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Abstract

This doctoral thesis provides a comprehensive exploration of optical and photonic
metasurfaces, emphasizing their design, fabrication, and characterization. It delves
into the innovative realm of manipulating light at the nanoscale through metasurfaces,
a transformative approach that offers a versatile platform for tailoring electromagnetic
wave behavior. The research encompasses a rigorous analysis of metalenses, large
area metasurfaces, resonances in nanopillar structures, and organic metasurfaces
contributing significantly to the field by addressing gaps in current understanding and
presenting novel material characterization methods, systemic design techniques, and
advanced fabrication strategies. Through this work, the thesis aims to enhance the
knowledge and application of metasurface technologies, offering new perspectives

for future technological developments in photonics and optical technologies.
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Introduction

In the realm of modern optics and photonics, the manipulation of light at the
nanoscale has emerged as a pivotal research area, paving the way for groundbreaking
technological advancements with profound implications across various domains.
This doctoral thesis embarks upon an exhaustive exploration of metasurfaces, a field
that represents a paradigm shift in the way we control and harness light.

The central argument of this thesis revolves around metasurfaces, with a specific
focus on their design, fabrication, and characterization for photonics applications.
Metasurfaces are two-dimensional arrays of subwavelength-scale nanostructures that
are engineered to manipulate the properties of light in unprecedented ways. This
transformative technology offers a versatile platform for tailoring the behavior of
electromagnetic waves, encompassing a wide spectrum of applications from imaging

and sensing to telecommunications and beyond.

Metasurfaces represent a disruptive departure from traditional optical compo-
nents. Conventional optical systems, often reliant on bulky and complex arrange-
ments of lenses and mirrors, have inherent limitations in terms of size, weight, and
aberrations. Metasurfaces, in contrast, offer ultrathin, planar optical elements that
can be engineered with remarkable precision to manipulate light in unconventional
ways. The fundamental concept underlying metasurfaces is the precise tailoring
of the electromagnetic response of their constituent nanostructures, allowing for

unprecedented control over the amplitude, phase, and polarization of light.

While metasurfaces have achieved remarkable successes, they are not without
challenges and unanswered questions. There is a continual quest to deepen our
fundamental understanding of metasurface behavior, including complex phenomena

such as optical resonances, dispersion engineering, and nonlinearity.
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The optimization of fabrication techniques for metasurfaces, including litho-
graphic methods, self-assembly, and nanoimprinting, is a critical area of research.
Achieving scalability and cost-effectiveness while maintaining precision is an ongo-
ing challenge. The choice of materials for metasurface design is a crucial considera-
tion. Integrating metasurfaces with other optical components and systems, as well as

exploring novel material platforms, is a subject of intense investigation.

This doctoral thesis takes a comprehensive approach to explore the multifaceted

dimensions of metasurface research, encompassing four substantial chapters.

First of all, we will embark on a thorough Literature Review, delving into the
historical development, fundamental principles, and key breakthroughs in the field
of metasurfaces. Subsequently we will deepen the methodologies employed in
this research, offering insights into design principles, fabrication techniques, and
characterization methods specifically tailored for metasurfaces. It will provide the

foundational framework upon which subsequent chapters are built.

Chapter 1 brings the focus to Metalenses, unraveling their design intricacies,
fabrication processes, and characterization for beam focusing applications. We
illustrate how metasurfaces can revolutionize traditional optical systems, particularly

lenses.

Chapter 2 ventures into the realm of Large Area Metasurfaces, exploring the
scalability and practicality of these metasurfaces. We address the challenges and
opportunities associated with large area metasurface fabrication and their broad-
ranging applications.

Chapter 3 investigates Resonant Nanopillar Metasurfaces, unveiling their spectral
properties, fabrication intricacies, and potential applications. We delve into the world

of resonant nanostructures, showcasing their significance in the metasurface arena.

Chapter 4 concludes the journey by exploring the integration of Organic Polymers
as a versatile material platform for metasurfaces. We explore the unique properties of
organic polymers and their potential applications within the metasurface landscape.

Together, these chapters offer insights, innovations, and empirical findings that
collectively advance the field of photonics and optical technologies, contributing to
the broader scientific community’s understanding and appreciation of this transfor-

mative research area.



Literature review

The concept of metasurfaces has been discussed in the literature for over twenty
years. The initial efforts to manipulate the optical properties of 2D surfaces date
back to 2000, as evidenced by references [1] and [2]. Consequently, it took more
than a decade to witness the emergence of first concepts of creating sub-wavelength
nanostructures. These would eventually be termed meta-atoms, designed to manip-
ulate light phase and intensity, thereby creating surfaces with customized optical
properties. This advancement was made possible through the development of more

advanced nanofabrication techniques [3, 4].

The enormous advantages of this new technology has been evident immediately
and progressive and extended theoretical research has been developed uninterrupted
for the following years both on the structuring of sub-wavelength films [5, 6] and on
theoretical models [7, 8].

In parallel to the development of theoretical research, there has also been a
significant advancement in fabrication processes. These advancements have enabled
greater control over light properties [9] and improvements in performance [10].

With this grow prospective is not surprising to see in how many field metasurfaces
established a relevant presence, specially in the field of optics and photonic where
metasurfaces are largely used in lenses and imaging [11, 12], holography [13, 14],

beam steering and shaping [15, 16], and polarization control [17, 18].

This thesis seeks to offer in-depth analysis and studies of the phenomena involved
in metasurface technologies. This is to enhance the knowledge and awareness of
the underlying principles governing the functioning of metasurfaces. Through this
research, we endeavour to bridge the gap between theoretical knowledge and practical
application, thereby advancing the field and offering new perspectives for future

technological developments.



Theoretical Hints

To fully understand the topics covered in this thesis, it might be essential to clarify
some theoretical concepts underlying the operation of metasurfaces. Metasurfaces
for optic applications obviously involve the interaction of light with the materials
composing the metasurface. Thus, a brief overview of light-matter interaction is
crucial. Maxwell’s equations are pivotal in this area, as they describe how light
propagates through materials and lay the groundwork for understanding the optical
properties of materials.

0.1 Maxwell’s equations

Maxwell’s equations are a collection and a generalization of four fundamentals

electromagnetic laws:

Gauss’s Law for Electricity (Ve E = e%) states that electric fields diverge from
electric charges. In matter, this means electric fields are influenced by the presence
of charged particles.

Gauss’s Law for Magnetism (Ve B = 0) indicates there are no "magnetic
charges". Instead, magnetic fields form closed loops, and this is relevant in materials

with magnetic properties.

Faraday’s Law of Induction (V X E = —%—?) shows that a changing magnetic
field creates an electric field. This is key in understanding how electromagnetic
waves (like light) propagate.

Ampere’s Law with Maxwell’s Addition (V X B = upJ + uoeo%—f) reveals how
electric currents and changing electric fields produce magnetic fields. This is crucial

in materials where currents are induced by electromagnetic radiation.
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In the particular case when there are no charges or currents present the solution
to Maxwell’s Equations describe light as an electromagnetic wave, with electric
and magnetic fields oscillating perpendicular to each other and to the direction of

propagation.

On the other hand, when light encounters matter, its electric field interacts with
the electrons in atoms or molecules. This can cause electrons to move, absorbing
energy from the light (absorption), or electrons can release energy back as light

(emission or scattering).

In dielectric materials, the electric field in light induces dipole moments by
displacing the charges, which is the basis for the material’s polarization. The
response of the material, described by its permittivity, affects how the light wave
propagates through it.

At interfaces, changes in material properties, like permittivity and permeability,
lead to partial reflection and refraction of light. The frequency dependence of
material responses, like permittivity, leads to dispersion (light changing speed and
bending) and absorption (loss of light energy within the material).

0.2 Permittivity

Electric permittivity is a measure of the ability of a material to allow the formation
of an electric field within it. It essentially describes how an electric field affects, and
is affected by a dielectric medium. When an electric field is applied to a material, it
causes the electric charges within the material to slightly shift from their equilibrium
positions. This displacement results in the alignment of microscopic dipoles within
the material, a process known as polarization. The permittivity of the material
determines the degree to which these dipoles align in response to the field. In the
context of Maxwell’s Equations, permittivity appears in the relationship between the
electric displacement field (D) and the electric field (E), given by

D = ¢E (D

This equation shows how an electric field induces an electric displacement or

polarization in a medium.
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0.3 Polarizability

When an external electric field (E) interacts with an atom or molecule, it can displace
the negatively charged electrons with respect to the positively charged nucleus,
creating an induced dipole moment (p). The induced dipole moment (p) in a material
is proportional to the applied electric field (E). This relationship is defined as p = o E,
where o is the polarizability of the atom or molecule. Polarizability measures how
easily the electron cloud in an atom or molecule can be distorted by an electric field.
Maxwell’s Equations, particularly Gauss’s Law for Electricity, involve the electric
field (E) and the electric displacement field (D). In materials, D is related not only
to E but also to the polarization density (P), which is the dipole moment per unit

volume. The relationship is given by:

D=¢gE+P 2)

0.4 Susceptibility

The polarization density (P) of a material is related to the electric field (E) by the

electric susceptibility (),) of the material:
P=¢gx.E (3)

Electric susceptibility is a measure of how much a material will become polarized
in response to an applied electric field. In Maxwell’s Equations, specifically in
the equation for the electric displacement field (D), substituting P from the above
equation gives:

D = &E + gx.E 4)

This can be simplified to:
D =gy(1+x.)E &)

Where €(1 + x.) is the permittivity of the material. The permittivity (€) of a
material is thus related to its susceptibility. This relationship shows how the electric

susceptibility determines how the electric field propagates through the material.
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0.5 Magnetic Permeability

Magnetic permeability (i) is a measure of how a material responds to and influences
a magnetic field. It relates the magnetic field intensity (H) to the magnetic flux
density (B):

B = uH (6)

0.6 Metasurfaces physical properties

The macroscopic electromagnetic behaviour of materials and metamaterials, includ-
ing characteristics like transparency and reflectivity, can be, therefore, fundamentally
explained through their electric permittivity (€¢) and magnetic permeability (u).
These two parameters play a crucial role in determining how electromagnetic waves,
including visible light, interact with a material. Metamaterials can be engineered to
have specific € and u values that result in unique properties. Some metamaterials
are designed to have negative values of € and u at certain frequencies [19]. This can
lead to negative refraction, where light bends in the opposite direction compared to
normal materials. Materials engineered to have € and u near zero can slow down
light dramatically, leading to enhanced light-matter interactions [20]. This can be
used for applications in sensing and switching. By engineering € and u appropriately,
some metamaterials can absorb all incident light, leading to applications in solar

energy harvesting and stealth technology [21].

To achieve such control over electromagnetic properties, metasurfaces exploit
meta-atoms. Meta-atoms are subwavelength-scale structures disposed in large arrays
that allow a local manipulation of the physical properties of the metasurface. Each
meta-atom is designed with specific geometrical features (such as shape, size, and
orientation) that determine its electromagnetic response. This design determines
how the meta-atom interacts with the electric and magnetic components of light.
The arrangement and structure of the meta-atoms can be tailored to create localized
regions with specific values of € and p. This local modification alters the way
electromagnetic waves propagate through or are reflected from these regions. For
instance, meta-atoms can be designed to resonate at particular frequencies, enhancing
the local electromagnetic response and effectively modifying € and u at those

frequencies.



Methodology

This section aims to elucidate the methodologies employed to achieve the results
presented in the thesis. It provides an overview of the primary methods utilized for

the design, fabrication and characterization.

0.7 Design

Finite Element Method (FEM) simulations are a numerical approach used to approx-
imate solutions to partial differential equations (PDEs) that describe various physical
phenomena in real-world systems. The foundation of FEM simulations is the di-
vision of the computational domain into finite elements. In two dimensions, these
elements are often triangles or quadrilaterals, while in three dimensions, they can be
tetrahedra or hexahedra. Each element approximates the behavior of the physical
field within its boundaries. At the nodes of each finite element, known values or
boundary conditions are specified. Interpolation functions, usually polynomials, are
employed to approximate the behavior of the field variable within an element based

on the values at its nodes.

In this PhD thesis, we employ the powerful computational tool COMSOL Mul-
tiphysics®, integrated with its Radio Frequency (RF) module, to conduct FEM
simulations in the frequency domain for the comprehensive investigation of meta-
surfaces’ electromagnetic behaviour. Metasurfaces have garnered immense interest
in recent years due to their unique ability to manipulate electromagnetic waves at
subwavelength scales. Through rigorous numerical simulations, we aim to gain a
deeper understanding of the intricate interactions between incident electromagnetic
radiation and metasurfaces, thereby elucidating the underlying physical mechanisms

that govern their performance. The COMSOL RF module serves as an important
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Fig. 1 Schematic overview of the simulation flow. The computation performed on a decom-
posed domain provides insights into the field distribution within the nanostructure and the
overall behavior of the metasurface.

resource, enabling us to model and analyse metasurface structures while considering
the frequency-dependency of the materials’ complex refractive index. We investi-
gated periodic structures and evaluated the transmission, reflection, and absorption
intensity. The metasurface structures consisted of dielectric elements arranged peri-
odically on a glass substrate in an air environment. The materials for the dielectric
elements were carefully defined using optical and electric properties obtained from
experimental measurements or from existing literature, ensuring accurate representa-

tion of their behaviour in the electromagnetic domain.

To assess the transmission properties, a two-port analysis was employed. One
port was located at the top surface of the metasurface, while the other was positioned
at the bottom surface. The choice of two ports facilitated the characterization of how

the metasurface influenced the propagation of electromagnetic waves through it.

Furthermore, the study delved into the generation of confined modes within
the metasurface structures using electromagnetic multipole theory for multipole
expansion. This theoretical framework allowed for the decomposition of the electro-
magnetic field into its constituent multipole moments, shedding light on the various

modes supported by the periodic arrangement of dielectric elements.
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0.8 Fabrication

0.8.1 Electron Beam Lithography

Electron beam lithography (EBL) is a sophisticated technique used to create ex-
tremely fine patterns required for fabricating micro- and nanoscale structures and
devices. This method is essential in fields such as nanotechnology and advanced
material science. In this section, we will explore the principles, instrumentation, and

operation of EBL in detail.

EBL systems employ electron sources that generate high-energy electrons. The
most common electron sources are based on field emission, which includes cold
cathodes or thermionic sources. These sources emit electrons when subjected to an
electric field, providing a continuous supply of high-energy electrons. The emitted
electrons are then manipulated and focused using a combination of electromagnetic
lenses and deflectors. These components are crucial for shaping and directing the
electron beam with precision. Electromagnetic lenses use magnetic fields to bend
and focus the electron trajectories, ensuring accurate positioning of the beam on
the substrate. EBL relies on specialized resist materials that exhibit sensitivity to
electron beam exposure. These resists come in two primary categories: positive
and negative. Positive resists become more soluble upon electron exposure, while
negative resists become less soluble. The choice of resist depends on the desired

pattern and application.

The energy of the electrons in the beam is carefully controlled to interact with
the resist material in a controlled manner. Depending on the specific resist used and
the desired outcome, electron energies typically range from a few keV to several
tens of keV. Additionally, the dosage, defined as the number of electrons per unit
area, is precisely controlled to achieve the desired pattern resolution and quality.
To expose the resist the electron beam is directed onto the substrate. It is scanned
across the substrate according to the defined pattern, with the intensity and position
carefully controlled. The electron beam interacts with the resist material, inducing
changes based on the resist’s sensitivity. After exposure, the substrate undergoes a
development process. In positive resists, the exposed regions become more soluble
and are removed during development, revealing the desired pattern. In negative
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resists, the unexposed regions are dissolved away. The development step transforms
the exposed pattern into a physical relief structure on the substrate.

a)

Resist
Substrate
b) ~ Exposed area
Positive Negative
C) d)

Fig. 2 Scheme of electron beam lithography process flow. (a) The electronic resist is spin
coated on the substrate. (b) Resist is exposed by electron beam, which alters its solubility. In
the case of positive resist (c¢), the exposed area is removed during development. For negative
resist (d), the unexposed area is removed, leaving the exposed material intact.

In this work, both negative and positive photoresists were utilized, depending
on the required pattern types. For the fabrication of nanopillars, which are diminu-
tive nanostructures, negative photoresists proved to be more advantageous due to
their ability to minimize the exposed area. This reduction not only decreases the
lithography time required but also mitigates the proximity effect. Specifically, the
photoresist ma-N 2401 was chosen for its superior resolution. The photoresist was
applied to the sample surface by spin-coating at a speed of 3000 revolutions per
minute (rpm) for 30 seconds, resulting in a uniform layer approximately 100 nm
thick. Following this, the photoresist layer was exposed to an electron beam with
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a dose of 80 uC/cm?. For the development of the exposed photoresist, the sample
was immersed in a specialized developer solution, ma-D 331, which is comprised of

sodium hydroxide.

For larger structures, such as PEDOT optical modulator, consisting of large
electric pads, it is more practical to expose the surrounding area. Consequently,
a positive photoresist is favored for these applications. Specifically, polymethyl
methacrylate (PMMA) 950K A4 was employed. This photoresist forms a thicker
layer of approximately 300 nm and necessitates a higher exposure dose of 900
uC/cm?.

0.8.2 ICP-CVD

Inductive Coupled Plasma Chemical Vapor Deposition (ICP-CVD) is a sophisticated
and versatile thin film deposition technique that plays a pivotal role in semiconductor
manufacturing, materials science research, and various industrial applications. This
technique enables precise control over the growth of thin films with atomic-level ac-
curacy. ICP-CVD combines the principles of plasma generation, chemical reactions
in the gas phase, and controlled substrate heating to deposit high-quality thin films.

The heart of ICP-CVD is the inductive coupled plasma source. This source
uses radiofrequency (RF) power to generate a high-energy, ionized plasma from a
precursor gas. The RF power creates an oscillating magnetic field, which induces
an electrical current in the gas, ultimately leading to the formation of the plasma.
The plasma generated in ICP-CVD is typically in the RF range, with electron
temperatures ranging from several thousand to tens of thousands of degrees Celsius.
This high-energy plasma contains a mix of ions, electrons, radicals, and neutral
species. The high-energy plasma environment promotes chemical reactions in the
gas phase. These reactions lead to the dissociation and ionization of the precursor
gas, forming reactive species that will eventually contribute to the growth of the thin

film on the substrate.

Various species of gases were utilized depending on the type of material to be
grown. For the growth of hydrogenated amorphous silicon (a-Si:H), silane (SiHy)
was used as the precursor gas. An ICP power of 500 W and a substrate temperature of
250°C were set to initiate the pyrolysis of silane: SiHs — Si+2H,. The decomposed
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silicon atoms are then adsorbed by the surface, initiating nucleation and subsequent
film growth.

For the growth of silicon nitride (SiN), a similar process occurred, with the
addition of a precursor gas: ammonia (NH3). From the ammonia, nitrogen atoms
are incorporated into the forming SiN molecule on the surface. For SiN deposition,
a higher ICP power of 1500 W was employed, while the substrate temperature

remained constant at 250°C.

0.8.3 Reactive Ion Ethcing

Reactive lon Etching (RIE) is a fundamental microfabrication technique that offers
precise control over material removal at the atomic level. RIE relies on a combination
of chemical reactions and physical processes to remove material selectively from a
substrate. These processes are governed by several fundamental principles, including
plasma generation, ion bombardment, and etch selectivity. The heart of RIE is
the generation of reactive plasma. This plasma is typically created by applying
radiofrequency (RF) power to a gas mixture inside a vacuum chamber. The gas
mixture contains the desired etchant gases, such as fluorine-based compounds, which
will react with the substrate material. Within the plasma, positively charged ions are
accelerated towards the substrate by the electric field. The energy of these ions can
be controlled by adjusting the RF power and bias voltage applied to the substrate
stage. Importantly, RIE is anisotropic, meaning that the ions bombard the substrate
surface at controlled angles, resulting in directional etching. RIE offers the ability
to selectively etch one material over another. The selectivity is determined by the
difference in etch rates between the materials and can be tailored by choosing the

appropriate etchant gases and process conditions.

The pseudo-Bosch process was employed for the selective etching of a-Si and SiN.
This method involves alternating between etching and passivation cycles, resulting
in highly anisotropic profiles with smooth sidewalls. A gas mixture comprising
50% sulfur hexafluoride (SFg) and 50% octafluorocyclobutane (C4Fg) was utilized
at a pressure of 10 mTorr, with an inductively coupled plasma (ICP) power of
1200 W and a radio frequency (RF) power of 20 W. The substrate temperature was

maintained at 10°C.
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0.9 Characterization

0.9.1 Ellipsometry

Ellispometry is a powerful technique able to investigate the optical properties and
thickness of a material. In Ellipsometry a linearly polarized light is used as probe
that makes it to reflect on the sample surface at different angles. A detector collects

the reflected light and a measure of the change in polarization is performed.

Linearly Polarized Light
E p-plane

s-plane
Elliptically Polarized Light

: p-plane . E

T — T &
plane of incidence — - _- 2 ?

—— >

Reflect off Sample

Fig. 3 Diagram illustrating the setup for an ellipsometry measurement. Linearly polarized
light, with known s and p components, is directed at the sample surface at specific angles.
The reflected light is then collected, and changes in the p and s components are measured.
Image used with permission from J.A. Woollam.

This change in polarization is described by the amplitude ratio W, and the phase
difference A:

p= ' _ tan(¥)e™ (7)
Iy

Where p is ratio between the complex amplitudes of the s and p components

of the reflected light. Amplitude and phase are then derived from the reflection
measurements and charted (Figure 4).

Those profiles are strictly dependent on the dispersion profiles of optical param-
eters such as refractive index and extinction coefficient. Therefore the adjustable

optical parameters of a model are adjusted to match the experimental results (Fig-
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Variable Angle Spectroscopic Ellipsometric (VASE) Data
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Fig. 4 This is an example of ¥ and A measurements taken at three different angles (65°, 70°,
and 75°) on a PEDOT sample on a glass substrate. The light source in this specific model of
ellipsometer emits in a range between 380 nm and 900 nm.

ure 5). When the mean squared error (MSE) of the fit reach an acceptable value, the
model is considered to describe correctly the material investigated, and the optical
parameters of the model are considered to effectively describe the optical parameters

of the sample.

For a model fit to be acceptable, the model generated data must fit the measured
data. MSE should be below 10, but for more complex samples also larger MSE (10-
20) are still considered acceptable, provided the fit errors are normally distributed.
Additionally, the model should be unique. It is important to test alternative models
and varying starting values for the fit parameters to verify model uniqueness; the
model should be the simplest possible. Finally, the model and fit parameters must be
physically plausible, for instance when a material is transparent (k = 0) the refractive

index must increase toward shorter wavelength as shown in Figure 6.
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Variable Angle Spectroscopic Ellipsometric (VASE) Data
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Fig. 5 This shows a comparison of the measured curves with the model of PEDOT described
using oscillators. The accuracy of the fit validates the model’s effectiveness in describing the
material that was measured.
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a’) PHYSICAL
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Fig. 6 This image presents an example of a physically plausible model (a) and an unphysically
plausible model (b) used to describe the dispersion function of the refractive index for a
material with an extinction coefficient equal to zero. Image used with permission from J.A.
Woollam.
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0.9.2 Optical Profilometry

Optical profilometry is a technique used for measuring the surface roughness and
topography of materials. It operates on the principle of non-contact optical mea-
surement, making it ideal for delicate or soft surfaces. The profilometer projects a
light source onto the surface of the material being measured. This light can be in
various forms, such as white light, laser, or structured light. The type of light affects
the measurement resolution and depth. When the light hits the surface, it interacts
with the material’s topography. Depending on the surface’s features (like bumps,
ridges, or indentations), the light will reflect, scatter, or diffract in different ways.
The reflected light is captured by a detector, often a camera or a sensor array. This
detector records the variations in the light’s intensity, angle, or phase, depending
on the profilometry technique used. The captured light data is then processed using
software to reconstruct a 3D map or profile of the surface. This processing often
involves complex algorithms to interpret the light patterns and convert them into
accurate topographical data. The resulting 3D map provides detailed information
about the surface’s characteristics, such as roughness, texture, waviness, and other di-
mensional features. Two particular techniques have been used in this thesis: confocal

and interferometry.

Confocal: in the confocal technique a pinhole, placed in front of the detector, is
aligned with the focal point of the lens (confocal). It only allows light from the focal
plane of the sample to reach the detector, blocking out-of-focus light from above and
below the focal plane. By changing the focus of the objective lens, different planes
(slices) of the sample can be imaged. This is termed optical sectioning and allows

for the construction of a three-dimensional image of the sample.

Interferometry: In this technique is measured the interference patterns created by
the light reflecting from the surface and a reference mirror to the beam splitter, where
the two beams recombine. The recombined light creates an interference pattern.
When the path lengths of the two beams are closely matched, constructive and
destructive interference occurs, resulting in an interferogram. The system captures
multiple interferograms at different heights. Software analyzes these interferograms
to calculate the height at each point on the sample’s surface, constructing a 3D

topographical map.



Acronyms

Acronym

Definition

Al
a-Si:H
CAD
CCD
CVD
EBL
ED

EQ
FWHM
ICP
MD
MQ

NS
PDMS
PEDOT
Q-factor
RIE
RIU
RMS
rpm
SOI

Artificial Intelligence
Hydrogenated amorphous Silicon
Computer Aided Design
Charge Coupled Device
Chemical Vapor Deposition
Electron Beam Lithography
Electric Dipole

Electric Quadrupole

Full Width at Half Maximum
Inductively Coupled Plasma
Magnetic Dipole

Magnetic Quadrupole
Nanosphere
Polydimethylsiloxane
poly(3,4-ethylenedioxythiophene)
Quality factor

Reactive lon Etching
Refractive Index Unit

Root Mean Square

rotation per minute

Silicon Carbide on Insulator

Table 1 Glossary of Acronyms



Chapter 1
Metalenses

In the realm of optics and photonics, the fundamental principle of focusing light
has been achieved through the use of conventional lenses for centuries. These op-
tical components, typically composed of materials with distinct refractive indices,
manipulate the path of light rays to converge or diverge them, facilitating the forma-
tion of real or virtual images. Traditional lenses have undoubtedly revolutionized
various fields, from microscopy to astronomy, providing invaluable tools for our

understanding of the universe.

However, as science and technology advance, so does the quest for innovation
and improved performance. In this quest, we delve into the realm of metalenses, an
emerging field at the intersection of physics, nanotechnology, and materials science.
Metalenses represent a groundbreaking departure from the traditional paradigm of
bulky refractive lenses. They offer unprecedented control over the phase, amplitude,
and polarization of light, enabling the creation of ultrathin, planar optical devices

with remarkable capabilities.

This chapter explores the concept of metalenses and their role in the manipulation
of light. To understand the transition from conventional lenses to metalenses, we
will begin by revisiting the fundamentals of traditional lenses, which rely on the
principle of phase delay to bend light. As we progress, we will introduce the concept
of Pancharatnam-Berry phases, a crucial theoretical framework underpinning the
operation of metalenses. The understanding of this phase allows us to unlock the full

potential of metalenses in controlling light at the nanoscale.
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Furthermore, we will delve into the specifics of metasurface design and fabri-
cation, exploring the intricate physics behind their functioning. With a focus on
monochromatic optical beams, we will demonstrate how metalenses can be tailored
to efficiently manipulate and focus light, offering advantages over traditional lenses

in terms of size, weight, and adaptability.

1.1 How does a lens work?

The fundamental principle behind a lens’s operation is the phenomenon of refraction.
Refraction occurs when light passes from one medium (e.g., air) into another medium
(e.g., glass or another transparent material) with a different refractive index. A lens
typically has a curved shape, which can be either convex (thicker in the center) or
concave (thinner in the center). Convex lenses are used for converging or focusing
light, while concave lenses are used for diverging or spreading light. The curvature
of the lens is what causes the bending of light.

Fig. 1.1 This is a schematic representation of an optical convex lens. The path of light is bent
due to the curvature of the wavefront, which is induced by the phase delay of light passing
through a medium. The shape of the lens and its thickness determine the focal distance.

The behavior of a lens can be mathematically described using the lens equation:
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= _ (1.1

Where:
f 1s the focal length of the lens.

v is the distance from the lens to the image formed (positive if the image is on

the same side as the outgoing light, negative if on the opposite side).

u is the distance from the lens to the object (positive if the object is on the same
side as the incoming light, negative if on the opposite side). The focal length of
a lens can be changed by altering its curvature. Thicker lenses have shorter focal

lengths, while thinner lenses have longer focal lengths.

1.2 What are the advantages of metalenses?

Lenses suffer from chromatic aberration, which means they bend different colors
of light by varying amounts. This results in the splitting of white light into its
constituent colors, creating color fringes in images. Chromatic aberration limits the
quality of images produced by lenses and requires additional corrective elements,
such as multiple lens elements or diffractive optics, to mitigate this effect. Metalenses
can be designed to have precise and tailored dispersion properties, which means they
can control the way different wavelengths of light are refracted. By engineering the
nanostructures on the surface of metalenses, it is possible to create a single, compact,
and lightweight element that significantly reduces or eliminates chromatic aberration.
Moreover, traditional lenses can be bulky and heavy, especially in optical systems
requiring multiple lens elements to achieve various optical functions. This bulkiness
limits their applicability in compact devices and lightweight systems. Metalenses
are ultra-thin and flat compared to traditional lenses. They achieve the same optical
functions as their bulkier counterparts but with significantly reduced size and weight.
This makes metalenses ideal for miniaturizing optical systems, such as smartphone

cameras, virtual reality headsets, and lightweight imaging devices.

Similar functionalities and benefits have previously been achieved through diffrac-
tive or Fresnel lenses, which employ a series of concentric grooves or steps on one

surface to create a phase profile capable of focusing or collimating light. However,
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the miniaturization of meta-atoms affords greater degrees of freedom, as their nanos-
tructures can assume diverse forms, and allows for the production of thinner devices
[22]. This capability enables the engineering of metalenses to achieve enhanced
resolution in phase distribution, higher numerical aperture, correction of chromatic

aberrations, and an extended depth of focus [23].

1.3 The Pancharatnam-Berry phase

To achieve the realization of a Metalens for focusing a monochromatic laser beam,
we’ve harnessed the principle underlying the Pancharatnam-Berry phase. Unlike
conventional lenses that rely on refraction, this particular metalens leverages phase
changes. Specifically, the Pancharatnam-Berry phase encompasses the distribution of

phase changes necessary to achieve focused beaming at a designated focal distance.

2
0 () == (f=VP+2+3) (1.2)

Where:

A is the wavelength of the electromagnetic wave passing through the lens.
f is the focal distance of the lens.

x and y are the coordinates inside the lens.

This phase alteration is achieved through nanopillar structures capable of in-
ducing resonances and introducing controlled phase delays. By engineering these
nanopillar configurations in a precise manner, we can manipulate the distribution of
phase delays, consequently attaining the desired focal distance. Remarkably, shorter
or longer focal distances don’t require a scaling of the metasurface size, but can be
achieved properly engineering the meta-atoms geometry and displacement, as it will

be clearer in the following sections.

1.4 Design of a metalens

In the initial stages of metalens development, my primary focus was on the design
phase. As previously elucidated, the crux of achieving the focus of an electromag-



1.4 Design of a metalens 5

netic beam lies in strategically manipulating the distribution of phase delays. This
manipulation directly correlates with the geometric attributes of the nanopillars

employed in the metalens.

Among these attributes, the height, diameter, and shape of the nanopillars play
pivotal roles in dictating the distribution of the confined light field, thereby influenc-
ing the magnitude of the phase delay induced. In this specific endeavor, we opted
for a cylindrical shape, chosen for its capability to sustain electromagnetic field

confinements, which are fundamental in achieving the desired phase modulation.

Regarding the height, it remained a constant parameter due to the uniformity
established during the material deposition stage of the fabrication process. Conse-
quently, all fabricated structures maintained identical heights. However, the diameter
of the nanopillars emerged as a critical degree of freedom in the design. Utilizing
EBL, precise control over the diameter of each individual pillar became feasible,

granting the ability to fine-tune the phase delay distribution.

The initial phase of the design process involved rigorous physical simulations
using COMSOL software. Through these simulations, we aimed to meticulously
assess and characterize the phase delay introduced by varying diameters of the

nanopillars (Figure 1.2).

This process enables the correlation of precise phase delays with correspond-
ing diameter values required to achieve those specific delays. Employing the
Pancharatnam-Berry phase equation facilitates the assessment of the phase delay
distribution necessary to attain a predetermined focal distance for a monochromatic

beam with a wavelength of lambda (Figure 1.3).

As an outcome of the preceding simulations, there exists the opportunity to
translate the phase distribution into a corresponding distribution of diameter values
(Figure 1.4).

Once the diameter distribution has been acquired, the subsequent phase involves
the creation of a Computer-Aided Design (CAD). CAD files are digital repositories
housing intricate details utilized by computer software to construct two-dimensional
(2D) or three-dimensional (3D) models of objects or systems. These files encapsu-
late geometric specifics such as dimensions, shapes, textures, materials, and other

defining characteristics essential to an object’s design (Figure 1.5).



6 Metalenses

180 [ T T T — n
| P | T~ [ —200um] ]
| ic 300 om
140 + \\ | — 400 nm |7
3 1 500 nm | 4
100 + I\ — 600 nm |
| e, 700 nm
! % 2
e
60 + |
—_ I ‘ \\\
| N
20+ . N
8 |
E r |
~ 20+ [

-100 ¢

-140 |

st 4 4 4 4 — 3
50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Diameter (nm)

Fig. 1.2 Simulation results of phase delay as a function of diameter introduced by nanopillars
with different heights.

In the context of this project, CAD serves as an essential tool in directing Electron
Beam Lithography (EBL) during the patterning of the sample. It not only specifies the
spatial arrangement for imprinting but also determines the necessary dosage. Given
the sheer volume of features—exceeding 10 thousand individual pillars—manual
creation of such files becomes impractical. Leveraging Python scripting, it becomes
feasible to translate the previously obtained diameter distribution into a CAD file,
which subsequently interfaces with EBL for processing. This automated approach
streamlines the generation of CAD files, ensuring precision and manageability in

dealing with the extensive number of individual nanopillars within the design.
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Fig. 1.3 The distribution of phase delay is described by the Pancharatnam-Berry equation,
which is used to focus a beam with a wavelength of 663 nm to a focal distance of 200 pm.
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equation for focusing a laser beam.
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Fig. 1.5 CAD diagram of a metalens used for Electron Beam Lithography (EBL). Each circle
represents a solid dot with varying diameters based on its position. The CAD file provides
details about the area to be exposed to the electron beam.
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1.5 Metalens fabrication

For the fabrication process of metalens, we opted to utilize a glass substrate. This
choice provided rigid support without altering the optical properties of the metalens.
At the wavelength we worked with, glass proved transparent and minimally absorbent.
Before deposition, the samples underwent treatment with oxygen plasma to prepare
the surface. This process effectively cleansed the sample of organic residues. The

process flow diagram is shown in Figure 1.6.

Substrate

Chemical vapor
deposifion

Homogeneous layer

Lithography and
etching

Structured metasurface

Fig. 1.6 This diagram depicts the process flow for fabricating nanostructures. Initially, the
material is deposited using chemical vapor deposition. Then, the resist is exposed through
electron beam lithography, and finally, the excess material is removed by dry etching.

On this substrate, I deposited materials characterized by a high refractive index,
maximizing the light-material interaction while ensuring low absorption to prevent
losses in the metalens. Consequently, we chose amorphous silicon and silicon nitride.
In particular, amorphous silicon exhibits a notably high refractive index, typically

ranging between 4 and 5 in the visible spectrum. However, this characteristic
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is accompanied by increased absorption, rendering amorphous silicon an opaque
material. Nevertheless, the planar nature of metasurfaces enables the fabrication of
devices with thicknesses on the order of a few hundred nanometers. Consequently,
the material thickness falls below the skin depth of the visible spectrum, rendering
amorphous silicon suitable for optical applications. Material deposition was executed
via ICP-CVD, applying approximately 740 nm of material onto the samples.

The subsequent step involved EBL. Prior to exposing the material, an electron
resist layer was deposited, a crucial element acting as a mask for the etching phase.
Another round of oxygen plasma treatment was essential to enhance surface wetta-
bility and optimize resist distribution by reactivating surface free radicals. This step

improved the resist’s application.

Once the electron resist was applied, the sample was loaded into the vacuum
chamber of the EBL system. The vacuum condition was imperative to enhance
lithographic resolution, as particles in the chamber could interfere with the electron
beam, inducing electron scattering.

Following the exposure of the electron resist, the development process ensued.
This process involved immersing the sample in a specific chemical agent that se-
lectively removed either the exposed (in positive resist) or unexposed (in negative
resist) resist, thereby revealing the underlying material to be etched.

The etching process employed RIE. This technique involved bombarding the
surface with ions generated by an induced plasma and consequently accelerated
toward the sample surface. The plasma indiscriminately removed exposed material
and resist, albeit at different etching rates. Due to its selective aggressiveness
towards the underlying material compared to the resist mask, the resist endured
longer, safeguarding the material beneath and preventing its removal.

Upon completion of RIE and removal of residual resist masks, the device was fi-
nalized (Figure 1.7). The CAD-provided geometry had been successfully transferred
onto the active layer of the sample, which now bore the structured features of the

Metalens.

The metalens was characterized using a monochromatic laser beam at the fre-
quency of 633 um incident perpendicular to the surface of the metalens. Focal planes
were captured using a CCD camera to measure the focal distance of 200 um (Figure
1.8).



11

1.5 Metalens fabrication

o 00O pTopo000
obDOOOOQUOPOO0
cgooOboCOO000

o o000 0 oo 00

00000

BB 3751925 5]
OoGaTaEE

Coaa e
OCaaaa )

(M OaEaes

BB T 5205 2 %)

CCaoen

¥ _COCCEas

TCCTa

Fig. 1.7 Images captured using scanning electron microscopy at various magnifications of
the fabricated metalens. The final nanopillars are composed of hydrogenated amorphous

silicon on a glass substrate.

633 pm

Fig. 1.8 Schematic representation of the metalens functioning. A monochromatic beam at
633 um is focalized at a focal distance of 200 um and the focal plane is captured with a

CCD camera.



Chapter 2
Large area metasurface

An application of metasurfaces has been shown, where nanopillars can be arranged
to create a metalens capable of focusing a laser beam at a specific focal distance.
Despite utilizing an extensive array of nanopillars, the resulting metalens is relatively
compact, with a diameter of 60 um. This compact size proves advantageous for

certain specialized applications.

However, there is a growing need for larger-scale devices to cater to a wider range
of real-world applications. Metasurfaces of smaller dimensions are typically confined
to laboratory research or specialized niche uses. In contrast, larger metasurfaces offer
potential for integration into mainstream commercial products, including cameras,
sensors, and display technologies. The expanded surface area of these metasurfaces
enables more extensive manipulation of light, allowing for greater control over key
optical properties such as phase, amplitude, and polarization. This capability is
particularly advantageous in advanced imaging systems, where large-scale light

control can enhance resolution and image quality.

Additionally, larger metasurfaces facilitate easier integration with other optical
components, a crucial factor in the development of photonic circuits and systems.
In these systems, metasurfaces serve as vital elements, working alongside lenses,
mirrors, and other optical components. Economically, the production of larger
metasurfaces is more cost-effective, leveraging economies of scale. This aspect is
particularly relevant as the demand for photonic devices increases, making the ability
to produce larger components in a cost-efficient manner a significant competitive

advantage.
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Nevertheless, large area metasurfaces encounter a critical challenge: fabrication
time. The technique illustrated in the previous chapter, which is based on electron
beam lithography, requires that each individual meta-atom be crafted by the electron
beam. It becomes evident that this issue escalates with the scaling of metasurface
dimensions. Therefore, there is a need to develop a fabrication technique that enables
the simultaneous creation of the entire metasurface structure, thereby drastically

reducing fabrication time. To this end, nanosphere lithography is proposed.

2.1 Nanosphere lithography

Nanosphere (NS) lithography is a nanofabrication technique with the specific purpose
of creating large-area masks used for selective etching of substrates. This method
aims to replace EBL, traditionally used for exposing and creating hard masks. It
involves spin-coating a monolayer of nanospheres onto the substrate that needs to
be etched. This layer acts as a mask, facilitating the formation of cylindrical pillars
by projecting the spherical geometry of the nanospheres onto the substrate. Unlike
EBL, which is limited in speed due to the need to replicate each pattern element
individually, nanosphere lithography allows for the simultaneous creation of the

entire mask with a single spin-coating step.

Polystyrene is one of the most commonly used materials for nanospheres. Its
uniform size distribution, ease of synthesis, and stability make polystyrene spheres
a preferred choice. A popular method for synthesizing polystyrene nanospheres
is emulsion polymerization. This technique polymerizes styrene monomers in an
aqueous medium, using surfactants to form spherical particles. The size of these
nanospheres can be controlled by adjusting various synthesis parameters, such as the
concentration of monomers, surfactants, or initiators. Temperature and reaction time

are also crucial for determining the size and uniformity of the nanospheres.

2.2 Nanosphere fabrication

The fabrication of a large-area metasurface begins with meticulous surface prepa-
ration. It’s crucial that the surface is not only cleaned but also has its wettability

enhanced. For this process, we subjected the sample — comprising a 154 nm layer
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of hydrogenated amorphous silicon (a-Si:H) on a glass substrate — to an oxygen
plasma treatment. This exposure lasted for 5 minutes, utilizing a power setting of 40
W and an oxygen flow of 50 sccm. Although the chamber lacks active temperature
regulation, sensors were used to monitor the temperature closely, ensuring it did not

substantially surpass room temperature throughout the process.

Nanospheres are typically available in a liquid solution. For our experiment, we
applied approximately 80 pL of this solution onto a 2-inch square sample. The even
distribution of this solution across the sample is a critical step, as it directly influences
the formation of a uniform nanosphere layer. Achieving a single layer of nanospheres
is delicate; insufficient rotation and spin-coating time can result in multiple layers,
whereas excessively high rotation speeds may prevent the nanospheres from adhering

properly to the surface.

To address this, we developed a two-step rotation protocol. The first step involves
spinning the sample at 500 »pm for 5 seconds, allowing for an initial spread of
the nanosphere solution. The second step ramps up the speed to 3000 rpm for 30
seconds, fostering the formation of a monolayer. This process naturally arranges
the nanospheres into a hexagonal cell lattice, creating well-ordered areas known as

grains.

(a) (b)
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Fig. 2.1 (a) Diagram illustrating the process step of nanospheres reduction using Argon
plasma. (b) Scanning Electron Microscope image of the nanosphere monolayer following
spin coating. The pitch is determined by the diameter of the nanospheres.

The initial diameter of the nanospheres, which in this case is 394 nm, is crucial
as it determines the pitch of the final structures (Figure 2.1). Before proceeding to

the etching stage, it’s necessary to fine-tune the diameter of the nanospheres, as this
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will determine the size of the eventual cylindrical structures. To achieve this, we
exposed the nanospheres to an argon plasma for 6 minutes at a power setting of 75 W.
The duration of this exposure is key to accurately reducing the nanosphere diameter,

which in this experiment, resulted in a final diameter of 290 nm (Figure 2.2).

(a) (b)
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a-Si

Glass

Fig. 2.2 (a) Diagram showing the final etching mask created with the reduced nanospheres.
(b) SEM image of the reduced nanosphere. The reduced diameter of these nanospheres will
determine the diameter of the nanopillars.

The subsequent step involves etching the a-Si layer using RIE. My recipe for
this process consists in a Pseudo-Bosh etching with a SFg and C4Fg mixture at
the pressure of 10 mTorr and temperature of 10°C, for 10 minutes of process
time. The gas mixture must selectively etch the a-Si while minimally impacting
the nanospheres, which serve as a mask. It is crucial to ensure that the etching is
vertically oriented, allowing the spheres to be effectively projected onto the layer,
thus creating nanopillars. Following the etching process, the NSs can be removed
using ethanol (Figure 2.3).
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Fig. 2.3 (a) Diagram showing the etched material after RIE process. Nanopillars structures
developed below nanoshperes. (b) Diagram of the final device, cleaned by nanoshperes.
(c) SEM image of the metasurface, consisting of silicon amorphous nanopillars on a glass
substrate.
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2.3 Large-area metasurface characterization

The optical properties of the fabricated device have been characterized, specifically
measuring its transmission, reflection, and absorption. The measurement setup (Fig-
ure 2.4) includes a halogen lamp as a light source, emitting in the visible spectrum,
coupled to a fiber optic. The fiber optic’s output end is oriented perpendicularly
to the device’s surface, maintaining a distance of a few centimeters. On the oppo-
site side, another fiber optic, positioned perpendicularly, collects light transmitted
through the sample and conveys it to a spectrometer. The input fiber optic features
a dual-channel design, enabling it to both emit light and collect reflected light for

reflection measurements. Absorption is calculated using the formula:

1—(T+R) 2.1)

Where T is the transmission and R is the reflection.
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Fig. 2.4 Experimental measurement setup sketch consisting of a fiber optic (I) for the incident
light, two fiber optics (R) for the reflected and (T) for the transmitted components, a visible
range light source and a spectrometer.
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Fig. 2.5 (a) Simulation of the transmittance (T), reflectance (R) and absorbance (A) of the
metasurface. (b) Measurements of the same properties with a spectrometer on the fabricated
metasurface.

To provide a benchmark for the experimental measurements, we replicated the
metasurfaces using COMSOL Multiphysics and simulated their optical behavior.
This simulation included the transmission, reflection, and absorption characteristics,
which were then compared with the experimental data. Figure 2.5 presents both the
experimental data and the measured results. It is evident that the desired feature has
been successfully replicated in the fabricated device. The slight frequency shift can
be attributed to minor differences in geometric parameters, due to the challenges in
controlling the fabrication process, such as the material deposition thickness and the
lateral features during RIE. Additionally, the slight variation in the dimensions of
the nanospheres leads to non-uniform pillar sizes. Nevertheless, these parameters
can be adjusted to optimize the device’s performance for specific applications that

require more precise control over the optical behavior in terms of wavelength.

Notably, the experimental results show absorption intensity values below zero
in the wavelength range between 750 nm and 800 nm. This unphysical result is an
artifact attributed to the spectral limits of the spectrometer, which exhibits a poor
signal-to-noise ratio in this range. Consequently, broad oscillations may yield values

below zero when the true signal approaches zero.



Chapter 3

Resonances in nanopillar structures

3.1 Fano resonances in photonic nanostructures

Metasurfaces have reshaped photonics, replacing traditional optics with thin, scalable
devices [24]. Comprising dense arrays of nanoresonators, these structures precisely
modulate light by varying resonator size, orientation, and material, enabling advanced
control over light [25]. This innovation fuels developments in wavefront control
[26], structural color enhancement [27], nonlinear optics [28], and quantum optics
[29], driven by the need for materials with high refractive indices and nonlinearities
[30, 31].

Silicon, silicon nitride, and certain metal oxides dominate these applications due
to their optical properties [32-36]. However, diamond’s broad band gap and high
refractive index make it a prime candidate for hosting color centers and enabling
photonics at both classical and quantum levels [37—-40]. Despite its potential, dia-
mond metasurfaces are scarce, hindered by challenges in thin-film growth [41-45].
Advances in nucleation methods are overcoming these obstacles, paralleling silicon’s
integration in photonics through SOI and Silicon Carbide on Insulator technologies
[46-48].

This section explores the optical properties of diamond nanopillars on glass,
revealing their ability to generate Fano-like resonances with a Q-factor up to 3.5 -
10°, a record for dielectric metasurfaces [49—-52]. We analyze how pillar height
and the surrounding medium’s refractive index influence resonance characteristics,

demonstrating these metasurfaces’ potential as highly sensitive refractive index
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sensors, with up to 72.21 nm/RIU sensitivity. This positions diamond metasurfaces as
powerful tools for nanoscale light manipulation, enhancing both linear and nonlinear

photonic applications.

3.1.1 Method

We utilized COMSOL Multiphysics® 6.0, a finite element method simulation soft-
ware, to analyze the metasurface’s optical behavior in the frequency domain. The
study involved simulating an endless array of diamond nanopillars arranged in a
square lattice, applying periodic boundary conditions along both x and y axes. Each
unit cell, a square-based parallelepiped, included a single pillar on a glass substrate.
A schematic representation is shown in Figure 3.1a. The pillars varied in height from
420 nm to 660 nm, with a fixed diameter D = 270 nm and pitch P = 350 nm.

A linearly polarized electromagnetic wave, oriented along the x-axis, was directed
perpendicularly from above. By varying the frequency with steps of Af = 326
GH7 corresponding to a AA =~ 0.5 nm, we meticulously captured the transmittance
profiles. The simulation employed finer step of Af ~ 10 GHz corresponding to a
AA = 0.002 nm to precisely delineate the narrowest resonances. Transmittance and
reflectance were computed using ports at the top and bottom of the setup. Initially,
the superstrate’s refractive index was set at 1, and later, it was varied up to 1.5. I also
incorporated the wavelength-dependent refractive index of diamond from existing
literature [53]. Additionally, the study allowed for a detailed examination of the field

distribution inside the pillar across various cross sections.

3.1.2 Results and discussion

Figure 3.1b illustrates how varying the height of the nanopillars influences their
transmittance. Notably, each transmittance curve features a distinct dip at the
resonance wavelength, with the resonance shifting towards longer wavelengths (red-
shifting) as the pillar height increases. This height variation significantly alters both
the line width and the shape of the resonances. A typical Fano resonance shape [54]
is apparent in some profiles (red line), but as the height increases, this asymmetry
lessens, and the resonance lines become narrower (orange and yellow lines). Beyond
a certain height, the resonance broadens, and the shape becomes a mirror image of
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Fig. 3.1 (a) Sketch of the unit cell consisting of a diamond nanopillar on a glass substrate
(n=1.51). The structure is illuminated by an electromagnetic plane wave with a wave vector
travelling perpendicular to the surface and linearly polarized along x. Transmittance profiles
as a function of incident wavelength for different values of the pillar’s height % (b) and pitch
P (c).

the earlier profiles (blue, violet, and purple lines). The effect of changing the pillar
array period is also examined (as shown in Figure 3.1c), revealing a blue-shift with a
shorter period and a red-shift with a longer period, suggesting a near-field interaction

between adjacent pillars.
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Initially, our examination is centered on the resonance’s Q-factor to determine
the highest Q-value attainable with the suggested structural design. As depicted in
3.2a, the Q-factor’s variation is represented as a function of h. The calculation of the

Q-factor is as follows:

A

=

(3.1)
Where A, represents the resonant wavelength and AA signifies the Full Width at
Half Maximum (FWHM).

At h = 500 nm, the Q-factor stands at 2.9 - 102. However, when h increases to
542 nm, the Q-factor escalates dramatically to 3.5 - 10*, marking a significant rise of
two orders of magnitude. Conversely, for h values exceeding this point, the Q-factor

begins to diminish, eventually reverting to 2.9 - 10 as h reaches 600 nm.

@ «10*

500

Fig. 3.2 (a) Q-factor as function of the height % of the nanopillar, swept from 500 nm to
600 nm. (b), (¢) Norm of the electric field distribution in the xy plane at z = A/2 (b) and in
the xz plane at y = P/2 (c). (d), (e) Norm of the magnetic field distribution in the xy plane
at z = 3h/4 (b) and in the xy plane at y = P/2 (d). The arrows represent electric (black)
and magnetic (red) field vectors. The fields are extracted for 4 = 540 nm and wavelength
A =672.9 nm.

To delve deeper into the resonant characteristics of diamond nanostructures, we
analyzed the field distributions at the height (h) that maximizes the Q-factor, as
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indicated by the red circle in Figure 3.2a. In this instance, the resonant wavelength is
A =672.9 nm.

The complete elimination of forward scattering seen in transmission spectra,
along with the remarkably high Q-factor of the Fano resonances, can be attributed
to the interaction between advanced electric and magnetic multipole resonances.
This interaction fulfills the generalized Kerker condition, as referenced in sources
[55, 56]. A recent study shed light on the significance of multipole resonances
in nanopillar arrays by conducting a multipole expansion analysis of the scattered
field [57]. Figures 3.2b and 3.2c illustrate the electric field distribution on the xy
plane at z = h/2 and on the xz plane at y = P/2, respectively. The electric field
predominantly appears on and around the pillar’s side, aligning along the z-axis,
which confirms the near-field interaction between the pillars. Examination of the
electric field vectors (black arrows in Figure 3.2c) reveals two closed loops, one at
the top and one at the bottom of the pillar, both circulating clockwise. These loops
create two magnetic dipole (MD) resonances with the MD moment oriented along
the y-axis, clearly visible in Figure 3.2d and 3.2e. In Figure 3.2d, the vectors display
the MD moment’s direction. Between these two MDs, the electric field vectors form
an electric quadrupole (EQ) resonance. The intersection of MD (magnetic dipole)
and EQ (electric quadrupole) responses fulfills the criteria for the Kerker condition,

leading to the complete elimination of forward scattering.

To confirm that the resonance is a Fano resonance, stemming from the overlap
of the reflected background field (bright mode) and the MDs and EQs (dark modes)
[27], and to understand how the pillar height affects the resonance shape, we applied
the Fano formula to the transmittance spectra:

(Q49)*(149)*
(Q2+1)

T(f) = (3.2)

Where Q =2 x f;yf“ including the resonance frequency (fp) and the resonance

width (7), and ¢ is the Fano parameter [58].

Figure 3.3a illustrates the fitting of three transmittance spectra using this formula.
The red (h = 530 nm) and blue (h = 565 nm) lines are slightly off from the peak Q
factor condition, while the black line (A = 542.5 nm), achieving the highest Q-factor,
is detailed in Figure 3.3b for a closer look at its shape. The black line’s FWHM,
AA = 0.02 nm, corresponds to a bandwidth of Af = 14 GHz. Figure 3.3c presents
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the variation of the two fitting parameters, q (Fano parameter) and 7y, with pillar
height. This graph distinctly shows a steep change in the Fano parameter from
negative to positive values, with the red, blue, and black dashed squares marking the
profiles from Figure 3.3a. A Quasi-Lorentzian line shape arises when the resonance

width () is at its minimum.
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Fig. 3.3 (a) Transmittance as a function of the frequency simulated for different heights
of the nanopillars: & = 520 nm (red), h = 542.5 nm (black) and h = 565 nm (blue). (b)
Transmittance as a function of the frequency simulated for nanopillars with height 7 = 542.5
nm. Af is the FWHM of the resonance. (c) Fano parameter ¢ and resonance width y
evaluated for different heights of the nanopillars from /& =400 nm to h = 650 nm.

For potential sensing applications of the resonant nanopillars [59], we considered
a scenario where the diamond-based metasurface is completely submerged in a
uniform dielectric material (superstrate domain thickness 1.6 pm). We set the pillar
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height at &7 = 540 nm and altered the refractive index of the outer layer from 1 to 1.5.
The results in Figure 3.4a show a red shift in the resonant wavelength with increasing
n. In Figure 3.4b, we plot the resonant wavelength position against the external
refractive index and its corresponding Q-factor. The shift in resonance aligns well
with a linear function (RMS error = 0.047) with a slope S = 72.21 nm/RIU. The
Q-factor peaks at 3.5 - 10° when neup = 1.25, equivalent to a FWHM AA = 0.002
nm. Considering the FWHM as the system’s resolution limit, we deduce that the
metasurface can distinguish refractive index changes as small as 4.2 - 10~* RIU near
an external refractive index of 1, and up to 2.73 - 10~ RIU when Ngup 1s around 1.25,
as calculated from An = AT.
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Fig. 3.4 (a) Transmittance spectrum calculated for different refractive index values of the
surrounding medium, varying from 1 to 1.5. (b) Resonant wavelength as a function of the
refractive index of the external medium (blue data, left axis) and Q-factor of the resonance
(red data, right axis). The blue data are well fitted by a linear function (blue dashed line)
whose slope is S = 72.21 nm/RIU.

3.2 Multipolar analysis

Engineering dielectric thin films for light scattering has enabled advancements across
various optical technologies, from replacing traditional optics with flat elements to
applications in wavefront shaping, lasing, color production, sensing, modulation,
and quantum optics [60—71]. The interest in dielectric metasurfaces [24, 72, 73]
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from both academia and industry [74] has spurred efforts to design subwavelength
elements for customized light interaction [75, 76], including the use of AI for
optimizing designs [77-79]. Challenges in fabrication, especially for visible light
applications, have prompted a shift towards cost-effective, large-scale production
methods [80-82].

This section focuses on dielectric metasurfaces operating on Mie resonances in
the visible spectrum, aiming to utilize and combine these resonances for directional
scattering control and high-Q Fano resonances [83—86]. We explore the resonant
behavior of a dielectric resonator lattice, particularly the non-local effects of mul-
tipolar resonances and their lattice constant dependency. We also demonstrate a
design capable of high-Q Fano resonances, promising for light modulation and
tunable filters. The advantage of this approach lies in the potential for scalable, cost-
effective fabrication using self-assembling techniques, offering significant benefits

for industrial application of metasurface-based optics [8§7-92].

3.2.1 Materials and methods

The optical characteristics of the metasurface were examined using the RF module
in the Frequency domain of COMSOL Multiphysics® 6.0. The structure modeled
for simulation is depicted in Figure 3.5a: it consists of a square array of cylindri-
cal nanopillars, each with a diameter of 270 nm and a height of 540 nm. These
nanopillars have a complex refractive index (n =2.4,k=1- 10_3), are positioned
on a non-absorptive glass substrate (n = 1.51 [93]), and are encased in air (n = 1).
The setup is exposed to a plane wave striking perpendicularly on the surface, with
polarization along the x-axis. We varied the free-space wavelength from 640 to
700 nm, and for each wavelength, we calculated the reflectance, transmittance, ab-
sorbance, the electric field distribution, and the contributions of various multipoles
to the scattering cross-section. To replicate the lattice structure, periodic boundary
conditions (Floquet periodicity) were applied along the x and y axes. The lattice
constant was altered to explore its impact on the metasurface’s optical response,

while other geometric parameters remained constant.
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3.2.2 Fano resonances

Initially, we evaluated the transmittance, reflectance, and absorption spectra around
the resonant frequency for various lattice constant values (P) as shown in Figure
3.5b-g. These graphs reveal the presence of Fano resonances in the cylindrical
structures, leading to reduced transmittance at the resonant wavelength. These reso-
nances are similar to those identified in recent research focusing on ideal, non-lossy
nanopillars [94]. By incorporating a complex refractive index in our model, we ob-
served enhanced absorption within the nanopillars, indicating intensified light-matter
interactions. Specifically, as P nears 350 nm, there’s a red-shift in resonance and a
spike in absorption to nearly 40%, with a corresponding decrease in transmittance.
At P = 350 nm, the resonance weakens significantly, and absorption drops below
10%. Increasing P further elevates both absorption and the dip in transmittance,
reaching nearly zero transmittance at P = 380 nm. The typical asymmetry of Fano
resonances, characterized by the Fano parameter [95], shifts directionally when P

surpasses 350 nm.



28 Resonances in nanopillar structures

a)
z
X
y
b
) ' Pitch = 330 nm 2 X Pitch = 340 nm d) | Pitch = 350 nm
—T i —T H T — |
—R —R
0.8 —A 20.8 —A 20.8 —T
S 2 8 —R
= = = —A
5046 506 506
204 Z 0.4 2 0.4
8 8 2
RS = k|
0.2] 0.2 0.2
0! O?Qc
653 654 655 656 657 658 661 662 663 664 665 669 669.5 670 6705 671
Wavelength [nm] Wavelength [nm] Wavelength [nm]
(S
) | Pitch = 360 nm D 1 Pitch = 370 nm & 1 Pitch = 380 nm
—T n —T H —T
—R —R —R
%0.8 —A %0.8 —A 208 —A
2 2 2
£06 £06 £06
£04 Z£0.4 Z 0.4
2 2 ot
= k= =
0.2 0.2 0.2
0 0 0
676 678 680 680 682 684 686 684 686 688 690 692
Wavelength [nm] Wavelength [nm] Wavelength [nm]

Fig. 3.5 (a) 3D schematic of the simulated metasurface. (b-g) Graphs showing transmission
(blue line), reflection (green line), and absorption (red line) as functions of wavelength for
the metasurface, with pitches ranging from 330 nm to 380 nm.
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3.2.3 Multi polar expansion

To delve deeper into the metasurface’s resonant behavior, we represented the scattered
field as a composition of fields generated by multipolar sources, in line with Mie
theory [96]:

grotal — gED | @oMD | pEQ | oME | (3.3)

sca

Here, the total scattering cross section is expressed as a sum of contributions from
electric and magnetic dipoles (ED, MD), quadrupoles (EQ, MQ), and higher-order
multipoles. Each multipole’s individual contribution was calculated as per recent
research [97, 98]. This analysis shows MD and EQ resonances contribute most to
the scattering cross section, with their spectral position and intensity varying with
lattice constant changes (Figure 3.6). For instance, Figure 3.6a shows at P = 330
nm, the dip in transmittance correlates with a boost in total scattering cross-section,
predominantly due to EQ resonance (about 50% of the total) and a substantial MD
contribution (around 25%). ED and MQ resonances also strengthen, but their impact
on the scattering cross-section remains below 15%. Increasing the lattice constant to
P =340 nm (Figure 3.6b) results in a red-shift of resonant modes and a narrowing

of lineshapes, with changes in EQ and MD intensities.

This trend persists with a further increase in lattice constant to P = 350 nm (Fig-
ure 3.6c), where EQ contribution decreases to 40% and MD rises to 30%. Increasing
P by an additional 10 nm (Figure 3.6d) leads to almost equal contributions from EQ
and MD to the total scattering cross section, and with further increase in P (Figure
3.6e-f), MD becomes dominant.
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Fig. 3.6 a-f Relative intensity of contributions from different multipolar resonances, including
the electric dipole (ED), magnetic dipole (MD), electric quadrupole (EQ), and magnetic
quadrupole (MQ), as well as the total sum of all contributions (TOT), assessed over a range
of pitch values from 330 nm to 380 nm. On the left axis the transmittance profile (T) is
reported in red for reader’s convenience.
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3.2.4 Field patterns and Q-factor

Examining field patterns within the nanopillars helps understand these multipolar
resonances. The false color maps at the top of Figure 3.7 display the electric field
distribution’s absolute value, normalized with respect to the incident field, for three
representative P values (330, 350, and 380 nm). The normalized black arrows indi-
cate the electric field orientation. The bottom row sketches the virtual multipoles
excited within the pillar, with transparency adjusted to emphasize individual mul-
tipolar resonance contributions. At P = 330 nm, the field distribution features two
main lobes along the pillar, representing the EQ, and two weaker loops at the pillar’s
top and bottom, observed through black arrows. At P = 350 nm, although the EQ is
visible, field enhancement is much reduced. At P = 380 nm, the two loops generating
the MD resonance become more evident, while the EQ field diminishes.

The short distance between the pillars creates an additional cavity between
them. This cavity sustains field confinement, generating high intensity near-field
interactions among the pillars. As the width of this cavity depends on the distance
between pillars, variations in pitch strongly influence the near-field distribution. We
believe this contributes to the resonant frequency’s dependency on the pitch value of

the metasurface.

The lattice constant’s influence on resonances is further evident in the Q-factor
variation (Figure 3.8a), with a peak value of about 1400 for P = 350 nm. This
peak occurs even as the effects on transmittance (Figure 3.6) and field enhancement
(Figure 3.7) are relatively weak.

The shift in spectral position of multipolar resonances with varying lattice con-
stant is further illustrated in Figure 3.6. Figure 3.8b presents the difference in
scattering cross section between EQ and MD resonances near the resonance wave-
length. At P = 330 nm, the lineshape is positive and symmetrical, indicating spectral
dominance of EQ resonance. Increasing P to 340 nm narrows and asymmetrizes
the lineshape, which becomes more evident at P = 350 nm, showing a negative
peak at shorter wavelengths and a positive one at longer wavelengths, indicating a
smaller redshift for MD compared to EQ. Further increasing P enhances this spectral
separation, while broadening the lineshape.
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Fig. 3.7 (a-c) Norm of the electric field intensity on the XZ plane, passing through the
center of a pillar and one of its near-neighbors. The black arrows indicate the orientation
of the electric field component on the XZ plane. The electric field has been evaluated for
pillars with three different pitches P(a)330 nm, (b) 350 nm, and (c) 380 nm and at their
corresponding resonant wavelengths A (a) 656 nm, (b) 669 nm, and (¢) 692 nm. (d-f)
Schematic representation of the multipole displacement within the pillars. Dipoles with more
intense coloring indicate a higher contribution for that specific combination of pitch and
wavelength (1).
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Fig. 3.8 (a) Quality factors of the resonances for pillars with pitches ranging from 300 nm
to 380 nm.(b) Difference in the scattering cross-sections of the Electric Quadrupole (EQ)
and Magnetic Dipole (MD) for the corresponding pitches (blue line). The red dashed line
highlights the zero value.
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3.3 Metasurface fabrication

We commenced the manufacturing of the device that was previously simulated. Our
initial strategy involved replicating the structures using silicon-enriched Sip N, which
not only offers a favorable refractive index but also allows for a more straightforward
processing method compared to diamond. To deposit 540nm of SipN on a glass sub-
strate measuring 17x1”, we utilized ICP-CVD. Following this, EBL was employed
to expose the resist, facilitating the creation of nanopillars with a diameter of 225
nm and a pitch of 326 nm. Subsequently, we patterned the Si, N using RIE with a
mixture of SFg and C4F3g, setting the ICP power at 1200 W, RF power at 30 W, and
chamber pressure at 10 mTorr. The plate temperature was maintained at 10°C to

enhance the etching efficiency.

The completed device is depicted in Figure 3.10a. It comprises an array of nine
pixels, each with a patterned area of 100 um x 100 um. The pixel dimensions and
their placement were meticulously designed to align with the beam spot used for
characterization. These can be visually identified due to diffractive effects. Each
pixel is designed to be nominally identical, with repetition serving to increase the
likelihood of producing a device free from defects or impurities, which are commonly
found on the surface. Despite the challenges in fabrication, Figure 3.9 presents our
initial test of silicon nitride nanopillars. We succeeded in fabricating separated
nanopillars in Si;N, achieving precise control over their cylindrical shape. The

height, diameter, and spacing (pitch) were accurately obtained.

The transmittance of the fabricated device was assessed using the measurement
setup previously shown in Figure 2.4. Figure 3.10 illustrates the initial stages of char-
acterizing the metasurface’s transmittance. The resonances induced by the nanopil-
lars are distinctly observed, with transmittance significantly reduced at frequencies
of 520 nm, 575 nm, 640 nm, and 750 nm. Beyond these resonance frequencies, the
transmittance remains exceptionally high, especially in the range between 625 nm
and 800 nm, where it approaches 90%. Future work will concentrate on creating a

fully operational device.

This initial endeavor to fabricate a metasurface capable of sensing the refractive
index of its surroundings has shown promising results. Nonetheless, substantial
efforts are necessary to refine the manufacturing process and enhance the precision

of the nanostructures’ dimensions.
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Fig. 3.9 (a) SEM image of the fabricated Si; N metasurface, featuring nanopillars with a
height of 540 nm, diameter of 225 nm, and pitch of 326 nm. (b) SEM image of the same
structures with a tilt angle of 20°.
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Fig. 3.10 (a) Sample analyzed. Each pixel represents a metasurface with a patterned area of
100 pm x 100 wm. (b) Transmittance measurement obtained using a spectrometer, with the
metasurface illuminated perpendicularly using a mercury (Hg) lamp.



Chapter 4
Organic metasurfaces

In the preceding chapters, we explored devices characterized by their use of dielectric
materials. This choice was driven by dielectrics’ high refractive index, generally
low losses, and the reliability and reproducibility of their fabrication processes,
making them excellent candidates for such applications. However, dielectrics are
insulators by nature, rendering them unsuitable for applications requiring electrical
connections. In such cases, metallic materials become the preferred choice due to
their excellent electrical conductivity. However, this comes with a downside: metals
exhibit high losses, particularly in the visible range, which significantly diminishes

the performance of devices like optical metasurfaces when they are used.

Organic materials, however, show promise in addressing these issues. Despite
not having an exceptionally high refractive index, organic materials can maintain low
losses even in the visible spectrum, where they can sometimes be transparent. Their
real benefit lies in their ability to retain optical properties while offering moderate
electrical conductivity. This dual capability allows for the simultaneous manipulation

of light using nanostructures and the establishment of electrical connections.

In this chapter, I will discuss the application of a specific organic material,
poly(3,4-ethylenedioxythiophene), or PEDOT, in designing and fabricating an optical
modulator. This approach offers the advantage of lower optical losses compared to

traditional modulators that use metallic structures.
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4.1 Material synthesis

PEDOT is a conducting polymer widely used due to its excellent electrical conduc-
tivity, stability, and transparency in its doped state. The synthesis of PEDOT often
involves oxidative polymerization of 3,4-ethylenedioxythiophene (EDOT) monomer.

There are several methods for synthesizing PEDOT, including chemical poly-
merization in solution and vapor phase polymerization. The synthesis process can
be modified by incorporating different dopants to enhance the polymer’s properties
for specific applications. Here, we’ll outline the synthesis processes involving va-
por phase polymerization with iron tosylate and liquid phase polymerization with

vanadium oxide as dopants. The synthesis process is illstrutated in Figure 4.1.
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Fig. 4.1 Scheme of the synthesis process for PEDOT with liquid phase and vapor phase
methods.

4.1.1 Vapor Phase Polymerization with Iron Tosylate

The process begins with the vaporization of the EDOT monomer. This can be
achieved by heating the monomer in a chamber until it vaporizes. The vaporized
EDOT is then introduced into a reaction chamber containing a substrate coated with
an oxidizing agent, in this case, iron(IIl) p-toluenesulfonate (iron tosylate). The
chamber is maintained at a controlled temperature to facilitate the polymerization

process. As the polymerization occurs, the iron tosylate acts as both the oxidant
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and dopant, incorporating into the growing PEDOT chains. This doping process
enhances the electrical conductivity of the PEDOT. The result is a thin, conductive
film of PEDOT doped with iron tosylate on the substrate. The film can be further

processed or transferred to another surface if needed.

4.1.2 Liquid Phase Polymerization with Vanadium Oxide

A solution of EDOT monomer is prepared in a suitable solvent. Vanadium oxide,
serving as the oxidant and dopant, is also dissolved in the solution to create a mixture.
The solution is then subjected to oxidative polymerization conditions. This can be
done by heating the solution or using a catalyst to initiate the polymerization of
EDOQOT, with vanadium oxide facilitating the oxidation of the monomer to form PE-
DOT chains. During polymerization, vanadium oxide incorporates into the PEDOT
chains as a dopant, enhancing the material’s conductivity. The polymerization is
instantaneous and the liquid oxidant solution is homogeneously spread on the surface
by spinning.

Both these processes can be optimized to produce PEDOT with desired properties
for various electronic and optoelectronic applications.

4.2 Study of the material

The initial step in creating optical devices involves conducting a physics simulation
to establish the necessary fabrication parameters. These parameters are critical for
achieving desired behaviors and light modulation. The simulation requires knowl-
edge of the electrical and optical properties of the materials used. This information is
essential for accurately computing the physical equations that depict the phenomena
within the system under study. Precisely understanding these physical properties
can be challenging, particularly when dealing with exotic and uncommon materi-
als. While it’s relatively easy to find extensive information on common materials
like amorphous silicon, comprehensive studies on all organic materials are scarce,

especially when their properties are highly dependent on the synthesis processes.

For this reason, it has been necessary to conduct thorough characterizations
of PEDOT before utilizing it in fabrication. This includes measuring its electri-
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cal properties and optical parameters, such as the refractive index and extinction

coefficient.

4.2.1 Electric properties

The electrical properties, particularly conductivity, were measured using sheet resis-
tance measurements. Sheet resistance helps determine the resistance of thin films and
can be measured using a four-probe technique (Figure 4.2). This technique involves
contacting the film’s surface with two pairs of electrodes. A current of varying values
is applied between the first external pair of electrodes, while the voltage is measured

using the internal pair of electrodes.

Fig. 4.2 Schematic representation of the four probes station for the measurement of the sheet
resistance of thin films.

The sheet resistance can be calculated using the following equation:

T AV AV
Ry = ——— =4.53236— 4.1
T In(2) 1 I “.D
Using this technique, we were able to measure the sheet resistance of different
PEDOT compositions to identify the one with the lowest resistance. The most
favorable results, showed a sheet resistance of approximately 100 %, indicating the

material’s good conductivity properties.

4.2.2 Optical properties

For examining optical properties, a robust characterization technique like ellipsome-
try can be employed. This effective method, which was previously introduced in the
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"Methodology" section, allows for the characterization of various properties such as
the refractive index, extinction coefficient, thickness, and others. This is achieved by
analyzing the surface with an incident light beam. As mentioned earlier, it’s crucial
to have a physical model to compare the measurements with, in order to derive mean-
ingful results. Creating a physical model that describes the material using harmonic
oscillators is particularly challenging when dealing with an unexplored material. It’s
important to consider the material’s chemical structure and corroborate the findings
with other characterization techniques to ensure the validity of the results.
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Fig. 4.3 Generic model parameters

To develop the model for PEDOT, I took into account the anisotropic nature of
the material, which arises from its oriented polymeric chains. It’s also essential to
define the €. value, which adds a constant offset to all index values. This adjustment
approximates the impact of absorption that happen far from the wavelengths we

measured.

Another crucial aspect to consider are the poles. Poles are equivalent to Lorentz
oscillators with zero broadening. They help describe the dispersion caused by

absorptions that take place outside the spectral range that was measured.

Amp,

Epole, = m 4.2)

Where n is the oscillator number, while En, (e¢V) and Amp,, (eV?) are the energy
and amplitude of the oscillator .

The first oscillator used to describe the physic behaviour of the material is a
Druide oscillator. The classic Drude model describes free carrier effects on the
dielectric response. Its form is equivalent to a Lorentz oscillator with center energy

equal to zero.
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Type = Drude(RT) Resistivity (Ohm-cm)1 = 0.006600 (fit) Scat. Time (fs)1 = 1.008 (fit)
Type =

z Amp2 = 10.000000 (fit) Br2 = 0.8735 (fit) En2 = 0.205 (fit)
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10 Type = Lorentz Amp10 = 12.370000 (fit) Br10 =0.,0020 (fit) En10 = 0.129 (fit)

Fig. 4.4 Drude and Lorentz oscillators parameters present in the model.

—h?
eonae(kr) () = o B ihE)

4.3)

Where 7 is the oscillator number, p (Qcm) is the resistivity and 7(fs) the scatter-
ing time.

The other oscillators are Classic Lorentz oscillator model that describe optical
response of bound charges.

Fig. 4.5 Graphical representation of bounding forces between electrons and ions.

Amp,Br,En,
£ = 4.4
Lorentz = n2 —E2? —iEBr, “4.4)

Where n is the oscillator number, while En,(eV), Br,(eV), and Amp,(no units)
are the energy, broadening and amplitude of the oscillator n respectively.

Other parameters used to describe the material are the Euler angels. Euler angles
determine the orientation of optical axes relative to the ellipsometer measurement
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orientation. Optical axes are the directions where refractive index is considered

constant, they occur only with anisotropic materials.

Since the material is measured on a support or substrate, the probing light
interacts with it as well, carrying information about the substrate too. Therefore,
it is necessary to describe the substrate and take it into account when analyzing
the results. To physically represent the substrate, I used a Cauchy model, which
is typically used to describe the refractive index and extinction coefficient of bulk

materials.

substrate = 7059 Glass (Cauchy] Substrate [hickness = 12500 mim
A=1511 B=0.00385 C=74006E-07
k Amplitude = 3 1826E-05 Exponent=4270
Band Edge = 200.0 nm

Fig. 4.6 Model parameters used to describe the substrate.

The Cauchy’s equation for refractive index is the following:

B C
n(A) = Ad 4o+ (4.5)

Where A is proportional to the density of free electrons and represents the Drude
contribution. B is proportional the density of atoms and represents the dispersion
effects due to the polarizability of the atoms. C is proportional to the density of
phonons and represents the dispersion effects due to the polarizability of the phonons.

While extinction coefficient k is described by:

k=k Amp€Q(E —Epandgap) (4.6)

Where k), and g are fit parameters for determining the shape of the extinction
coefficient dispersion.

Finally it’s possible to consider in the model the back-side reflections (Figure
4.7). Back-side reflections are undesirable when characterizing surface films. This
is especially true if the substrate is anisotropic. If the backside reflections can’t be
avoided, the “incoherent” summation of light beams can be handled mathematically.

The accuracy of the fit demonstrates the correct functioning of the model used
(Figure 4.8).
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Fig. 4.7 Schematic representation of back-side reflections in multi-layer samples.

With the implemented model that captures the optical behavior of the material
across a broad spectrum, it’s possible to conduct measurements using ellipsometry.
For these measurements, I utilized a J.A. Woollam RC2® Ellipsometer, which
enables the creation of a 2D map of the surface (Figure 4.9). This device measures

the optical properties at various points on the surface.

The refractive index of the material was found to be between 1.4 and 1.5. While
this is not as high as with dielectric materials, it is still a commendable value
considering the organic nature of PEDOT. Additionally, the extinction coefficient
was found to be quite low, which indicates low losses in the visible range (Figure
4.10).

4.3 Organic nanostructures fabrication

Having gathered information on PEDOT from the measurements, we can now
proceed with nanofabrication. The goal is to create an optical modulator using an
interdigitated structure. This kind of modulator employs a unique design feature:
interdigitated electrodes. These electrodes are arranged in a pattern resembling
fingers, closely spaced and alternately interwoven. When an electric signal is applied
to these electrodes, the resulting electric field changes the refractive index of the
electro-optic material. This alteration in refractive index can modulate a light signal
passing through the material. By adjusting the electric signal, we can control the

optical properties of the light, such as its phase or intensity. These modulators are
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Fig. 4.8 Psi and Delta measurements of PEDOT film acquired with ellipsometer. The
measured has been acquired with different incident angles (60°, 65°, and 70°C). The black
dashed lines represent the same values theoretically predicted by the model.

extensively used in fiber-optic communications to encode information onto a light
beam. They also have applications in other areas that require precise light control,

like optical signal processing, sensors, and quantum computing.

Given the function of electrodes, they are typically made from conductive mate-
rials like gold. However, metallic materials exhibit very high losses in the visible
range, significantly diminishing the device’s performance by creating a shadow effect
that reduces the signal’s intensity. To address this issue, PEDOT can be utilized to
create the electrodes. This is due to PEDOT’s conductivity and, importantly, the
optical properties we’ve measured indicate a substantial reduction in losses in the

visible range.
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Fig. 4.9 Map of the distribution of the refractive index at the frequency of 632.8nm acquired
with ellipsometer for a thin film of PEDOT on glass substrate.
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Fig. 4.10 Anisotropic optical constants of PEDOT film acquired with an ellipsometer in-plane
and out-plane oriented.
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4.3.1 Electronic resist on PEDOT

To determine the most effective approach for nanopatterning PEDOT, it’s necessary
to consider the sample’s morphology. In this case, PEDOT is synthesized on a
glass substrate. The synthesis technique, which involves acids, rules out the use
of a PDMS mask. Therefore, EBL appears to be the most suitable technique. As
outlined in the methodology, nanopatterning with EBL requires creating a mask with
an electron-sensitive resist. Generally, this process involves baking the resist coating
before exposure. Standard recipes provided by commercial resist manufacturers
usually recommend baking temperatures around 180°C for 3-5 minutes. However,
this temperature is not suitable for organic materials, especially PEDOT, which

deteriorates at high temperatures, affecting its electrical conductivity performance.

To address this issue, I modified the standard recipes by lowering the baking
temperature and extending the baking time to ensure the solvent in the resist mixture
evaporates before exposure. If the temperature is too low, it hinders the complete
evaporation of the solvent, leading to instability in the developed structures and
causing deformation of the mask before etching. I found that 120°C is an acceptable
temperature for evaporating the solvent without significantly impacting the properties
of PEDOT. To compensate for the lower temperature, I increased the baking time to

15 minutes.

4.3.2 Electronic Beam Lithography on PEDOT

Having established the recipe for correctly coating the resist, the next step involves
exposing the resist to the electron beam. A key aspect to consider here is the
proximity effect. When electrons hit the surface, scattering occurs due to interaction
with the material’s atoms, which can deflect the electrons’ trajectory. These scattered
electrons can travel a certain distance in the resist, inadvertently exposing areas
outside the intended target. While the energy transmitted to the resist by these
scattered electrons is low compared to the main beam, the cumulative effect of
exposure around a specific point can result in a significant dose, leading to unintended

exposure of the resist.

To mitigate the proximity effect, it’s necessary to appropriately regulate the

exposure in areas with a high density of exposure points. This process is executed
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using specific software that adjusts the dose distribution according to the patterning
scheme and parameters dependent on the type of resist and substrate used (Figure
4.11).

Dose %
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Fig. 4.11 Colored representation of the exposing dose distribution for electron beam lithogra-
phy. Each color is associated with a different value of dose, from dark blue (lowest dose) to
yellow (highest dose). Higher dense zone are exposed with lower dose to compensate the
proximity effect.

4.3.3 PEDOT etching

After exposing the resist, we can proceed with etching the material beneath the
mask. This aspect has already been explained in the methodology section, and here
I will focus on the specific challenges related to etching organic materials such as
PEDOT. The choice of gas mixture for etching depends on the chemical nature of
the material. Since PEDOT is an organic material, oxygen is an excellent reactive
gas for effectively and rapidly removing organic material.

A primary concern is that the resist materials are also organic, meaning that both

the resist and PEDOT have the same etching rate, which limits the effectiveness of
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the mask. This issue can be resolved by creating a mask that is three times thicker
than the PEDOT layer to be etched. This approach is feasible in this case because
the structure (constituting the interdigitated stripes) is thin and wide, allowing for a
stable structure even when the thickness is tripled.

After etching, the remaining resist can be removed with acetone. PEDOT is
insoluble and thus unaffected by solvents like acetone, making it safe to remove
the resist. However, it’s important to consider PEDOT’s low adhesion to the glass
substrate. This means mechanical removal methods, such as an ultrasonic bath, are
not suitable due to the risk of dislodging the PEDOT.

The final results are shown with images acquired with optical microscope (Figure
4.12) and scanning electroN microscOpe (Figure 4.13).

Fig. 4.12 Images of interdigitate structures in PEDOT acquired with optical microscope with
different magnifications. The dark blue areas in PEDOT are surrounded by glass substrate
where PEDOT has been removed.
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Fig. 4.13 Interdigitates structures in PEDOT acquired with scanning electron microscope.



Conclusion

Summary

To conclude this thesis, we want to summarize the key points presented in this
work. The thesis presents a comprehensive study of metalenses, which are a class of
metasurfaces offering innovative ways to manipulate light. These metalenses have

potential applications in various fields, including optics and photonics.

Following, we delve into the design principles and fabrication techniques of these
metalenses and metasurfaces. Special attention is given to the electron beam lithog-
raphy and nanosphere lithography methods, highlighting the technical challenges
and solutions in crafting these nanostructures.

Subsequently, the exploration of Fano resonances in photonic nanostructures
forms a crucial part of our thesis. We demonstrate how the geometry of the pillars
and the surrounding medium’s refractive index can influence these resonances, which

are critical in the field of nanophotonics.

A significant portion of our work focuses, then, on the use of organic materials,
specifically PEDOT, in optical modulators. This section explores the advantageous
properties of organic materials like low optical losses and moderate electrical con-
ductivity, which are beneficial in light modulation applications. We conduct in-depth
analyses of the optical properties of the structures we’ve created, using various char-
acterization techniques like ellipsometry and profilometry. This includes studying
the refractive index, extinction coefficient, and the overall behavior of these materials

when interacting with light.
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Limitations and future developments

Current nanofabrication techniques, while precise, may not be scalable for indus-
trial production. High-resolution methods like Electron Beam Lithography are
time-consuming and costly for large-scale applications. Expanding on fabrication
scalability, future research could explore the development of hybrid or parallelized
fabrication methods that enhance throughput without sacrificing the nanometric preci-
sion required for metasurface patterning. Techniques such as directed self-assembly
(DSA) combined with nanoimprint lithography (NIL) could offer pathways to cost-
effective, large-area production, enabling commercial viability for applications like

display technologies and solar panels.

Moreover, metasurfaces might exhibit reduced efficiency in manipulating light
across different wavelengths, especially in the infrared and ultraviolet spectrums.
This could limit their application in broadband optical devices. Improving broadband
efficiency necessitates a multidisciplinary approach, combining material science,
electromagnetic theory, and computational optimization to design metasurfaces that
maintain high performance across a wider spectrum. This could involve the use
of multi-resonant structures that can operate efficiently at multiple wavelengths
simultaneously or the development of new materials with meta-atoms that exhibit

tunable responses to different light frequencies.

Additionally, the materials used in metasurface fabrication may not withstand
prolonged exposure to harsh environmental conditions, affecting the long-term
reliability of devices. Investigating materials with higher durability or developing
protective coatings could extend the lifespan of metasurface-based devices, especially
for outdoor applications. To enhance the environmental resilience of metasurfaces,
research could focus on identifying or synthesizing materials that are inherently
resistant to degradation from UV exposure, moisture, and temperature fluctuations.
Additionally, the development of advanced protective coatings that do not impair the
optical properties of metasurfaces could provide a means to extend device lifetimes

in demanding environmental conditions.

Finally, future research could explore the integration of metasurfaces with elec-
tronic and photonic systems, opening up new functionalities in sensing, telecommu-
nications, and computational imaging. This integration presents an opportunity to

create compact, multifunctional devices. This could involve the co-design of meta-
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surfaces with semiconductor lasers for enhanced light sources, integration with fiber
optic systems for improved signal processing, or the development of metasurface-
based sensors that can operate within electronic circuits for real-time environmental

monitoring or health diagnostics.

Results and discussion

In my thesis I have systematically addressed gaps in current metasurface technologies
by developing methods for new device design and utilizing cutting-edge fabrication
techniques. This approach has significantly contributed to advancing the nanofabri-
cation of metasurfaces. Through meticulous experimental and theoretical methods,
including FEM simulations and EBL for fabrication, my work has provided valuable
insights into the electromagnetic behavior of metasurfaces. This includes achieving
precise control over light manipulation at the nanoscale, which is pivotal for the

advancement of optical technologies.

My research not only tackles current technological challenges but also establishes
the groundwork for future advancements by contributing to the development of more
efficient, compact, and cost-effective photonic devices. This work has wide-ranging
implications for various applications, including imaging, sensing, telecommunica-

tions, and more.

The findings of my thesis offer insights into metasurface technology, aiming to
connect theoretical knowledge with practical applications. This contribution may

support the field’s innovation and its influence on future technological progress.
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