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Abstract

Research is of paramount importance for the well-being and improve-
ment of life, and this is often supported by material research. It is enough to
remember that in the past man could greatly improve his own existence by
the discovery of stone, and later he could do so by the discovery of bronze and
still later iron. Technology today leads us to have increasingly compact de-
vices that are capable of transmitting data as quickly as possible. Among the
greatest challenges for scientists is research into materials for microprocessors,
optical fibers, and the optimal use of renewable energy sources. The study of
light-matter interaction is of fundamental importance since most electromag-
netic devices and phenomena originate from it. In this case, the creation of
different structures and geometries makes it possible to modify electromag-
netic radiation for the intended scientific purposes. Metamaterials offer the
possibility to overcome the limits of the physical and chemical properties of
materials. With technical processes, it is possible to create structures that
show a unique response thanks to their dimensions, which are smaller than
the characteristic incident wavelength. One of the most important challenges
in the biomedical, environmental, and chemical fields is the biorecognition of
analytes in the surrounding environment with high sensitivity and specificity.
One possible solution to achieve this goal is to study the change in refractive
index that correlates with the specific molecule or biomolecule that needs to
be detected in a fluid. The aim of this thesis is to develop an optical approach
for various metasurfaces with high sensitivity, which can be used for biosensors
and thus for the detection of biological material such as cells, proteins, bacteria

etc. Another important aspect is the study of metasurfaces capable of opti-



cal reconfiguration by external stimuli, useful to tune the focus of metalenses.
This thesis is divided into four chapters, one appendix, and conclusion and
perspective.

In the first chapter, the concept of chirality is introduced, the interaction
between chiral light and chiral matter. The focus is on extrinsic chiral meta-
surfaces, the study of 3D out-of-plane helices. A modeling study of various
helix parameters and an analysis of the modes and their sensitivity have been
performed.

The second chapter presents Fano Resonance Optical Coating (FROC).
After a brief introduction, relevant theoretical references are given. After accu-
rate simulations on the FROCs, several samples were fabricated and analyzed
by spectrophotometry and ellipsometry to provide a few applications for these
samples.

In the third chapter, metalenses supplied by the Capasso group are pre-
sented, infiltrated with various liquid crystals according to Cassie-Baxter the-
ory. The purpose is to tune the metasurface to allow in-depth optical investi-
gation. The goal is to tune the metalenses using photonics to excite the gold
nanoparticles inside the liquid crystal.

In the fourth chapter, a technique is presented for the low-cost reproduc-
tion of metalenses, which focus visible light and can be thermally tuned. The
goal is to provide materials that do not degrade over time and that retain their
properties for focusing. It has been experimentally demonstrated that due to
the thermal effect, it is possible to tune the focus of the lens with a shift of
150 pm.

In the appendix, we present a metasurface consisting of a polymer matrix
containing gold nanoparticles. These substrates are analyzed from a thermo-
plasmonic point of view, obtaining excellent results useful, for example, for the
purification of materials from bacteria. In addition, these membranes are ana-
lyzed from the point of view of sensing by stretching. In the second appendix
metasurfaces based on the MIMI nanocavities used as a platform for refractive

index sensing are presented.



Finally, the achieved results are discussed and future perspectives based

on the work of this thesis are shown.



Introduzione

La ricerca e di fondamentale importanza per il benessere e il miglio-
ramento della vita dell’'uomo, e questo e spesso supportato dalla ricerca dei
materiali. Basti ricordare che in passato 'uomo poté migliorare notevolmente
la propria esistenza con la scoperta della pietra, e piu tardi lo poté fare con la
scoperta del bronzo e piu tardi ancora del ferro. La tecnologia oggi ci porta
ad avere dispositivi sempre piu compatti in grado di trasmettere i dati il piu
velocemente possibile. Tra le maggiori sfide per gli scienziati ¢’e la ricerca sui
materiali per i microprocessori, le fibre ottiche e 1'uso ottimale delle fonti ener-
getiche rinnovabili. Lo studio dell’interazione luce-materia e di fondamentale
importanza poiché la maggior parte dei dispositivi e dei fenomeni elettromag-
netici hanno origine da esso. In questo caso, la realizzazione di strutture e
geometrie differenti permette di modificare la radiazione elettromagnetica per
gli scopi scientifici previsti. I metamateriali offrono la possibilita di superare
i limiti delle proprieta fisiche e chimiche dei materiali. Con processi tecnici
e possibile creare strutture che mostrano una risposta unica grazie alle loro
dimensioni, che sono inferiori alla lunghezza d’onda incidente caratteristica.
Una delle sfide pitt importanti in campo biomedico, ambientale e chimico & il
bioriconoscimento di analiti nell’ambiente circostante con elevata sensibilita e
specificita. Una possibile soluzione per raggiungere questo obiettivo e studi-
are il cambiamento nell’indice di rifrazione correlato alla specifica molecola o
biomolecola che deve essere rilevata in un fluido. Lo scopo di questa tesi e
sviluppare un approccio ottico per varie metasuperfici ad alta sensibilita, che
possa essere utilizzato per biosensori e quindi per il rilevamento di materiale

biologico come cellule, proteine, batteri ecc. Un altro aspetto importante e



lo studio di metasuperfici capaci di una riconfigurazione ottica dovuta a sti-
moli esterni, utili ad esempio per tunare il focus di metalenti. Questa tesi e
suddivisa in quattro capitoli, un’appendice, conclusioni e prospettive.

Nel primo capitolo viene introdotto il concetto di chiralita, I'interazione
tra luce chirale e materia chirale. L’attenzione si concentra sulle metasuper-
fici chirali estrinseche, e in paricolare sullo studio delle eliche 3D fuori dal
piano. E stato eseguito uno studio di modellazione di vari parametri dell’elica
e un’analisi dei modi e della loro sensibilita.

Nel secondo capitolo vengono presentati i Fano Resonance Optical Coat-
ings (FROCs). Dopo una breve introduzione, vengono forniti i cenni teorici
sulla risonanza di Fano. Dopo accurate simulazioni sui FROCs, diversi campi-
oni sono stati fabbricati e analizzati mediante spettrofotometria ed ellissome-
tria per fornire alcune applicazioni per questi campioni.

Nel terzo capitolo vengono presentate delle metalenti fornite dal gruppo
Capasso dell'universita di Harvard, infiltrate con differenti cristalli liquidi sec-
ondo la teoria prevista. Lo scopo e quello di analizzare le metasuperfici per con-
sentire un’indagine ottica approfondita nel campo di nuovi device. L’obiettivo
e tunare le metalenti usando la luce visibile per eccitare le nanoparticelle d’oro
all’interno della mistura con il cristallo liquido.

Nel quarto capitolo viene presentata una tecnica per la fabbricazione
a basso costo di metalenti, che focalizzano la luce visibile e possono essere
tunate termicamente. L’obiettivo e quello di fornire materiali e in particolare
lenti che non si degradino nel tempo e che mantengano le loro proprieta di
focalizzazione. Una proprieta importante rilevata e che queste lenti polimeriche
sono flessibili e quindi adattabili ad ogni tipo di device. E stato dimostrato
sperimentalmente che per effetto termico e possibile shiftare il fuoco della lente
con uno spostamento di 150 pm.

In appendice ¢ presentata una metasuperficie costituita da una matrice
polimerica contenente nanoparticelle d’oro. Questi substrati vengono analiz-
zati dal punto di vista termoplasmonico, ottenendo ottimi risultati utili, ad

esempio, per la purificazione dei materiali dai batteri. Inoltre, queste mem-
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brane vengono analizzate mediante stretching e compressione per fornire anche
in questo caso informazioni relative allo shift in lunghezza d’onda. Nella sec-
onda appendice vengono presentate delle metasupefici basate sulle nanocavita
MIMI usate come piattaforma per il sensing di indice di rifrazione. Infine,
vengono discussi i risultati raggiunti e vengono mostrate le prospettive future

basate sul lavoro di questa tesi.
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Chapter 1

Chirality in light-matter
interaction: numerical analysis

of 3D helical metasurfaces

Sensitivity and specificity are critical factors in biosensing platforms,
playing a vital role in facilitating the successful transfer of technology. FEf-
forts have been extensively devoted to developing sensing platforms that can
effectively control the interaction between light and matter at the nanoscale.
Achieving high sensitivity is crucial for biosensing platforms as it determines
their ability to detect and quantify target analytes accurately. By enhancing
the sensitivity of a biosensor, even low concentrations of analytes can be de-
tected, enabling early disease diagnosis, environmental monitoring, and other
important applications. Researchers have explored various strategies to en-
hance sensitivity, such as employing nanomaterials with unique optical prop-
erties, developing novel transduction mechanisms, and optimizing the design
of the sensing interfaces. On the other hand, specificity refers to the ability
of a biosensing platform to selectively recognize and differentiate between the
target analyte and other interfering substances present in complex biological
samples. Specificity is crucial for minimizing false-positive or false-negative
results, ensuring the reliability of the biosensor. To achieve high specificity,

researchers have focused on designing recognition elements that exhibit high
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affinity and selectivity towards the target analyte. This often involves the use
of biomolecules such as antibodies, aptamers, or enzymes that can selectively
bind to the target analyte with high affinity, while minimizing cross-reactivity
with non-target molecules. In recent years, nanotechnology has played a piv-
otal role in advancing biosensing platforms. By harnessing the unique prop-
erties of nanomaterials, such as plasmonic nanoparticles, quantum dots, or
carbon nanotubes, researchers have been able to manipulate light-matter in-
teractions at the nanoscale. These nanomaterials can be tailored to exhibit
specific optical properties, such as enhanced light scattering or absorption,
which can be harnessed for sensitive and selective detection of analytes. Ad-
ditionally, the large surface-to-volume ratio of nanomaterials provides ample
opportunities for functionalization with recognition elements, further enhanc-
ing the specificity of biosensing platforms. Furthermore, the integration of
nanoscale components into biosensing platforms allows for miniaturization,
portability, and multiplexing capabilities. These advancements have paved
the way for the development of point-of-care diagnostic devices, wearable sen-
sors, and lab-on-a-chip systems, enabling rapid and on-site analysis in various
fields, including healthcare, food safety, and environmental monitoring. In this
chapter it is investigated how a 3D out-of-plane chiral plasmonic metasurface
can be used as a key element in a sensing platform, by exploiting the variation
of the plasmonic and lattice modes as a function of the refractive index of
the surrounding medium. The results indicate that chiral metasurfaces can be
used to perform sensing, by detecting the refractive index change with a max-
imum sensitivity of 761 nm/RIU. The metasurface properties can be suitably
designed to maximize the optical response in terms of shift modulated by the
refractive index of the analyte molecules. Such studies can pave the way for en-
gineering and fabricating highly selective and specific chiral metasurface-based

refractive index sensing platforms.
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1.1 Introduction

In the biomedical, environmental, and chemical fields, the biorecognition
of analytes with high sensitivity and specificity is a significant challenge. How-
ever, one potential solution to address this challenge is by utilizing refractive
index sensors to probe changes in the refractive index associated with specific
molecules or biomolecules in the surrounding fluid environment. This approach
can be particularly valuable in screening and detecting cancer progression by
monitoring alterations in the refractive index of cells and tissues. Cancer pro-
gression is often accompanied by various molecular and cellular changes within
the affected tissues. These changes can manifest as alterations in the refractive
index, which is a result of differences in the composition, concentration, and
structural properties of the cells and tissues. By employing refractive index
sensors, researchers can detect and quantify these changes, providing valuable
insights into the progression and characteristics of cancer. Refractive index
sensors function by measuring the refractive index of the medium surrounding
the sensor surface. These sensors typically consist of a transducer that inter-
acts with the sample, allowing the detection of changes in the refractive index
through the modulation of light-matter interactions. When specific molecules
or biomolecules bind to the sensor surface, they induce changes in the refractive
index, leading to measurable signals that can be correlated with the presence or
concentration of the analyte of interest. In the context of cancer research, re-
fractive index sensors can be used to detect biomarkers associated with cancer
cells or tissues. These sensors can be functionalized with specific recognition
elements, such as antibodies or aptamers, that selectively bind to the target
biomarkers. Upon binding, the refractive index at the sensor surface changes,
providing a means to detect and quantify the presence of cancer-related an-
alytes. The advantages of refractive index sensors in cancer detection lie in
their label-free and real-time detection capabilities. They offer the potential
for non-invasive and rapid analysis, allowing for continuous monitoring of can-

cer progression or response to treatment. Additionally, by utilizing arrays of
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sensors with different recognition elements, multiplexed detection of multiple
biomarkers becomes possible, enabling a more comprehensive characterization
of cancer-related changes. However, it’s important to note that the devel-
opment and application of refractive index sensors for cancer detection is an
active area of research, and further studies are needed to optimize their sensi-
tivity, specificity, and practical implementation. Nonetheless, the potential for
using refractive index sensors to screen and detect cancer progression based on
changes in the refractive index of cells and tissues holds promise for advancing
cancer diagnostics and personalized medicine approaches. [1-3]. It is possible
to retrieve the refractive index in the analyte by converting it into a detectable
optical signal. In this direction, the most widely studied are the plasmonic re-
fractive index sensor based on metal nanostructures [4, 5]. Optical sensors
overcome many limitations of conventional analytical techniques by offering
some advantages: (1) high sensitivity/selectivity, (2) real-time analyses, (3)
label-free detection of bio-chemical molecules, and (4) small sizes [6]. Surface
Plasmon Polaritons (SPP) and Localized Surface Plasmon Resonance (LSPR)
sensing are well-established methods based on the shift of the LSPR frequency
caused by the change in the refractive index of the nanostructure surrounding
medium [7, 8]. Through the integration of metasurface, a whole new paradigm
shift in sensor technology has been opened up, reaching boosted sensitivity,
enhanced detection accuracy, and size even more compacted, easily imple-
mentable with lab-on-chip devices [9, 10]. Metasurfaces are two-dimensional
materials with tailoring subwavelength structures and intriguing optical prop-
erties. Each elementary unit of the metasurface is characterized by electro-
magnetic resonances very sensitive to changes in the surrounding medium (the
analyte polarizability), and so perfect to be implemented in optical sensors.
The resonant electromagnetic spectrum, dominated by the environment, can
be suitably tuned by engineering the individual meta-atoms geometry or their
periodic arrangements. Different geometry and structure arrangement have
been tested to optimize the performance of LSPR sensors, including gold

nanocheckerboard arrays [11], gold mushroom arrays [12], gold-silver alloy
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nanodisk arrays [13], nanopin-cavity resonators [14], gold-silver alloy nanodisk
[13] and split-ring resonators [15]. The shifts occurring in the resonant modes
of the output spectrum allow the probing of the refractive index of the sur-
rounding molecular analytes. Metasurface-based refractive index sensing plat-
forms present several advantages over conventional SPP-based sensors in terms
of fabrication tolerance, reliable readout signal [16], lower radiative damping
and higher quality factor. Moreover, some interesting optical phenomena can
occur like plasmonically induced transparency [17], Fano resonances [18], mul-
tiple resonances, and broadband slow light effects resulting from a complex
arrangement of meta-atoms in a unit- or super-cell [19]. In addition, the de-
tection of small molecules concentration is allowed due to the confinement
of optical energy into volumes substantially smaller than diffraction-limited
optical spots [20]. Furthermore, sensitive detection of small volumes can be
realized thanks to Surface-Enhanced Raman Spectroscopy (SERS) mediated
by an inverted pyramidal metasurface [21]. A further step forward in the field
of optical sensing has been marked by the advent of chiral metasurfaces, com-
posed of meta-atoms that do not exhibit mirror symmetry. Researchers have
dedicated significant attention to the study of chiral metasurfaces due to their
unique chiroptical properties when interacting with Left-Circular Polarized
(LCP) or Right-Circular Polarized (RCP) light. Chiral metasurfaces, consist-
ing of subwavelength nanostructures, exhibit handedness or chirality, allowing
them to selectively interact with circularly polarized light. The interaction
between chiral metasurfaces and circularly polarized light leads to intriguing
phenomena known as chiroptical effects. These effects manifest as differences
in the transmission, reflection, absorption, or scattering of LCP and RCP light
by the chiral metasurface. Chiroptical properties are sensitive to the geom-
etry, arrangement, and material composition of the metasurface structures,
providing researchers with opportunities to engineer desired optical responses.
Chiral metasurfaces can exhibit various chiroptical phenomena, such as cir-
cular dichroism (CD) and optical rotation. Circular dichroism refers to the

differential absorption of LCP and RCP light, resulting in different intensities
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or spectral shifts in the transmitted or reflected light. This property enables
the discrimination of molecular structures, as certain molecules exhibit unique
CD spectra. Optical rotation, on the other hand, refers to the rotation of
the polarization plane of linearly polarized light upon interaction with the chi-
ral metasurface. The magnitude and direction of the optical rotation provide
information about the chiral properties of the metasurface. Different chiral
structures have been investigated, such as L-shape [22], twisted Z-shaped [23],
dagger-like [24], Shuriken structure [25], gammadion structure [26], diatomic
metamolecules shape [27], twisted propeller blades shape [28] and 3D helicoidal
structure coupled with a hyperbolic metamaterial [29]. Among the various
chiral-dependent phenomena, they display the Circular Dichroism (CD) signal
which is the different absorption (or transmission) between the two opposite
circularly polarized states of light. This mechanism is part of what is called
optical activity, the property of chiral systems of responding to LCP or RCP
differently [30]. The circularly polarized light shows a peculiar behavior when
interacting with chiral meta-elements with a helix-like nanostructure. The
light traveling along the helix axis with the same handedness as the helices is
reflected, whereas the opposite is transmitted, for frequencies that exceed one
octave [31, 32]. Thanks to fine control of the local fields the metasurfaces open
the possibilities to perform chiral sensing, as theoretically and experimentally
demonstrated [26, 33]. The interaction of an optically active system with light
can be controlled locally, and this has generated enormous interest in achiev-
ing metamaterial designs with enhanced chiroptical signals [34]. The design
of these sensing platforms is also aimed to improve the chiroptical signals of
different biomolecules with Ultraviolet (UV), visible, and Infrared (IR) CD
bands [35-37].

In this chapter, a metasurface consisting of 3-D chiral gold helices pe-
riodically arranged in a 2-D square lattice is designed. The work consists of
the investigation of the influence of the structure parameters (number of he-
lix pitch - N, dimension on the unit cell - a, angle of incidence - ) on the

resonant peaks. Furthermore, to test the metasurface performance in terms
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of refractive index sensor, simulations by changing the surrounding medium
refractive index were performed. The estimated sensing sensitivity and the
Figure Of Merit (FOM) values are in the range of 450 - 761 nm/RIU and
9.9 - 12.3 RIU! respectively. We analyzed the CD signal of the structure by
changing the polarization state of the incident light, proposing also a molec-
ular detection exploiting the CD signal. The obtained results for the design
of such compact chiral plasmonic metasurface can open different possibilities
to achieve multi-functionalities such as optical absorption, circular dichroism,

and highly sensitive refractive index sensing.

1.2 Theory of chirality in the light—matter in-
teraction

The light - matter interaction at the macroscopic scale is described by
classical electrodynamics based on Maxwell’s equations.[38] The achiral ma-
terial response to an electromagnetic wave is described by the constitutive

equations:

D = €0§E,
B (1.1)
B = MOEHa

where D the electric displacement field, E is the electric field, H is the
magnetic field, and B is the inductive magnetic field, €y and py are the vacuum
permittivity and permeability, respectively, € and T are the relative permit-
tivity and permeability of the material, respectively. For isotropic materials,
which have the same electromagnetic properties in every orientation, these two
quantities reduce to scalars, resulting in the E and D fields (and the B and H
fields) becoming parallel to one another. However, for anisotropic materials,
or materials with different electromagnetic properties at different orientations,
g and 7z take the form of second rank tensors. This means that the fields

are no longer necessarily parallel. Anisotropic materials include some crystals
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and optical metamaterials, materials with engineered structural features much
smaller than the wavelength of light.

By combining Maxwell’s equations with the constitutive equations above,
the wave equation can be obtained.[38] An important solution of this wave
equation is represented by monochromatic plane waves, which are described

by:

E = F,Je'kz=b, (1.2)

where Fj is the wave amplitude, z is the propagation direction, w is the
angular frequency, k is the wavenumber, and J is the Jones vector. [39, 40]
The Jones vector is used to describe the state of polarization for a propagating
light wave. Linearly polarized light (LPL) is described by a Jones vector with

all real components:

cos ¢
J%PL = |sinog |, (1.3)
0
where ¢ is the polarization angle, defined as the angle between the electric
field vector and the propagation axis. LPL is confined to oscillate within a
single plane, defined by the polarization angle and the axis of propagation.
The Jones vector for circularly polarized light (CPL) contains an imaginary

element and is given as:[41]

1
yE, = L 4 (1.4)
CPL_\/§ ] . .
0

In the case of CPL, a single component of the electric field (the x-
component) is either delayed (-) or advanced (4) by a phase factor 7/2 as
compared to the y-component, as the wave propagates along the z-axis. Since
only a single electric field component is manipulated, the electric field vector

will rotate about the optical axis as the wave propagates. This can be con-



1.2. THEORY OF CHIRALITY IN THE LIGHT-MATTER INTERACTION21

trasted with LPL, where the oscillation plane is fixed. [42] The rotation of
propagating CPL has a definite handedness, making CPL waves geometrically
chiral objects. The definition of the handedness in a chiral object is always
arbitrary since the definition depends on the observer’s perspective. We will
adopt a common convention in classical optics, known as the detector’s view:
an observer in the detector plane views an oncoming CPL wave as rotating in
the frontal plane. The handedness of the oncoming wave is defined by the di-
rection of rotation for the electric field vector: right circularly polarized (RCP)
light rotates clockwise, while left circularly polarized (LCP) light rotates coun-
terclockwise. In this work, we use the notation ”+” (RCP) and ”-” (LCP) to
label the handedness of a CPL wave.

An important class of materials is represented by bi-isotropic media, ma-
terials with the special optical property that the polarization state of incident
light twists as it passes through the material. The constitutive relations are

slightly modified for these materials:[43, 44|

D=cE + ¢H, (1.5)

B=,H + (E, (1.6)

where £ and ( are the magnetoelectric parameters (dimensionless), repre-
senting the coupling strength between the electric and magnetic fields.[45, 46]

These quantities are defined as:

&= (x — iK)\/lo €0, (1.7)
¢ = (x + iK)y/o €0, (1.8)

where Y is the Tellegen parameter and « is the chirality parameter. The
Tellegen parameter is used to describe the magnetoelectric effect, and materi-
als with x # 0 are termed non-reciprocal.[47, 48] The chirality parameter is a
quantifiable measurement of the degree of chiral handedness in the material,
and changing the sign of x is equivalent to taking a mirror image of the ma-
terial. Chiral materials are characterized by x # 0 and x = 0, known as a

Pasteur medium, or by x # 0 and x # 0, known as a bi-isotropic medium.[43]
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The wave equation in the frequency domain takes on the following form

when describing an electric field in a chiral material:[49]

V2E + 2wpé (VX E) 4+ Wue E = 0, (1.9)

where the mode propagation constant satisfies the following equation:

2 2\ 2
o [wiue—k
k* = (—Qwuf ) . (1.10)

This wave equation has two eigen solutions in the form of CPL waves:

kp = —wpé +w /e + p? &2, (1.11)
kr = wpé + w/ e+ p?&2. (1.12)

This result demonstrates the double mode propagation in the medium,
termed polarization birefringence by Engheta and Jaggard. [50] As a result of
these mode propagation constants, an RCP wave propagates through a chiral
medium with phase velocity v, = w/kg, while an LCP wave propagates with
v_ = w/ky. The different phase velocities between the two circular polariza-
tion states implies that a linearly polarized light wave cannot transverse the
chiral media without its polarization state being altered in the process. This
results in a chiroptically responsive material, whereby for linearly polarized
light the polarization plane is rotated about the propagation axis as the light
wave propagates. This is referred to as the optical rotation or optical rota-
tory dispersion (ORD).[51-57] The optical rotation is quantified by a rotation
in the polarization angle, which depends on the thickness of chiral material

through which the wave propagates and the wavelength of incident light:

7d(ny —n_)
Ao

where n. is the refractive index of the chiral material (defined as ny =

v = : (1.13)
VIE £ &), A is the vacuum wavelength, and d is the material thickness.[51]
Similarly, v can be quantified by comparing the difference between transmit-

ted complex phases of incident light from each of the two circular polarization
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states: v = [arg(T}) —arg(7-)]/2, where T’y and T_ are the complex transmis-
sion coefficients for RCP and LCP waves, respectively. It is interesting to note
that chiral materials can exhibit a negative refractive index—occurring when
§ > /ue—even while € and p are both positive. This property makes chiral
materials extremely promising for cutting edge optical applications involving
negative index materials, such as lensing at resolutions below the diffraction
limit. [58-60]

When £k and kg are complex, incident RCP and LCP waves experience
differential attenuation when passing through the material, in addition to the
differential phase velocity. This effect, whereby RCP and LCP waves are atten-
uated at different rates, is referred to as the circular dichroism (CD).[51, 61-64]
The ellipticity can be used to represent the strength of the CD from the relative
magnitude of the two transmitted polarization states. Ellipticity is calculated

as:

L (T = (T
= — - . 1.14
1= sin (|T+|2+\T_|2 (1.14)

The strength of the CD can also be related to the optical chirality C|
defined in a general way by Tang and Cohen in 2010,[33] as representing the
degree of helicity in a general (not only CPL) electromagnetic field. [65-70] C'
is given by:

Eo W

¢ = —=“Im(E*-B). (1.15)

It should be noted that for achiral structures a large CD response can
be generated by anisotropy as well as the optical chirality. In practice, the
two effects can be difficult to differentiate and are easy to mistakenly identify.
Therefore in these systems, the chiral effect cannot be determined solely on the
basis of the CD. The variation in the optical chirality, AC, for RCP (C") and
LCP (C7) electromagnetic fields (AC = C* — C7) is directly proportional to

the differential absorption rate for CPL interacting with a chiral material:

5 (1.16)
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where Im(&) is the imaginary part of the electric-magnetic mixed dipole
polarizability. [71] Tang and Cohen demonstrated theoretically [33] and exper-
imentally [72] that a particular configuration of the incident CPL field can lead
to enhancement in the optical chirality C', and similarly to an increase of the
CD signal. In this scheme, two incident CPL fields with the same frequency
and opposite handedness are superimposed with opposite propagation direc-
tions. These two fields will interfere with each other, generating a standing
wave pattern. The resultant spatial field pattern is termed superchiral light.

The electric energy density of the superchiral field is given by:

Ud(z) = %0 [E? + E2 — 2B\ By cos(2k2)], (1.17)

where k is the wave vector, and F; and F, are the electric field ampli-
tudes for the LCP (propagating right to left) and RCP waves (propagating
left to right), respectively. At the nodes of the superchiral field, the electric
dipole-allowed transitions are effectively suppressed, and the local chirality is
enhanced with respect to the optical chirality in the incident field. This local
enhancement of the chiral fields results in a local enhancement of the chirop-
tical activity of the material near the field nodes.[26, 72] However, it should
be noted that by scaling inversely with the electric field energy density, as
opposed to the total electromagnetic field energy density, Tang and Cohen’s
formalism can lead to limitations at the nanoscale.[73]

An important quantity in nanoscale chiroptics is the dissymmetry factor,
first introduced by Kunh in 1930.[74] Considering the interaction between a chi-
ral molecule and CPL, he showed theoretically that the chirality of a molecule
is revealed in the difference between the extinction powers (P..) for two CPL

waves with opposite handedness, normalized to their arithmetic average:

gorL = Pe—g:t—i_Pe;t‘ ‘

Starting from this expression, Tang and Cohen[33] derived the dissym-

metry factor for two mirror-image fields as a special case of Equation 1.18:
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cC
2U, w
where c is the speed of light, C' is the optical chirality, w is the angular

9 = gerr (1.19)

frequency, and U, is the energy density of the electric field, as defined in
Equation 1.17. This is the quantity which, in Tang and Cohen’s approach, is
maximized near the electric field nodes. Based on this expression there are two
ways of effectively maximizing the chiral dissymmetry: maximizing the optical
chirality, or minimizing the electric field energy density. However, the second
approach has limitations in practical application. By only considering the
electric and not the total electromagnetic energy density, it is possible for the
g factor to be only artificially increased. This analysis ignores the contribution
due to the magnetic energy density, which is not always valid, especially at or
near the node of the electric field energy due to the conservation of energy.[73,
75] This may not correspond to a real advantage in terms of detection. In these
situations, U, should be replaced by the total electromagnetic field energy.

This optical chirality definition was recently further elaborated by Hani-
feh et al., translating the concept of CD at the nanoscale into the dissymmetry
factor, and making the concept suitable for any type of electromagnetic field
including structured light.[76] This formalism allowed the authors to discrimi-
nate and investigate the chirality of dielectric nanoparticles. Interestingly, this
analysis introduces an upper bound for the helicity density2[76] Electromag-
netic fields at this upper bound are called optimally chiral, which indicates
that the optical chirality is maximized for a given time average of the energy
density.

The electric and magnetic field components of optimally chiral fields

satisfy the condition: [77]

E =+inH (1.20)

where 7y represents the intrinsic wave impedance of the vacuum, and the
sign determines the handedness. Additionally, the calculation of the dissym-

metry factor for optimally chiral fields can be performed without explicitly
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knowing the helicity and energy densities of the field, as seen in the following

expression:

R(aem)

S ee)

g =—an;! (1.21)

where R(ae,,) and S(ae.) are the real part of the EM polarizability and
the imaginary part of the electric polarizability of the NP, respectively. [76]
These recent innovations, including superchiral and optimally chiral light, have
the potential to present a wide array of new applications for chiroptical sys-

tems.

1.3 Finite Element Method method for simu-
lating metasurface

COMSOL Multiphysics provides a robust computational platform for
numerically solving PDEs related to electromagnetic wave propagation and
light-matter interactions. Its capabilities enable researchers to simulate vari-
ous metasurface geometries and investigate their optical responses. By utilizing
the software, researchers can gain valuable insights into light-metasurface in-
teractions, optimize designs, and obtain predictions that can be compared with
experimental results, facilitating the advancement of metasurface research and
development. It is also possible to build with this software different meta-
surface geometries and make the light interact with them, in such a way to
calculate, for example, the optical response, how the light interacts and other
physical parameters. [78-81].

In this chapter, the simulations were carried out by using the COM-
SOL Multiphysics module for the Electromagnetic Waves, Frequency Domain
(EWFD). To solve electromagnetic equations, COMSOL uses the Finite Ele-
ment Method (FEM). Maxwell’s equations in three dimensions are simplified
by considering that fields vary sinusoidally in time at a known angular fre-

quency and that all material properties are linear concerning field strength
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[82]:

VXQﬁVXEy—(g)q—CQ)EZQ (1.22)

c§ weg

where 1, €, and o are the relative permeability, the relative permittivity,
and the electrical conductivity related to materials, respectively. The equa-
tion is solved for E = E(z,y, z) from which the other physical quantities can
be obtained. The COMSOL module used gives the possibility to choose the
electric displacement field model: refractive index is the default option used.
It is possible to set the real and imaginary parts of the refractive index, called

n and k, and the relative permittivity:

6 = (n —ik)? (1.23)

To simulate the metasurface, it was chosen a 3D geometry consisting of
a parallelepiped with a height six times the unit cell dimension a, where a
must be comparable with the incident wavelength. Every single block consists
of three main parts, starting from the bottom: (a) the glass with a refractive
index ngss = 1.5; (b) the single right-handed gold helix (Johnson and Christy
refractive index) and (c) the surrounding medium with a variable refractive
index npeqium- To create a wave diffusion environment an input (Portl) and
an output port (Port2) are used, respectively one on the top for the emitted
radiation and the other on the bottom for the detection. To ensure the infinity
conditions in the (z,y) plane, the Periodic Boundary Conditions (PBCs) are
applied to the surfaces along the x-y directions of the blocks. To simulate
the repeated single unit cell the Floaquet periodicity is used which is useful
in frequency domain problems. In addition to PBCs, Perfect Matched Layers
(PMLs) are introduced into the simulated system, to reproduce an absorb-
ing boundary condition at the block extremes. The equations are solved by
discretizing the problem, creating a dense mesh with control over the single
components of the constructed geometry (Figure 1.1). In particular, for this
work an “extra-fine” mesh has been chosen, that consists of free triangular

and tetrahedral geometry with 82717 domain, 8024 boundary, and 710 edge
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elements. The ideal mesh should preferably have the smallest component di-

mension of approximately one-half wavelength of the wave.

(@) (b)

Figure 1.1: A sketch of the mesh directly controlled from the physics of COM-
SOL Multiphysics in the two extreme states and in the middle one (a) ex-

tremely coarse (b) normal, and (c) extremely fine.

The polarization (linear, circular, and elliptical) and the incident angle
of the impinging radiation can be suitably selected [83], depending on the
particular optical property to be investigated. In the first part of the numerical
analysis, Transverse Electric (TE) and Transverse Magnetic (TM) polarization

out of the plane, were used, with the field amplitude:

0 0
Eo=|0|.Hy=11 (124)
1 0

In the second part of the numerical investigation, Left and Right Cir-
cularly Polarized (LCP and RCP) light have been propagated by setting the

following amplitude:

1 1
Eo=|-1i|.Eo=|1i (1.25)
0 0

The top port boundary condition propagates a plane wave at the specified
incident angle # and computes the reflected light, while the bottom one calcu-

lates the transmitted light. Through the coefficient of the Scattering Matrix S
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it is possible to evaluate different optical parameters, such as the Reflectance
(R), Transmittance (T'), and Absorption (A) of the modeled structure. In
particular: (i) the Sy; parameter provides information regarding the amount
of light reflected compared to that sent from the input Portl; while (ii) the
So1 parameter quantifies how much of the transmitted light reaches the output

Port2 [29]. The equations for the two parameters are shown below:

fportl((EC - El) ) Ei)dAl
fportl (El ) Ei)dAl ’

fportQ((EC - E2) ) EZ)dA2
fportQ(Ez ) EE)dA2
where E¢ is the computed electric field equal to Ec = )., SaE;. The

Sll =

(1.26)

Sor = (1.27)

fields are normalized concerning the integration of the power flow across each
port cross section A; and A,, respectively. The absorbance can be easily

derived by knowing the other two optical quantities as A =1 — (T + R).

1.4 High sensitivity of chiral metasurfaces

In the study presented, Figure 1.2 (a) showcases a single structure un-
der investigation, with its physical dimensions clearly marked. The unit cell
dimension, denoted as a, establishes the fundamental size of the structure.
The wire radius, labeled as r, measures 16 nm, while the helix radius, indi-
cated as R, is 25 nm. The axial pitch, denoted as p, represents the spatial
separation between two turns of the helix and is measured at 60 nm. Addi-
tionally, the number of pitches, represented by N, and the incidence angle of
the helix axis, denoted as 6, contribute to the comprehensive characterization
of the structure. These dimensions serve as critical parameters for investigat-
ing the behavior and properties of the analyzed structure within the scope of
the study. Some of these parameters were varied to investigate the influence
on the number and sharpness of resonances and to find the optimal conditions
for highly effective refractive index sensing; in particular, the in-plane (a) and

out-of-plane (V) periodicity were varied. Figures 1.2(b) and 1.2(c) show the
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resulting right-handed helical array for two values a= 100 nm and a= 250 nm,

respectively.

Figure 1.2: (a) Geometry of one lateral unit cell of the out-of-plane chiral
structure composed of a right-handed Au helix on a glass substrate, the rel-
evant structure parameters are illustrated: wire radius (), helix radius (R),
axial pitch (p), and the lattice constant (a). The out-of-plane periodicity is
indicated with N. Geometry of the chiral metasurface for (b) a = 100 nm and
(c) a= 250 nm.

Figure 1.3 (a-c) shows the normalized absorption maps as a function of
three different parameters a, N, and 6 in the wavelength range from 400 nm
to 1300 nm. The tested values for a are 100, 150, 200, and 250 nm; for N
they are 1, 2, 3, and 4 and for 6 they are 40, 50, and 60°. Following the
results obtained by varying the first parameter a (see Figure 1.3 (a)), it was
decided to choose 250 nm as the in-plane periodicity of the helical array to
ensure three distinct, intense, and narrow resonances in the wavelength range
between 750 and 1300 nm. Although the most intense absorption band was
found in the region between 400 - 600 nm, this region was excluded from the

other analyzes because it was not of interest for two reasons: (i) the spectral
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band is broad and therefore not ideal for sensing, (ii) the visible region is the
region where most bio-molecules absorb, so it may also affect analyte properties
and cause signal overlap. Once the in-plane periodicity a was determined, the
influence of the out-of-plane periodicity N was evaluated. From this analysis
(see Figure 1.3(b)), it was found that the most intense modes were found in
the same wavelength range as before for N equals 3. This value is also perfect
for the purpose of detecting the refractive index of a surrounding medium, as
it allows for a sufficiently large and extended out-of-plane sensing [29]. Finally,
the effect of the angle of incidence 6 was investigated (see Figure 1.3(c)) and
it was found that the value that ensures the best performance in terms of
absorption in the range 750-1300 nm was 50°. It can be noted that even an
incident angle of 60° could be considered as it provides intense resonances, but
the best compromise between the intensity and the width of the resonances in

the range of 750 - 1300 nm is ensured by ¢ = 50°.

60
‘ |1
> |
3 50
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Figure 1.3: Normalized absorbance map of the plasmonic metasurface as a
function of (a) the in-plane periodicity a in the range 100 nm — 250 nm and
(b) the out-of-plane periodicity N in the range 1 — 4. (c) and the angle of

incidence in the range 40° — 60°.

To test the ability of this plasmonic metasurface as a highly sensitive
refractive index sensor, the molecule 1,2,3-Propantriol (glycerol) was selected
as the model analyte to be detected. Various percent concentrations of glyc-
erol dissolved in a water solution were tested (2.1, 8.5, 17.5, 38.2, 59.0, 69.2,
82.4%), corresponding to as many different refractive indices (1.345, 1.375,
1.401, 1.437, 1.455, 1.461, 1.467) [84]. Spectral shift in terms of wavelength
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change represents the easiest and most reliable way to perform refractive in-
dex sensing compared with intensity shift. This is related to the influence of
surrounding media on the resonance condition that reflects it in the spectral
shifts, more specifically on the dielectric permittivity [22]. The parameters
carefully chosen by conducting the first parametric analysis (a=250 nm, N=3,
6 = 50°), made it possible to obtain a spectrum with three narrow and intense
absorption lines in the infrared spectral range. Indeed, the tailored configu-
ration of the periodic structure offers better spectral response with multiple
resonant peaks in particular at 792,957, and 1173 nm, as it can be seen in Fig-
ure 1.4(a); allowing to cross-check and compare the wavelength interrogation

with multiple peaks with more reliable results.
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Figure 1.4: (a) Spectral characterization of the plasmonic metasurface: ab-
sorbance spectra calculated for different concentrations of 1,2,3-Propantriol for
a=250 nm; (b) linear fit of the peak wavelength plotted versus the refractive
index of the medium for the three resonant modes. The fitting equation is A,

= Ao + Sn; the correlation coefficient is R = 0.99 for the three fits.

In Figure 1.4 (a) the three arrows indicate the gradual red shift of the
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resonance peaks registered at a constant increase of the refractive index from
1.333 (water) to 1.467 (82.4% of glycerol), while in figurel.4 (b) the corre-
sponding peak positions are given as a function of the refractive index. The
three plots (see figure 4.4b, top, middle, and bottom panels) show linear be-
havior between A, and n (black squares are the calculated data points and
straight lines are the linear fits). For sensing applications, a linear change of
the A, is usually preferable for refractive index of a given unknown medium
[22]. From the slope of the fitting equation A\, = A\g + Sn, the sensitivity
S value for each peak can be derived. The spectral sensitivity (nm/RIU) is
given by S = An/A\, where An is the change in the refractive index and A\
is the resonance peak shift. The calculated S values are found to be in the
449 - 761 nm/RIU range. In figure 1.4(b), the peak at 1173 nm is the one
that mainly undergoes the redshift as the refractive index increases, resulting
in a sensitivity value of 761 nm/RIU. It is worth noting that this mode, which
is most affected by in-plane periodicity, is therefore dependent on the inter-
structure interaction, as can be seen from the absorption map in figure 1.3(a).
By calculating the Full Width at Half Maximum (FW H M) another sensing-
related parameter can be deduced, the figure of merit (FOM = S/FWHM).
The resulting FOM, for the three resonant peaks are in the range 9.9 - 12.3
RIU!, by taking into account the average F'W HM values.

The calculated values obtained in this study exhibit similarities within
the range of values reported in other studies [24, 85, 86|, which employed
metasurfaces of distinct geometries such as L-shaped, U-shaped, and spiral
G-shaped structures. In Figure 1.5 the distribution of the electric field en-
hancement (E/Ej) on the helix surface at the three resonance peaks were
simulated. A significant enhancement of the electric field can be appreciated
for the absorbance peak at 792 nm (max 8.57), at 957 nm (max 5.98), and
1173 nm (max 5.68).
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Figure 1.5: Electric field enhancement (E/Eq) on the helix surface at the three
Apt 792 nm, 957 nm, and 1173 nm.

The intrinsic chiral nature of the plasmonic metasurface allow to consider
dichroic signals for sensing applications. It is possible to exploit the absence of
intrinsic mirror symmetry of the structure and the corresponding difference in
its interaction with circularly polarized light. In these numerical studies both
Left-handed Circularly Polarized (LCP) and Right-handed Circularly Polar-
ized (RCP) are used to interact with the structure, with an incident angle
of 50°. Figure 4.8 (a) and 1.6 (b) show the Absorbance and Transmittance
curves for the plasmonic metasurface characterized by an in-plane periodicity
a=250 nm, considering only water as the surrounding medium. The right-
handed structure demonstrates a stronger coupling with Right-Circular Polar-
ized (RCP) light compared to the Left-Circular Polarized (LCP) wave. This
enhanced coupling results in absorbance modes that are more pronounced and
peaked compared to the LCP case, indicating a more efficient interaction be-
tween the light and the metasurface. In Figure 1.6 (c) the Circular Dichroism
(CD) is reported, it is calculated using the relations, C'Daps=Arcp - Arcp,

in the absorption mode, by varying the refractive index of the medium sur-
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rounding the helices, for values corresponding to 38% and 82% of glycerol in
water.

Figure 1.6 (c¢) show CD spectra that can be identified corresponding to
maxima (Ay1= 590 nm, App= 955 nm), minima (A= 665 nm, A=
794 nm), and zero dichroism points (Agy= 626 nm, Age= 899 nm). There
is a shift of the modes, changing the refractive index and it is possible to
calculate the bulk refractive index sensitivity S of the structure. In particular,
we found S in the range 252 — 614 nm/RIU with a FOM in the range 6 — 11
RIU-!. The proposed chiral plasmonic metasurface based on 3D gold helices
may find specific applications as refractive index sensors for detecting different

molecules, thanks to the high-sensitivity achieved in the sensing performance.
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Figure 1.6: Absorbance and Transmittance spectra of the plasmonic metasur-
face for (a) Right Circular Polarized (RCP) and (b) Left Circular Polarized
(LCP) light. (c) CD spectra calculated in a 1,2,3-Propantriol - water solution
at different molar concentrations ranging from 0% (corresponding to water -
n=1.333) to 82% of 1,2,3-Propantriol in water (n=1,467). (d) Linear fit of the

peak wavelength plotted versus the refractive index of the medium.
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1.5 Conclusion

We proposed and conducted a numerical exploration of a chiral plas-
monic metasurface composed of an array of 3D right-handed gold helices. The
objective is to understand the impact of various geometric parameters on the
occurrence of multiple resonant modes. Through a systematic parametric anal-
ysis, we identified the optimal combination of parameters (a=250 nm, N=3,
0=50°) that enables the design of a metasurface capable of exhibiting dis-
tinct resonance modes within the infrared (IR) region of the electromagnetic
spectrum. This specific configuration proves advantageous for developing min-
imally invasive refractive index biosensing techniques, as it avoids overlap with
the absorption bands of most biomolecules found in the ultraviolet-visible (UV-
VIS) range. Furthermore, the sensing performances were tested by simulating
different concentrations of glycerol in the surrounding medium. The calculated
sensing sensitivity and the FOM values in the range of 450 - 761 nm/RIU and
9.9 - 12.3 RIU™! respectively, suggest that the tailored metasurface can be
employed for surface sensing. In addition, the designed metasurface exhibits
highly chiral behavior with tunable multibands CD, covering a broad spectral
range from 400 to 1300 nm. The remarkable optical properties exhibited by
this 3D chiral plasmonic metasurface present exciting opportunities for devel-
oping a highly sensitive surface. Integration of this metasurface into a compact
chip can enable multifunctional capabilities such as optical absorption, circular
dichroism, and refractive index sensing. This advancement holds the potential
to revolutionize the field of optical sensing, providing a platform for robust

and versatile sensing devices that can be integrated into various applications.



Chapter 2

Fano Resonance Optical

Coatings

Today, optical coatings are of great importance in our daily life for the
production of optical components. In this chapter, the main aspects of ellipso-
metric spectroscopy and the main numerical methods used to design, predict,
and study the optical and photonic behavior of multilayer thin films are pre-
sented. In particular, a type of optical coating that exhibits photonic Fano
resonance, called Fano-resonant optical coating (FROC), is presented. After a
brief history of the discovery of Fano resonance, the theory on which this im-
portant resonance is based and how it can be applied to optical coatings will be
presented. Various prototypes of optical coatings consisting of multiple layers
of thin films simulated by the finite element method using COMSOL soft-
ware are described. After determination, the samples are prepared by physical
vapor deposition technique and analyzed by ellipsometric spectroscopy and
spectrophotometry. The experimental results are in agreement with the ex-
pected simulated results. Applications can range from use as a beam splitter
(they transmit a part of radiation at the same wavelength), to use in photo-
voltaic cells in such a way that they reflect sunlight and at the same time store
radiation that can be used in the dark. Another application is to be used as

biosensors to detect cells, such as cancer, or bacteria.

37
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2.1 Introduction

In the early 1930s, amidst the bustling scientific community in Rome,
an Italian physicist named Ugo Fano found himself captivated by the mys-
terious asymmetrical lineshapes he observed in the spectra of gases. Fano
was an esteemed member of Enrico Fermi’s group, a prestigious gathering of
brilliant minds pursuing groundbreaking research. Intrigued by Fano’s obser-
vations, Fermi recognized the importance of understanding and theoretically
describing these peculiar lineshapes. He encouraged Fano to embark on a
journey of exploration, urging him to uncover the underlying principles gov-
erning the behavior of these spectral features. Fuelled by Fermi’s guidance
and his own unwavering curiosity, Fano delved into the depths of this capti-
vating phenomenon. After years of meticulous research, Fano finally presented
his findings to the scientific community in 1935, publishing a seminal paper
in the esteemed journal Nuovo Cimento. This groundbreaking work, titled
Sullo spettro di assorbimento dei gas nobili presso il limite dello spettro d’arco,
unveiled Fano’s comprehensive theoretical framework for describing the ab-
sorption spectra of noble gases near the arc spectrum limit. Within its pages
lay the key to unraveling the enigmatic lineshapes that had puzzled scientists
for so long. As a tribute to his extraordinary contributions, this distinctive
spectral feature became known as the ”Fano resonance.” Fano’s name would
forever be intertwined with this phenomenon that he had unraveled, illuminat-
ing a path toward a deeper understanding of light-matter interactions. Over
the decades, the Fano resonance has become a cornerstone in the realm of
optics and spectroscopy, finding applications across a multitude of fields. It’s
unique lineshape and intriguing interference effects have empowered scientists
to explore and exploit its potential in various domains, from nanophotonics
to quantum technologies. Fano’s work serves as a testament to the power
of curiosity, the pursuit of knowledge, and the guidance of mentorship. His
unwavering dedication and meticulous research laid the foundation for future

generations to build upon, fueling a continuous quest for unraveling the mys-
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teries of light and matter. Today, scientists around the world continue to delve
into the intricacies of the Fano resonance, unlocking its secrets and harness-
ing its power for transformative advancements in technology, medicine, and
fundamental scientific understanding. From the humble origins of a scientist’s
observation to a renowned phenomenon bearing his name, the Fano resonance
stands as a testament to the profound impact that a single individual’s ded-
ication and scientific acumen can have on the course of human knowledge.
[87]

To explain the unusual shape of these peaks in the absorption spectrum
of the noble gases, Fano considered two effects of the photoionization of atoms:
the excitation of the atom both in a state of ionization above the threshold
and in a discrete level such for which can be spontaneously ionized. The
absorption is obtained by considering the interaction between the term itself
and the continuum.

The Fano resonance emerges as a result of the intricate interference be-
tween a discrete quantum state and a continuum band of states. This in-
terference gives rise to an asymmetrical spectral lineshape, offering a unique
window into the behavior of quantum systems. The absorption spectrum o(FE),
is manifested with the classical shape described by the Fano’s formula:

+ Q)?
o(E) = DQ—((i . Qg

where E is the energy, ¢ = cotd is the Fano parameter, ¢ is the phase

(2.1)

shift of the continuum, Q = 2(E — Ey)/T", where I and Ej are the resonance
width and energy respectively, and D? = 4sin?§.

The q parameter is responsible for the symmetrical or asymmetrical shape
of the Fano profile, but there are two important specific cases in this theory. If
q — oo, i.e. if the external perturbation does not couple with the continuum,

The

the Fano form is reduced to a symmetric Lorentzian one, o, (€2) ~ ﬁ

other limit occurs when ¢ = 0 then the Fano profile becomes a quasi-Lorentzian
antiresonance in the continuum o, () ~ %

The advantages of using a Fano resonance, compared to others, such as
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the Lorentzian one, are: 1) the flexibility in which the shape of the resonance
can be varied and designed for a Fano device; 2) it has a dip in the continuous
spectrum that goes to zero at a particular frequency (q+ €2 = 0), this perspec-
tive opens up numerous scenarios such as cloaking; 3) a small perturbation
can cause a pronounced amplitude and phase shift in the transmittance, re-
flectance, and extinction spectra; 4) it is characterized by a nontrivial sharp
spectral dependence of the phase that can be used in various devices.

These features make an effectively tuned and well-designed Fano reso-
nance as powerful tool for many applications including, but not limited to
high-sensitivity sensing, all-optical switching, low-loss slow-light devices, low-
threshold lasing, high-performance modulators and absorbers, narrowband fil-
ters, SERS applications, and invisibility cloaking and nonlinearity enhance-

ment.

2.2 Two coupling oscillators theory

To elucidate the essence of the Fano resonance, it is crucial to delve into
the theory of two coupled oscillators. This theory can be succinctly represented
by a matrix equation that encapsulates the dynamics of the system. Consider
a scenario where two oscillators are coupled together, interacting through their
motion or vibrations. This coupling gives rise to a coupled oscillator system,
which can be mathematically described using a matrix equation. Let’s repre-
sent the state of the coupled oscillators at a given time using a column vector,
and the coupling between them with a coupling matrix: [88]

W1 —WwW =1t g T — fi (2.2)
g W2 — W — 172 T2 2

where x1 and x5 are the oscillator amplitudes, and w; and ws are the
resonant frequencies, 7, and v, are the damping coefficients and f; and f, are
the external forces with the driving frequency w. g is the coupling constant that

describes the interaction between the oscillator. With this system of equations,
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it is possible to have different resonance effects, in addition to the Fano one.
Some examples of weak-coupling regimes are: Electromagnetically induced
transparency (EIT), which is a special case of Fano resonance. It occurs
when the frequencies of strongly and weakly damped oscillators match, w; = w»
and consequently ¢ = 0, the transmission can be resonantly restored by the
coupling to the undamped mode with the opposite phase, canceling the losses
out. [89] Borrmann effect which is be described in the spatial domain, so the
frequencies are to be replaced by the wave number. In this case, w; = w, and
Y1 = —9 describe the wave attenuation due to absorption, and their opposite
signs take into account the left and right propagating waves decay in opposite
directions. [90] Kerker effect which doesn’t require direct coupling between
the oscillating modes. The coupling constant is g is zero due to the equality
excitation amplitudes f; = f, that are different from 0. It is possible to remove
light scattering either in backward (Kerker 1st condition) or forward (Kerker
2nd condition) direction. [91]

Fano resonance occurs in the weak coupling regime and when only
one of the two oscillators (with large damping) is driven (f; # 0, fo = 0). An
analogy of this resonance, in classical mechanics, is represented by two coupled
damped oscillators (pendulums) with an external force f; applied to only one
of them. The amplitude of the driven oscillator 1 in the spectral vicinity of

the resonance of oscillator 2 can be written in the form:

2 2 0 2
|2 gh (2+49) 5
‘371(9) /i (w1 —we)?+197 Q241 (23)
where:
wor—wy] M1+ ¢%)
Q= [w—wz—l—(g—?)%} 1T (2.4)

is the dimensionless frequency. The Fano parameter g determines the spectral
shape and depends on the spectra detuning of the oscillator wy — w;. The
resulting spectra show typical asymmetry with a sharp change between a dip
and a peak. The spectral shape depends on the phase shift v between the

oscillators encoded in the Fano parameter q.
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2.2.1 Coupled oscillator theory for thin film optical coat-
ings

The theory of the two coupled oscillators can also be extended to thin
optical coating films. An example of the so-called Fano Resonance Optical
Coating (FROC) is schematized in Figure 2.1(a). Resonator 1 is a lossy ma-
terial with a refractive index n, = nf + in!™ and a thickness L,, and the
resonator 2 consists of a Metal-Dielectric-Metal (MDM) nanocavity, i.e. a
thin metallic layer n,, = nf® + in!™ with a thickness L,,, a lossless dielectric
film with refractive index n, and thickness Ly, and for last a metallic layer.
Defining the intensity ratio for a generic resonator k —th as A = (g—:), where
E), and E! are the inside and injected fields respectively. The intensity ratio

values for the two resonators are:

1
i)~ (2.5)
L — 700 am e—2Im[pa(w)] i{2Re[pa(w)]+Pa0+dam}
and
1
Aolw) ~ 2 (2.6)

1_ €2[6a(w)+dum]

Tdm ‘
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Figure 2.1: (a) Representation of the FROC structure consisting of two weakly
coupled resonators, where resonator 1 (the top two layers consisting of a lossy
material and a metal) represents a broadband absorber and resonator 2 (lay-
ers from 2 to 4 consisting of a metal, a dielectric and a metal) represents a
narrowband absorber. The two resonators share a metal layer that determines
their coupling strength. (b) The calculated oscillator intensities and (c) the
corresponding oscillator phase. (d) The reflectance from the whole system of
two coupled resonators (green). The reflectance of just resonator 1 (lossy ma-
terial on a metal substrate) is shown in blue. Readapted with permission

from [92]

In Figure 2.1 (b) the intensities for the two oscillators are shown with the
blue and red lines, the dashed lines instead represent the resonant frequencies.
The oscillator phase ¢;(w) is reported in Figure 2.1 (c), it is evident that the
phase in resonator 1 varies slowly, on the contrary in resonator 2.

The coupling between F; and Es occurs through the off-diagonal terms

in the matrix. From equation 2.7, the reflectance of the coupled oscillators
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appears with a peak at ws, Figure 2.1 (d).

All(w) _Tdmtvdaraoeipd)d(w)Jr%(w)] E, toa i 2.7
—{eita(@) L B\ 0 =0
ad Ao (w) 2

2.3 Ellipsometry

Ellipsometry is a highly valuable non-destructive optical technique em-
ployed for characterizing a wide range of materials. By illuminating the sample
under investigation with a beam of polarized light at various angles, ellipsom-
etry enables the determination of essential parameters such as the refractive
index (n), extinction coefficient (k), and thickness (t) of the material. The
key principle behind ellipsometry lies in the measurement of changes in the
polarization state of light as it interacts with the sample. The incident light is
typically polarized, meaning it oscillates in a specific plane. As this polarized
light interacts with the material, its polarization state is modified due to the
sample’s optical properties. By analyzing the changes in the polarization state
of the reflected or transmitted light, ellipsometry provides valuable information
about the material’s optical properties. These changes can be quantified using
ellipsometric parameters, such as the amplitude ratio (¥) and phase difference
(A) between the reflected or transmitted light’s electric field components. It
is notable that numerous optical parameters can be achieved by performing
spectroscopic ellipsometry [93-96] and can be analyzed both thin films and
bulk materials [97-99], growing film [100], surface roughness [101], and micro-
and nano-structures on a surface [102-104]. Ellipsometry measures a change in
polarization as light reflects or transmits from a material, no special reference
samples are required.

The measureables value ¥ and A are related to the ratio of Fresnel
reflection coefficients 7, and 7 for p and s state of polarized light respectively,

according to the following formula:

p= % = tan(¥)e? (2.8)
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tanV is the ratio of the intensity of the incident field to the reflected
one, for both states s and p polarization and A is the difference between the
two phase shifts of the reflected and incident waves. The angle ¥ can assume
a value between 0 and 90 degrees (because the amplitudes of the fields are
positive), in particular, it is 0 when = 0 and it is 90° when = 0. The

Tp Ts

angle A can be any value between 0 and 360 degrees. The two parameters are
independent and have no immediate physical meaning (pseudo angles), allow-
ing to determine the optical properties of the substrate (index of refraction or
complex dielectric function) or geometric properties such as the thickness of a
film deposited on a known substrate. Ellipsometry is an indirect method, i.e.
in general the measured ¥ and A cannot be converted directly into the optical
constants of the sample. Models can be physically based on energy transitions
or simply free parameters used to fit the data. By varying the unknown param-
eters (e.g., thickness and optical constants), a good model can be generated,
that describes the actual physical structure of the sample. The goodness of
the used model is related to the Mean Squared Error (MSE), which indicates
how large is the difference between the experimental data and the theoretical

data:

N
mo exrp mo exp 1
MSE = [ e ) R
5 MZ )+ (Fer—) ov (29

=1

where N is the number of (¢, A) pairs, M is the number of variable pa-
rameters in the model, and ¢ are the standard deviations on the experimental
data points.

Figure 2.2 shows an ellipsometer consisting of a source consisting of two
lamps covering a range of 200-1000 nm, a polarizer, an analyzer, a detector,

and a compensator placed before the sample.
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Figure 2.2: The sketch illustrates the essential components of an ellip-
someter and depicts the electromagnetic wave comprising both polarizations.

Readapted with permission from [80]

2.4 FROC simulations by using COMSOL Muli-
physics

A Finite Element Method (FEM) analysis gives the possibility to solve,
starting from the partial differential equations (PDEs) governing the given
system, various physical conditions. For example, it is possible to simulate
problems of elasticity and applied strains, thermal heating and transport, fluid
mechanics and chemical transport, and last but not least, problems related to
the electromagnetic wave propagation and light-matter interactions. [105, 106]
Indeed, the proposed simulation for ellipsometric analysis has been performed
by using the COMSOL Multiphysics platform, which gives the possibility to

use a 2D or 3D environment.
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Several multilayered systems were designed, fabricated, and then char-
acterized by experimental ellipsometric analyzes. Figure 2.3 (a) shows a pro-
posed FROC structure consisting of 1 mm glass, 100 nm Ag, a 7704 layer of
variable thickness (t3), representing the dielectric cavity and fixed at 50 nm
for initial testing, 30 nm Ag, 15 nm 7%, and the surrounding medium is air
(nair = 1).Extensive simulations were conducted with the aim of optimizing
the parameters and achieving narrow peaks in reflectance. By leveraging ad-
vanced computational techniques, researchers sought to fine-tune the system
and maximize its performance. Figure 2.3 (b) and (c) show p-pol reflectance
maps as a function of two different parameters of the incidence angle a and
thickness (¢) of the last Ti layer in the wavelength range 300-900 nm. The

tested values for o are from 40° to 70° and for ¢ are from 5 nm to 45 nm.
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Figure 2.3: (a) Structure of proposed FROC (b) Reflectance p-pol map cal-
culated by varying the incident angle o and the wavelength A (c) Reflectance
p-pol map calculated by varying the thickness ¢ and the wavelength .

Following the results obtained by varying the first parameter, it was
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decided to choose 45° as the incident angle to guarantee distinct, intense, and
narrow resonances at 460 nm.

Once the parameter a was determined and set, the next step involved
evaluating the influence of the thickness (t) on the system’s reflectance. By
systematically varying the thickness and observing the resulting reflectance
spectra, researchers sought to understand the impact of this parameter on the
system’s performance. Figure 2.3 (c) displays a color map that represents the
intensity of reflectance as a function of the thickness values tested. The color
map provides a visual representation of how the reflectance changes with differ-
ent thickness values, allowing for a quick assessment of the system’s behavior.
Analyzing the color map, it becomes evident that at low thickness values, the
reflectance intensity is higher. This indicates that the system exhibits stronger
resonant behavior and enhanced light-matter interactions when the thickness
is reduced.

Although another intense reflection band was found in the range between
750 - 900 nm, this region was excluded from the other analyses because it is
broad for sensing and other applications.

In both maps (Figure 2.3), it is noted that a few nm away from the
intensity peak, there is a minimum in reflectance which represents the typical
shape of Fano resonance.

It is possible to shift the chosen Fano resonance to the desired wave-
length, to enhance the signal or detect some molecules, [107-109] by varying
the thickness t, of the dielectric material T70,. For this reason, some FROCs
were simulated by varying t,.

Figure 2.4 (a) shows the color map of the reflectance p-pol intensity as
the thickness ¢, varies in the wavelength range between 300 nm and 800 nm.

It is evident that the reflectance maxima vary in wavelength as the thick-
ness t changes. This opens up an evident advantage in research in the optical
fields such as in the manufacture of beam splitters, having a transmittance at
the same wavelength, but also in biosensing and photovoltaic applications.

Figure 2.4(b) shows the reflectance spectra p-pol as the thickness ¢,
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varies. In each spectrum, it is evident the Fano resonance with the shape of a
maximum followed by a minimum. As the thickness ¢, of the layer increases,

there is a red-shift in wavelength.
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Figure 2.4: (a) Reflectance p-pol map calculated by varying the thickness t;
and the wavelength A (b) Reflectance p-pol spectra obtained calculated by
varying the thickness ¢ and the wavelength \.

The numerical study revealed another fundamental feature: an increase
in the intensity of the peaks as the thickness of the dielectric layer increases.
This finding indicates that the interaction between light and the metasurface
becomes stronger with greater thicknesses of the dielectric layer. The obtained
reflectance peaks were found to occur at specific wavelengths, namely 320 nm,
350 nm, 380 nm, 417 nm, and 455 nm, respectively. These wavelengths corre-
spond to the resonant modes supported by the metasurface structure. In this
way, a linear trend for the calibration of the metasurfaces can be established,
resulting in a coefficient of determination R-squared of 0.995.

The same study was performed considering the s-pole component of the
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polarization of the incident light and gave very similar results to the previous

ones. Figure 2.5 (a) and (b) show the results obtained by varying the thickness

to in the wavelength range 300-800 nm.
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Figure 2.5: (a) Reflectance s-pol map calculated by varying the thickness ¢,

and the wavelength A (b) Reflectance s-pol spectra obtained calculated by

varying the thickness ¢ and the wavelength .

One possible application of these substrates is detection by changing the

refractive index of the surrounding medium.

This is very useful for dictat-

ing molecules and biomolecules. Figure 2.6 shows simulations of the FROC

Ag100nm, TiO940nm, Ag30nm, T'i15nm for p-polarization at an angle of 45°

by varying the refractive index from 1.33 to 1.47. As can be seen from the

map (Figure 2.6 (a)), there is no shift in wavelength, but a linear trend of

increasing intensity of the reflection peak can be followed.
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Figure 2.6: (a) Reflectance s-pol map calculated by varying the thickness t;

and the wavelength A (b) Reflectance s-pol spectra obtained calculated by

varying the thickness ¢ and the wavelength \.

2.5 Fabrication and experimental analysis of

FROCs metasurfaces

All samples were prepared experimentally using a sputtering (Kenosistec
KS300C) with DC and RF cathodes. Sputter deposition is a physical vapor
deposition (PVD) method for depositing thin films through the phenomenon
of sputtering. [110-112] In this process, the material is sputtered from a target
onto a substrate, e.g. a silicon wafer. One of the first widespread commer-
cial applications of sputter coating, and still one of the most important today,
was in the manufacture of computer hard disks. In the semiconductor in-
dustry, sputtering is widely used to deposit thin films of various materials in

integrated circuit processing. Thin anti-reflective layers on glass for optical
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applications are also deposited by sputtering. Due to low substrate tempera-
tures, sputtering is an ideal method for depositing contact metals for thin film
transistors. Another well-known application of sputtering is low-emissivity
coatings on glass used in double-glazed windows. The coating consists of a
multilayer containing silver and metal oxides such as zinc oxide, tin oxide, or
titanium dioxide. [113] A large industry has developed around the coating
of tool-cutting edges with sputtered nitrides such as titanium nitride, creat-
ing the familiar gold-colored hard coating. Sputtering is also used as a pro-
cess for depositing the metal layer (e.g., aluminum) in the manufacture of
CDs and DVDs. The samples made are then analyzed using ellipsometry and
spectrophotometry. Figure 2.7 shows the reflectance p-pol of FROC substrate
formed by multilayer Ag100nm, TiO, variable 20, 30, and 40nm, Ag30nm, and
Ti15nm changing the angle of the incident from 45° to 65° step every 5°.
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Figure 2.7: (a) Reflectance p-pol map calculated by varying the thickness ¢,
and the wavelength A (b) Reflectance p-pol spectra obtained calculated by

varying the thickness ¢ and the wavelength .
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Experimental data are in accordance with the simulation foreseen in Fig-
ure 2.3(b), in fact, there is no shift in the reflectance peaks and the intensity
is maximum for low value of incident angle. The found values of reflectance
peaks in the wavelength range in the titania layer configurations of 20, 30,
and 40 nm are 350, 370, and 395 nm respectively, which are values very close
to those predicted by the simulations (350,380, and 417 nm). The trend is
the same as that of the simulations. Some results may differ from COMSOL
simulations compared to experimental data because the materials used may

not be identical, especially the n and k values of each layer
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Figure 2.8: (a) Reflectance s-pol map calculated by varying the thickness t;
and the wavelength A (b) Reflectance s-pol spectra obtained calculated by

varying the thickness ¢ and the wavelength \.
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Figure 2.9: (a) Reflectance s-pol map calculated by varying the thickness t;
and the wavelength A (b) Reflectance s-pol spectra obtained calculated by

varying the thickness ¢ and the wavelength \.

The same samples were analyzed by spectrophotometer with an angle
of incidence equal to 0°, to evaluate the transmittance. It is also seen from
the Figure in the inset that only visible radiation close to blue is transmitted.
The transmittance spectrum shows how a small portion of the spectrum is
transmitted and is found at 350, 380, and 420 nm respectively. These results
can be optimized to obtain beam splitters, in fact, the reflected radiation peaks

fall exactly into the transmitted ones.
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Figure 2.10: Transmittance spectra of FROCs thin films of samples Ag 100
nm, 7705 20, 30, 40 nm, Ag 30 nm, Ti 15 nm

2.6 Conclusion

The Fano formula, first discovered in the study of the Rydberg series
for auto-ionization has been applied to various spectroscopic problems and for
different objects. Because of the deep insight, it provides for spectroscopic data
and its appearance in a wide range of nanophotonics studies, the Fano formula
will continue to be an indispensable tool for optical design and analysis.

This chapter presents an optical coating that exhibits photonic Fano
resonance (FROC). Currently, active research is being conducted on various
manifestations of Fano resonance, and initial steps have been taken to apply
this effect in physics, chemistry, biology, medicine, etc. Two main applications
of FROCs have already been demonstrated: a beam splitter filter that reflects

and transmits the same wavelength, and a platform for use as a refractive
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index sensor. Another potential application is as a spectral mirror for hybrid
thermoelectric solar cells. Further studies will lead to new samples and uses.
It has been shown that the use of Fano resonance is certainly better than
the others used in the past, with improvements in performance and usage
efficiencies.

The goal is to use the last titanium layer, which prevents oxidation of
both air and especially aqueous solutions.

FROCSs could be used for active photonic applications and reconfigurable
nonreciprocity, studying the non-linear effects, and for steganography applica-

tions involving a phase change material.



Chapter 3

Tunability of metalenses

permeated with Liquid Crystal

Metasurfaces have revolutionized the field of optics by providing remark-
able control over the behavior of light. These engineered surfaces enable precise
manipulation of optical phenomena, granting scientists and engineers unprece-
dented control over light propagation. Despite these advancements, one lim-
itation of traditional metasurfaces is their fixed optical response, as they are
typically designed for specific applications without the ability to modify their
properties post-fabrication. This lack of adaptability poses a challenge when
it comes to real-world applications that require versatility and dynamic opti-
cal control. In many practical scenarios, it is essential to have metasurfaces
that can exhibit a modifiable optical response. This adaptability would al-
low for on-the-fly adjustments and versatile functionalities, greatly expanding
the range of applications and enabling real-world implementation. Imagine
metasurfaces that can be dynamically tuned to adapt to changing environ-
mental conditions or user requirements. Such capabilities would unlock new
opportunities in areas such as telecommunications, imaging, sensing, and data
processing.

This chapter focuses on the analysis of a nanostructured planar fused
silica metalens that incorporates a nematic liquid crystal (NLC) and gold

nanoparticles. The addition of the NLC and gold nanoparticles introduces

o7
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unique physical properties that can be manipulated through the application
of external stimuli. This characteristic enables the development of reconfig-
urable optical metasurfaces, offering new possibilities for controlling light at the
nanoscale. By permeating the fused silica metalens with the NLC, the refrac-
tive index of the material can be actively controlled. Nematic liquid crystals
are known for their anisotropic properties, meaning their optical properties
depend on the direction of light propagation. When subjected to external
stimuli, such as electric fields or temperature changes, the orientation of the
liquid crystal molecules can be manipulated, thereby altering the refractive in-
dex of the material. This allows for dynamic control over the optical response
of the metasurface. Furthermore, the incorporation of gold nanoparticles into
the NLC-infused metalens adds an additional dimension to its functionality.
Gold nanoparticles exhibit plasmonic properties, meaning they can interact
strongly with light at specific wavelengths. By carefully engineering the size,
shape, and arrangement of the nanoparticles, researchers can tailor the meta-
surface’s optical response and achieve functionalities such as enhanced light
absorption, scattering, or polarization control. The combination of the NLC
and gold nanoparticles in the fused silica metalens offers a versatile platform
for reconfigurable optical metasurfaces. By applying external stimuli, such as
electric fields, temperature variations, or even light itself, the properties of the
embedded NLCs can be dynamically adjusted. This allows for real-time tun-
ing of the metasurface’s optical behavior, enabling functionalities such as beam
steering, focusing, and wavelength selectivity. The analysis of this nanostruc-
tured planar fused silica metalens permeated with NLC and gold nanoparticles
provides insights into the design principles and performance characteristics of
reconfigurable optical metasurfaces. By understanding the interplay between
the embedded NLC, gold nanoparticles, and external stimuli, researchers can
unlock new possibilities for advanced optical devices with adaptable functional-
ities. These reconfigurable metasurfaces hold promise for applications in areas
such as imaging, sensing, telecommunications, and optical signal processing,

where dynamic control over light manipulation is essential. In summary, this
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chapter explores the integration of a nanostructured planar fused silica met-
alens with a nematic liquid crystal and gold nanoparticles. By leveraging the
unique physical properties of the embedded NLCs and plasmonic nanoparti-
cles, the metasurface becomes reconfigurable, allowing for active control over
its optical response. This research opens up exciting opportunities for the
development of dynamic and adaptable optical devices that can revolutionize
various fields of science and technology.

In this chapter is reported all-optical, dynamic control of the metalens
optical response resulting from thermo-plasmonic induced changes of the NLC
associated with its nematic-isotropic phase transition. A continuous and re-
versible tuning of the metalens focal length was experimentally demonstrated,
with a variation of 80 pm (0.16% of the 5 cm nominal focal length) along
the optical axis. This is achieved without direct mechanical or electrical ma-
nipulation of the device. The reconfigurable properties were compared with
numerical simulations of the focal length shift and exhibited close correspon-

dence.

3.1 Introduction

In the past, the control of light propagation relied on refractive optical
elements. However, a significant shift in this paradigm has emerged with the
introduction of optical metasurfaces. These metasurfaces have revolutionized
the field of optics by offering a new approach to develop flat optical components
that can manipulate light at the nanoscale. [114-121]

These advances have led to the fabrication of ultra-thin metalenses with
focusing properties matching or exceeding those of typical refractive lenses.
[122-124] Metasurfaces have been implemented in a range of passive (non-
tunable/ non-dynamic) applications, such as focusing and imaging, [125] beam
conversion, [126] and holography [127]. However, these devices are typically
created to support a fixed electromagnetic response which is determined at

the time of fabrication. This limitation can be overcome by designing recon-



3.1. INTRODUCTION 60

figurable systems, or metasurface devices supporting a dynamically modifiable
optical response. Post-fabrication tunability can unlock a range of potential
applications, including varifocal imaging, beam steering, dynamic aberration
correction and dynamic holography. [128] The dynamic response is typically
controlled by an external stimulus; common control methods for creating recon-
figurable systems involve thermal, electrical, chemical, or mechanical action.
[129-132]

Nematic liquid crystals (NLCs) are well known materials in which the
refractive index can be modified through the application of an external stimu-
lus, such as an electric or magnetic field. [133] In a typical NLC cell, the liquid
crystal is infiltrated between two glass slides that have been properly func-
tionalized in order to obtain the desired molecular alignment. [134] NLCs are
known to exhibit a tunable refractive index due to reorientation of the molec-
ular alignment. This tunable refractive index can be utilized to achieve active
reconfigurable control over optical metasurface devices. One recent technique
to integrate NLCs and metasurfaces is to replace one of the two glass plates in a
conventional liquid crystal cell with a metasurface device. The far-field optical
properties of the metasurface, including diffractive lensing, can then be mod-
ified by electrically driving the liquid crystal orientation state, similar to the
operation principle of a liquid crystal display. Additionally, NLC-encapsulated
metasurface devices have been programmed as individually addressable pixels.
With this technology, electrical modification of adjacent cells, resulting in a
manipulation of the local phase, has been used to dynamically create arbi-
trary holographic patterns. [135] Beyond these approaches using a thick liquid
crystal bulk, this chapter presents a metalens device that achieves dynamic
and reversible reconfiguration by infiltrating NLC molecules into the space
between the nanopillars composing the metasurface. In this scheme, the meta-
surface creates an initial phase profile for light focusing and the infiltrated
NLC provides tunability. In previously published devices, the use of a thick
liquid crystal superstrate poses certain challenges. One such challenge is the

potential for a significant accumulation of transmitted phase within the bulk
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liquid crystal material, spanning multiple wavelengths. This accumulation of
phase can make the device highly sensitive to non-uniformities present in the
thick layer, which can adversely affect its performance. Moreover, the pres-
ence of thick liquid crystal layers introduces significant scattering effects. This
scattering can undermine some of the advantages offered by metasurface de-
vices, such as aberration-free focusing. The scattering phenomenon limits the
device’s ability to achieve precise and clear focusing of light. To address these
challenges, a different approach is proposed. By removing the bulk liquid crys-
tal cell, the metalens retains its two-dimensional configuration. This means
that the phase and amplitude control necessary for manipulating light occur
solely within the metasurface itself, rather than relying on the properties of
the superstrate. This modification offers several benefits. Firstly, it reduces
the sensitivity of the device to non-uniformities, as the thick liquid crystal
layer is no longer present to introduce phase variations. Secondly, it mitigates
the scattering effects associated with thick liquid crystal layers, preserving the
metasurface’s ability to achieve aberration-free focusing and maintain optical
clarity. By confining the phase and amplitude control within the metasurface,
this revised approach allows for greater precision and control over the optical
properties of the device. It enables the development of more compact, effi-
cient, and high-performance metasurface-based devices that can be tailored
to specific applications. [136, 137] NLC molecules undergo evident variations
in terms of optical properties by applying an external perturbation, like an
electric/optical field or temperature gradients.

Spherical gold nanoparticles (AuNPs) are an ideal candidate for ap-
proaches requiring spatially-confined heating and thermally-triggered processes.
[138-141] The AuNP diameter can be selected to tune the plasmonic band into
the visible region, maximizing the absorption cross-section and resultant pho-
tothermal heating. [142] Plasmonic photothermal (PPT) heating is a direct
consequence of localized surface plasmon resonances (LSPR), a distinct prop-
erty of metallic nanoparticles. LSPR, or Localized Surface Plasmon Resonance,

is a phenomenon that occurs when conductive nanoparticles interact with light
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at sizes smaller than the incident wavelength. This interaction gives rise to an
electromagnetic resonance. [143, 144] When these nanoparticles are embedded
in thermoresponsive materials, they can be used to trigger thermally induced
phenomena. [145]

In particular, AuNPs can be used to induce thermoplasmonic effects in
NLCs since the behavior of thermotropic NLCs is dependent on temperature:
a phase transition can be induced by heating (from nematic to isotropic phase)
or by cooling (from isotropic to nematic phase). During the nematic-isotropic
(N-I) phase transition, the liquid crystal is converted from an ordered spatial
distribution where the molecules align their long axis parallel to the substrate
(planar or homogeneous alignment) to a disordered (isotropic) configuration
without an alignment. [133] It should be noted that the pillar structure of
the metalens can disrupt the planar alignment since the NLC molecules will
interact with the interface at the pillar surface, leading to local deviations from
the global alignment. This first-order phase transition modifies the physical
properties of the liquid crystal, including the refractive index, density, and
wetting properties. [146] For metasurface devices embedded with NLC, the
phase transition can be harnessed to enable dynamic reconfigurability, greatly
expanding the application space for these devices.

In this chapter, photothermally controlled varifocal metalens infiltrated
with a mixture of 4-hexyl-4’-biphenylcarbonitrile (6CB) NLC and AuNPs is
presented. Dynamic tunability of the focal distance is achieved through pho-
tothermal control of the NLC phase using free-space illumination, exploiting
the photo-induced phase transition due to the excitation of an LSPR mode on
the AuNPs. This all-optical method offers a suitable alternative for various
applications requiring compact and tunable focusing devices, avoiding mechan-
ical actuators or dedicated electrical connections. The system performance has
been characterized in terms of the quality of the focus and focal length tunabil-
ity range, and the reversibility and repeatability of the effect are demonstrated.
The experimental results are further compared with corroborating numerical

simulations of the focusing properties of the infiltrated metalens system.
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3.2 An Overview of Liquid Crystals: Proper-
ties and Behavior

The classical aggregation states of matter are:

e The solid crystalline phase, is characterized by a three-dimensional posi-
tional order of the molecules and an orientational order of the molecules.
The centers of gravity of the molecules are arranged on a crystalline

lattice and their orientations are well-defined and fixed.

e The isotropic liquid phase characterized by a total positional and orien-
tational disorder of the molecules. The centers of gravity of the molecules

and their orientations are randomly arranged in the space.

e The isotropic gas phase is characterized by a total disorder of position
and orientation and by intermolecular distances much larger than their

molecular dimensions.

Toward the end of the 19th century, however, it became increasingly
clear that there are many types of intermediate phases, called mesophases,
whose properties lie between those of crystals and those of isotropic liquids.
Normally, these phases are formed as the temperature rises. These mesophases
are different depending on the geometrical characteristics of the molecules, and
they can have either molecular crystals or liquid crystals.

In LCs, the molecules are strongly asymmetric (rod, disk, or banana -
shaped molecules). In this case, the anisotropic interactions are very intense
and favor an alignment of the molecules along a common direction called direc-
tor. [147] In this case, if a sample, initially in the crystalline phase, is heated
above a certain critical temperature, the transition to a new phase (liquid
crystalline mesophase) is observed in which the three-dimensional positional
order is completely or partially lost, while the molecules remain aligned along
a common direction.

The first experimental evidence of liquid crystalline mesophases was ob-

tained in 1880 by polarizing microscopic observations of the Austrian botanist
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F. Reinitzer on a substance related to cholesterol, but not until the first half
of the 20th century. [148] Liquid crystallinity is exhibited by several naturally
occurring materials, including DNA| proteins, and cell membranes. [149, 150]

Depending on the nature of the phases they form, LCs can be divided into
two general classes: thermotropic and lyotropic LCs. The behavior of ther-
motropic LCs is dependent on temperature: they usually exhibit mesophases
either on heating materials from the crystalline solid state or on cooling from
their isotropic liquid state. [151, 152] Lyotropic LCs, are formed by changing
the concentration of amphiphilic molecules dispersed in an isotropic medium —
for example, surfactant molecules dispersed in water. [153, 154] These systems
are of interest primarily because of their association with some characteris-
tic biological systems such as membranes but have not yet found important
photonic applications were not yet found. On the contrary, as is well known,
thermotropic liquid crystals, and especially nematic liquid crystals have found
important applications both in the display industry and in the construction of

photonic devices and detectors.

3.2.1 Thermotropic LCs

There are three basic types of LCs phases formed by thermotropic meso-
gens: smectic, nematic, and cholesteric. In all three types of phases, the LC
molecules are aligned along a preferred direction called director n, which is the
average orientation of the molecules within the phase. The extent to which
the molecules are ordered within a phase is quantified by the order parameter
S:

1 2
S = 5 < 3cos”l > (3.1)

where 6 represents the angle between the director and the long axis of
an individual molecule. The order parameter is temperature dependent and is
in the range —% <SS <1

The crystalline phase is characterized by a three-dimensional order of

position and orientation. In other words, the molecules are arranged in a peri-
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odic three-dimensional lattice along three distinct directions marked by three
characteristic vectors, a, b, and c. If the liquid crystalline material is initially
in the solid crystalline phase and is heated above a critical temperature, it
transitions to a new phase in which the orientation order is preserved while
the position order is partially or completely lost.

The nematic phase has no residual positional order. The centers of grav-
ity of the molecules are randomly arranged in space, while the molecular axes
are aligned on average along a common direction characterized by a unit vec-
tor n, called the director. Due to the thermal agitation, the molecules are
not exactly aligned along the director (Figure 3.1). The molecules distribution
has a complete rotational symmetry around the director. The presence of a
preferred direction makes the system macroscopically anisotropic and uniax-
ial, consequently, all macroscopic quantities (magnetic permeability, dielectric
permeability, electrical conductivity, etc.) are anisotropic and described by
uniaxial tensors. For example, the refractive index experienced by a wave
polarized parallel to the director axis (extraordinary index) differs from the
refractive index experienced by a wave polarized perpendicular to the director
axis (ordinary index). An important property of nematic liquid crystals is
that they are not ferroelectric. This means that although individual molecules
may have a strong long dipole moment about the molecular axis, the dipole
moment per unit volume is zero. In fact, in any macroscopic volume, for every
molecule whose dipole is oriented in a particular direction, there is another

with the opposite orientation.
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n

Figure 3.1: The nematic phase with a preferential orientational molecular order

and the isotropic phase.

In the isotropic phase, the centers of gravity of the molecules are ran-
domly distributed, and the orientations of the molecules are also completely
random (Figure 3.1). Tt follows that all macroscopic properties, such as mag-
netic permeability, dielectric permeability, electrical conductivity, etc., are
isotropic. Thus, such as system behaves like an ordinary isotropic fluid. A
typical example of a calamitic molecule is the 4-hexyl-4’-biphenylcarbonitrile
(6CB) molecule shown in Figure. The 6CB molecule was synthesized around
the 1970s and is particularly important because it is chemically very stable and
has a crystalline liquid (nematic phase) at room temperature. Due to the CN
group, this molecule also has a large electric dipole moment aligned along its
molecular axis. This property makes it particularly sensitive to electric fields

as required for optoelectronic applications.
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Figure 3.2: (a) Molecular structure of 4-hexyl-4’-biphenylcarbonitrile (6CB).
(b) Temperature-dependent refractive indices of 6CB at A=589 nm. (c)
Temperature-dependent birefringence of 6CB at A=589 nm.

[155]

The essential characteristics of the molecules leading to liquid crystalline
mesophases are: 1) the presence of a rigid and anisotropic central core, gen-
erally consisting of benzene nuclei (e.g., the two benzene groups of the 6CB
molecule in Figure 3.1. This rigid core minimizing the Gibb’s free energy of
the system. 2) The presence of partially flexible aliphatic tails (CgHy3 group
in 6CB). These groups favor the fluidity of the system and unfavorably tend

to affect the positional order and crystalline phase.
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3.3 Thermoplasmonic effect with Nanoparti-
cles

NLCs have attracted much attention both in scientific studies and in ap-
plication among all soft and smart materials, due to their special properties:
the possibility of changing their physical and optical properties by external
stimuli, and here we focus on the effect of photothermal heating by nanopar-
ticles (NPs). The synergism between LCs and gold nanoparticles (AuNPs)
proves to be a new and interesting way to study and control temperature at
the nanoscale. In fact, LCs have been used as active media to control the
LSPR frequency of AuNPs and to detect photoinduced temperature variation
at the nanoscale.

After the interaction with incident light in the visible spectral domain,
the AuNPs gain energy by absorbing photons through electron transitions. If
the frequency of the incident radiation matches the LSPR band, a resonant
coupling with the EM wave occurs, with consequent excitation of the plas-
mon resonance, this triggering of phenomena manifests itself in a collective,
coherent, and dipolar electronic oscillation in the conduction band.

The result is a global non-equilibrium condition of the electronic distri-
bution, with some electrons absorbing photonic energy and others remaining
unexcited. In order to restore the internal thermal equilibrium of the elec-
tron conduction band, the energy is redistributed, through electron-electron
collisions (e-e), inside the quasi-free electronic gas. This process, which does
not involve loss of energy acquired by photons, occurs on a time scale of ap-
proximately 10fs < 7 < 100fs, based on the total energy introduced into the
system. Subsequently, the energy of the hot carriers is redistributed with a
relaxation process, through electron-phonon scattering (e-ph), on a time scale
of 100fs < 7 < 100ps. The last step takes into account the medium surround-
ing the nanoparticle, and the transfer of thermal energy to the interface, via
phonon-phonon collisions (ph-ph), on the 10ps < 7 < 10ns time scale. The

thermal dissipation leads to the cooling of the AuNP which releases heat to
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the surrounding medium, causing its temperature to rise. The dynamic of this
process strongly depends on the heat transfer properties of the surrounding
medium. The heat source term is calculated by evaluating the power density

of the electromagnetic field absorbed in the NP and can be expressed:

Q = Oaps] (32)

where I = ncegE3 /2, is the irradiance of the incident plane wave, ¢ is the speed

of light, and Ej, is the amplitude of the external electric field.

3.3.1 Photothermal characterization of the AulNPs.

To characterize the photothermal effects of the metallic colloidal solu-
tion, the solution is loaded into a 10 mm quartz cuvette and exposed to a
resonant CW green laser (A = 532 nm), impinging perpendicularly to it. In
this way the heating phenomena related to the excitation of the LSPR has
been stimulated. The thermal effect strongly depends on the resonant pump
beam intensity I (power/surface); in fact, the energy absorbed (and delivered)
by a single AuNP, which transforms in a dissipated heat () from the nanopar-
ticle, can be simply expressed as a function of the absorption cross section g,
and the impinging intensity. The thermographic analysis reveals the presence
of hot spots, related to the photoinduced heat generated by the AuNPs. By
monitoring the temperature values of the central pixel area of each hot spot,
corresponding to the warmest point, it is possible to plot the temperature in-
crease AT = T - T versus the impinging intensity (T is the temperature when
the pump beam is off, which corresponds to room temperature). Experimental
data of AT as a function of the impinging light intensity ranging from 1.0 to
10.0 W/cm? are reported in Figure 3.3. The maximum temperature increase

obtained for the I, ~ 10 W/cm? is ~ 18°C.
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Figure 3.3: Temperature increase of AuNPs solution as a function of different

intensity values of the resonant pump beam.

3.4 Liquid crystal infiltration into metasurface

The metalens considered is composed of an array of fused-silica nanopil-
lars with diameters ranging from 250 nm to 600 nm and a height of 2 um,
arranged in concentric rings, with a fixed pillar edge-to-edge distance of 250
nm. A morphological characterization of the ”empty” metasurface (air among

the nanopillars) is reported in Figure 3.4.
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Figure 3.4: (a) POM (Polarized optical microscopy) image of the empty meta-
surface, scale bar: 200 pm; (b) SEM (Scanning Electron Microscopy) image of
the pillar structure along the outside metalens; (c) normalized intensity dis-
tribution in the x-z plane about the focal point; (d) experimentally measured
focal spot produced by the empty metalens in the focal plane, (scale bar: 10
pm) and (e) measured PSF (point spread function) of the empty metalens,
dashed lines represent the focal spot profile for ideal Airy disk. The Strehl

ratio value is 0.835. Reproduced with permission [156].

The wetting of the metasurface is generally non-trivial and depends
strongly on the geometric properties of the patterned array and the hydrophilic
attraction between the liquid and the substrate material, as well as on the
viscous properties of the wetting liquid. [157] A droplet of a wetting liquid
applied to a nanostructured array will generally remain in equilibrium, either
in the Cassie-Baxter state, forming a droplet on the surface without wetting
the structure, or in the Wenzel state, displacing air infiltration and filling the
structure below the droplet. [158, 159] There is a third state in which the
liquid exceeds the Wenzel equilibrium state and an infiltrating film spreads

around the droplet and throughout the microstructure, resulting in complete
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infiltration of the nanopatterned array with the wetting material.

It was obtained a stable equilibrium film that completely infiltrates the
metalens with the film height equal to the pillar height (2 m). This analysis
assumes a regular array of flat-topped cylindrical pillars. In reality, the pillar
spacing and size are highly non-uniform throughout the metalens. This non-
uniform geometry can lead to complex infiltration behavior that is difficult to
predict at the scale of the metalens.

Several droplets of the NLC/AuNPs mixture in the isotropic phase (heated
to T > 30°C) were released around the outer edge of the metalens and left to
infiltrate on a hot plate for 1 hour. During the infiltration, the NLC tends
to move radially inward from the point of introduction at the outer edge of
the lens after fully infiltrating the external pillared rings and remains spatially
non-uniform even after the NLC front reaches the center of the lens. The equi-
librium height profile of the infiltrated NLC depends strongly on the radially
varying width of the circumferential rings without nanopillars (channels), due
to the wicking forces and the downward force from the droplet at the outer
edge of the lens.[160, 161]

The infiltration of the mixture inside the metalens can be followed through
an optical microscope (Figure 3.5) analysis between crossed polarizers and the
metalens is visibly brighter due to the polarization conversion performed by

the birefringent NLC.
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Figure 3.5: (a) - (c) POM images with cross polarizers of metalens filled
with 6CB+AuNPs in different regions (scale bar: 200 pum). (d) Hlustration
of a pillars region of the metalens infiltrated with the 6CB+AulNPs mixture.
Reproduced with permission [156].

3.5 Tuning and imaging of metalens perme-

ated LC

The optical setup to tune and control the filled metalens consists of a
green continuous wave pump laser (A = 532 nm, Verdi, Coherent), that res-

onates with the LSPR of AuNPs. The light is incident on the sample at a
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45-degree angle and the resulting temperature variations are monitored with a
thermal imaging camera, FLIR E40 (Figure 3.6(a)). The pump laser is en-
larged with a beam expander (BE) to illuminate the entire metalens (diameter
of 1 cm) so that the absorption for all planar NLC configurations, minimizes
strain on the NLC alignment. [133, 162] A 570-nm high-pass filter is placed

before the imaging CCD to remove the scattered pump beam from the focusing

profile.
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Figure 3.6: (a) Schematic diagram of the all-optical pump-probe and thermo-
graphic setup: Linear Polarizer (LP), A/2 and \/4 waveplates, Beam Expander
(BE); thermographic images of the 6CB+ AuNPs filled metalens (b) when the
pump laser beam is OFF and (c) when the pump laser beam is ON with in-
tensity /= 2.3 W/cm?. Inset: temperature maps of the metalens sample in

each pump configuration. Reproduced with permission [156].

Figure 3.6(b) shows a thermographic image of the 6CB+AuNPs filled
metalens (with the mounting device) when the pump beam is stopped (state:

pump off). The two white square areas labeled (1) and (2) in the figure,
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represent the two measurement areas centered on the room temperature (18.5
+ 1.0)°C and on the sample (19.9 £+ 1.0)°C, respectively. The sample is then
illuminated with the pump beam (state: pump on) and the intensity is varied
and monitored until a maximum steady-state photo-induced temperature of
38.1 £ 1.0 °C is reached on the sample (box (2) in Figure 3.6(c)), that is higher

than the nematic - isotropic transition temperature of Ty = 28.07 °C.
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Figure 3.7: Normalized 3D plot of the measured intensity distributions of the
metalens filled with 6CB+AuNPs when the pump state is (a) OFF, (b) ON (c)
OFF 2 with (d-f) the corresponding intensity distributions at the focal plane
for the three cases (scale bar: 10 pm), and (g-i) the corresponding PSFs,
respectively. Experimental Strehl ratio values: (g) 0.324, (h) 0.315, and (i)
0.386. Reproduced with permission [156].

Figure 3.7(a) shows the 3D reconstruction of the experimental intensity
distribution of the metalens in the absence of pump beam (pump off 1), with
the focal plane at the z-position of 110um (Figure 3.7(d)). The z-position is
given relative to the experimental zero point. The corresponding beam profile
has a FWHM of 4.18 4+ 0.01 pm (Figure 3.7(g)). The 3D beam reconstruction
is performed by acquiring images in the x-z plane in the range from —250

pm to 4250 pm along the optical axis, with a fixed step movement of 2 pm.
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Comparing the infiltrated metalens with the empty one the infiltration is seen
to decrease the Strehl ratio and so the quality of the focusing profile. This
result is expected since the metalens has not been specifically designed to
accommodate the infiltrated NLC.

A shift of 80 um is observed in the focal distance (new z-position= 30um)
in the state of PUMP ON when turning on the pump beam, as well as a mod-
ification of the PSF (Figure 3.7(b)). Modifications in the sidelobe intensity
can be observed in the focal plane 2-D intensity distribution (Figure 3.7(e))
while the FWHM of the central spot is decreased with respect to the pump off
case. The FWHM of the focal spot is evaluated to be 3.81 + 0.01 um (Figure
3.7(h)). Then the pump beam is stopped from the sample in order to probe
the reversibility of the tuning effect. A 3D reconstruction of the intensity dis-
tribution, as well as the corresponding PSF and the intensity sectional profile
in the x-direction at the focal plane, are reported in Figures 3.7(c), 3.7(f) and
3.7(i), respectively. Following the heating cycle (pump off 2), the focal plane
returns to the z-position of 110um (Figure 3.7(c)), as obtained previously of
the heating cycle in the state of pump off. The FWHM of the obtained PSF
focal spot is 4.53 £ 0.01 pm (Figure 3.7(i)). The corresponding Strehl ratio
values, for the three reported measurements, are SR= 0.324 4+ 0.002 for pump
off 1, SR= 0.315 + 0.002 for pump on, and SR= 0.386 4+ 0.002 for pump off 2.
The focal length tunability for the 6CB+AuNPs infiltrated metalens system
is similarly demonstrated in Figure 3.8(a).

In order to check the reversibility of the tuning effect, a dynamic thermo-
optical experiment was performed by monitoring the intensity in a fixed x-y
plane (z-position = 30 pm) while modifying the sample temperature. The
temperature was altered by controlling the exposure time to the pump beam.
In the time interval 0 - 60 s a temperature of 40°C is reached, which is suf-
ficient to induce the N-I transition Figure 3.8(b) - top panel). The intensity
value is obtained by integrating over the intensity distribution in the x-y plane,
and the measurement is then iterated for two on/off cycles. Only one cycle is

shown in Figure 3.8(b) - bottom panel, for clarity. Increasing the temperature
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of the sample from Ti= 20 °C to T>= 40 °C, the focal spot intensity is seen
to increase roughly seven-fold from the initial intensity (Figure 3.8(b) - bot-
tom panel). Once the pump beam is removed, the NLC cools back to room
temperature, returning to the nematic phase (blue side region of the graph).
At the same time, the light intensity values are observed to return to the ini-
tial state, demonstrating the repeatability of the observed effect. A control
experiment (same experimental conditions) was performed on an NLC-filled
metalens without AuNPs and no significant temperature or intensity varia-
tions were observed. This result demonstrates that the photo-heat conversion

is directly associated with the plasmonic photo-thermal effect of the AuNPs.
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Figure 3.8: (a) Normalized measured intensity distributions along the propa-
gation direction in the x-z plane for the 6CB+AuNPs filled metalens when the
pump is off, pump on, and pump off 2. (b) Variations in the temperature and
integrated focal spot intensity at the focal plane of the pump-active metalens
(z-position = 30 um), as the pump beam is turned on (Pump on) and then

back off (Pump off) at 60 s. Reproduced with permission [156].

The proposed tunable metalens system can be exploited for varifocal
imaging with photothermally controlled focusing. To validate the imaging

ability of the tunable metalens system, a negative 1951 USAF resolution target



3.5. TUNING AND IMAGING OF METALENS PERMEATED LC 78

(Thorlabs) was imaged with the metalens in place of an imaging objective,
setup in the top panel of Figure 3.9. During the imaging measurement, the
probe red laser (A= 633 nm) continuously irradiated the target, while the green
pump laser (A = 532 nm - resonant with the plasmonic band of the spherical
AuNPs) was switched on and off to trigger the photothermal effect and verify
the focal plane shift. The images (corresponding to group 4 of the resolution
target) formed by the metalens are shown in Figure 3.9. Initially, when the
pump laser is off, the image is in maximal focus at z-position = 110 ym Figure
3.9(a)). When the thermo-optical control is switched on the image moves out
of focus (Figure 3.9(b)). The image is returned to focus once the pump laser is
removed (Figure 3.9(c)). Similarly, with the acquisition plane at the z-position
of 30 pm, the obtained image is out of focus when the pump beam is off (Figure
3.9(d)), an in focus when the pump beam is on (Figure 3.9(e)). The image
is again removed from focus when the pump beam is turned back off (pump
off 2) (Figure 3.9(f)). The observed distance between the two well-focused
image planes confirms a shift of about 80 pm in the focal length induced by

the photothermal effects.
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Figure 3.9: Schematic diagram of the imaging setup. A green laser (532 nm) is
used to pump the metalens and the temperature was monitored by a thermal
camera. (a) - (f) Tuning of the imaging distance of the metalens with negative
target image (USAF 1951 target, group 4). Readapted with permission
[156].

3.6 Conclusion

This chapter presents a novel approach to achieve reversible and dy-
namic control of the focal length in a metalens through a light-induced thermo-
plasmonic effect. Experimental results demonstrate an impressive 80 um shift
in focal length, making it suitable for imaging applications. Notably, this
device stands out from existing systems as it offers a fully optically tunable
metalens. The tunability is achieved by directly infiltrating a mixture of NLC
(liquid crystal) and AuNPs (gold nanoparticles) into the metasurface structure,

eliminating the requirement for assembling a bulky liquid crystal cell.
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In addition, this metalens system is fully compatible with conventional
CMOS fabrication techniques and is easily controlled compared to tunable de-
vices based on mechanical stretching or other control methods. Future applica-
tions include adaptive vision, bio-imaging, display applications where varifocal
or multi-plane imaging is desired. In the current system, the phase profile is
offset from the designed target by the infiltrated NLC. To improve the focal
point shift distance, pillar geometries can be designed which maximize the
difference in transmitted phase due to the NLC phase transition.

By altering the arrangement of pillars in the nanostructure, it is pos-
sible to modify the hemiwicking properties exhibited by the structure. This
adjustment offers an opportunity to design specific infiltration profiles tailored
to the desired application. To optimize this process effectively, the applica-
tion of optimization methods, including machine learning approaches, would
prove valuable. Machine learning algorithms can analyze and learn from large
datasets, enabling the identification of optimal pillar arrangements that result
in desired hemiwicking properties. By leveraging machine learning techniques,
researchers can expedite the optimization process and enhance the overall per-

formance of the nanostructure for various applications.



Chapter 4

Tunable polymeric metalenses

Metalenses have recently emerged as a groundbreaking technology, sur-
passing the capabilities of traditional refractive lenses in terms of compactness
and subwavelength resolution. However, despite their exceptional optical prop-
erties, the fabrication process for these nanostructured lenses is known to be
costly and time-intensive. This chapter presents a significant advancement
in the field by reporting on the fabrication and characterization of scalable,
cost-effective, flexible, and tunable metalenses designed specifically for visible
frequencies. These advancements aim to address the challenges associated with
the fabrication of metalenses, making them more accessible and practical for a
wide range of applications. The material of such metalens consists of a poly-
mer matrix, easily fabricated via direct pattern replication from a master copy.
In addition, thanks to liquid crystal (LC) inclusions, the lens shows tunable
features. This chapter explores the all-optical reconfigurability of a dielectric
metalens through the thermal-induced changes in the local refractive index.
The optical response of the metalenses undergoes a modification owing to the
LC phase transition that can be induced thermally. We have obtained a con-
tinuous and reversible tunability of the metalens focal length with a variation
up to 150 um with an optical efficiency of 82% and a numerical aperture of

0.085 at 633nm.

81



4.1. INTRODUCTION 82

4.1 Introduction

Efforts have been made to produce thinner and more compact lenses with
the same properties as traditional refractive lenses. [163-165] Metasurfaces
have enabled the development of multifunctional, thin, and lightweight opti-
cal components for optical imaging systems, such as augmented reality (AR),
virtual reality (VR), mixed reality (MR) devices, and even imaging systems
for drone cameras and orbiting satellites. [166-168] In particular, for the AR
/ VR / MR industry, the development of lightweight lenses in the centimeter
range, larger than the pupil of the human eye, is of paramount importance. A
lens with a large aperture allows better imaging in low light conditions and a
larger field of view. [169]

These advances have led numerous research groups to fabricate ultrathin
metalenses that feature properties such as tunability and aberration correction.
[170-173]

The geometry, shape, and size of metalenses with specific subwavelength
metallic or dielectric arrays, have been developed for multifunctional wavefront
manipulation. For this reason, it is challenging to reconfigure such systems by
external stimuli such as heat, [174] electrical voltage, [175] or mechanical action
[176-178].

A metalens can be tuned by continuously changing its refractive index.
Nematic liquid crystals (NLCs) are a class of materials known for their abil-
ity to alter their refractive index in response to an external stimulus. Many
researchers have tuned LC refractive indices by applying an electric field in
devices that coupled a NLC cell and a metalens. [179-183]

To design metalenses, the desired phase profile should be engineered by
using meta-atoms. To focus an incident plane wave at a lens focal point,
the target phase ® at a point P(z,y) on a metalens should satisfy the phase
retardation: [184]
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where r = \/Wy2 is the radial distance from the center to each point,
f is the focal length, and A\ is the wavelength.

In the present chapter, the ability of dynamic and reversible reconfigu-
ration is provided by the NLC in a polymer matrix and the application of a
thermal stimulus without creating an electro-optic cell. We demonstrate that
it is possible to create inverse metasurfaces capable of focusing visible light, at

low cost and their repeatability guarantees mass production.

4.2 Soft litography

Electron beam lithography, commonly used in the production of metasur-
faces, is not well-suited for large-scale manufacturing due to its time-consuming
and expensive nature. In contrast, polymer materials offer cost-effectiveness
and disposability, making them more desirable for high-volume production. As
a result, soft lithography techniques have continued to advance as an alterna-
tive approach to fabricating metasurfaces. Soft lithography methods provide
greater scalability and cost-efficiency, contributing to the widespread adoption
of these techniques in the field. [185-187] The advantages of this technique
are numerous such as lower costs compared to classic lithography, suitable for
applications in biochemistry and electronics, lower sensitivity than lithogra-
phy which in any case depends on the master metasurface which can be reused
many times and used to obtain even large-scale devices. The advantage of
this approach is related to the multiple use of the master metasurface and its
scalability. It is important also to mention that the aspect ratio of the nanopil-
llars is a key parameter to avoid structural collapse. The aspect ratio of the
elements of the metasurface must be limited to the values 3-4. [188]

Polydimethylsiloxane (PDMS) is an excellent material to be used in soft
lithography stamps, as first demonstrated by Xia et al.[189] They showed that
PDMS is able to replicate sub-micrometer structures. Due to the ease of use,
PDMS has become the material of fist choice in soft lithography applications

such as micro-contact printing, micro-transfer printing, replica molding, and
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transfer molding. The properties of this polymer are ideal for soft lithography:
the low Young’s modulus enables conformal contact on substrates and the
rubber can be formed at room temperature. Moreover, PDMS is chemically
inert, non-toxic, biocompatible, has a low surface energy and high permeability
for gasses and solvents. Finally, PDMS is transparent in the wavelength range

from 300 nm to 3 pm.
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Figure 4.1: Chemical structure of Polydimethylsiloxane (PDMS).

Patterned PDMS stamps are formed by molding a reactive two-component
PDMS system from a master pattern. This is usually a silicon wafer patterned
by standard semiconductor lithography processes such as optical lithography,
electron beam lithography in combination with etching or focused ion beam
milling. PDMS stamps can also be directly molded from patterned resist ma-

terials.

4.3 Polymer Dispersed Liquid Crystal

Polymer Dispersed Liquid Crystals (PDLCs) are thin films of polymer
that generally contains micro-sized droplets of nematic liquid crystal. [190]
The LC director in the nematic droplet has no preferred orientation in the

film in its undriven state. The result is the scattering of the incident light due
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to the mismatch between the refractive index of the polymer and the average
refractive index of the LC. For this reason, it is important that the droplet
diameter is of the same order of magnitude as the wavelength of the incident
light. When an external stimulus is applied to the PDLC such as an electric
field or heat, the NLC droplets can either reorient their directors parallel to
the field, or lose their mesomorphism. [191] In the first case, if the ordinary
refractive index of the LC (n,) is matched to the refractive index of the polymer
matrix, light incident normal to the film will be transmitted with no scattering
as there is no refractive index mismatch. In the second case, if the average
LC refractive index matches that of the polymer matrix, the heat will induce
the nematic/isotropic phase transition with a consequent reduction of light
scattering. For the large differences between the refractive indices of the two
materials, PDLCs are opaque in their initial state and become transparent by
applying an adequate external stimulus. An important application of these
devices is their use as smart windows. [192, 193] When the stimulus is turned
off, the PDLC films will gain the initial scattering state as the anchoring
forces, acting on the NLC molecules at the polymer droplet walls, will move

LC directors to their original random distribution of orientations.
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Figure 4.2: Schematic of PDLC material (a) in the undriven state (b) and in

the driven state.

PDLC films can be prepared by different methods. The first one was
demonstrated by Ferguson in 1981, who obtained a PDLC film (the so-called
NCAP, Nematic Curvilinear Aligned Phase) by emulsification of a polymer and
liquid crystal in water.[194] Other preparation methods were later described
by Doane et al. The most important of these methods is certainly the poly-
merization of a homogeneous solution of liquid crystal and pre-polymer (Poly-
merisation Induced Phase Separation, PIPS). [195] As the polymer forms, the
liquid crystal phase separates as discrete droplets. The polymerization process
may be initiated by heat (as in an epoxy resin/curing agent mixture) or by UV
light (as in an acrylate or thiol-ene system). In other similar methods of PDLC
preparation, the phase separation process is controlled by temperature change
(Thermal Induced Phase Separation, TIPS) or solvent evaporation (Solvent
Induced Phase Separation, SIPS). It is possible to create metalens in PDLC
that can focus the visible light spectrum and tune the focus.[196-200]
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4.4 Fabrication and characterization

The metalens master is an all glass device as reported by Park et al.
[169] Its surface was passivated by the deposition of a thin layer (10nm) of
Chromium, using a Kenosistec KS300C sputtering system with a rate of 0.05
nm/sec. The inverse metasurface from the master was obtained by soft lithog-
raphy, of a Polydimethylsiloxane polymer (PDMS), (Sylgar 184 Dow Corning),
which is a transparent polymer widely used in microfluidics with excellent
stretching, compliance, and biocompatibility properties.

The silicone and curing agent were mixed in the wt ratio 10:1 for a
few minutes and then 2wt% of N-(4- Methoxybenzylidene) -4- butylaniline
(MBBA) nematic liquid crystal was added. The MBBA concentration was
limited to 2 wt% to avoid opaque lens effects being the PDMS refractive in-
dex (nppys = 1.41) quite different from the MBBA average refractive index
(nyepa = 1.56). After a vacuum degassing of about 10 minutes at a pressure
of 1072 mbar, the mixture was gently poured onto the metasurface, previously
heated, and vacuum degassed again to prevent any air bubbles formation. The
master metalens with the above mixture was then placed in the oven for 2 hours
at 80°C.

Following the polymerization of PDMS, a gentle peel-off process was
employed to obtain the replica metasurface. Figure 4.3 (a) shows the starting
master metalens and the obtained replica metalens, Figure 4.3 (b). Both
samples exhibit remarkably similar shapes and dimensions, providing strong
confirmation of the reliability and fidelity of the manufacturing procedure.
This is further illustrated in Figure 4.3, where the close resemblance between

the two samples can be observed.
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Figure 4.3: (a) Polarized optical microscopy image of metalens master between
parallel polarizers after a deposition of 10 nm of Cr to passivate the surface
and (b) metalens replica. Images were taken with a 10x objective, Axioscope

7 Microscopy (Zeiss) at room temperature. The scale bar is 100 pm.

The obtained metasurfaces are flat and flexible platforms, with a thick-
ness of about 50 um, and can focus the electromagnetic spectrum in the visible
range. The flexibility of the material allows the metalenses to be able to be
deformed as desired and therefore to be adapted to any type of geometry.

Figure 4.4 shows the fabricated metalens with a diameter of 1 cm and
a focal length of 6 cm. During the initial test, the white light emitted by
a smartphone was focused, and subsequent compression and elongation tests
were conducted. Remarkably, the sample consistently returned to its original

shape without any signs of breakage or damage.
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(a) (b)

Figure 4.4: (a) Image of a series of manufactured replica metalens, the dimen-
sions are identical to those of the master, lem diameter. (b) Demonstration
of the property of manufactured lenses to focus the LED light of a smartphone

and (c) demonstration of the flexibility of the metalens.

The samples fabricated using the soft lithography technique were ana-
lyzed by Atomic Force Microscopy (AFM) to check the quality of the meta-

surfaces.
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Figure 4.5: Images of metalens with Atomic Force Microscope (a) Three rings
of metalens with a scale bar of 30 pm are shown. (b) A detail of a ring showing

the periodicity of the pillars of the metalens. Scale bars 10 um.

In Figure 4.5 (a) a portion of the metalens is shown, specifically only
three rings. It is noticeable that the pillars are not collapsed, but they have
been well reproduced with a height of a few less than the master metasurface.
In Figure 4.5 (b) a zoom was made on a portion of the metalens where the
formation of the pillars and their periodicity of the same height are more
evident.

The numerical aperture is evaluated using the following equation: [201]

NA = nsind (4.2)

In the condition of a low lens magnification, the equation is reduced to:

NA = nsin [arctan <%)} ~ n% (4.3)
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Where D is the diameter of the lens, n is the refractive index of the
medium where the metalenses work namely n ~ 1.0, and f is the focal length.
From the last equation, a numerical aperture of the manufactured metalens of
0.085 was calculated.

Figure 4.6 shows the setups in the presence and absence of the metalens.
The obtained power values were 470 mW and 570 mW respectively, keeping

the laser power fixed.
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Figure 4.6: Two experimental setups to calculate the efficiency of metalens:
(a) in presence of the metalens to calculate the transmitted laser power, (b)

without metalens to calculate all the transmitted laser power.

By comparing the two experimental values obtained, the efficiency of the
metalens can be determined. This efficiency represents the amount of radiation
that is transmitted through the metalens at a wavelength of 633 nm. Notably,
the experimental value for the efficiency of the metalens is found to be 82%.

To confirm the quality of the replica metalens various characterizations

were performed: focusing efficiency, Point Spread Functions (PSF's), and Strehl
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ratio (SR) measurements.

In Figure 4.7 PSFs and intensity profiles are obtained experimentally
at different wavelengths (405 nm, 532 nm, 633 nm) at room temperature, to
verify the properties of the metalens in the visible spectrum. The relative Full
Width at Half Maximum (FWHM) values were 4.57, 7.49, 9.38 um and SR
values were 0.40, 0.30, 0.14 respectively.
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Figure 4.7: (a) - (c) Focal spot images of the metalens at room temperature
with incident wavelengths at 405, 532, and 633 nm, respectively. The scale bar
is 10 pm. (d) - (f) Comparison of the ideal intensity profile of the Airy disk
(dashed line) and the experimental focusing profile of metalens replica (solid
line) for each incident wavelength. The Strehl ratios (SRs) are 0.40, 0.30, and
0.13 and the measured focal lengths (f) for each wavelength are 40, 44, 52 mm,

respectively.

It can be seen from the SR and FWHM values that the efficiency of the
metalens is better at wavelengths closer to red, because PDMS is character-

ized by a large absorption in the UV and near blue region of electromagnetic
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spectrum, in Figure 4.8 is reported the experimental absorbance spectrum of

the metalens.
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Figure 4.8: Absorbance spectrum of fabricated metalens in PDMS with 2wt
% of MBBA.

4.5 Tuning and imaging of polymeric metal-
enses

The experimental setup to tune the replica metasurfaces (Figure 4.9)
consists of a red laser (He-Ne, A=633 nm) to illuminate the metalens; optical
elements such as A\/2 and \/4 waveplate and linear polarizer, a beam expander
to widen the beam (beam diameter ~ 1 cm). The transmitted light is collected
by a 50X objective (N.A.= 0.5) and impinges through a tube lens on the CCD
camera, (Pixelfly-Qe, a high-performance digital 12-bit CCD camera) that is
mounted on a translation stage controlled by means of a step motor, to move

and acquire intensity profiles. The metalens is placed on a heating stage to
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change and control its temperature.
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Figure 4.9: Schematic diagram of the optical setup: linear polarizer (LP), A/2
and \/4 waveplates, and beam expander (BE); metalens on a heating stage, a

tube lens and a CCD with an objective 50x.

The nematic-isotropic transition temperature (Ty_r) of the MBBA liquid
crystal occurs at 45°C. Consequently, the metalens was heated to T=55°C,
to ensure the phase transition of the NLC. To check the repeatability and
reversibility of the focus tuning, the reconstruction of the metalens Gaussian
beam and the determination of the PSF and the SR values were performed at
room temperature (T=21°C), after heating the sample to T=55°C, and after
cooling the sample to T=21°C Figure 4.10.

First, the focus of the metalens was found at room temperature and was
fixed as z = Oum position for all experiments. A sweep of the focus position
from —400pm to +400 pm in 50 pum steps was done, moving the translator
Then the sample was heated at 55°C, and the focus moved to the z = 150um

position after a few seconds. Subsequently, the sample was cooled, returning
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to room temperature after about 8 min, and the focus returned to the initial
position (z = Oum). The process was continuous and reversible, and checked

by imaging for consecutive cycles.
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Figure 4.10: (a) Normalized measured intensity distributions along the x-z
plane of the metalens at A = 633 nm at room temperature T=21°C, (b) af-
ter increasing temperature at T=55°C and (c) after cooling the metalens and
returning at room temperature T=21°C. Dashed line at z = 0 represents the
focal plane for room temperature and the second dashed line represents the
new focal plane at z=150 pm. (d-f) Corresponding PSFs, for the three tem-
peratures respectively. The blue dashed lines represent the focal spot profile
for ideal Airy disk along with the experimental focusing profile in red. Exper-
imental Strehl ratio values: (d) 0.416, (e) 0.714, and (f) 0.403. In the inset
the corresponding intensity distributions at the focal plane for the three cases

(scale bar: 10 pym).

The SR values found for the three measurements were 0.416, 0.714, and

0.403 respectively. Being SR a parameter to assess the image quality, it is ev-



4.5. TUNING AND IMAGING OF POLYMERIC METALENSES 96

ident the obtained results that heating the metasurface can enhance the qual-
ity of images, in agreement with the PDLC scattering theory, which predicts
a large reduction of the light scattering in the LC isotropic phase. Conse-
quently, heat can tune the focus of the proposed metalens using the increase
of temperature as the external stimulus.

To further assess the heat-induced enhancement of image quality, a USAF
1951 resolution test target, negative version, was placed in the middle of the
metalens and a 10x objective within the previously described optical setup.

Figure 4.11(a) shows the images from the image at the room temperature
T=21°C with the image focus set as the position z=0pum. Then, the metal-
ens was heated a temperature well above the MBBA nematic-isotropic phase
transition temperature (T=55°C) and moved out of focus in the position z=0
pm , Figure 4.11(b). Nevertheless, by changing the focus plane to the position
z=150 pm, the focus of the image was got back, as shown in Figure 4.11(c).
To validate the reversibility of the process, the metalens was cooled the initial
temperature (T=21°C). Keeping the focus plane in the position z=150 pm the
image was no longer in focus, Figure 4.11(d), but, moving it to the position
z=0 pum, a well-focused image was again obtained as reported in Figure 4.11(e).

As a counter-test to verify the tunability of the metalens due to the
thermal effect of the N-I transition of the NLC, imaging tests were performed
with metalens without LC inclusion (MBBA 0 wt%).
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Figure 4.11: Imaging by metalens using a target (USAF 1951, group 3) when
(a) the focus is at z=0 pm position at room temperature (T=21°C), (b) after
heating the metalens well above the MBBA nematic-isotropic phase transition
temperature without any change in the initial focus position (z=0um), (c)
after heating the metalens at T=>55°C and shifting to the focus position of
z=150 pm (d) after cooling the metalens T=21°C and keeping the previous
focus position of z=150 pm, and (e) after cooling the metalens at T=21°C

and moving the focus position back to z=0 pym. The scale bar is 500 pm.

Figure 4.12 shows clearly that the focus image of the target didn’t move

by changing the temperature in the position z=0 pm.
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(b) ©

T=55°C T=21°C

Figure 4.12: Imaging by a metalens without LC using a target (USAF 1951,
group 2) when (a) the focus is at z=0 pm position at room temperature
(T=21°C), (b) after heating at T=55°C the focused imaging remains in the
initial position (z=0pm), (c) after cooling the metalens (T=21°C) there was
not shift in the focused imaging, but still remains at z=0 pum. Scale bar is 500

.

To verify the effectiveness of the metalens, the experimental wavefront
was calculated using the setup in Figure 4.13 (a). It includes a 635 nm laser
diode as source, a Piezo Electric Deformable Mirror (DM), a beam splitter and
Shack-Hartmann Sensor. The reconstructed wavefront is much thinner than
the wavefront of the laser without metalens, a sign that the lens collimates the

laser beam.
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Figure 4.13: (a) Setup of Adaptive Optics Kit with CMOS Shack-Hartmann
wavefront sensor (Thorlabs) (b) Experimental measurement of the wavefront

of the fabricated metalens

4.6 Conclusion

In this chapter, I conducted research for my Ph.D. focused on the fab-
rication of tunable metalenses using a combination of polymer and nematic
liquid crystal (NLC) materials. The fabrication process employed a fast and
cost-effective method, resulting in flat, thin, flexible, and self-standing lenses.
This soft lithography approach offers the advantage of directly fabricating the
inverse of the master metalens, enabling large-scale production. To optimize
the process, a large wafer containing multiple master metalenses can be uti-
lized, allowing for the production of multiple lenses in a single manufacturing
cycle. This scalable approach opens up possibilities for innovative and flexible

device production. The metalenses were subjected to comprehensive optical
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and structural characterization. The inclusion of a thermally induced phase
transition in the liquid crystal component enabled the reversible adjustment
of the metalens focus. Impressively, a focal shift of 150 pym, which corresponds
to 2.5% of the 6 ¢cm nominal focal length, was achieved through this ther-
mally induced phase transition. These findings highlight the tunable nature
and practical applications of the fabricated metalenses, demonstrating their

potential for diverse optical systems and devices.



Chapter 5

Conclusion and Perspectives

Metasurfaces represent a significant area of research and find applica-
tions across a wide range of fields due to their unique ability to manipulate
electromagnetic waves at all optical frequencies. These artificial surface ma-
terials, typically composed of metallic patches or dielectric etchings in planar
or multilayer configurations with sub-wavelength thickness, offer advantages
such as lightweight construction, ease of fabrication, and control over wave
propagation on the surface and in the surrounding free space.

This Ph.D. thesis focuses on the design, fabrication, and characteriza-
tion of novel metasurfaces with the aim of greatly improving refractive index
detection and optical tunable reconfiguration. The research was conducted
under the supervision of Prof. G. Strangi at the University of Calabria, with
substantial collaboration from the group at Case Western Reserve University
and Prof. F. Capasso’s group at Harvard University.

The first part of the thesis explores the fundamental aspects of metasur-
faces for detecting various materials, particularly molecules, in sensing applica-
tions. Sensor technology has gained increasing importance in medical research
and clinical diagnostics, enabling the direct detection of low molecular weight
biomolecules associated with life-threatening diseases. While several technolo-
gies have been developed, becoming core label-free detection methods for can-
cer biomarkers and viruses, current biosensing techniques still require radical

innovation to achieve high sensitivity, specificity, diffusion-limited transport,
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and accuracy in detecting both nucleic acids and proteins.

In the first chapter, a numerical investigation of a chiral plasmonic meta-
surface composed of an array of 3D right-handed gold helices is presented. By
optimizing the parameters, it is possible to design a metasurface that exhibits
distinct resonance modes within the infrared (IR) region of the electromag-
netic spectrum. The calculated sensing sensitivity and figure of merit (FOM)
values suggest that this tailored metasurface could be employed for surface
sensing. Future studies may further enhance the sensitivity and FOM values
by exploring alternative chiral geometries.

The second chapter provides a comprehensive study of Fano resonance
and its application in optical coatings. A numerical study of a Fano-resonant
optical coating (FROC) is presented, aimed at improving properties such as
corrosion and oxidation resistance in air and water. Furthermore, several meta-
surfaces fabricated using physical vapor deposition (PVD) techniques are op-
tically measured. These metasurfaces exhibit the potential for significantly
enhancing the efficiency of silicon or perovskite photovoltaic cells and can also
function as beam splitters.

The second part of the thesis focuses on the ability to control and manip-
ulate electromagnetic radiation through metasurfaces using external stimuli.
Optical metalenses have gained attention for their applications in solar energy
harvesting, imaging, optoelectronic devices, and more. Conventional optical
devices rely on geometric optics to focus light, such as convex lenses and con-
cave mirrors. In the third chapter, the thermoplasmonic property of Au-Nps
is utilized to induce a transition in liquid crystals in an infiltrated all-glass
metalens. This groundbreaking result demonstrates the achievement of such a
transition in an ultra-compact metasurface thickness through photonic stim-
uli. Future steps involve optimizing the metasurfaces, potentially leveraging
artificial intelligence (AI) to better accommodate mixtures of liquid crystals.

The last chapter proposes a simple, low-cost, and rapid technique for
fabricating replica metasurfaces that possess similar properties to the master

metasurface. Structural and optical studies of the samples demonstrate their
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performance, including a focal shift of 150 um, corresponding to 2.5% of the
nominal 6 cm focal length. As a future prospect, the idea of fabricating a
dedicated master metalens to obtain a tailored replica metasurface is presented.
This approach would simplify the fabrication process, eliminating the need for
time-consuming and expensive physical techniques.

In conclusion, this Ph.D. thesis has delved into the fascinating realm of
metasurfaces, exploring their potential in manipulating electromagnetic waves
across various optical frequencies. Through the design, fabrication, and charac-
terization of novel metasurfaces, this research has contributed to the advance-
ment of refractive index detection and optical tunable reconfiguration. The
exploration of chiral plasmonic metasurfaces, Fano resonance, external stim-
uli control, and the fabrication of inverse metasurfaces has revealed promising
avenues for enhancing biosensing, solar energy harvesting, imaging, and op-
toelectronic devices. While challenges and opportunities persist, the findings
presented in this thesis underscore the importance of continued research and
innovation in harnessing metasurfaces for transformative applications in the

field of photonics.



Appendix A

Photo-thermal and stretching
properties of polymer-based

metasurfaces embedded with

Au-NPs

Plasmonic PhotoThermal Therapy (PPTT) exploiting AuNPs, completely
transformed material losses into a powerful nano-heating weapon. The possi-
bility to exploit AuNPs as nano-sources of heat remotely triggered by light has,
nowadays, impacted a wide range of research activities, including nanomedicine,
cell biology, photothermal and hot-electron chemistry, solar light harvesting,
soft matter, and nanofluidics.

In this section, we present a polymer-based meta-surface on which Au-
Nps have been grown. This surface can be used both for laser irradiation at
the same absorption wavelength as the molecules, generating heat, and as a
control for shifting the absorption peak when the metasurface is stretched.

Table A.1 shows the values of laser power (A = 532nm) used to excite

the metasurface, as well as the power and intensity values on the sample.
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Praser(mW) | Pagmpie(mW) | T (W/em?)
10 6 7.6%1073
30 22.3 2.8 %1072
50 39 5.0 %1072
70 56.2 7.2% 1072
90 73.3 9.0 %1072
120 98.6 1.3%107!
150 124.5 1.6% 107"
180 150.3 1.9% 107!
210 175.6 2.2% 107!
240 201.4 2.6 %1071

Table A.1: Laser powers set, relative powers on the samples, and calculated

laser intensity.

The results in Figure A.1 (a) were obtained with a spectrophotometer
while the sample was continuously monitored with a thermal imaging camera
(Figure A.1 (b)). It was possible to obtain a linear trend of the temperature
difference as a function of the laser intensity on the sample, so that the system

can be calibrated and used for disinfection of material or killing of bacteria.
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Figure A.1: (a) Time-temperature dependence under pump beam illumination
with different laser intensity reported in table A.1. (b) Thermographic image
captured with a thermal camera to monitor sample temperature. (c) Linear
dependence of the temperature difference as a function of the laser intensity

and, on the right, an image of the illuminated sample.

The proposed PDMS/AuNPs thin film can be used as a strain sensor if
light absorption corresponding to the peak wavelength is calibrated to the level
of applied strain. Three different PDMS metasurfaces containing Au-NPs with
a radius size of 40 nm were simulated under the following conditions: com-
pressed, at rest and stretched. After the creation of these three metasurfaces
it was possible to obtain the absorbance spectra. In figure A.2 as in the case
of compression, there is a blueshift and in the case of stretch there is a redshift

of the plasmonic peak.
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Figure A.2: (a-c) sketch of the simulated samples in the compression, rest and
stretch conditions respectively. (d) Absorption spectra of the three previously
described conditions. There is a blueshift in the compression and a redshift in

the stretching of the sample.

The experimental results were conducted using a manual mechanism (in
the inset of Figure A.3 (a)) to stretch the thin films and monitored with an
Ocean Insight detector. Four measurements were performed to show the trend
of the metasurfaces with relative percentages of stretch: one compression of -
17%, one at rest of 0%, two stretches of 42% and 83% (Figure A.3 (a)-(c)). The

obtained results are in agreement with the simulations previously presented.
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Figure A.3: (a) Experimental absorption spectra for the cases in which the
sample (in the inset) is compressed, at rest and for two stretch conditions.
(b) Zoom of the shift region of the spectral peaks confirming the previously
simulated results. (c) Linear dependence of wavelength as a function of stretch

percentage.

In conclusion these metasurfaces can find use as: (i) an effective ther-
mal microbicidal effect; (ii) a photothermal lysis of cells; (iii) a development
of biocide-free antibacterial surfaces and (iv) a unclonable flexible tags with

hotspot fingerprint and others physical unclonable function (PUF).



Appendix B

Refractive index sensing using

MIMI nanocavity

Hyperbolic metamaterials attract significant interest in the scientific com-
munity because they represent one of the most unusual classes of electromag-
netic metamaterials. They represent a special system category that exhibits
very particular behavior when impinged by an electromagnetic wave. They
can be used to realize useful functions in emerging light-based meta-devices.
Epsilon near zero (eNZ) metamaterials are characterized by the permittivity
assuming near zero values at one or more wavelengths.

During my Ph.D., I was able to fabricate and analyze multilayered meta-
surfaces of Metal/Insulator/Metal/Insulator (MIMI). The aim is always to
create sensors capable of detecting molecules with different refractive indices.
I created some cells with MIMI samples at the base, around them some double-
sided tape with a thickness of about 200 um as shown in Figure B.1 (b) and
(c). Through a graduated pipette it was possible to infiltrate 300 pl of different
percentages of glycerol which are equivalent to the following refractive index

values, reported in table B.1:
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Percentage of glycerol
0%
5%
10%
20%

110

Refractive index
1.3330
1.3388
1.3448
1.3549

Table B.1: Percentage of glycerol and corresponding refractive indices.

As the percentage of glycerol increases and therefore the refractive index

of the material, a shift of the second resonance mode in the transmittance

spectrum can be seen in Figure B.1 (a), obtaining the following wavelength

values:

Refractive index | Wavelength (nm)

1.3330
1.3388
1.3448
1.3549

706.5

705.5

704.5
700

Table B.2: Refractive index and corresponding wavelength values.

It is clear that there is a blue shift that causes a negative sensitivity value.

From Figure B.1 (d), a linear fit of the wavelength values of the peaks as a

function of the refractive indices was calculated. The value of the slope of the

line represents the found sensitivity of the sensor, which is S = —297nm/RIU.
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Figure B.1: (a) Trasmittance spectra of refractive index sensing with glycerol
at difference % of glycerol. In the inset the transmittance view of the sample
(Ag 30 nm — ITO 134 nm - Ag 30 nm — ITO 30 nm). (b) Sketch of the created
cell for sensing application using bioadhesive and coverslip. (c) One of the
cells created for sensing application. (d) Linear fit of different % of glycerol.
Sensitivity of -297 nm/RIU.
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