation,

n =, ue (1.24)

as mentioned earlier in optical regime for most materials, pis considered as 1. This implies

n=+e (1.25)



A material’s wavenumber, k is generally defined as
k=2X=kon=koe, A=22 (1.26)

where ko is vacuum wavenumber, A and Ao are wavelength inside the material and
vacuum respectively. According to these equations, as permittivity tends to zero, the
wavenumber of the propagating wave approaches zero and the wavelength increases.
This indicates negligible spatial dispersion, and the wave stretches and exhibits
longer wavelength even for higher frequency radiation. Fig.1.6 illustrates how an
electromagnetic wave changes in a medium with high permittivity and near-zero

permittivity?e.

€>>80
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Figure 1.6: lllustration of propagation of electromagnetic wave in high permittivity
medium and ENZ medium. Reproduced with permission from Ref 96. Copyright © 2013,
American Association for the Advancement of Science.

Phase conservation and directionality

When we consider an EM wave expressed as E = EoeiE'f, the wavenumber is near zero
for an ENZ material. This implies that the EM wave phase remains constant while
propagating through the medium®’. This constant phase can be used to achieve enhanced

superradiance in antenna designs®®1%°. When dipoles are placed at arbitrary locations in



an ENZ medium, they oscillate with identical phases in the entire region. This results in

constructive interference of radiation field which results in an in-phase enhancement.

The constant phase has been utilized to shape the radiation wavefront!®! and directive
emission’. It is better explained by using Fresnel’s formula which is used to determine

the angle of refraction at a boundary.

6, = arcsin(y/eu sinb;) (1.27)

Where 0, and 6; are angles of refraction and incidence respectively. For an ENZ material,
0, is always zero, which means when a wave propagates from ENZ medium at any
incidence angle to other medium, it leaves perpendicular to the boundary. This results in

a directional wave leaving the ENZ medium.
Optical non-linearity Enhancement

Non-linear optical effects can be observed due to non-linear properties of the optical
polarizability, for example, when an intense laser beam is incident on a material 8102, The

refractive index of a non-linear material according to the Kerr effect'® is given as
n = ngy + ny|E|? (1.28)

Where n, is the linear refractive index, |E|? is the electric field amplitude, n, is Kerr non-

linearity, which is expressed as,

4
n, = x® (1.29)

 4nleyc
¥ is third-order nonlinear susceptibility. As we see, to enhance the non-linear behavior
of the material, n, must be increased which is inversely proportional to ny. With ENZ
material, ngy is nearly zero which can be utilized to realize and enhance non-linearity in

materials104105,
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Figure 1.7: Properties of ENZ materials. (a-c) Demonstration of first on-chip NZI
metamaterial in the optical regime by Yang Li et al®’. (a) Scanning electron microscope
(SEM) image of the metamaterial prism placed at the end of a silicon waveguide with an
SU-8 slab guiding region. Inset shows the prism made of right triangular array of pillars
constituting of Silicon and gold. When excited through the silicon waveguide from the
bottom left, the light enters the prism and refracts at an angle determined by
momentum matching. As the excitation wavelength approaches the zero-index region,
the phase velocity tends to infinity and a nearly uniform phase is achieved within the
prism which results in emission leaving in the direction normal to the interface instead
of at an arbitrary angle. (b) Near-infrared microscope image of the prism showing the
refracted beam, which propagates normal to the interface between the prism and the
SU-8 slab waveguide. (c) Simulated out-of-plane electric field in the prism illustrating the
nearly constant spatial phase distribution. (a-c) Reproduced with permission from Ref.
97. Copyright © 2015, Nature Publishing Group (d) Schematic of geometry of a 2D
waveguide structure with an ENZ material section proposed by M.Silveirinha et al. to
demonstrate the super coupling with ENZ materials. When a monochromatic EM wave
with ENZ frequency of the region enters through the waveguide, almost all the electric
field and the power flow are squeezed into the narrow channel without any loss causing
perfect transmission. Reproduced with permission from Ref. 79. Copyright © 2006 The
American Physical Society (e) Representation of wavefront shaping using ENZ medium.
A curved phase front impinging on an ENZ material leaves the medium with planar phase
front which is conformal to the exit surface. Reproduced with permission from Ref. 101.
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Field Confinement and Supercoupling

While applying boundary conditions between two media, the continuity of the normal
components of electric field is maintained. But when wave propagates through an ENZ
material, strong discontinuities are induced imposing high values of electric fields inside
the ENZ medium. This results in local field confinement and enhancement. Such effects

have been reported with both natural ENZ materials and metamaterials’%:106:107,

The constant phase property of the ENZ materials helps in transmitting the EM waves in
arbitrary shapes without any losses. It has been theoretically implemented to achieve
super-coupling between two waveguides by M.Silveirinha et al. They demonstrated that
EM waves can be squeezed and tunneled through subwavelength channels of ENZ
medium without any losses’®. They also proposed an analytical formula which indicated
that narrower the waveguide%, higher the energy tunneled into the waveguide, which
was later demonstrated experimentally as well'?’. This can be imagined intuitively that
when a wave enters an ENZ medium, its wavelength becomes infinite making it difficult

to pursue the width of the waveguide, and simply tunnels through.

All these properties along with several other fascinating phenomena makes ENZ materials
an important field of study. In this thesis, we deal with the ENZ nature of metal-insulator-
metal nanocavities. The next section will provide the details about the previous works
done by my colleagues within the Optoelectronics group which laid the foundation to the

work in this thesis.

1.2.2 ENZ modes in Metal-Insulator-Metal nanocavities

Naturally occurring ENZ materials can be used in certain wavelength regimes and
engineering them to produce a tunable ENZ response is challenging. Using Metal-
Insulator-Metal (MIM) nanocavities, ENZ resonances which can be tuned across the entire
visible region just by varying the insulator thickness has been successfully demonstrated
by V.Caligiuri et al*%11 When MIMs with layer thicknesses of tens of nanometers are

incident with light, they support Fabry-Perot cavity modes which manifests an ENZ



resonance. To better understand the physics behind the ENZ behavior, a semi-classical

approach was used to analyze the resonant tunnelling ENZ modes in MIM nanocavities?’.

In this model, the square of the refractive index is considered as the optical potential and
propagation of photons through this potential is described by the Helmholtz equation. An
analytical formula to predict the ENZ resonances in MIM was derived and given as,

2 2
Wy A1 Wpm

_ : + .
(w?+iyw) (w? - wg,zvmw_1 — Ymim_, @)

EeffMIM = €

2
AWy m

+
(“)2 - “)S,MIM_2 - iVMIM_ZCU)

(1.30)

where Y is the damping constant of Ag (0.021 eV), €x = 6.8 eV and wp = 2200 THz
(corresponding to 9.1 eV for Ag). All the other parameters are derived from
experimentally measured and fitted ellipsometric data. There are two eigenmodes, one
symmetric and one antisymmetric for a single MIM. These modes can also be identified
as peaks in transmission and absorbance and as minima in reflectance as shown in
Fig.1.8(a,c). The results agree with the Scattering Matrix Method (SMM) and Finite
Element Method (COMSOL) simulations.

Further coupling between two MIM systems, called MIMIM which is composed of MIM
with extra insulator and metal layers on top of it is explained and experimentally
demonstrated!®®. The same quantum analysis has been applied to the MIMIM system to
determine the ENZ behavior. The hybridization of the modes was experimentally
demonstrated by changing one of the dielectric layer thicknesses. The coupling strength
can be determined by the middle metal layer. Thinner the metal layer, higher the

coupling.
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Figure 1.8: ENZ modes in MIM and multilayer nanocavities. (a-d) Optical response of MIM
and MIMIM systems. (a,b) Transmittance (blue), reflectance (green), and absorbance
(red) of (a) the MIM and (b) MIMIM systemes. (c,d) Ellipsometrically measured real (black)
and imaginary (orange) parts of the dielectric permittivity of the (c) MIM and (d) MIMIM.
Reproduced with permission from Ref. 110. Copyright © 2018 American Chemical Society
(e) llustration of hybridization in MIMIM system. The typical anticrossing due to coupling
can be seen in a MIMIM system where the metal layers are 30 nm Ag and top dielectric
layer is 112 nm Al;Os and the thickness of the bottom dielectric layer is varied.
Experimentally measured data is shown by stars and the simulated dispersion via SMM is
shown by dashed lines. The gray markers (experimental) and lines (SMM simulations)
show the case of noninteracting cavities. Reproduced from Ref. 108. (f) Angle dependence
of spontaneous emission of a dye on cavity dispersion. Photoluminescence as a function
of the detection angle (black curves), and the emission of the dye (red curve). Reproduced
with permission from Ref. 109. Copyright © 2019 WILEY-VCH Verlag GmbH & Co. KGadA,
Weinheim. (g,h) lllustration of the hybridization of ENZ resonances when several MIM
cavities are placed over one another. g) Symmetric (Low Energy, LE) and Anti-symmetric
(High Energy, HE) modes in absorbance of stacks with one,two and three dielectric layers.
h) Resonance frequencies for up to 12 cavity layers giving rise to HE and LE bands that are
separated by a bandgap. Reproduced from Ref. 111.
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An angle and polarization dependent spontaneous emission of a dye was demonstrated
using MIM nanocavities'®. A dye was placed inside the cavity and the emission followed
the cavity dispersion. An enhancement in the emission due to the Purcell effect was also
demonstrated!®C. In this case, fluorophore was coated on the MIMIM cavity whose ENZ
resonance wavelengths matched the absorption and emission of the fluorophores. There
was an enhancement in the emission due to the increase in the Photonic Density of States

(PDOS) of the fluorophore.

As we increase the number of insulator and metal layers in the MIM stack, the ENZ
resonances hybridize further resulting in a band like response. A one-dimensional ENZ
crystal was designed and experimentally demonstrated using this concept!!l. An analogy
between atomic orbitals and MIM nanocavities was used to describe the ENZ crystal.
Using this Kronig-Penny model, a boundary between ENZ crystal and hyperbolic
metamaterials (HMM) in terms of dielectric thickness has been established. The classic
Effective Medium Approximation (EMA) theory which is generally used to explain HMM
permittivity fails to explain the ENZ crystals. With the Kronig-Penny model, it is possible
to explain the cavity modes that are sustained in thicker dielectric cavity layers providing

a novel perspective on these structures.
1.3 Conclusion

This chapter presented the basic concepts of plasmonics and ENZ materials to understand
their importance in research and applications. The conditions for exciting plasmonic
modes are studied in detail with appropriate derivations. NZI and ENZ material properties
were explained and their use in different optical applications was reviewed. ENZ modes

in MIM nanocavities which offers the basic concept for this thesis were reviewed in detail.



Chapter 2
Grating MIM for spatial ENZ response

What are ya doing there? Working on a new plan to catch the Road Runner?

Leonard Hofstadter

In this chapter, we use a structured metal-insulator-metal nanocavity called, ‘Grating
MIM’ to obtain spatial ENZ response. We start with brief characterization of MIM and
then explore the grating MIM properties. The optical response of grating MIM is studied

with Finite Difference Time Domain (FDTD) simulations and experiments.

2.1. Introduction

Color filters are one of the most important devices in displays'??, digital photography!3,

printing technologies!!* etc. Conventional color filters were built based on colorant
pigments which absorb light to produce desired color. These chemical filters suffer from
general environmental conditions like heat, moisture, reactions with components in air
etc., and continuous exposure to UV light degrades their performance!®. Structural color
filters which utilize the light interaction with nanostructures to produce different colors
are one of the promising technologies to produce better resolution and stable color

ﬁlters66,116-118

Depending on the mode of operation, color filters can be transmissive filters or reflective
filters. As the name suggests, transmissive filters transmit only specific wavelengths and

block the remaining spectral range and reflective filters absorb few wavelengths and



reflect desirable wavelengths. Fabry Perot filters based on Metal-Insulator-Metal (MIM)
cavities are of great importance due to their straight-forward fabrication and

response!!®-12l,

MIM cavities work in transmission mode, where the two metal layers act as semi-
transparent mirrors with the dielectric spacer in between. When light is incident on a MIM
cavity, it is partially reflected and partially transmitted into the cavity through the top
metal layer. The light is reflected from the bottom metal layer, and it travels back and
forth in the dielectric region. Due to the Fabry-Perot nature of the MIM cavity, only few
specific wavelengths can be trapped inside the cavity and eventually transmitted through.
The resonance wavelength which determines the transmission of the MIM is given as,

21
T

where A, is the resonance wavelength of the cavity, n4 and tq are refractive index and
thickness of the dielectric layer respectively. ¢:, ¢p are the phase shift due to the top and
bottom metal layers and m is the order of the cavity mode'?°. The phase condition given
by eq. (2.1) must be satisfied for the cavity to achieve resonance. When the total phase
accumulated while being reflected by top and bottom layers is an integral multiple of 2m,
the light is transmitted through the cavity. This is the physical phenomena that leads to

transmission through MIM nanocavities which can be employed as color filters.

As we seen from eq. (2.1), the spectral response can be easily tuned by dielectric
thickness. These filters have been recently employed in cameras by using dielectric layers
of different thicknesses for different spectral response and creating an image pixel'?2. It
has been reported that the MIM cavity resonances manifest Epsilon-Near-Zero (ENZ)
modes'®® !l Multi-ENZ response can be achieved by stacking layers of dielectric and
metals on a MIM nanocavity. But the ENZ modes obtained in this fashion, are coupled
modes. Similar to designing a pixel, we propose a design in which the bottom metal layer
of the MIM is patterned to obtain spatial ENZ response, which we call ‘Grating MIM’. We

also determine the spatial resolution of this response with simulations and experiments.
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Figure 2.1: Schematic of (a) MIM (b) MIMIM and (c) Grating MIM configurations acting
as transmissive filters

2.2. Characterization of a MIM

Before studying the properties of grating MIMs, it is essential to understand the steps
involved in characterizing a simple MIM which is infinitely long in X and Y-directions
compared to the nanometric dimensions in the Z-direction (termed as ‘Planar MIM’ in this
thesis). We will start by briefly describing the characterization procedure of a planar MIM

and MIMIM with thin layers of metal and insulator on a glass substrate.

Grating MIM



Simulations

In the previous referred studies'®®1!, Finite Element Method based Simulations using
COMSOL Multiphysics software were used. Here, we use FDTD based Lumerical software
to derive the simulation data. The results obtained are in agreement with the reported
COMSOL simulations. Silver (Ag) and Aluminum oxide (Al,03) were used as the metal and
insulator layers for this study as they are ideal for exciting ENZ response in the visible
spectral regime. The optical constants (n,k) of all the materials used were imported into
the library from experimentally measured data. A plane wave source with p-polarization
light is used to for illumination along the z-direction. Perfectly Matched Layer (PML) was
imposed as the boundary condition and a minimum mesh size of 2.5nm was used. 2D field
monitors were used to record the transmittance and reflectance data along with the field

profiles.

The thickness of the metal layers should be thin enough, so that the light can penetrate
through the top layer into the MIM, and the bottom layer should be able to couple the
light out of the MIM. The maximum thickness of Silver that can be used to facilitate this
process is 40nm. The thicknesses we chose for the study are 20nm of the Ag layers and
120nm of Al,Os. Fig.2.2(a,b) shows the design parameters used for the simulation of a
MIM and MIMIM nanocavities. The optical properties, transmittance (Trans.), reflectance
(Refl.) and absorbance (Abs.) were plotted for MIM and MIMIM systems as shown in
Fig.2.2(c) and Fig.2.2(d) respectively. The absorbance is taken as (1 — Trans. — Refl.). The
peaks in transmittance and absorbance and the minima in reflectance represents the
cavity modes of the MIM. In the case of MIMIM, we see two different cavity modes arising
from the coupling between the top and bottom individual MIM systems. The electric field
profiles along the XZ plane at the resonance wavelengths, 531nm for MIM and 485nm for
MIMIM shows the field confinement inside the dielectric layers. As the thickness of the
dielectric layer increases, the resonance wavelengths red shift and anti-symmetric modes

at lower wavelengths can be seen in the blue spectral region.
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Figure 2.2: Simulation results of MIM and MIMIM. 2D-Model and design parameters of
(@) MIM (b) MIMIM along XZ-plane. Transmittance (green) Reflectance (red), and
Absorbance (blue) of (c) MIM and (d) MIMIM. Simulated norm of the electric field

calculated as (Ex*+ E;2)Y2 of (e) MIM and (f) MIMIM at corresponding resonance
wavelengths.

Experimental Demonstration

The fabrication of planar MIM structures is a straight-forward process which involves
multi-layer deposition using e-beam evaporator. 20nm of Ag and 120nm of Al,O3 were
deposited at a rate of 0.3 A°/s and 0.5 A°/s respectively. The deposition is done at 10®
Torr pressure with e-beam source of 8KW power. The thickness of the layers was later

checked using ellipsometry and were found to be accurate with +2nm error.
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Ellipsometry can be used to retrieve information on each single layer of a multilayer
structure to give the measured Y and A. This data can also be used to perceive the
multilayer structure as a single effective unknown material to model and derive the
optical constants. Fig.2.3(a,b) shows the measured iy and A of the fabricated planar MIM
for different angles of incidence. To derive the permittivity of the MIM, we must fit the
data to a model constructed with different oscillators. Generally, we start with a CAUCHY
oscillator and fit the measured data by point-by-point fitting at a single angle until we
obtain a Mean Squared Error (MSE) value of less than 30!, Then we build a generic
oscillator model consisting of Lorentz and Gaussian oscillators (typical for MIM response)
to get a perfect fit as shown in Fig.2.3(c). Using the Kramers-Kronig consistency, this
model provides reliable values of real (¢’) and imaginary (&") part of permittivity of the
MIM as a single homogenous medium?!?3. Fig.2.3(d,e) shows the permittivity values
obtained for the fabricated MIM after fitting at all the measured angles. We can see two
zero-crossings of €’. The first zero crossing has a high imaginary part, which indicates a
lossy mode that is not optimal to generate a resonant response. The second crossing at
544nm however has a low imaginary value and therefore corresponds to a cavity mode

of the MIM with the ENZ condition.

The plots in Fig.2.3 (f) and (g) shows the transmittance and reflectance data of the
fabricated MIM. Absorbance can also be calculated from this data. The measured data
shows the angle and polarization dependence of the ENZ cavity mode. The p-polarized
light (TM mode) excites the plasmonic response of the metal (Refer to Section.1.1.2).
Thus, the p-polarized mode constitutes the cavity and plasmonic responses of the MIM
giving it a plasmonic-photonic kind of nature. While with the s-polarized incident light,
only the photonic cavity modes are excited, which is pure photonic mode. The energy
dissipation in the form of cavity and plasmonic losses results in shift to lower energy
(higher wavelength) and slightly broader response with p-polarized light than with s-
polarization. However, both p- and s-polarized modes correspond to ENZ dispersion and
produce cavity resonances, and these resonances are angle dependent as shown in

Fig.2.3(f,g).
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Figure 2.3: Experimental results of MIM with 20nm Ag and 120nm Al;Os. (a,b)
Ellipsometrically measured 1 and A at three different angular incidence. (c) Typical

model fit window used in WVASE software of ellipsometer to extract real (¢’) and
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and s- polarized light.
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2.3. Grating MIM
2.3.1. Simulation

A grating MIM with grating periodicity 4um and height 15nm is modelled to study the
optical response as shown in Fig.2.4 (a). Two MIMs with dielectric thicknesses of 125nm
and 110nm are incorporated in this design. Transmittance plot as shown in Fig.2.4(b)
shows two peaks in transmittance which correspond to two different planar MIMs. The
resonance peak at lower wavelength i.e., 531nm is corresponding to the MIM with
smaller dielectric thickness (110nm) and the higher wavelength peak at 607nm
corresponds to the MIM with dielectric thickness 125nm. These exactly align with the
planar MIM features. The electric field profiles (Fig.2.4(c)) at the two resonance
wavelengths shows that only a single cavity resonance exists at one specific wavelength.
This proves the spatial dependence of the ENZ response (transmittance) at different

resonance wavelengths for white light incidence.
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Figure 2.4: Simulation results of grating MIM. (a) Model and design parameters set for
simulation. (b) Transmittance of Grating MIM (orange) along with corresponding planar
MIMs of insulator thicknesses 110nm (blue) and 125nm (violet). (c) Simulated norm of
the electric field calculated as (Ex2+ E,%)/2 at two resonance wavelengths 531nm and
607nm.

This configuration when used in transmissive mode is limited in terms of the grating
height, which in turn limits the difference between the resonance wavelengths of the two

modes (76nm in above mentioned case). This is due to the fact that the thicknesses of the
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top and bottom metal layers should be less than 40nm for the light to enter the structure
and couple out of the structure. But if we consider reflective mode of operation, we can
overcome this limitation and opt for larger grating heights. This helps in increasing the

spectral difference between the two modes.
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Figure 2.5: Simulation results of grating MIM. (a) Model and design parameters set for
simulation. (b) Transmittance (green) Reflectance (red), and Absorbance (blue) of
simulated grating MIM with grating period 2um and height 50nm. (c) Dependence of
absorbance on grating period.

A model with grating height of 50nm and period 4um is designed and the optical response
in shown in Fig.2.5(b). The dielectric thicknesses of the two corresponding MIMs chosen
in this case are 145nm and 95nm. We can clearly see the two minima in reflectance with
a spectral difference of 132nm in the reflectance plot shown in Fig.2.5(b). We can see that
the transmittance at 645nm (corresponding to tg = 145nm MIM) is more than at 513nm
(corresponding to tq = 145nm MIM). This is because the bottom Ag layer is the MIM with

thicker dielectric is less (20nm) than the later (70nm).
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The two ENZ modes obtained from the grating MIM do not interact with each other like
in MIMIM. There is no coupling or energy transfer between the two MIM responses. But
as the periodicity of the grating decreases, the two MIMs feel the presence of the other
modes along with the plasmonic and grating modes which are present in nano-grating
structures®>%%1, Fig.2.5(c) shows the absorbance dependence on the grating period. We
see that once the grating periods are below 1um, the peaks corresponding to the ENZ
modes are perturbed by other new entities. The grating of Ag layer is a diffraction grating
whose modes depend on the grating period. For periods greater than 1um, these modes
are in infrared region. For smaller periods, the diffration modes fall into visible region and

interfere with ENZ modes.

One can achieve more than two ENZ responses by carefully designing a “double grating
MIM”, which has both top and bottom Ag layer structured as shown in Fig.2.6(a). The
most important thing to consider while designing such a structure is to make sure that
the individual MIMs have access to areas more than 1pum?. As we have seen from
Fig.2.5(c), it is the minimum grating period required to obtain unperturbed spatial ENZ
responses. For example, the design in Fig.2.6(a) has the top and bottom grating preriods
of 8um, but the top grating starts at the middle of the bottom grating. This makes it
possible to have four MIMs each with length in X-direction of 2um. The four different
MIMs in this case are those with dielectric thicknesses, t4=110nm, 130nm,160nm,180nm
respectively. The absorbance plot (Fig.2.6(c)) shows four peaks corresponding to the four
planar MIMs. The electric field profiles at each wavelength shows the cavity mode which
is present only at that resonance wavelength corresponding to that particular planar

MIM. This shows tha spatially-different spectral ENZ response of the double grating MIM.
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Figure 2.6: Simulation results of double grating MIM. (a) Model and design parameters
set for simulation. (b) Absorbance (blue) of simulated double grating MIM with grating
period 4um and heights 20nm (top) and 50nm (bottom). (c) Simulated norm of the

electric field calculated as (Ex>+ E;2)Y2 at four resonance wavelengths 532nm,

622nm,718nm and 816nm.
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2.3.2. Fabrication and characterization

The fabrication of a grating MIM is a multi-step process involving photolithography and
e-beam evaporation. The simple way to fabricate a grating MIM of periodicity 2.5um and
height 20nm is to deposit 40nm of Ag, followed by patterning the Ag layer by etching
using a photoresist mask, then depositing Al,Os to fill ,
the etched areas, followed by liftoff of photoresist and
finally depositing the Al,03 and Ag of desired
thicknesses. While trying to fabricate the sample using
these process steps, we encountered a problem in the
second step of etching Ag. After the lithography

10

process, while wet etching Ag using standard gold /

etchant (by Sigma-Aldrich) for few seconds, the
etchant attacked edges of the areas under the

photoresist as well. As a result, there is an undercut

Figure 2.7: Optical microscope
image of sample after wet
etching of Ag layer. The dark

and bright yellow lines are
with different
thicknesses. arrows

after the liftoff of the resist. One way to overcome this  sjlyver

The
indicate the undercut due to

problem is to dry-etch Ag using RIE process, but in the
facility we have we cannot etch metals as it causes ) )

the etching (black lines).
technical problems to the instrument. Therefore, we

had to adapt a to a more lengthy but effective fabrication process.

This process involves using a different metal mask layer to obtain alternate Ag and Al,O3
layer patterns. Fig.2.7 shows the process steps involved in fabricating a successful grating
MIM device. First, Ag of 20nm thickness was deposited using e-beam evaporator at a rate
of 0.3 A°/s on a glass substrate of thickness 500um. Photoresist S1813 was spincoated on
the sample at 4000rpm speed which produced around 1.5um thick resist. With the mask
aligner, the resist was patterned using a photomask of symmetric grating with periodicity
5um. 20nm of Ag, 5nm Al,03 and 50nm of copper (Cu) were deposited in the evaporator
followed by resist liftoff. The thin layer of Al,O3 protects the Ag layer from Cu etchant.
This produced a sample with continuous 20nm Ag layer over which a grating pattern

consisting of Ag, Al,O3 and Cu is present. Then an Al,O3 layer of 20nm, which is equal to

Grating MIM
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Figure 2.7: Steps involved in fabricating the grating MIM. The inset shows the SEM

v

image of the sample after removing the mask Cu layer. Scale bar 5pum.

the height of Ag layer in the grating pattern, is deposited using the evaporator. After this,
the Cu layer is etched using dilute Ferric Chloride (FeCls) solution. This left alternate Ag
and Al,Os layers as shown in the SEM image in Fig.2.7 in the inset. Finally, an Al,Os layer

of 120nm (1 A°/s) and Ag layer of 20nm (0.3 A°/s) were deposited using the evaporator.

The grating MIM was characterized using ellipsometry to study the optical response of
the device. The transmittance data for different polarizations and different angles of
incidence were recorded (Fig.2.8). In parallel to fabricating the grating MIM, planar MIM
control samples were fabricated to compare the responses. Fig.2.8(a) shows the p-
transmittance at 30° incidence angle for the grating MIM, along with the corresponding
planar MIMs. We can see a good correspondence between the grating MIM resonances
and the planar MIM resonances similar to the simulation data. Since the bottom Ag layer,
corresponding to the MIM with tg = 120nm, is 40nm, and thus thicker than for t4 = 140nm

which is 20nm, the transmittance for the regions with where the MIM has a dielectric
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thickness of tq = 140nm should be higher. However, we observed more signal from the
from the higher frequency mode, which is related to the area coverage of the differently
structured regions. Even though the photomask used for patterning had a symmetric
grating periodicity (2.5um exposed, 2.5um unexposed), due to the inconsistencies in the
fabrication process steps, the final sample did not manifest a symmetrical grating. The
area in the grating MIM covered by the MIM with tq = 120nm is larger than that of MIM
with tg = 140nm. As the measurements done were with incident beam spot size around

2mm, and the data recorded is the collective response, the transmittance value at
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Figure 2.8: Experimental results of grating MIM. (a) Transmittance of Grating MIM
(orange) along with corresponding planar MIMs of insulator thicknesses 115nm (blue)
and 135nm (violet). (b) p-Transmittance dependence on angle of incidence. (c) p and s-
Transmittance at angle of incidences 0° and 30°. (d) Transmittance of grating MIM at
different angles when illuminated from top (front) and bottom (backside) of the sample.
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resonance at a wavelength of 549nm (corresponding to MIM with tg = 120nm) is higher
than that at wavelength 597nm (corresponding to MIM with tq = 140nm). For the same
reason, we cannot determine the exact permittivity values of the grating MIM, because
even though there are ENZ modes corresponding to single MIMs, the separate values add
up and do not show the individual dispersions. Nevertheless, we can demonstrate the

ENZ nature by a careful interpretation of the transmittance data.

The angle dependence as shown in Fig.2.8(b) shows that the resonances blue shift as the
angle increases, which is similar to the planar MIM response. The second peak slowly
diminishes as the angle increases, the reason for this might be that at higher angles, the
light doesn’t completely reach the bottom (to 20nm Ag layer) of the grating MIM, instead
gets reflected by 40nm Ag layer of the grating, resulting in stronger response from thinner
dielectric MIM with respect to the thicker dielectric MIM. Fig.2.8(c) shows the polarization
dependence of the transmittance at two different angles of incidence. We see that at
normal incidence the p- and s-polarized response is the same. With 30° angle of incidence,
we see the shift between pT and sT, because of the excitation of plasmonic modes. This
results in the shift between the responses with different polarizations. This angle- and

polarization-dependent responses prove the ENZ nature of the modes.

To experimentally confirm that the double grating MIM analyzed in the FDTD simulations
works, we illuminated the sample from bottom (through the glass substrate) to prove that
we get similar results with top grating MIM as well. Fig.2.8(d) shows the p-Transmittance
at two different angles from top and bottom illumination. We see that the response in
both configurations is the same, proving that with careful alignment while performing
lithography one can fabricate and obtain results similar to simulation data with double

grating MIM.



2.4. Conclusion

We have simulated and fabricated a Grating MIM which gives spatially variant spectral
response. The grating MIM delivers two different spectral outputs if the grating period is
more than 1um. This can be used to fabricate Bayer format pixels!!’ with basic spectral
components red, blue, and green with pixel unit size of 4um which is well beyond the
human eye resolution and comparable to present day display technologies. The spatial
ENZ response can also be used to enhance specific spectral response in certain areas of

emitting layers that are embedded in the cavity.



Chapter 3

MIM MICROPILLARS: Talbot Lithography and Cavity Resonance
for Photoluminescence Enhancement

| feel like my mind just made a baby! And it’s beautiful. It’s not
like human babies which are loud and covered in goop.
- Sheldon Cooper

In this chapter, planar MIMs are patterned as micro and nano pillar structures and their
properties are analyzed. A cost-effective lithographic technique called Talbot lithography
is investigated to obtain submicron sized features. Samples made using this technique
were employed to enhance Photoluminescence of Molybdenum Disulfide (MoS,)

monolayers

3.1. Cavity and Dipole resonances in MIM pillars

Planar Metal-Insulator-Metal (MIM) nanocavities are infinitely long in X and Y-directions,
and their use as Fabry-Perot cavities was demonstrated in myriad of applications!!-122,
Similarly, MIM nano resonators with nanometer dimensions in X, Y and Z-directions have
also been extensively studied and employed in multiple applications'?412°, MIM
nanoresonators exhibit electric and magnetic dipole resonances when the dimensions are
comparable to the incident light wavelength. In this section, we investigate the existence

of cavity resonances in MIM micro and nanostructures.
Simulations

One of the most investigated structural configurations in metamaterials are nanopillars.

We study this geometry to understand the effects of lateral confinement in MIM
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Figure 3.1: Different resonances in MIM pillars. (a) Schematic of MIM pillars of
different diameters (D). b) Electric field along the XZ plane (y = 0) at the cavity
resonance (ENZ) wavelength for pillar with D = 2um . (c,d) Top views on a pillar with D
= 200 nm. (c) Electric field along XY plane at Electric Dipole (ED) wavelength. (d)
Magnetic field along XY plane at Magnetic Dipole (MD) wavelength. (e) Variation of
MD, ED and ENZ modes with the diameter of the pillars.

nanocavities. MIM pillars of different diameters (Fig.3.1(a)) were analyzed experimentally
and theoretically using Lumerical FDTD simulations. When the diameters (D) of the pillars
are in the submicron range, electric and magnetic dipole resonance modes which are
generally present in MIM nanostructures fall into the visible and Near-infrared (NIR)
spectral range'?°. ENZ cavity resonances originating from planar MIMs are identified as
peaks in transmittance and absorbance and minima in reflectance. When the diameter
of the pillars is in the micron range, the cavity resonance behaves like the planar MIM.
Fig.3.1(b) shows the electric field profile of a simulated D = 2um MIM pillar at the

resonance wavelength of 476nm with 20nm Ag, 80nm AlI203 as metal and insulator

MIM Micropillars



respectively. On the other hand, Figs. 3.1.(c) and 3.1(d) show the electric and magnetic
field profiles along XY plane at Electric Dipole (ED) and Magnetic Dipole (MD) resonance
wavelengths, at 678nm and 991nm respectively, for a MIM pillar with D = 200nm.
Fig.3.1(e) shows the variation of modes with the diameter of the pillars. As the diameter
of the pillars increases, the dipole modes shift towards the infrared region. But in the case
of the cavity modes, the mode remains constant for diameters larger than 500nm, and
below 500nm they become weaker with decreasing wavelength until they cannot be

resolved as a peak in transmittance anymore.
Experiments

To confirm the simulation results, samples were fabricated and characterized with
different pillar diameters. In this chapter, we focus on ENZ cavity resonances, while
experiments regarding dipole resonances will be presented in the next chapter. We
consider two samples to analyze the cavity modes, one with D = 2um and other D =
500nm. MIM pillars with diameters of 2um were patterned using photolithography and
pillars with 500nm diameters with electron-beam lithography (EBL). A photomask with
square array of holes of diameters 2um and periodicity of 4um was used for
photolithography process. After replicating this pattern on a photoresist using a Mask
Aligner; 20nm of Ag, 80nm of Al,O3 followed by another Ag layer of 20nm were deposited
using an e-beam evaporator. Lift-off of resist produced an array of MIM pillars of
diameters 2um. A more elaborate fabrication process involving Electron-beam

Lithography (EBL) patterning will be presented in the next chapter.

Fig.3.2(a,b) shows the SEM images of fabricated samples with diameters 500nm and 2pum
respectively. The corresponding planar MIM (ta = 80nm) transmittance plot
(Fig.3.2(c)) shows that the cavity resonance occurs at A = 480nm. The p-
transmittance of the pillar samples is shown in Fig.3.2(d). When compared to a planar
MIM, there is a blue shift in the transmittance peak associated to the cavity mode as the
diameter decreases. For D= 500nm the peak becomes broader and appears at 471 nm,

thus blue-shifted with respect to the planar MIM where it occurs at 480 nm. The ED and



MD modes for 500nm pillars are in infrared region, and therefore only their higher order
modes fall in visible region (Fig.3.1(e)). The interference of these modes with the cavity
resonance results in perturbed spectral peaks: The dips in the transmittance (Fig.3.2(d))
of D = 500nm pillar at 556 and 774nm can be identified as electric octopole (EO) and
magnetic hexadecapole (MH) modes from simulations'3°, There are also additional effects
caused by diffraction of the array that contribute to the spectral shape. The cavity
resonances can be more straightforwardly studied in simulations where a PML (Perfectly
Matched Layer) boundary in X and Y direction is used. Fig. 3.2(e) shows the electric field
profile of a D = 500nm MIM pillar at 471nm. It shows that the electric field is not
completely confined in the dielectric layer as for planar MIMs. This proves that lateral
confinement affects the MIM resonances for smaller diameters, and hence the modes are

not fully confined.

The ENZ nature of the MIM pillars is further demonstrated by polarization and angle
dependent measurements. Fig.3.2(f) shows the transmittance plot for D = 2um pillars for
different polarization angles (¢p). We see that the peak blue shifts for ¢p = 0° (p-
polarization) to ¢, = 90° (s-polarization), which is typical in the ENZ response of a planar
MIM. The p-Transmittance peak dependence on the angle of incidence for planar and
pillar MIMs is shown in Fig.3.2(g). The blue shift with the angle corroborates the ENZ

nature of the pillars.
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Figure 3.2: SEM images of fabricated pillars of diameters (a) 500nm (b) 2um. (c) p-
Transmittance of corresponding planar MIM (d) Simulated and experimentally
measured transmittance of MIM pillars with diameters, D = 500nm and 2um. (e)
Electric field profile simulated at cavity resonance (471nm) for D = 500 nm pillar. (f)
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p-Transmittance dependence on angle of incidence for planar MIM, D = 500nm and
2um MIM pillars.
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3.2. Talbot Lithography

Talbot Lithography also known as Displacement Talbot Lithography (DTL) is an interesting
mask-based lithography technique which was invented during the last decade!3!133, |t is
based on a phenomena called Talbot effect. Generally, Deep or Extreme Ultraviolet (DUV,
EUV) light source is used to obtain patterns with nanometer resolution. When light is
incident on a periodic mask, a self-image is obsereved at periodic intervals called Talbot

length (Zr) which is given by,

where P is the periodicity of the mask and Ai is the incident light wavelength. This formula
is valid when P > Ai. Fig.3.3 depicts the ‘Talbot Carpet’ generated when a plane wave is
incident through a grating of period ‘P’. The self image of the grating is produced at a
distance of Zr. The exact same self image with lateral shift of P/2 is observed at Zt/2.
Along the Talbot carpet, the replica of the original mask, with feature sizes and
periodicities divided by an integer factor are observed. For example at Zt/4, the
feature size and periodicity are halved thus producing twice the number of original
features. At Zt/8, the feature size and periodicity are further halved thus producing

four times the number of original features but of 1/8t the original size.

This concept has been sucessfuly utilized to develop a lithographical tool (DTL) and
produce nanometer resolution designs!32133, By placing the substrate at factors of
talbot length, one can achieve features much smaller than the original mask. However,
this requires accurate substrate placing from the mask and most of the tools use
Extreme Ultraviolet (EUV) sources due to their smaller wavelengths. This accounts
for an expensive setup. Here we use standard photolithography in contact mode to

obtain nanometer sized features with photomask of micrometer size features.
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Figure 3.3: Talbot carpet of a 1D grating of period ‘P’ depicting the patterns at different
integrals of talbot length. Reproduced and modified from Ref. 134.

Consider a mask of hexagonal array of holes of diameter 2um with period 4pum and a
standard photolithography light source of wavelength 365nm. The Talbot length
calculated according to eq.(3.1) is approximately 87.6um. With standard contact mode
lithography, the mask and substrate are seperated by the resist which is few micrometers
in thickness, much less than the Talbot length. In Fig.3.3, we see that at the start of the
Talbot carpet (area of interest), the light is diffracted from the apertures, keeping the
original beam intensity high for certain distance along with diffracted beams. In this area,
due to Fresnel diffraction we see higher order diffracted beams along with the original
transmitted beam. We operate in this area to obtain smaller features along with the

original mask design.

MIM Micropillars



Height (um)

o 1 2 3 4 5 6 7
Length (um)

0.35

030 ” n
E 025
=
= 020
S
g 015
T

0.10

0.05} .

0 1 2 3 4 5 6
Length (um

0.20 ~250nm
Eois) H
=
-
=
@010}
[
T

0.05}

0 1 4 5

2 3
Length (um)

0.20 +
' ~100nm
0.05
1 ' s 4 5

o
=Y
o

Height (um)

0.00
0

2 3
Length (um)

Page|61

Figure 3.4: Talbot lithography. AFM images of different patterns developed on
photoresist along with the corresponding line profiles showing the height.
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In order to obtain different orders of diffracted pattern, we use resist with different
thicknesses. S1813 photoresist produces around 1.5um thick films at 4000rpm spin
speed. To produce much thinner films we dilute the resist using Anisole as solvent in 1:1
ratio and spincoat at different spins. We obtained resist films of thicknesses around
670nm, 520nm, 310nm and 250nm at spin speeds 4000, 5000, 6000 and 7000 rpm
respectively. With the above mentioned hexagonal array of holes, the samples were
exposed using contact photolithography for 8-10 seconds and developed for 25-30

seconds (all the process parameters were optimized after several trials for each sample).

Fig.3.4 shows the AFM images of some developed patterns on the resist. We see that the
main pattern of the mask is present and increases in size in all the samples. If we consider
two adjacent holes which are not the nearest neighbours, we seen that between these
two main holes, smaller holes of different sizes originate. In Fig.3.4(a), we see new
features of 1um diameter and 2um period, which are half in size than those in the original
mask, which is the order-1 pattern. Similarly in Fig.3.4(b), the new features are around
500nm in diameter and 1um in period and correspond to the order-2 pattern. The
Figs.3.4(c,d) shows the order-3 and order-4 patterns with feature sizes around 250nm and
100nm and periods 500nm and 250nm respectively. Similar patterns can be obtained for
square array of holes as well. Fig.3.5 shows the original mask pattern, order-1 pattern and
order-2 pattern of square array of holes. Hence, we were able to produce holes of sizes

as small as 100nm with a standard photolithography setup and a mask with 2um

structures.

Figure 3.5: AFM images of different patterns developed on photoresist using a
photomask of square array of holes.

MIM Micropillars
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3.3. PL enhancement in Molybdenum Disulfide monolayers

In this section, we use talbot lithography to fabricate MIM pillars of different diffraction
orders to use the ENZ cavity response to enhance the Photoluminescence (PL) spectra of
Molybdenum Disulfide (MoSz) monolayers. MoS; is an atomically thin semiconductor
which is identified as transition-metal dichalcogenide (TMDC) monolayer. This family of
materials have direct bandgap and are used for multiple applications due to their unique
properties related to 2D structure of the materials3*>'36, MIM nanocavities were reported
to enhance the PL of emitter layers when the cavity resonance matches the emitter
absorption or emission!%, and we tested this approach for MoS; in combination with MIM

pillars.

Hexagonal array of circular holes were patterned in the resist along with order-1,2,3
patterns using talbot lithography (Fig.3.5 (a-d)). After the resist development, multi-layer

deposition of MIM layers is done using e-beam evaporation. After the liftoff, we obtained

Figure 3.5: SEM images of samples fabricated using Talbot lithography for TMDC
transfer. (a-d) Developed resist patterns of different resist thicknesses (e,f) Samples
after successful liftoff of developed patterns (a) and (b)

MIM Micropillars
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MIM pillars using the resist patterns from Fig. 3.5(a,b) resulting in pillar arrays shown in
Fig.3.5(e,f) respectively. Lifting off the resist for patterns in Fig.3.5(c,d) is difficult as the
resist thickness is thin and the smaller features are not completely developed even using

longer developing times.

The fabricated pillars have two different fill factors (ratio of area covered by the MIM
pillars to the total area). The pillars fabricated are 1um and 2um in diameter, which
according to the simulations should sustain the cavity modes and therefore able to
manifest Purcell effect enhancement. Generally, Surface Plasmon Enhanced Absorption
(SPEA) and Surface Plasmon Enhanced Coupled Emission (SPCE) are the main mechanisms
that result in this kind of enhancement!1%137_ To achieve these effects, we need to match
either the absorption (SPEA) or the emission (SPCE) of the emitter to the MIM resonance.
SPCE has been reported to give better enhancement, so we use the MIM which can couple
with the emission of the MoS,; monolayer. The MIM pillars are fabricated with the
insulator (Al>O3) thickness of 145nm so as to match the PL emission of MoS; at 660nm.
An additional 35nm of Al;Os is deposited on top of MIM and MIM pillars to avoid

quenching due to the metal layers1°,

A transfer station setup was used to place the MoS;
flakes on the MIM pillars. In order to facilitate the
process, Polydimethylsiloxane (PDMS) stamps were
used. A cube of PDMS was cut and placed on a glass
slide. Then a thick viscous droplet of PDMS is placed

on top of this cube to get a curved top surface

(Fig.3.6). Thin polycarbonate films were used as the

top cover of the PDMS. Boron Nitride (hBN) flakes  Figure 3.6: Photographs of

were used as sacrificial layers to pick up the MoS,  8lass slides with PDMS and

| bonat d f
monolayers as they provide better adhesion. The polycarbonate use or

transferring the MoS; flakes
main process steps are (i) exfoliating hBN flakes onto
a Si substrate from the crystal, (ii) use the prepared glass slide to pick up the desired hBN

flake with the transfer station, (iii) MoS2 monolayers are then picked up with the assist of

MIM Micropillars
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hBN flake (iv) the glass slide with the MoS,-hBN flake is then brought in contact with the
substrate on which they have to be placed, (v) the temperature of the substrate is
increased in order to melt the polycarbonate film. (vi) once the polycarbonate is melted
onto the substrate, it leaves the MoS;-hBN flake also, (vi) finally, the polycarbonate film
is washed in chloroform leaving the flakes on the substrates. Fig.3.7(a-c) shows the SEM
images of the transferred flakes on three different substrates, planar MIM (Flake 1), MIM
pillars in mask pattern (Flake 2), MIM pillars with order-1 pattern (Flake 3). The

transferred flakes are tens of micrometers in size.
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Figure 3.7: (a-c) SEM images of MoS; flakes transferred on to (a) planar MIM and (b,c)
pillar MIMs with different fill factor. (d) Normalized absorbance of the planar MIM and
PL of the MoS, monolayers on Si substrate. (e) PL spectra of MoS; flakes on different
substrates as depicted and labelled in the SEM images (a-c). (f) Lifetime decay of MoS;
flakes on different substrate along with exponential time decay fit

The MIM pillars fabricated have diameters of 2um for mask pattern (Flake 2) and, 1um
and 2um for order-1 pattern (Flake 3), they sustain ENZ cavity modes (Fig. 3.1(e)) and

their response is similar to planar MIMs. Fig.3.7(d) shows the normalized absorbance of

MIM Micropillars



the planar MIM and PL of the MoS2 monolayer. Using micro-PL setup, the PL of the flakes
was measured with a laser of spot size 2.5um and wavelength 532nm. Fig. 3.7(e) shows
the comparison of the PL counts from the MoS; flake on Si substrate (Reference) along
with the three transferred flakes (Flake 1,2 and 3 in the Fig.3.7(a-c)). Clearly, we see an
enhancement in PL with the MIM pillars. The PL enhancement is highest for flake 3 than
flake 2 and 1. The substrate geometry along with the cavity resonance coupling is the
reason for this kind of enhancement. The PL enhancement due to the Purcell effect results
from increase in photonic density of states (PDOS) which enhances the decay rate!*°. Time
decay measurements were recorded for the flakes 1 and 3 (on planar and pillar of order-
1 MIM) along with the reference are shown in Fig.3.7(f) including exponential decay fit.
Due to the instrument response function caused by reflections in the system, we notice
an artifact in the decay measurements. The average lifetimes obtained from the fit for the
flakes are 0.046 (reference), 0.039 (planar MIM) and 0.04ns (pillar MIM). Even though
there is slight decrease in decay lifetime, it is not significant. Unfortunately, the resolution
of the set-up used is 4ps and the general lifetime of MoS; is reported to be 10s of

picoseconds. So, it is difficult to conclude the PDOS contribution with this data.
3.4. Conclusion

In this chapter, we showed with simulations the behavior of micro/nano MIM pillars and
their dependence on pillar diameter. With focus on micro MIM pillars, we fabricated and
studied the optical response corresponding to ENZ cavity resonance. A cost effective,
large area nanometer size patterning with nanometer resolution based on Talbot
lithography was explored. Multiple samples were fabricated with a single photomask
using standard photolithography setup. These samples were used as substrates to

enhance the photoluminescence of MoS, monolayer flakes.



Chapter 4

MIM NANOPILLARS: DIPOLE RESONANCES AND ANAPOLE-LIKE
MODES

It's simple. Lizard poisons Spock. Spock smashes scissors.
Scissors decapitates lizard. Lizard eats paper.

Paper disproves Spock. Spock vaporizes rock.

And, as it always has, rock crushes scissors.

- Sheldon Cooper

This chapter is dedicated to study the resonant modes in nanopillars. In the previous
chapter, we have seen with simulations that dipole modes come into picture when we
reduce the diameters of pillars to the nano range. In this chapter we fabricate nanopillars
and investigate their optical response to experimentally verify the results of the
simulations. We also explore the possibility of exciting an “Anapole” mode with MIM

nanopillars.

4.1. Dipole modes in MIM nanopillars

Dielectric nanoresonators have recently gained interest due to their ability to manifest
tunable electric and magnetic dipole resonances'3®3%, These resonances which occur in
nanostructures can be best explained with Mie theory?°. They arise when there is large
difference in permittivity between the nanostructure and the surrounding medium. The
incident electromagnetic energy is stored in these structures at the resonant wavelengths
due to the boundary conditions. For this reason, high-index dielectric materials are used
to excite these modes. Due to their scattering properties, these resonances found their
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place in applications like solar cells'*!, surface-enhanced Raman spectroscopy'??,

sensors'#? etc. The resonance wavelengths depend on the refractive index and the size of



the nanostructure. The magnetic dipole resonance wavelength for a dielectric

nanoparticle can be approximated as,
A=nyD (4.1)

where, n, is the refractive index and D is the diameter of the dielectric nanoparticle#4.
We see that the resonance is shifted to higher wavelength regimes as the diameter and

refractive index increase.

For all dielectric systems, a large refractive index difference is required to excite the dipole
modes. In MIM nanopillars this condition is relaxed because the metal layers aid in
providing the necessary field confinement to produce dipole modes'®. The coupling
between the two metallic layers produces symmetric and anti-symmetric plasmon
modes. The incident electromagnetic radiation causes in-phase charge oscillations in the
top and bottom metal layers at the symmetric resonance wavelength, resulting in electric
dipole resonance (ED). Similarly, out-of-phase charge oscillations create a circulating

current loop in the dielectric layer, giving rise to a magnetic dipole (MD).
Fabrication

To fabricate the MIM nanopillars, we used e-beam lithography to pattern the substrates.
Since we wanted to perform transmission measurements, 500um thick glass substrates
were used. To facilitate electron-beam patterning of the resist, a conductive layer was
deposited on the resist. Commercially available PMMA A4 (Polymethyl methacrylate) was
used as a positive e-beam resist. PMMA was spin coated on glass substrate to obtain a
thinfilm of thickness around 150nm. Using e-beam evaporator a thin layer of 10nm gold
(Au) was deposited on the PMMA film. The sample is then loaded into the EBL chamber
and patterned with a design constituting an array of holes of diameter D and periodicity
P = 2D. Samples with three different diameters of 200nm, 300nm and 400nm were
exposed with a dose of 300uC/cm?. After the exposure, the Au film was removed using
standard gold etchant for few seconds. Then the PMMA was developed using Methyl
isobutyl ketone (MIBK) which was diluted with isopropanol as solvent in the ratio 1:3 for

25 seconds. After the development, multilayers of 20nm Ag, 80nm Al,O3, and 20nm of Ag
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were deposited using e-beam evaporator. The resist is later lifted off using Acetone at

70°C for 15 —-20 minutes. Fig. 4.1 shows the process steps of the fabrication of nanopillars.

(1) PMMA spincoating (2) EBL Exposure

Au deposition l l l l

- E..

(3) Au removal (4) Multi-layer deposition
PMMA development
| ] ] ]
(5) Liftoff of PMMA
—— — Au . Ag
——— e Glass Substrate
_ PMMA Al,04

Figure 4.1: Steps involved in fabricating nanopillars with e-beam lithography

Characterization

AFM images of the fabricated nanopillars of diameter 400nm, 300nm and 200nm are
shown in Figs. 4.2.(a-c) respectively. The transmittance plots of the MIM nanopillars along
with the planar MIM are shown in Fig.4.2. (d). We clearly see the ED and MD modes as
minima in transmittance shifting towards infrared region from D = 200nm to D = 400nm.
As per the eq. (4.1), the resonance wavelength is directly proportional to the diameter of
the pillars, so we observe a red shift with increase in diameter. The peak in transmittance
indicating the ENZ cavity mode in planar MIM at 480nm can still be identified in D =400nm

nanopillars, but not in D = 200nm and 300nm. The smaller dips observed in D= 300nm

MIM Nanopillars
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and D= 400nm plots in the wavelength range of 500nm to 800nm are result of higher
order modes of the dipole modes. This data is in agreement with the simulation results,
which indicates that the cavity resonances are quenched for nanometer-range diameters

of pillars.
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Figure 4.2: AFM images of nanopillars with diameters (a) 400nm (b) 300nm (c) 200nm.
Scale bar is 1um. (d) Transmittance plot of the nanopillars for different diameters along
with the planar MIM.
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4.2. Anapole-like modes
4.2.1. Introduction

Metamaterials designed using nanostructures with sub-wavelength periodicities are of
great interest due to their light manipulation properties at nanoscale'#®4’, These

structures exhibit unusual properties like negative refraction!8, cloaking'#°, hyperbolic

150 151

dispersion®?, superlensing’~* etc., which can be tuned by varying the geometrical

properties. Using the plasmonic nature of metallic nanostructures, one can achieve

152 153 154

perfect absorption’>?, optical chirality’>> and light trapping®*. While they offer promising
results, metallic nanostructures suffer from dissipative losses and cannot support strong
magnetic resonance modes unless designed with specific geometry like split-ring
resonators>. All-dielectric metamaterials overcome these losses and support inherent
magnetic resonance modes'®. When illuminated with electromagnetic radiation,
displacement currents are induced in the dielectric nanostructures giving rise to magnetic
resonant modes. Due to magnetic dipole resonances excited in visible spectra, dielectric
nanostructures can be used to create magnetic light>”1%8, They were found useful in
applications for phase retardation®®, directional scattering'®®, perfect magnetic

mirrors®!, Huygens surfaces'®? and others.

According to Mie theory, there are three main dipolar resonances present in
nanostructures namely, electric dipole (ED), magnetic dipole (MD) and toroidal dipole
(TD)*4°, The destructive interference of two of these modes, cancelling the far-field
radiation gives rise to a non-radiative mode called ‘anapole’®31% A E.Miroshnichenko et
al reported the first experimental observation of optical anapole!®® using Silicon (Si)
nanodiscs following which, they were several reports with different geometrical

configurations and materials'6167,

Most of the research in this field was dedicated to exciting electric anapoles!®>18 and
only recently, magnetic anapoles are studied experimentally. Theoretical'®® and
experimental’’® demonstrations of magnetic anapoles in the microwave frequency region

were reported in high-index dielectric materials. Although perfect magnetic anapoles
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were not illustrated, P. Kapitanova et al reported an anapole state as suppression of
magnetic dipolar mode and superposition of different multipoles!’®. This depicts that

there is more than one way to excite the anapole modes.

(a)
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Y + Electric dipole Anapole

Currents Magnetic
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Figure 4.3: Illustration of Anapole modes. (a) Structure of an anapole created due to
destructive interference of electric and toroidal dipoles. Reproduced from Ref.166. (b)
Anapole mode created due to superimposition of magnetic dipole (MD), electric dipole
(ED) and electric quadrupole (EQ). The image shows the magnetic field distributions of
different modes. Reproduced with permission from Ref.170. Copyright ©2020 Wiley-
VCH GmbH

Typically, materials with n > 3, are used which lead to not perfect but lossy anapole modes
(not exact zero scattering)'’!. Using materials with lower refractive index leads to
significant increase of these losses, making it difficult to decipher the anapole modes. In

this section, we used the metal-insulator-metal (MIM) configuration to provide the

MIM Nanopillars



necessary field confinement to excite similar modes in low index material such as Alumina

(Al203).

The reported anapole-like modes in this chapter arise from collective response of a
metamaterial comprising an array of MIM nanopillars. The behavior of two modes, a
magnetic-anapole-like and anapole-like mode'’? (circular electric and magnetic field

distributions), and their dependence on the array period were primarily investigated.

4.2.2. Results and discussion

Simulation

Following P. Kapitanova et al. we use the concept of superposition of different higher
modes to achieve a destructive interference. To facilitate this, we selected a truncated

cone like structure with different dimeters along the height of the pillars as shown in

Fig.4.4. This provides excitation of / \ t
modes corresponding to different / \ ltd Ag
diameters. The simulations in this I . Al,04
section were performed in "
collaboration with Lyuye Lin using Y l P |

COMSOL Multiphysics. Electromagnetic
. . . zZ
radiation with wavelengths ranging X
from 350 to 650 nm is incident in the Z-
E
direction, with electric field polarization ﬁ
D, D,

in the X-direction and magnetic field

polarization in the Y-direction (p- Figure 4.4: Simulated model along with the

nomenclature used in this section.
polarization). Silver (Ag) is selected as
the metal layer due to its low losses in visible range. Four identical pillars on a 200nm
thick glass substrate were modelled with periodic boundaries in the X and Y directions
and a PML boundary in the Z direction. The pillars' base diameter (Dy) and top diameter

(D) are fixed at 330nm and 170nm, respectively. The dielectric environment around the



pillars is air (n = 1). The refractive index (n,k) values of the materials used in the

simulations were experimentally extracted from individual film ellipsometry data.

For the MD mode to exist, the electric field decay along Z should be sufficient to create
opposite orientations of electric fields at the top and bottom of the cavity. This creates a
current loop which induces a magnetic dipole moment. The ED mode arises due to the
collective polarization of nanopillars with the incident EM radiation. A magnetic current
loop is induced in the cavity. The resonant wavelengths depend on the cavity length i.e.
dielectric thickness (tq). When the insulator layer thickness is in the range of tens of
nanometers, the resonance wavelengths are strongly dependent on the insulator
thickness'’3174, Once the insulator is thick enough (>120nm), the thickness of the layer
has no effect on the resonance wavelengths. We chose thicker dielectric layers, as
previous reports on magnetic anapoles primarily used long cylindrical structures’®,
Simulations were performed for thicknesses ranging from 140nm to 280nm, and there
was no significant difference in peak strength and positions. We chose tq = 185nm
because it produced the best field profiles. This also helps us to eliminate one parameter
which determines the resonance spectrum. With this model, now we ascertained that the

resonances we study depend only on the diameter of the pillars.

We begin our investigation by comparing the responses of Al,O3 nanopillars and MIM
nanopillars. The simulated extinction (1-Trans.) of Al,O3 and MIM nanopillars for tq =
185nm and periodicity, P = 400nm is shown in Fig.4.5(a). We can see a portion of the
spectral response of a photonic crystal with Al,O3 nanopillars. With the MIM
configuration, two peaks at wavelengths of 415nm and 552nm are clearly visible. The
results of these simulations represent the collective response of the nanopillars rather
than the individual pillar. The magnetic and electric field distributions at 415nm (Fig.4.5.
(c,d)) show that the excited mode has circular magnetic and electric field configurations
in the YZ and XZ planes respectively. Amanaganti, S.R. et al. termed these field profiles
"Anapole-like" mode’? (referred to as "Mode-1" in this report). Although these modes
have been reported in the micrometer regime, we observe in the visible region for the

first time.
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Figure 4.5: (a) Extinction plot comparison of Al,Os3 pillars and MIM pillars. (b) Dependence
of modes on array period. (c) Magnetic field distribution in YZ plane at A1 (d) Electric field
distribution in XZ plane at A1. (e) Magnetic field distribution in XY plane at A2 (f) Electric
field distribution in XZ plane at A2. The arrows in the field plots represent the
corresponding field vectors. These simulations done in collaboration with Lyuye Lin.

A ‘magnetic-anapole-like’ mode (referred to as ‘Mode-2') can be identified from the
magnetic and electric field distributions in the XY and XZ planes in Fig. 4.5(d,e) at 552nm.
We see two circulating magnetic fields in the XY plane, similar to a typical anapole mode,
while the electric field enters and exits through these circles along the XZ plane. The field
is observed between the two pillars, as opposed to the basic anapoles reported, where
the field is concentrated in a single dielectric nanostructure®>. The magnetic vectors

depict two opposite circulating fields between the pillars, while the electric field vectors

MIM Nanopillars



enter one pillar and exit the other. As a result, the modes are considered as collective

response of the metasurface.

We investigated the dependence of these modes on periodicity because both modes are
reliant on the gap between the pillars. Fig.4.5(b) represents the extinction data of
nanopillars for various periods ranging from 350nm to 520nm. Mode-1 red shifts with
periodicity, whereas Mode-2 shifts to longer wavelengths for periods less than 440nm
and then shifts to shorter wavelengths. When P > 500nm, the two modes appear to

converge and become indistinguishable.
Experiments

MIM nanopillars were fabricated as described in section 4.1 with few changes in the
parameters to obtain a truncated cone like geometry. Using e-beam lithography, an array
of holes of diameter 300nm were patterned in an area of 500um X 500um. To get
truncated cone like structures, high dosage (400uC/cm2) and short development time
was employed. After the writing, the gold layer was etched with standard gold-etch
solution. The samples were developed in a solution of 3 parts of Methyl Isobutyl Ketone
(MIBK) and 1 part of Isopropanol (IPA) for 15 seconds. 20nm of Ag, followed by 185nm
Al,03 and 20nm of Ag were deposited using e-beam evaporator. Lift-off of PMMA was
done using acetone. This process produced standing MIM pillars with truncated-cone like
geometry. Six samples with varying array periods from 400nm to 480nm were fabricated

by this process.
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Figure 4.6: SEM images of fabricated truncated cone like pillars of periods (a) P= 480nm
(b) P =440nm (c) P =400nm. Inset shows the geometry of the pillars. Scale bar is 200nm.
(d) Extinction plot comparison of Al,O3 pillars and MIM pillars. (c) Transmittance plot
illustrating the dependence of modes on array period.

Figs.4.6(a-c) shows the SEM images of the nanopillars with different periods,
400nm,480nm and 480nm respectively. The inset in Fig.4.6(a) shows the truncated cone
geometry of the fabricated pillar. The red dotted circles in Fig.4.6(c) indicates the bottom
and top diameters which are around 330-340nm and top diameter of 160-170nm
respectively. Transmission data was recorded and plotted in Fig. 4.6(d). We have excellent
agreement with the simulation data. The mode dependence on periodicity follows the

same trend as predicted from the simulations. Mode-2 appears to be stronger than mode-
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1 for P < 420nm and for higher periods, it is reversed. Both modes clearly red shifts with
period till P = 440nm. Mode-2 starts shifting towards shorter wavelengths for P > 440nm.
Both the modes eventually merge to one mode. The quality factor of the peak at Mode-1

increases with periodicity while the Mode-2 peak gets broader.

Dipole resonances shift to longer wavelengths with increase in diameter. Therefore, only
higher order modes appear in the visible spectral range for diameters larger than 250nm.
As in our model, we have dipoles corresponding to bottom diameter Dy = 350nm and top
diameter D = 160nm. The higher order modes corresponding to Dy, = 350nm fall in visible
region and interact with dipole modes of D: = 160nm. The magnetic-anapole-like and
anapole-like modes shown here result from the superposition of two or more multipolar

modes with leads to destructive interference in far field radiation.
4.3. Conclusion

The dipole resonance in MIM nanopillars and their dependence on the diameter of the
pillars were experimentally shown. Magnetic-anapole-like and anapole — like modes were
excited in a low dielectric material (Al,Os3) by utilizing the metal-insulator-metal
configuration. We fabricated truncated cone like structures to experimentally
demonstrate these modes. Their dependence on the array period was illustrated with

simulations and experiments.



Chapter 5

NANOPOROUS METAL FILMS

What's life without whimsy?

- Sheldon Cooper

In this chapter, we present a lithography-free large area dry-synthesis process to produce
nanoporous metal films. The fabrication process along with the morphological
characterization and purity analysis is discussed. Surface enhanced Raman spectroscopy

is performed on one of these films to check the effect of the field enhancement.
5.1. Introduction

The ability to confine light to nanometer scale of plasmonic nanostructures has been
exploited in several applications'24646>1 Different configurations like nanoparticles, array
of metal nanopillars, thin metal nanofilms etc., have been used to achieve this. One
system of strong current interest in this field are Nanoporous metals (NPM)7>177 These
materials provide nano-size pores which can act as hot spots to generate high localized
energy fields or thermal radiations. They also provide large surface to volume ratio along
with high density of surface energy atoms at curved surfaces. Nanoporous metals have
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been successfully implemented in several applications in sensors!’®17°, catalysis'®°,

energy conversion8182 spectroscopies!® 184 etc.

There are several methods to synthesize nanoporous metals. The most used techniques
are templating, dealloying and chemical synthesis!®®>. Templating involves using a pre-
porous polymer as a sacrificial layer and depositing metals using electrochemical
deposition or sputtering’®18, The polymer is later etched completely to obtain NPMs.

Dealloying process is the most widely used NPM synthesis technique'®-19%, Basically, in



this process, the less stable metal is selectively etched from an alloy. For example, Ag-Au
alloys are used from which Ag is removed to obtain nanoporous Au films?°2. Wet chemical
synthesis involves reactions like reduction of metal salts to form metal nanoparticles
which are then aggregated to form nanoporous structures'®%4 Even though these
techniques are effective, they are either time-consuming (templating) or contain
impurities (dealloying) or cannot produce long connected curved structures (wet

synthesis).

Here, we present a process which is fast, gives highly pure films and provides long
connected networks. We fabricate NPMs with 6 metals namely Au, Ag, Platinum (Pt),

Palladium (Pd), Iridium (Ir) and Nickel (Ni).
5.2. Fabrication

The technique used to prepare nanoporous metal films is a straightforward approach
without incorporating any wet chemical process steps. Different metal layers were
deposited using an e-beam evaporator on a sacrificial polymer which is later etched by
plasma to produce a nanoporous film (NPF). Polymethyl methacrylate (PMMA) is spin
coated on a clean Si substrate to produce films of thicknesses in the range of 100-150nm.
The PMMA coated substrates are mounted on an inclined substrate holder in the
evaporator. Metal films (Au, Ag, Pt, Pd, Ir, Ni) of 10nm thickness were deposited at
different deposition rates depending on the type of the metal. The deposition rate and
the angle of inclination of the substrate holder plays a crucial role in deciding the
nanoporous ligament and pore sizes. These parameters are selected in such a way that
the sizes of the deposited particles are big enough to form gaps between each other, at
the same time not too large to facilitate nano-sized pores. These narrow gaps are required
to access the underneath PMMA layer in the later steps. For example, Au films are
deposited at an angle of 60° with 0.3 A°/s rate whereas Ni films were deposited at 80°
angle at lower rate of 0.1 A°/s. After the deposition, the films were treated with nitrogen
plasma of 200W power for 10 minutes using a basic tabletop plasma cleaner. During this

step, the plasma attacks the PMMA layer beneath the metal particles slowly shrinking the
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Metal Plasma treatment to Nanoporous films
Evaporation remove PMMA

Figure 5.1: Schematic illustration of preparation of the nanoporous metal films.

PMMA layer. As the PMMA is etched, the metal particles on the layer merge with

neighboring particles and form nanoporous metal films as shown in Fig.5.1.
5.3. Characterization

The morphology of the fabricated nanoporous metals is checked with SEM. We achieved
good quality of nanoporous films as shown in Fig.5.2. The films have different pore and
ligament sizes (width of the connecting wires) depending on the deposition conditions.
Ag films have highest pore and ligament sizes of hundreds of nanometers. For the other
films the pore sizes are around 10-50nm and ligament sizes from 8nm to 30nm. The low

magnification images (Fig.5.2(a)) show that the films are well connected over large areas.

Nanoporous Metal films
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Figure 5.2: SEM images of fabricated nanoporous films of six metals shown at two
different magnifications.

Nanoporous Metal films
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The purity and elemental analysis of the films was performed using High Resolution
Transmission Electron Microscopy (HRTEM) And Energy Dispersive X-Ray Analysis (EDX).
The NPF of Pd and Pt were prepared on TEM grids of 100pm? window of 100nm thick
Silicon Nitride (SiN) membranes. Fig.5.3 shows the HRTEM image, along with the
elemental maps of the NPF metal, Si (from substrate) and O (impurity). The EDX analysis
showed that the carbon and oxygen content from the PMMA are negligible, which proves

that the films fabricated have no residues of polymer.

HRTEM NPF metal Si (0]

(a)

Pd

(b)

Figure 5.3: HRTEM images along with EDX analysis of (a) Pd and (b) Pt nanoporous films.
Analysis performed by Rosaria Brescia.

Nanoporous Metal films



Optical characterization and Surface Enhanced Raman Spectroscopy

One of the advantages of nanoporous metals is
their light weight and increased
transparency!’>'%, NPFs were fabricated on
glass substrates using the same process steps
and the transmission data is recorded. Fig.5.4
shows the increased transmission of Ag and Au
NPFs compared to 10nm non-porous Ag and Au
films respectively. Gold and silver nanoporous
materials exhibit interesting optical properties
due to their plasmonic nature in the visible
spectrum. Plasmonic nanostructures confine

light in subwavelength volumes and provide

Transmission

== NPF Au
0.8 K +ssss+ Thinfilm Au

02 1 1 1 1 1
300 400 500 600 700 800 900

Wavelength (nm)

Figure 5.4: Transmission plot of
nanoporous Au and Ag films along
with non-porous 10nm Au and Ag

localized field enhancement, which can be used in spectroscopic applications to enhance

the output signals. With Au and Ag NPFs, plasmonic hotspots can be generated to

enhance the Raman scattering from molecules.

We use Rhodamine 6G (Rh-6G) molecule as an analyte to check the SERS signal from

nanoporous Au films. Equal quantities of 50uM solution of Rh-6G are drop casted on plain

Si substrate and NPF Au substrate. The Raman signal from the samples is recorded for

laser excitations of wavelength 632nm of spot size about 1-2um? for 2s of integration

time. We calculated the enhancement factor (EF) as the ratio of intensity on Au NPF

substrate to the normal Si substrate for the characteristic peaks.

Raman Intensity on NPF substrate

EF =

Raman Intensity on Si substrate

(5.1)
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Figure 5.5: Raman measurements of Rhodamine-6G on Au NPF substrate and on Si
substrate
The enhancement factor obtained was in the range of 4.2 to 4.5 for different peaks. This

signal enhancement can be attributed to generation of plasmonic hot spots due to
excitation of localized surface plasmon resonances in the metal. Even though the signal
enhancement is not as significant as the reported results, one could improve the

performance by fabricating much thicker nanoporous metals.

5.4. Conclusion

We presented a simple dry synthesis technique to produce nanoporous metal films. The
quality of the films in terms of morphology and purity are verified using standard and
high-resolution electron microscopic techniques. The plasmonic nature of the gold

nanoporous films was exploited to enhance the Raman signal from Rhodamine 6G

molecule.

Nanoporous Metal films



Chapter 6

Conclusion

12 years after high school and I'm still at the nerd table

- Leonard Hofstadter

This thesis provided a detailed report on the change in optical properties of Metal-
Insulator-Metal (MIM) nanocavities when they are laterally confined. Starting from
microstructuring of MIMs as grating we studied the effects of lateral confinement in MIM

nanopillars.

Using the grating MIM configuration, we were able to determine the spatial resolution of
the MIMs to provide unperturbed ENZ response. This knowledge can be used in
manufacturing MIM based ENZ pixels similar to MIM based Fabry Perot color filters. Pixels
containing four filters of unit sizes 4um? can be constructed which are comparable to
present day display technologies. A white emitting material can be placed on the Grating
MIM with four different resonances to produce selective enhanced spectral response

from specific sites.

Talbot Lithography introduced in chapter-3 can be used as a cost-effective alternative to
several nanopatterning techniques. The Displacement Talbot lithography which is
commercially used has multiple components to achieve the nano patterns at talbot
distances. With our approach, different designs corresponding to different orders of
diffraction can be achieved with a single photomask. MIM micropillars can be used to
improve the photo response of emitters as they provide enhancement due to Purcell

effect (due to cavity response) and lattice effects (due to periodic array of pillars).



The dipole resonance in MIM nanopillars were exploited to excite intriguing modes like
‘Magnetic-anapole-like’ and ‘Anapole — like’ mode. Unlike several reported studies in
which high index materials were used, we excited these modes in a low dielectric material
(Al;03) by utilizing the metal-insulator-metal configuration. This was facilitated by the
varying diameters in truncated-cone like nanopillar structures. This study can be used to
achieve similar modes in other lower index materials by providing the necessary field

confinement using thin metal layers.

A simple lithography free technique was introduced to produce nanoporous metal films.
This technique provided high quality nanoporous films. Thicker nanoporous metal films
can also be produced by careful selection of angle of inclination and deposition rate along
with controlled plasma conditions. One can produce alloys consisting of different metals

by using co-evaporation using our technique.

To summarize, this thesis provided insights on the optical properties of MIM micro and
nanopillars to obtain ENZ and dipole resonances. We explored novel patterning
techniques to facilitate cost effective, large area fabrication. Talbot lithography technique
illustrated in Chapter-3 can be employed to produce large area photonic crystals and
fractals with standard photolithography set-up. Similarly, fabrication technique provided
in Chapter-5 can be used to produce large area nanoporous metals which can be

integrated with biosensors to improve their performance.



APPENDIX
Simulation, Fabrication and Characterization Techniques

Engineers are just as smart as physicists

- Howard Wolowitz

A.1. Lumerical FDTD Simulations

Simulation is one of the important tools to design, model and analyze a device before
investing time and money in manufacturing. It gives a chance to design the device with
optimal parameters. All electromagnetic simulations in this thesis were done with
Lumerical FDTD Solutions. This software uses Finite-Difference Time-Domain Maxwell’s
solver in 3D environment to analyze and provide reliable results for optical applications.
It uses Computer Aided Design (CAD) environment which is user-friendly and consists a
library of simulation objects and materials which can be designed according to the user’s
requirement. It also provides sweep routines, scripting capability and optimization

routines!®®.
A.1.1 The Finite-Difference Time-Domain Method

The Finite-Difference Time-Domain (FDTD) technique was first devised by Kayne S. Yee in
1966%’. It is a numerical finite difference method for solving Maxwell’s equations which
quickly became a standard tool for modelling electromagnetic systems. Finite difference
method is a numerical approach in solving differential equations. Time-domain refers to
the use of time-differentiable finite difference equations while Finite Difference
Frequency Domain methods uses frequency-differentiable equations. Due to its
straightforward implementation, FDTD can be used to solve complicated problems

particularly those with component dimensions in wavelength orders!®.
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Figure A.1: lllustration of a 3D Yee lattice. The electric and magnetic field vectors are
represented in orange and green respectively. Different nodes of the lattice are indicated
in blue, and the example nodes of electric and magnetic fields are given in the respective

field colors.

The FDTD method is a grid-based differential method. It solves the following time-

dependent Maxwell’s time-dependent equations®®®,

VxE oB
XE=——
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VXH = b
T ot
V.D=0
V.B=0

Appendix

(2.1)

(2.2)

(2.3)

(2.4)



using finite difference methods. Yee lattice, termed after its creator is the grid system of
nodes used in this method. The Yee lattice grid can be seen in the Fig.2.1. The electric
field vectors are positioned at the center of the edges and oriented in the direction of the
edge. The magnetic field vectors are placed at the centers of the faces and orthogonal to
the plane of the face. This facilitates the overlap of electric and magnetic fields and fills
the lattice with interlinked Faraday’s law and Ampere’s law contours. The various nodes
of the Yee lattice hold values of either the electric or magnetic field which are calculated
at every discrete half-time steps taking into account the value of neighboring nodes

following a leapfrog scheme?®,

A.1.2 Simulation environment and boundary settings

To set-up the simulation in order to produce reliable results, it is important to consider
several factors like the mesh size, boundary conditions, source type etc. In Lumerical
FDTD Solutions software, the library generally has different geometrical objects, material
database, monitors, sweep tools etc. In general, to set-up a simulation, one needs to
define a set of objects, simulation region, boundary conditions, source and monitors
which is saved as a model. The geometrical and structural parameters of each object can
be defined by the user easily such as the material type, dimensions, and the position. It is
also possible to import experimental data (refractive index, n+ik) to the existing material

database.

The typical simulation set-up used for most of the simulations in this thesis is shown in
the Fig.2.2. A 3D simulation region is defined as shown in the perspective view of Fig.2.2.
As in this thesis, a periodic array of elements is studied, periodic boundaries are set in the
X- and Y- directions. A Perfectly Matched Boundary (PML) is used in the Z- direction. This
reduces the reflections from the top and bottom boundaries. As the waveform
propagates towards the grid boundary, it is simulated as if it is propagating to infinity to

eliminate undesired interference.



XY view X Perspective view
" |

Periodic boundary

Periodic boundary
Ayepunoq sjpoliad

Asgpunoq Jipoitad

XZ view X YZview

Reflectance

/ monitor

E/H - field

Light Source monitor

E polarized along X

Figure A.2: Lumerical simulation set-up of 2D array of pillar structures. Each window
shows the XY view, Perspective (3D) view, XZ-view and YZ-view of the model.

A plane wave light source is used to illuminate the objects. The frequency, direction,
polarization, position of the source can be defined as per the user’s requirement. Two-
dimensional frequency-domain field monitors are added inside the simulation region at
top and bottom of the structures to record transmittance and reflectance data. To record
the electric and magnetic fields inside and around the structures, extra 2D frequency-
domain field monitors are added in different planes to get the specific field distributions.
There is a possibility to add index monitors which allow the user to check the refractive
indices of the objects in the model. The data obtained after the simulations can be easily
collected and saved, for example reflectance data can be saved as in JPEG format or as a
text file. There is a possibility to write scripts if one needs to sweep a parameter in a

specific region. For example, the diameter of the pillars can be swept from 200nm to



500nm in the steps for 10nm and the reflectance data can be recorded and plotted. The
configuration of all the simulations shown in this thesis have the similar set-up as shown

and described in this section.

A.2. Fabrication Techniques

A.2.1. Electron Beam Evaporation

Electron-Beam evaporation (e-beam evaporation) is a type of Physical Vapour Deposition
(PVD) techniques used to controllably deposit thin films?°, It is carried out in high vacuum
conditions and is done in four steps, evaporation, transportation, reaction and deposition.
Unlike Chemical Vapour Deposition (CVD)?%?, evaporation has the advantage that it does
not produce any hazardous by-products and is a high-quality non-contaminating process.
The electron-beam used to melt the samples is guided by a magnetic field and can be
scanned across the source and be accelerated to desired values. This gives a high
controllability of the deposition rate and utilization of the source material.

Two different evaporators were used in the course of this thesis, Kurt J.Lesker PVD75 e-
beam evaporator and Kenosistec KES00ET e-beam/thermal evaporator. A schematic of e-
beam evaporation process is shown in the Fig.A.3. The typical process involves
bombardment of the electron-beam produced from a charged tungsten filament with the
target material (to be deposited). This converts the target material from solid state to
gaseous state which eventually evaporates and deposited on the substrate. In order for
this process to happen, high energy electrons are required. The thermionically emitted
electrons from a hot filament are accelerated and steered using the magnetic fields, so
that when they hit the target, they possess enough energy flux to evaporate the

material2%3.
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Figure A.3: Schematic of an e-beam evaporator

A quartz thickness monitor with a feedback control loop is used to control the deposition
rate of the materials. The crucible containing the evaporation materials are water cooled
to confine the heating to only the area occupied by the source material and eliminating
any unwanted contamination from neighboring components. Typically, 10kW electron
beam source at 1 x 10° Torr pressure were used for depositing the materials in this thesis.
The deposition rate was selected according to the thickness and type of the films

required.

A.2.2. Photolithography
Photolithography is one of the widely used fabrication processes to pattern the
substrates. It rose to significance in 20" century as the drive to miniaturize the

semiconductor technology has been satisfied by improving the resist and exposure

Appendix
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parameters?%4206 |t js classified as contact or non-contact lithography depending on
whether the mask and the substrate are in contact with each other or not. It can be
further categorized as Optical lithography or UV lithography depending on the
wavelength of the light source. In this thesis, UV contact lithography (365nm) was used

to fabricate the samples.

Spin coated photoresist

Exposure

Positive Resist Negative Resist
Etching Deposition
— _———
Resist striping Resist Lift-off

Figure A.4: Photolithography and steps involved to fabricate the desire samples. Left
branch shows the etching process steps and right branch depicts the lift off process.
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Photoresist is a light-sensitive material used in photolithography to create patterns on the
substrate. There are two types of photoresists, positive resist or negative resist depending
on how they react with the developer after being exposed to the light?%’. A photomask,
with a prefabricated pattern is used to replicate the same design onto the photoresist.
Positive resists are those having the light-exposed areas soluble in a specific solvent (this
process is called developing). This is facilitated by a photo-induced chemical reaction that
breaks the polymer chains to make them more soluble. On the other hand, in negative
resists, photons induce cross-linking of polymer chains making it difficult to be soluble in
the developer. This results in obtaining an inverse of exposed pattern on the resist.
Depending on the application, resists are chosen. Once the resists are patterned, one can
either use it as etching mask or a deposition mask. In case of etching, the resist is removed
after the desired etch to get patterns on the substrate. When used as a deposition mask,
the resist is used as shadow mask and the removed (lift-off) to get a pattern made of the

deposited material.

In this thesis, two positive resists from MICROPOSIT SERIES, S1813 and AZ5214E were
used. S1813 is positive resist which when spincoated at 4000rpm forms a thinfilm of
around 1.5um thick. After exposure, it can be developed using MF319 developer.
AZ5214E is less concentrated solution which forms a film of 1um when spinned at same
speed and can be developed using AZ726 developer. We used lift-off process to remove
the resist mask after depositing the desired thin films. A much-detailed explanation on

the fabrication steps are provided in coming chapters.



A.2.3. Electron beam Lithography

Even though with optical lithography, we obtain large-area patterns, the minimum
feature size is limited by the light diffraction limit. Current state-of-the-art
photolithographic tools use deep ultraviolet (DUV)?% or extreme ultraviolet (EUV)?% light
to allow minimum feature sizes down to 50 nm and 5 nm, respectively, but they are still
under development for commercial use. Electron Beam Lithography (EBL) uses a focused
beam of electrons to expose specific areas of radiation-sensitive resists. Electrons have
wavelengths in the range of 0.2 - 0.5 A°, which makes it possible to obtain much smaller
feature sizes than photolithography?19211,

The EBL system used for fabricating samples in this thesis is Raith 150 TWO ultra-high
resolution electron beam lithography and imaging system. The schematic of major
components in an EBL system are outlined in Fig.A.5. The EBL system mainly divided into
two parts, the pattern generator, and the deflection and astigmation controller. The main
components of the system are (i) an electron gun - a source to generate electrons, (ii)
electromagnetic lenses- to align and collimate the beam along the path and reduce its
energy spread, (iii) blanking electrodes — to turn on and off the beam, (iv) apertures — to
maintain the beam size, (v) deflection control — to deviate the beam while writing, (vi)
astigmation corrector — to adjust the focus of the beam and correct the aberration and

(vii) an electron detector to image the sample.
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Figure A.5: Schematic diagram of typical EBL system along with its major components.

The EBL column, which consists of all the components to generate the desired beam is at
higher vacuum (typically 10%° torr) than the wafer loading/unloading system (107 torr).
The EBL system is placed on an anti-vibrational table in a thermally and

electromagnetically insulated room as it is very sensitive to environmental conditions.
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There are two ways to generate electrons, thermionic emission (heating) and cold
cathode emission (electric field). The Raith 150 TWO system uses a thermionic source, a
tungsten filament. When the supplied energy is higher than the metal work function, the
free electrons from the metal tunnel through the electrostatic potential barrier and leave
the emitter. Once the electrons leave the gun, they are subjected to several focusing and
limiting processes to get a very small spot size with good energy spread.

There are different process parameters to be considered while patterning using EBL. One
of them is the electron resist to be used. Similar to photoresist, electron resists can be of
two types, positive and negative depending on its solubility after undergoing the
exposure. A positive resist undergoes physio-chemical changes to make the exposed
areas soluble in the developer. In this thesis, a positive resist, Poly methyl methacrylate
(PMMA) is used to pattern the samples. The resist thickness plays an important role in
obtaining good features. Depending on the application, different concentrations of
PMMA, spincoated at different speeds are used to obtain desired patterns. The exact
parameters for fabricating different samples are outlined in corresponding chapters.
While writing the pattern, one important parameter to consider is the “dose”. It is defined
as the number of electrons per unit area which is measured in uC/cm? units. The higher
the dosage, the longer it takes to complete a specific pattern. Typically, 100-600 uC/cm?
doses are used according to the design. Higher doses imply high solubility of the resist
(positive) after exposure. However, using a higher dose can result in over exposure of the
sample due to proximity effects. When the electron beam hits the substrate, it undergoes
electron-matter interactions resulting in scattered electrons. These scattered electrons
expose the areas which are not part of the design, resulting in disruption of the original
design?'2. As a rule of thumb, lesser dosages are used for smaller feature sizes.

After exposing, developing the sample using the right developer and for optimum time is
very important. For PMMA resist, Methyl Isobutyl Kethone (MIBK) is used as a developer.
Higher development times results in over development, which means even the parts
slightly exposed due to proximity effects are developed. Low development times, results

in under development, by not completely removing the exposed resist. So, according to
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the dosage and the minimum feature size, development time plays a critical role to obtain

optimal results.
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Figure A.6: Fracturing of the design. (a) Layout fracturing (b)Deflection control over
individual writing fields (c) Shape fracturing and depiction of individual beam shots in a
fractured element

To design the masks (to be written on the resist), RAITH150-TWO Nanosuit software was
used to create and edit the CAD files which are saved and implemented in GDSII file
format. The dose to be used will be indicated in the design. The GDSII fracturing processor
reads the file and decomposes the large design (main field) by the user into several
subfields called “writing fields”. This is called layout fracturing. A writing field is the
minimum area covered during the exposure by deviating the electron beam using the
deflection controls before moving to a different point (A mechanical moving stage is used
to move the sample). Within each writing field, the beam exposes the resist and write the
rectangles and trapezoids (shape fracturing) that compose the pattern. Each shape is

exposed by an array of individual beam shots as shown in Fig.A.6(c).

Appendix



Page|98

A.2.4. Reactive lon Etching

Reactive lon Etching (RIE) is dry etching technique to selectively remove a target
material?!3. In this thesis, ICP-RIE SI 500 by Sentech instruments with CESAR RF power
generator is used to fabricate few samples. Reactive etching is an isotropic chemical
process which uses free radicals of the plasma to selectively remove the material. lon
etching is a physical (mechanical) process in which the ions bombard the target surface
to etch it. This is anisotropic process with low selectivity. Reactive ion etching is a

combination of reactive and ion etching thus incorporating the advantages of both the

processes.
@ RF generator
Generation of species
Gas Injection |:>
CEly + € —» €k + B + e
By-products —_—
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Figure A.7: Reactive ion etching process depicting the process steps involved in etching

of Si substrate using CF4 gas.

The RIE process can be divided into four steps, (i) Generation of reactive species, (ii)
Transport and adsorption, (iii) Reaction and (iv) Desorption. A vacuum chamber is filled

with reactant gas or gases. A strong RF (radio frequency) electromagnetic field is applied

Appendix



to an electrode to create plasma. The oscillating electric field dissociate the reactants into
electrons, ions and free radicals.

The substrate is positioned on a negatively charged electrode, therefore positively
charged ions accelerate towards the surface bombarding the sample and causing physical
etching. Reactive ions are adsorbed on the surface of the sample. These ions chemically
react with the target material causing chemical etch. The reaction by-products are then
desorbed from the surface and removed from the chamber.

To design an efficient RIE process, there are few parameters that must be considered to
obtain good etch rate, selectivity and directionality. The RF power plays an important role
in creating a very high plasma densities and determining the etch rate. The type of gas
used must be selected according to the material to be etched to trigger the chemical
reaction. For example, to remove silicon nitride layer, Carbon tetrafluoride (CF4) or
Sulphur hexafluoride (SFs) gases are injected, while to etch a metal like aluminum, Silicon
tetrachloride (SiCls) gas is used. The operating temperature also has to be monitored

according to the sample and mask used.

A.3. Optical and Physical Characterization

A.3.1. Spectroscopic Ellipsometry

Spectroscopic ellipsometry is an optical thinfilm analyzing technique used to study the
dielectric properties (changes in molecular properties when exposed to external electric
field) of films. It gives information about refractive index, thickness, transmittance and
other material and optical properties. It is used in a plethora of applications ranging from

214 optical sensors?®®, displays to biosensors?1®,

semiconductors
The basic principle is to measure the change in the polarization of light when incident on
the material of interest. Light is an electromagnetic wave with oscillating electric fields in
different directions. If the direction of electric field oscillation is random, it is called
unpolarized light. When the electric field oscillation traces a well-defined shape at any

point and time, it is called polarized light?!’. Polarization can be classified in three



different types depending on the phase difference (¢) between the X and Y- components
of the electric field.

1. Linear:p=m.

2. Circular: ¢ =m/2.

3. Elliptical: ¢ = any other angle.
In Ellipsometry, we use elliptically polarized light to study the properties of the material.
Ellipsometry can be single-wavelength or spectroscopic ellipsometry. There are many
ellipsometry techniques in use, but the most used is Reflectance/Transmittance
Ellipsometry. This technique analyses the change in polarization of the light when
reflected/refracted through the material. Ellipsometry measures the complex reflectance

ratio which is given by

R, .
p = |=2|ei®=9) = tan . eid (2.5)
N
where,

Ry
—| = tan ¥ (2.6)

Rs
etp=0s) = A (2.7)

W is the angle whose tangent gives the ratio of the amplitude attenuation (or
magnification) of the amplitudes of p-reflection to the s-reflection coefficients. A is the
phase shift of the p- component of the polarization of the reflected beam with respect to
the s- component. With these values, one can determine parameters like, permittivity

(e1,€2), refractive index (n,k) and other optical properties of the material.
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Figure A.8: Schematic of typical reflectance ellipsometry setup

The main components of an ellipsometer include a (i) light source, (ii) polarizer - to
convert the unpolarized light to linearly polarized light, (iii) retarder —to convert linearly
polarized light to elliptically polarized by introducing a phase delay, (iv) analyzer — receives
the reflected signal and coverts to linearly polarized light and finally, (v) detector - an
array of charged-coupled devices (CCD) to simultaneously monitor multiple spectral
components. The ellipsometer used for characterization in this thesis was Vertical Vase
ellipsometer by J. A. Woollam and the data is fit to extract the optical parameters using

WVASE software.

A.3.2. Scanning Electron Microscopy

Electron microscopy is an imaging technique used to obtain high resolution images of
specimen at nanoscale. This technique uses a beam of accelerated electrons as source to
scan the samples. Having wavelengths much shorter than photons, electron microscopes

offer high resolutions than light-based microscopies?'&2%°,



As mentioned earlier in section A.2.3, when electrons hit the target, they scatter
elastically or inelastically. These scattering mechanisms produce different types of
outputs like, Auger electrons, transmitted electrons, secondary electrons, back-scattered
electrons, X-rays, cathodoluminescence etc. Each type of electrons contains different kind
of information about surface topography and composition. For example, auger and
secondary electrons (possess lower energies) gives information about the surface of the
sample, while back-scattered electrons (have same energy as incoming electrons)
penetrate more into the sample and can provide information from deeper part of the
sample. Depending on the type of signals detected from the samples, different electron

microscopies are classified.

The most used electron microscopes are Transmission electron Microscope (TEM) and
Scanning electron Microscope (SEM). Transmitted electrons are detected and analyzed in
TEM while reflected secondary electrons are used in SEM characterization. The schematic
of the SEM system is shown in Fig.A.9. The main parts of the system are similar to the
electron-beam lithography system. In fact, EBL is SEM with few extra components like

deflection controls to write the pattern.
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Figure A.9: Schematic of Scanning Electron Microscope

All the devices fabricated in this thesis were imaged using a FEI Helios NanoLab DualBeam
650 Scanning Electron Microscope. The SEM incorporated in the EBL system was also used
to image few samples. Voltages ranging from 2kV to 20kV were used, depending on the
samples. Secondary Electron Detectors in the system were used. In case of samples with
glass substrates, a thin layer of 10nm Au was deposited using the e-beam evaporator to

image the samples.
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A.3.3. Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a type of Scanning Probe microscopy (SPM) which uses
a physical point probe to image the samples??%22!, AFM has the advantage our other
microscopic techniques as it can image even non-conductive samples with any damage to
the samples. AFM can be operated in three main modes called, contact mode (static),
tapping and non-contact modes (dynamic modes). In static contact mode, the sample and
tip are in contact, and the cantilever moves as per the topology of the sample. In tapping
and non-contact mode, the cantilever vibrates at a frequency which change according to

the sample morphology.

Position-sensitive
photodetector

Laser

Feedback Cantilever
Controller

Tip

Piezoelectric
| scanner

Figure A.10: Schematic of Atomic Force Microscopy.

A typical AFM mainly consists of (i) sharp tip — to probe the samples (ii) cantilever- to
which the tip is attached and used to scan the sample (iii) laser — light source for optical
signal (iv) photodetector — to read the optical signal (v) feedback controller and (vi)
piezoelectric stage —to move the sample. AFM uses atomic forces to map the tip-sample

interaction which change depending on the distance between the probe and the sample.

Appendix



As the tip approaches the surface, the attractive forces between the surface and the tip
cause the cantilever to deflect towards the surface. When the cantilever reaches a certain
minimum distance from the sample, there are repulsive forces coming into the picture
and the cantilever deflects away from the surface. These deflections are measured by the
reflected laser beam from the top of the cantilever and are detected by a position-
sensitive photodetector which maps the surface. The feedback control is used to maintain
certain parameters constant during the imaging process. For example, the deflection of
the cantilever can be kept constant, but changing the distance between the tip and
sample. AFM system XE-100 by Park Scientific is used to obtain the AFM images reported
in this thesis. All the images are taken in non-contact mode. Gywddion software was used

for image analysis and processing.
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