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Abstract

Dielectric metasurfaces are a family of flat-optical components that offer
novel approaches to light manipulation, paving the way to exciting new
applications. Regardless of the underlying operating theory, realizing such
nanometer-sized devices calls for excellent fabrication accuracy, ideally on
the sub-10 nm level, especially if resonance conditions need to be matched.
Electron-beam lithography (EBL) is capable of achieving such feature sizes.
Transparent substrates as used for optical transmission devices, however,
present a big challenge as charge carriers accumulate in the substrate and
cause long-range proximity effects. Furthermore, EBL’s sequential exposure
drastically limits the size of exposable areas, making it practically unafford-

able for applications beyond research.

The aim of this thesis was to design and characterize structures engineered at
the nano-scale, called metasurfaces, to implement compact optical elements
and systems with capabilities beyond those of conventional refractive and

diffractive optics.

The first chapter addresses the theoretical aspects of nanophotonics, meta-
surfaces, and sensing modalities. The second chapter will include a brief
overview of the metasurfaces concept, unit-cell design, and pattern choice.
The design and simulation of tilted arrays of elliptical-shaped dielectric unit-
cells will be presented. In Chapter 3, the emphasis is on the metasurfaces
manufacturing, beginning with the fabrication challenges that must be ad-
dressed to construct such a device, and a brief description of electron-beam

lithography (EBL) and nanoimprint lithography (NIL). Following that, a
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three-layer transfer technique based on EBL and NIL is described. The re-
sults for master fabrication, substrate preparation, NIL patterning, pattern
transfer, metrology, and overall fabrication will be discussed. The fourth
chapter will provide a customized microscopy setup for measuring the in-
tensity variations of the created metasurfaces. First, a quick explanation of
optical transmission spectroscopy and the overall signal processing method
that will be used in the subsequent chapters will be provided. Following that,
a brief overview of microfluidic devices with metasurfaces will be provided.
The optical setup will then be presented, and system control will be demon-
strated using commercially available software. Finally, the design and fabri-
cation of a microfluidic chamber will be shown. Chapter 5 will provide an
overview of the various strategies for tuning dielectric metasurfaces, with a
focus on the tunability provided by geometrical modifications and changes
in the refractive index of the immediate environment. In Chapter 6, a uni-
versal immobilization technique for structures exposing a sulthydryl group
(thiols) on silicon substrates will be shown, and contact-angle goniometric
and XPS studies will be used to monitor surface changes. Following that, ex-
perimental streptavidin sensing will be demonstrated employing arrays of
silicon nanoellipse resonators coated with biotin. Finally, Chapters 7 and 8
will provide an overview of the preceding chapters” outcomes as well as an

outlook on future applications.
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“E sapiente solo chi sa di non sapere, non chi s’illude di sapere e ignora cosi perfino

la sua stessa ignoranza.”

Socrate



Chapter 1

Introduction

The promising potential of refractive index engineering, as well as advances
in transformation optics, have been a key trigger for the growing focus on
metamaterials in recent years. Metamaterials are new synthetic materials de-
signed to achieve unique properties, not normally present in nature. This
chapter begins with a theoretical introduction to nanophotonics and meta-
surfaces. Then, the recent advances and developments of different optical
metasurface platforms are discussed and the operational principles of the di-
electric metasurface platform are explained, which is the basis of all the work
presented in the following chapters. In the end, a brief description of the con-

tent of the thesis is provided.

1.1 Photonics and Nanophotonics

Photonics has revolutionized our daily lives, introducing outstanding in-
ventions and technologies. The exemplary consideration of the communi-
cations industry makes it clear that today’s ubiquitous Internet owes its
performance and speed only to innovations in optical physics. Similarly,
imaging techniques in biology and medicine have benefited from advances
in bio-photonics, which enable the imaging and even manipulation of liv-
ing cells with photons. Furthermore, photonics enables the development

of high efficiency devices in the fields of energy conversion for renewable
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energy sources, which is a fundamental prerequisite for the decarboniza-
tion of energy production. Finally, many fabrication methods in nanotech-
nology would not work without advances in photonics. Likewise, many
nanoscale devices only work with photonic parts, such as miniaturized opti-

cal sensors!®],

Thanks to the ability to fabricate sub-wavelength precise systems using nan-
otechnology methods, confining of light became possible at the nanometer
scale, enabling the efficient generation of light, improved interaction between

light and matter, and the fabrication of high-precision optical sensors.

1.2 Photonic crystals

Photonic crystals (PhC) were one of the first miniaturized photonic systems
realized on a chip. It consists of periodic structures in which interchanged
zones of low and high refractive index are stacked in a determined way.
Photonic crystals are the optical counterpart of ions in the crystal lattice that
change the electrons in semiconductors, since they affect light through their
periodic structure, and then refractive index modulation. The many-scatter
behavior of light at the interfaces between the different refractive index re-
gions in the photonic crystal can cause destructive interferences, creating
band gaps. Consequently, it is possible to modify the photonic crystal struc-

tures as desired in order to propagate only determined wavelengths.
Photonic crystals can be divided into three main groups:

e 1D PhC: the easier structure of a photonic crystal is constituted by
thin film layers of different dielectric constants that are periodically de-
posited on a surface (Figure 1.1, first column). This kind of photonic
crystal occurs in nature, for example, in the colors present in certain

parts of animals’ bodies. The colored wings of butterflies (Figure 1.1 A)
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represent a famous example. In 1887, Lord Rayleigh presented and fab-
ricated the first artificial one-dimensional photonic crystal. The devel-
opment of deposition techniques like atomic layer deposition (ALD),
chemical vapor deposition (CVD), plasma enhanced CVD (PECVD),
etc., paved the way for a wider variety of materials, together with a
more precise fabrication, allowing for accurate tuning of the desired
optical response. One-dimensional photonic crystals find many appli-
cations in optical systems, light sources, and lasers exploiting anti-

reflection coatings, Bragg gratings, and efficient mirrors.

e 2D PhC: this type of photonic crystals (Figure 1.1, middle column) is
constituted by an alternation along two orientations of different dielec-
tric constant materials. Also in this case, it is possible to find a counter-
part in nature, for example peacock fathers (Figure 1.1 B) show a pecu-
liar color, which looks brilliant and pearly. The first literature descrip-
tion of 2D PhCs is from 1987 by Eli Yablonovich and John Sajeev!”!l.
In 2D photonic crystals, holes are commonly drilled into a specific sub-
strate presenting a high dielectric constant in a periodic pattern. To fur-
ther tighten the light confinement, it is possible to include defects in the
photonic crystal material, allowing manipulation up to the diffraction
limit. Photonic crystals with customized, artificially put defects are suit-
able for optical memories with high efficiency, light guides, and ultra-

fast lasers!67:10231

e 3D PhC: this kind of structure, like the previous ones, presents alter-
nation of materials with different refractive indices (Figure 1.1, last col-
umn). Nature also exhibits these arrangements, including non-perfect
three-dimensional photonic crystals in different families of beetles, but
also different types of opals. Opals are composed of a face-centered cu-
bic lattice formed by dielectric spherical self-assembled beads (Figure
1.1 C). By multi-step lithography techniques, it is possible to fabricate

such structures artificially.
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Photonic crystals represent an excellent way for manipulating light, how-
ever, the downscaling of such photonic devices based on photonic crystals is
very demanding due to the intrinsically low dielectric constant in dielectric

materials and the diffraction limit.

1D 2D

15kU 1 «20. 888

FIGURE 1.1: Schematic of photonic crystals in nature: Colored
image and scanning electron microscope (SEM) images of (A)
a Morpho butterfly, adapted from [177], (B) a peacock feather,
adapted from [195], (C) opals, adapted from [107].
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1.3 Surface Plasmon Polaritons

The fabrication of devices with surface plasmonic polaritons (SPPs) offers a
viable way to control and regulate light propagation and dispersion at the
nanometer scalel'®®1, which helps to overcome the diffraction limit. The elec-
tromagnetic excitation that occurs at the boundary between a metal and a di-
electric substance is more specifically represented by SPP. A highly increased
optical near field can also be produced by the resonant interaction between

SPP and outside electromagnetic radiation at metallic surfaces.

The propagation length of SPPs, together with many other characteristics, is
dependent mainly on the dielectric constant €. In an ideal material presenting
negligible losses it is possible to express the dielectric permittivity with the
formula:

€=n",

with n representing the refractive index of the material. In metals the per-
mittivities present negative values, which can be order of magnitude bigger
than the dielectric counterpart. This is due to the huge number of free elec-
trons present in the conduction band, able to flow inside the crystal lattice. As
shown in Figures 1.2 A and B, the mixed wave, given by photons and electric
charge oscillations arising at the interface between metal and dielectric, rep-
resent the already mentioned SPP. Since metals show a high refractive index,
the oscillations remain confined to narrow, subwavelength, volumes, greatly

increasing the light-matter interactions.

SPPs were observed for the first time by Wood in 1902, since unexplained fea-
tures were found in optical reflection measurements on metallic gratings!!®4].
Later on, Maxwell Garnett was able to observe bright colours appear on
metal-doped glassesmo], and then, in 1908, Mie introduced the theory of light

scattering by spherical particles in 190811,

Surface plasmon resonances were used for the first time in 1983, to distin-

guish really small changes in the refractive index localized at the interface



6 Chapter 1. Introduction

of a metal and a dielectric upon antibody binding[”®l. It was measured as a
shift of the reflectance peak in the light spectra, similarly to what is shown in

Figure 1.2 C.

Nowadays, the SPR techniques represent the best approach for label free
and real time chemical and biological interactions measurements. Among

other things, the method is so favored because of its high reproducibility and

sensitivity[®®,
Flow Cell
A B C Evanescent owe
Wave \
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FIGURE 1.2: Localized surface plasmons and surface plasmon
polaritons. (A) At the interface between a metal and a dielectric,
the surface plasmon polariton’s electric field can be generated.
Figure adapted from ref. [78] (B) Propagation and decay of the
electric field of the surface plasmon polariton. Figure adapted
from ref. [78] (C) Schematics of an SPR sensor for biosensing ap-
plications and an SPR sensorgram displaying a resonance shift
after the binding. Figure adapted from ref. [44]. (D) Schematics
of localized surface plasmon resonance taking place in metal
nanoparticles. Figure adapted from ref. [12].
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1.4 Localized Surface Plasmon Polaritons

Additionally to surface plasmons occurring at the plane surface, other ge-
ometries can be considered, which include bound electron plasmons, such as
metallic particles or voids of different topologies. In this case, it is possible
to talk about localized surface plasmon resonances (LSPR) excitations!1 %4,
Localized surface plasmon resonance (LSPR), Figure 1.2 D, is an optical phe-
nomenon caused by light interacting with conductive nanoparticles (NPs)
whose wavelength is smaller than that of the incident light. In surface plas-
mon resonance, electrons of a conduction band can be excited collectively by
the electric field of incident light. As a consequence, coherent localized plas-
mon oscillations occur with a resonant frequency that is strongly influenced

by the composition, size, geometry, dielectric environment, and separation

distance of NPs!122],

Many applications have been already explored, starting with sub-

1031041 thanks to the electromagnetic field confine-

wavelength wave-guides!
ment ability of this method, up to the performance optimization of comput-
ing systems. Nanoparticles are also exploited for energy generation, photo-
catalysis, photo-detection, H,O desalination, up to medical applications like

thermal cancer therapy and pregnancy testsl!0/151,1,193,63,55],

1.5 Metamaterials

Metamaterials represent a new class of functional materials presenting spe-
cial patterns and structures at the nano- and micro-scale, allowing them to
interact with diverse types of energy systems that are not usually seen in
nature. This type of material owns special properties and capabilities due
to its artificial inner nanostructure together with the chemical composition
of the chosen material itself, and that are making this kind of system capa-

ble of unique properties, not findable in common materials and fabrication
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techniques. Metamaterials are constituted of different stacks of alternated el-

ements that come from common materials like metals and dielectrics.

The properties and functions of a metamaterial are determined by its artifi-
cially designed structural units. The structural units of the metamaterial can
be adapted and engineered in size and shape, the inter-distance of the sin-
gle units can be tailored, and also defects can be embedded in the desired
location. These parameters influence the interstructural interaction and the
metamaterial’s refractive index, ranging from negative, to near-zero or posi-

tive values.

1.6 Metasurfaces

As a result of subwavelength fabrication techniques and functional materi-
als integration, metamaterials and metasurfaces have opened up new ways
for the realization of novel electromagnetic properties and functions!®’l. As
mentioned before, metamaterials need multiple layers of material to work
efficiently, but they can produce many losses together with a challenging
nanofabrication process. For this reason, the focus has been put on the manip-
ulation of light by exploiting two-dimensional (2D) structures: metasurfaces.
Metasurfaces are constituted of thin layers patterned with different, finite,

elements of different shapes.

The metasurface working principle is based on diffraction. It can be ex-
plained starting from the Huygens-Fresnel principle (Figure 1.3), which af-
firms that each point of an optical wavefront can be seen as a spherical
wavelet source, and the sum of all the secondary wavelets is giving the
new wavefront. When a flat unstructured surface is hit and crossed by a
light beam impinging normally, the wavefront shape and direction are not
changed (Figure 1.3 A). On the other hand, when the substrate is a meta-
surface constituted of different optical antennas, each of them scatters the

incident beam and creates a spherical secondary wavelet where the response
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FIGURE 1.3: Schematic representation of the Huygens-Fresnel
principle. Figure adapted from ref. [39]

is depending on the optical antenna characteristics. When these wavelets,
having spatially-variated phase delays, interfere with each other, the output
wavefront is modelled into the desired direction and shape (Figure 1.3 B).
Metasurfaces can be divided into two main classes, based on the chosen ma-

terial: plasmonic and dielectric metasurfaces.

1.6.1 Plasmonic metasurfaces

Plasmonic metasurfaces are metallic artificial structures where the underly-
ing physical principle is governed by surface plasmon resonances. Thanks
to the metal properties, when the optical antenna is subjected to an external
field, the electrons present in the conduction band will be free to move from
their original position, and energy to bring the system to equilibrium will be
generated. If the applied electromagnetic field is an alternating one, the elec-
trons in the conduction band will start to fluctuate around the central ions.
This physical behavior of the electron is explained by the Lorentz oscillator
model, where the amplitude of the shift owns a specific peak in the surround-

ing resonance frequency. Here, the observed shifts of the phase can reach 7
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values on the spectral resonance amplitudel! '®!l. Moreover, as previously

mentioned, plasmon resonances are sensitive to many changes like dielectric

environment and geometry of the antennas!”*l.

BEAGE

FIGURE 1.4: Examples of plasmonic metasurfaces. Examples
of asymmetric and centrosymmetric plasmonic structures: (A)
L-shaped nanoantennas, (B) G-shaped chiral structures, (C)
multi-resonant antennas, (D) split-ring resonators, (E, F) cen-
trosymmetric nanoantennas. Adapted from ref. [85].

The first artificial metasurfaces were based on localized surface plasmon res-
onances. Several examples of plasmonic metasurfaces are displayed in Fig-
ure 1.4, where the devices presented are covering different applications. The
nanofabrication of identical nanoparticles allows having a collective behav-
ior able to show a strong light-matter interaction producing specific resonant
features. These patterned surfaces can have different applications, like light
generation!'®! or enhanced sensing!!. Moreover, different healthcare appli-
cations are allowed by the possibility of simple integrability of these sys-
tems in downsized photonic devices!'?l. Furthermore, thanks to the flexi-
bility of engineering and periodic arrangement possibilities with accuracy

up to the nano scale and subwavelength resolution, many more applications
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were made possible: devices with amplitude, polarization, and phase optical

100,180,181

controll I fabrication of lenses, beam steering, and holograms; super-

lens and cloaking devices able to tune the refractive index!!4!4%5/112],

Despite plasmonic antennas showing many advantages thanks to their elec-
tromagnetic field localization and reduced dimensions, also problems have
to be overcome due to the elevated absorption losses, mainly in the optical

wavelength range, which are reducing the device efficiency.

1.6.2 Dielectric metasurfaces and Mie resonances

Even though optical wavefront control and sensing are interesting applica-
tions of plasmonic metasurfaces, these devices are essentially constrained
by the plasmonic materials’ inherent Ohmic losses. In the last ten years,
a different platform based on low-loss dielectric has been developed for
fabricating metasurfaces. The Mie scattering of subwavelength resonators
is primarily responsible for the physics of optical resonances in dielectric
metasurfaces!®>). When analyzing the scattering of particles showing simi-
lar wavelength, such as gold nanoparticles, in a homogeneous environment,
such as water, while being excited by electromagnetic plane waves, Gustav
Mie provided the solution to Maxwell’s equations, which became known as

the Mie solution!!1168],

For the last century, Mie scattering has served as the starting point for con-
temporary research on the rapidly emerging scattering phenomena in man-
ufactured micro- and nanostructures. Mie resonances are effective electric
and magnetic resonances that occur in the optical wavelength region and are
found in dielectric resonators. Each Mie resonance’s radiation pattern con-
sists of a variety of multipoles with magnetic and electric components. Typ-
ically, one multipole dominates for subwavelength dielectric particles with

simple geometries, and it controls whether the mode is magnetic or electric.
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FIGURE 1.5: Dielectric metasurfaces and Mie resonances. (A)
Sketch of Mie resonances in dielecric nanoantennas and meta-
surfaces. (B-D) Scanning electron micrograph of silicon meta-
surfaces where quasi-BICs are experimentally used. Images
adapted from ref. [83].

In dielectric systems, Mie resonances are described as self-sustaining excita-
tions owning resonant wavelengths that are comparable to the particle dis-
tinctive size d, which is linked to the refractive index of the particle as d
~ A/n, where A is the wavelength in the free space. To manufacture Mie reso-
nances in the visible and near-IR spectral ranges, nanoscale meta-atoms need
to have a high refractive index. Mie resonances, which employ non-radiating
current settings and bound states in the continuum that can induce signifi-
cant enhancements of local fields at the nanometer scale and are critically de-
pendent on the system geometry, can be used to confine light in high-index
dielectric systems!®*]. When incident light with frequencies below or close to
the band-gap frequency of the materials is used to excite regular dielectric
resonators, such as spheres, cubes, cylindrical disks, and rods, both magnetic

and electric dipole resonances originating from the oscillating displacement
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currents are excited. This is in contrast to metallic resonators where the reso-

nant modes are ruled by electric dipoles.

The magnetic dipole resonance is the lowest resonant mode, followed by

9131 The dimensions and construction of the res-

the electric resonance
onators, together with their surroundings, influence the modes. Corre-
sponding to the magnetic resonances in the context of metallic split-ring
resonators!'?®l, the magnetic Mie resonance has special circulating displace-
ment currents!*>#%14?l and produces the largest magnetic field enhancement
in the resonator’s center. This characteristic makes it possible to use a vari-
ety of unique light manipulation techniques that are difficult to implement
with plasmonic metasurfaces, such as increased chiral sensing!'*’! and com-
plete forward scattering employing Huygens metasurfaces®**’l. By carefully
adjusting the metasurface geometry and material selection, Mie-type reso-
nances can be precisely controlled for a variety of target wavelengths, from
ultraviolet (UV), visible[?4], through infrared (IR)I'¥7]. The design of metasur-
faces for a wide range of applications, including sensing, diffraction-limited
light focusing, polarization control, miniature spectroscopy, and holography,

is greatly facilitated by this scalability!!?*87547],

Recently, experimental evidence of quasi-BICs in Si metasurfaces with high
Q factor values for various meta-atom designs was presented!®*l. Figure 1.5
(B-D) displays SEM images of three metasurfaces housing quasi-BICs that
have high Q factors thanks to innovative radiative loss engineering and so-
phisticated electron-beam lithography methods. Applications for such meta-
surfaces include biosensing, nonlinear harmonic production, increased cou-
pling to excitons in two-dimensional materials, and quantum effects. These
applications all target high-Q resonances. Biosensors can be helpful for per-
sonalized care with frequent testing as well as screening to enable early iden-
tification of serious health disorders. Unfortunately, the commercially avail-
able biosensing techniques are time-consuming, expensive, and dependent

on specialized individuals, trained lab staff, and intricate protocols.
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1.7 Molecular Sensing

The field of molecular sensing, and especially biosensing, is developing a lot
in the last years. The fusion of scientific disciplines like physics, engineering,
chemistry, biology, and data science has led to the development of completely
novel detection schemes and sensor functionalities. In order to embrace the
fascinating range of growing technologies, sensor technologies for sensing
all types of molecules utilizing various non-restrictive operation principles
as "molecule sensing" or "chemical sensing" have recently been developed.
Biosensors are a subset of sensors that use bioreceptors made of biological
materials to bind target analytes, which are often biomolecules but can also

be other chemicals.

1.7.1 Relevance of molecular sensing

Since molecular sensors and biosensors are useful on many levels, includ-
ing assisting with the diagnosis of diseases, the characterization and devel-
opment of medications, as well as the knowledge of both pathological and
physiological processes, their significance and role are expanding in many

industries.

The development of diagnostic instruments for point-of-care testing (POCT)
is a significant area of research and investment that aims to address the se-
rious health problems brought on by the various diseases!'*’l. For instance,
POCT devices have been created for hepatitis B, malaria, tuberculosis, HIV,
and Ebolal''®l. Another pertinent example is POCT for Covid-19, which was
used to create and distribute SARS-CoV-2 fast antigen testing, greatly aiding

in the containment of the pandemicl'®*l,

Molecule sensors can aid in the diagnosis of diseases as well as their treat-
ment, for example, through advancing pharmaceutical research or therapeu-
tic drug monitoring for doses adjustment!>>]. Biosensors are employed in the
development of biopharmaceutical products for the measurement of protein

stability and activity as well as the discovery and characterization of new
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drugs[179]. SPR biosensors, for instance, provide access to data such as a med-
ication’s binding kinetics, which is crucial for determining the drug’s dura-
tion of action and clinical effect as well as discriminating between related

56,120]

pharmacological molecules! . Beyond diagnosis and treatment, biosen-

sors can also provide an important contribution by advancing our knowl-

edge of fundamental biological functions and disease causes!!®%124],

Thus, it is evident that while molecular sensing and biosensing have already
played a significant role in many sectors, there is still much opportunity for

innovation and the demonstration of new sensor capabilities.

1.7.2 Molecular Sensing Working Principle

The mechanism of molecule/chemical sensing is made up of a number of
components that when combined allow for the detection of signals brought
on by the binding or even the simple presence of analytes (Figure 1.6). Sam-
ples containing the analytes can be buffer solutions or gases containing the
analyte(s), or they can be complex such as saliva, blood, breath, fumes, or

other fluids containing many distinct compounds.

For the purpose of increasing the concentration of the targeted analyte and
making it easier to detect, certain sensors incorporate an initial amplifica-
tion phase. An example would be biosensors designed to find microRNA
(miRNA), which are tiny biomolecules with great diagnostic value because
of their critical role in biological processes, such as the regulation of gene
expression. These biosensors frequently amplify the quantity of miRNA ana-
lytes using polymerase chain reaction (PCR) techniques!”®”?l. Amplification
of the PCR is also playing a significant part in the identification and ampli-
fication of nucleic acids (DNA, RNA) to increase their concentration into a
detectable rangel'®”]. Other types of amplifications exist for other types of
analytes, and are used by some sensors to amplify the signal impact of the
targeted analyte. The binding of big nanoparticles to the analyte, for exam-

ple, is used to increase its size or optical signal for improved detection!'3®l,
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FIGURE 1.6: A general illustration of the components of the
chemical/molecule sensing process. Biosensors are defined as
sensors with a binding mechanism based on bio-receptors.

Binding the analyte prior detection is a very typical procedure for all sensor
types, although it is not strictly necessary. Sensors using bio-receptors are re-
ferred to as biosensors. The binding typically happens via receptors tailored
to a particular target analyte. Contrarily, some sensors, like electronic tongues
and noses, combine non-specific receptors with variable degrees of affinity,
causing analytes to produce a binding pattern that resembles a fingerprint
and allowing for detection>'”]. Without the need for receptors, binding can
also take place, for example, through physisorption, as seen in the synthe-
sis of lipid bilayers (SLBs) on silica surfaces””"'*! or the binding of DNA to
graphenel®].

A change in a physical quantity, like as mass, light, temperature, or electri-

cal charge, is the minimal requirement for molecule sensing. A transducer,
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which transforms one form of energy into another to produce a quantifiable
signal, is also a component of the majority of molecular sensors. Examples
of transducer components include electrochemical, piezoelectric, and opto-
electronic components!!''”]. Tt is interesting to note that while some sensors
contain one or more transduction steps, some do not. Examples are the popu-
lar lateral flow pregnancy test and the quick SARS-CoV-2 antigen test, which

allow users to observe the optical signal produced by binding!”’1.

1.7.3 Label-Free Sensing Method

Analytes frequently need to be labelled in traditional detection methods.
In many traditional bioassays, a target analyte is first drawn from solu-
tion by an immobilized ligand, and then the interaction between the two
molecules is examined using specific detection reagents. Bead-based flow cy-
tometry and enzyme-linked immunosorbent assay (ELISA) are two examples
of these techniques!®>®*l. The effects of labelling on the biomolecules’ struc-
ture and/or function can distort experimental results. They may have the
ability to totally deactivate the biomolecule under study. Additionally, the
label components” non-specific binding to other bioassay components may
result in undesired background signal. When working with complicated ma-
terials like serum, plasma, or cell culture supernatants, this is extremely trou-

blesome.

An appealing alternative to conventional label-based methods for quantify-
ing molecular interactions is label-free quantification. Impedance- or optics-
based biosensors are used in label-free technology (also known as label-free
detection or label-free sensing) to assess the changes that take place when
an analyte binds to a ligand immobilized on a biosensor surfacel'**l. This
method eliminates the need to artificially manipulate the various assay com-

ponents and allows for the real-time monitoring of the interaction.
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Classic Sandwich Immunoassay (e.g. ELISA)

Label-Free Technology

Biotinylated detection antibody
Analyte
Capture antibody

FIGURE 1.7: Schematic of interaction analysis methods

Label-Free Interaction Analysis Advantages

In the direct investigation of natural molecules, label-free interaction analysis
methods are employed. Since they do not rely on synthetic probes or labels to
comprehend molecular interactions, they produce biologically pertinent data
that is more likely to represent the behavior of these molecules in their nat-
ural state. This is essential for building a solid body of information that may
be used to better understand structure—activity correlations, conduct central

illness research, and find safe and effective treatments.

Importantly, label-free technology enables scientists to conduct studies that
are just impossible with traditional approaches that only deliver end-point

outcomes. The dynamic, real-time interaction analysis made possible by
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label-free monitoring includes kinetic and affinity analyses as well as an as-

sessment of binding specificity!'?!].

Conventional Methods for Label-Free Interaction Analysis

As already mentioned earlier, when examining physiological interactions be-
tween biomolecules, it is beneficial to employ a label-free, real-time moni-
toring system since labels might affect the biological process being studied.
For instance, adding fluorescent dyes to analytes can change their natural
behavior. SPR and QCM sensors are two of the most well-known label-free

technology options:
e Surface Plasmon Resonance (SPR)!°], and
e Quartz Crystal Microbalance (QCM)1#81,
In Figure 1.8, a schematic of their working principle is shown.

These methods are frequently employed to ascertain the affinities between
various biomolecules since they are sensitive enough to detect monolayers

of biomolecules in aqueous solutions!'“'l.
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FIGURE 1.8: Schematics of SPR and QCM sensors operations.
SPR: Surface plasmon polaritons (SPPs) are excited on the gold
surface in contact with the sample media when a laser beam
impinges on a fine nanolayer of gold at the resonance angle ¢
through a prism. Analytes at the surface will change the elec-
tron density Ap,, which will change the resonance angle. Angle
scanning can be used to assess this resonance shift as a change
in light intensity at a constant angle or as a change in resonance
angle. A photodetector subsequently transforms this optical in-
put A7y into an electrical signal AV, which is then amplified,
processed, and read out—typically in the form of a sensorgram.
QCM: The piezoelectric effect is used to create an auditory reso-
nance between two electrodes and a quartz crystal. As analytes
attach to the surface, a change in mass Am causes an alteration
in the acoustic resonance Af, which is then further transformed
to an electric signal AV for amplification, processing, and read-
out through piezoelectric transduction.
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1.8 Motivation and Outline of the Thesis

A new platform for controlling light using ultra-compact photonic device
designs has emerged: metasurfaces. It is possible to modify the shape of the
metasurface unit cell to provide optical functions as needed. Although meta-
surfaces have already shown a variety of capabilities, there is still work to
be done (e.g., from the fabrication and upscaling point of view) before the
technology is used widely and has commercial applications. This PhD dis-
sertation demonstrates the creation of new metasurfaces and the methods
used to create them for use in near-infrared applications. It focuses on the
creation of dielectric metasurfaces and label-free sensing in the NIR region

for the detection of aqueous and non-aqueous dielectric environments.

Here, the metasurfaces can deliver relevant near-field improvements, en-
hancing the molecules” absorbance signals by orders of magnitude. As a
result, research of sub-monolayer systems and chemically precise detection
of analytes at low concentrations are made possible by metasurface-based
detection methods. It is also possible to design dielectric metasurfaces that

cover a broad spectral range, up to the visible spectrum.

Tunable dielectric metasurfaces are demonstrated in this doctoral thesis,
which show high-accuracy (<10 nm) nanostructures on transparent sub-
strates, geometrically scaled in resonance behavior from the NIR to the vis-
ible wavelength range. However, it is extremely difficult to construct such
nanophotonic devices using large-scale nanofabrication processes due to the

restricted selection of appropriate materials.

Mid-IR metasurfaces have currently been manufactured using nanofabri-
cation techniques that are not scalable, which results in the high cost of
metasurface production. Therefore, a common and CMOS-compatible mid-
IR metasurface manufacturing process flow is required to promote the dif-
fusion of the technology for commercial applications. This thesis presents a

method for wafer-scale metasurface manufacturing for mid- N-IR photonics
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and sensing and has a significant emphasis on metasurface nanofabrication

by exploiting, for example, nanoimprint lithography (NIL).
The thesis is divided into seven chapters.

Chapter 2 includes a brief overview of the metasurfaces concept, unit-cell
design, and pattern choice. Tilted arrays of elliptical-shaped dielectric unit-

cells will be designed and simulated.

In Chapter 3, the emphasis will be on the principle of metasurfaces, man-
ufacturing, beginning with the many problems that must be addressed to
construct such a device, and a brief description of electron-beam lithography
(EBL) and nanoimprint lithography (NIL). Following that, a unique three-
layer transfer technique based on EBL and NIL is described. The results for
master fabrication, substrate preparation, NIL patterning, pattern transfer,
metrology, and overall fabrication are provided. Finally, the chapter ends
with a review and a brief overview of the many potential uses of this manu-

facturing approach.

In Chapter 4, a customised microscopy setup is introduced to measure the
intensity changes of the manufactured metasurfaces. First, a brief overview
of optical transmission spectroscopy is provided, as well as the general sig-
nal processing strategy that will be employed in the next chapters. Following
that, a brief description of microfluidic devices that can incorporate meta-
surfaces is offered. The optical setup design is then presented, and system
control is shown using commercially available software. Finally, the design

and manufacture of a microfluidic chamber are demonstrated.

Chapter 5 provides an overview of the many techniques to tune dielectric
metasurfaces, with a particular emphasis on the tunability afforded by geo-

metrical variations and changes in the local environment refractive index.

Chapter 6 gives a general immobilization technique for structures exposing a
sulfhydryl group (thiols) on silicon substrates, and contact-angle goniomet-

ric and XPS analyses were used to track the changes that are occurring on the
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surface. After that, experimental streptavidin sensing is demonstrated utiliz-
ing arrays of silicon nanoellipse resonators coated with biotin using products
that were readily accessible on the market. It experimentally demonstrates

the potential of a nanoscale, all-dielectric platform for biosensing.

Last, Chapters 7 and 8 give a summary of the results of the previous chapters

and an outlook to future applications.
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Chapter 2

Metasurface Unit-Cell Design

2.1 Introduction

The remarkable range of applications enabled by metasurfaces is mostly due
to the adaptability of its constituent parts. Devices with distinct capabilities
can be created by carefully designing the constitutional units that spatially
vary the phase shifts embodied by metasurfaces. In this short chapter, the

focus will be on metasurfaces concept, unit-cell design, and pattern choice.

2.2 Elliptic Metasurface Unit-Cell Building Blocks

This doctoral thesis employed a metasurface design based on tilted arrays
of elliptical-shaped dielectric unit-cells. The collective resonances are formed
here by polarizing the electric dipole modes along the long axis of each in-
dividual unit-cell. The scattering loss, which is determined by the overlap of
the field polarization and the scattering channels” mode profile, determines
the resonance’s linewidth in an ideal system. The zero-order plane waves
that are moving normally serve as the scattering channels for the periodi-
cally tilted metasurface used in this study. The total electric dipole moment
in each unit cell is then used to calculate the overlap between the plane wave
and the mode profile. By carefully adjusting the unit cell shape, including the
orientation angle 6 of the single ellipses unit, the tilted design enables careful

control of this overlap.
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Unit Cell
E, Kk /

FIGURE 2.1: Collective dipole mode representation of the array
if excited with polarized light Ey.

During collective mode excitation, looking at the dipole moments, p, of the
unit-cells, the dominant component, py, is actually perpendicular to the in-
cident field polarization, Eg, as shown in Figure 2.1. On the other side, the
parallel components are anti-symmetrically distributed (p1,, = —p2,) which
prevents out-coupling of light in the E-polarized plane wave. Thanks to that
condition, the total scattering loss of the collective mode is substantially sup-
pressed. Indeed, only the non-zero component is contributing to the scatter-
ing loss, which is the py component (p;» = p2x). In order to simplify the
design simulation, it was assumed that the tilted array is located in a homo-

geneous background which is lossless.
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In general, the scattered fields, both the forward, Ef, and the backward, E?,
can be described by the collective dipole resonance. The net, non-zero, dipole

moment p, can then be expressed as:

i-w-z

Ef =E) + o

Pxs (2.1)

1-w-z

Et = 5 A Px;

(2.2)

where z is the wave impedance of the enclosing area, and A the unit cell area.

Moreover, the net dipole moment, py, inside a unit cell can be expressed as

. sinf
px:l'z'I'Punit'T} (2.3)

where p,,,i; is the normalized dipole moment for a single unit-cell. I is the
amplitude of the corresponding current, which is frequency-dependent and

able to capture the resonant behavior. It can be expressed as:

EQ - punit - sinb
Z 7

I = (2.4)
where Z is the total effective impedance of the unit-cell during collective res-

onance, which is including all the mutual interactions.

It is possible to approximate the effective impedance around a single reso-

nance by using a RLC circuit:

1
/ =—i-w-L— R; 2.
1-w i~a)-C+ ; (2.5)

where R is the effective resistance and consists exclusively of the radiative

loss.
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To comply with energy conservation, it requires that:

IEQ)? = |Ef | + |EY)% (2.6)

here, by substituting Eq. 2.1, 2.2, 2.3, and 2.4 in Eq. 2.6 and then using the
following identity:

Re(Z*) R

Re(Zz™h) = = ;
A2) =5z T2z

(2.7)

the relation between the effective resistance R and orientation angle 6 results:

R — 2-z-p? . -sin®0
A .

(2.8)

Knowing the quality factor, which is given by Q = R~14/L/C (together with
the capacitance C and the effective inductance L) and not substantially sensi-
tive to small angles 6, it is expected that Q o 1/sin?6. It looks like the quality
factor remarkably grows upon decreasing angle 6. Realistically, the best at-
tainable Q-factor is limited by different factors, like material losses and sam-
ple size. The chosen tilted design is able to provide an easy way to control the
Q-factor, which can be applied simply to different unit-cells designs, not only
elliptical ones. All these considered, associating the higher Q-factor with the
lower orientation angle, it is possible to increase the resonators’ sensitivity
with respect to changes in the local environment, resulting in an improved
fingerprint detection performances. Nevertheless, this high sensitivity makes
the system more susceptible to small variations in the geometrical structures,

which can be challenging from the fabrication point of view.
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2.2.1 Unit-Cell simulation

In this work, an angle orientation of § = 17.5° was chosen as a trade-off
between sensitivity and fabrication challenges. Different from many geome-
tries based on guide mode, where the electric field is mainly confined inside
the high-index material, here the unit-cell-based collective dipole resonance
is allowing a strong near-field enhancement at the unit-cell surface, which
is an attractive characteristic for surface-based molecular sensing. To double
check the design performance, the resonance behavior was simulated by a
master student in an IBM/EPFL collaboration, Yashashwa Pandey, using the
following geometrical parameters A = 280 nm, B = 100 nm, P, = 500 nm,
and P, = 410 nm, where A and B are respectively the long and short axis of
the ellipses, whereas P, and P, are the unit cell periodicity along the x and y
axis. In the simulations, the structure height, H, and the orientation angle, 0,

were fixed to H = 100 nm and 6 = 17.5°, respectively.

V/m (e+08)

8,00
7,27
6,55
5,82
5,09
4,36
3,64
2,91
2,18
1,45
0,73

FIGURE 2.2: Simulated near-electric field intensity enhance-
ment E measured at the resonance frequency with orientation
angle = 17.5°. Simulated by CST Studio Suite - Software for
Electromagnetic Field Simulation.



30 Chapter 2. Metasurface Unit-Cell Design

Figure 2.2 shows the electric near-field enhancement distribution simulated
with CST Studio Suite, which is a software for electromagnetic field simula-
tion. Here a drastically enhanced electric near-fields distribution in between
the unit-cells was found, with electric near-field intensity |E|?> enhancements
in the range of many broadly studied metal-based antennas used in practical

applications!'l.

Generally, in metallic resonators it is easier to obtain high-field confinements
due to the huge contrast between the surrounding environment and the di-
electric function of the metal. Nonetheless, the high-field localization comes
at some cost, since the Q-factor is affected by the typical damping present in
the metal. Also if higher field enhancements can be achieved by using, for ex-
ample, metallic nano-gap antennas, where the gap-spacings are smaller than
10 nm!*’], they are very challenging in fabrication, mainly due to the relia-
bility and reproducibility issues, which are key points for practical sensing

devices with reproducible features and characteristics.

2.3 Conclusions

The concept of metasurfaces, unit-cell design, and pattern selection are all
briefly discussed in this chapter. Design and simulation work was done on
tilted arrays of elliptical dielectric unit-cells. A significantly improved elec-
tric near-fields distribution between the unit cells was observed, with elec-
tric near-field intensity enhancements in the range of many extensively re-
searched metal-based antennas used in practical applications. This allowed

for to successfully demonstrate the response of the unit-cell.

The fabrication of the dielectric metasurfaces will be covered in the following

chapter utilizing the design shown here.
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Chapter 3

Fabrication

Sections of this chapter are adapted from one published article, which appeared in

Advanced Photonics Research (DOI: 10.1002/adpr.202200014) [126]

3.1 Introduction

As a result of their nanostructures, which have periodic, subwavelength
dimensions, metasurfaces show optical properties not present in nature.
However, fabrication on the nanometer scale is difficult since electron-beam
lithography cannot produce large-area metasurfaces due to its high fabrica-
tion cost and long exposure times. While other optical technologies like holo-
graphic lithography and plasmonic lithography can circumvent these prob-
lems, they are still constrained by the optical diffraction limit. Research is
being conducted on mechanical nanopatterning processes like nanoimprint
lithography (NIL) in order to solve this fundamental issuel''”1, With NIL, it is
possible to achieve sufficiently high cost-efficiency and high patterning reso-
lution, independently to the diffraction limit. Adopting NIL for metasurface
fabrication is not straightforward but may lead to rapid deployment of meta-

surfaces.

In this chapter, the focus will be on metasurfaces concept, manufacturing,
starting from the different challenges to be overcome to fabricate such a de-

vice are analyzed and a short overview of electron-beam lithography (EBL)
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and nanoimprint lithography (NIL) is given. Thereafter, a novel three-layer
transfer process is described, which is a combination of EBL and NIL. Results
are presented for master fabrication, substrate preparation, NIL patterning,
pattern transfer, metrology, and overall fabrication. Finally, the chapter con-
cludes with a summary and a brief outlook on different possible applications

of this fabrication method.

3.2 Fabrication Challenges

As stated at the end of the previous section, the dielectric metasurfaces” per-
formances are directly related to the reproducibility of the desired geometri-
cal shapes, sizes, and optical properties of the chosen material. First of all, to
start the metasurface nanofabrication, a proper substrate material has to be
selected. It should be transparent, show negligible absorption and have a low
refractive index. This last parameter is required to increase the contrast be-
tween the refractive index of the nanostructures and the substrate, and then
to confine the electromagnetic field to the nanoresonator and avoid resonant

mode leaking!”>l

. To work in the visible spectral range, quartz was chosen as
substrate material, which has near-zero absorption losses, relatively low re-
fractive index, good mechanical durability to support the metasurfaces, and

makes them also cost-effective in terms of the material required.

While fabricating metasurfaces in the IR regime is still doable by UV

[149] " to scale down the structures’ dimension in order to

photolithography
operate in the near-IR or even visible regime is challenging, since feature
sizes below 10 nm are required. Furthermore, in addition to improving per-
formance over the state-of-the-art technology, key to commercial success of
new devices in general, and metasurfaces in particular, are scalability, cost

efficiency, and high-throughput manufacturing capabilities.

The efficiency of operation for this type of device depends on the attained

manufacturing accuracy. As described above, the geometric dimensions
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should be controlled below the 10 nm level, ideally in all three dimen-
sions, constituting very demanding fabrication requirements. It is possible
to use several maskless direct writing techniques, such as direct laser writ-
ing (DLW), electron beam lithography (EBL), focused ion beam lithography
(FIB), or scanning probe lithography (SPL) to create structures with feature
sizes below 10 nm!'>%22155] In addition, interference and extreme ultravio-
let lithography can achieve similar feature sizes, with the disadvantage of
using really expensive masks, not convenient for research purposes, and be-
ing limited in the achievable geometric shapes. Whereas DLW is limited in
lateral resolution depending on the used wavelength, SPL can only pattern
down to a depth of a few nms at such high resolution, which then requires an
additional pattern transfer step to produce a higher topology. In return, FIB
creates damage in target materials, including ion channeling effects, and has
generally a rather slow patterning rate. Concerning EBL, the biggest chal-

lenges are proximity effects, as it will be discussed more in detail later.

Although each method offers specific advantages, a common aspect of all
direct-writing techniques is their sequential processing, which limits the pos-
sibility to upscale to large areas or to a large number of samples, thus pre-
venting mass fabrication applications and widespread use. The operating
and manufacturing costs of EBL are generally high, even though efforts are
underway to massively parallelize the EBL through the interaction of mul-

tiple beams!!”’!

, creating both physical and economic barriers. Considering
average exposure times of tens of hours for a standard EBL system, even for
quite small areas, the costs for a single sample can exceed thousand of dollars

in realistic calculations.

In addition to the long EBL exposure times, the interactions of the electrons
with the resist and the substrate cause so-called electron proximity effects,
which lead to a deviation of the resist structures exposed and developed from

the initial design[BO].

Although proximity correction algorithms based on point-spread functions
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FIGURE 3.1: Example of dose tests on two types of arrays, one
without any consideration of proximity effects (A), and one
with consideration of proximity effects (B). In the latter case,
the dose was reduced when moving from periphery to the cen-
ter of the array by 20% in two discrete steps.

or similar models are at the heart of modern EBL data preparationl'!#1¢7],

transparent and non-conductive substrates, as mainly used for transmission
optics, are still difficult to manage because the charge carriers are not drained
and can accumulate unevenly depending on the density of the structure, the
stack, the intensity, etc. To overcome the proximity effects on non-conductive
substrates, it is necessary to write labor-intensive empirical test structures
for a stack with additional charge drainage layers before the design can be

properly exposed, once again contributing to high overall costs.

An example of correction of the proximity effect can be seen in Figure 3.1.
Here, the orange arrays on the top represent the design, while the two at

the bottom represent the final results. Figure 3.1 A shows an example of a
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non-optimized manufacturing procedure, while the final optimized result is
shown on the right (B). The final pattern was obtained after various iterations
in both design and dose tests. In the following section, a deeper insight into

EBL will be given.

3.3 Electron Beam Lithography

Lithography is the most commonly used technique to create a precise shape
of designed resonators, which is why the majority of the metasurfaces are
fabricated using electron beam lithography (EBL) methods. In EBL, to write
the desired, customized shapes, a focused electron beam is scanned over an
electron-sensitive polymer film, called EBL-resist, which is previously coated
onto the metasurface material. When the electrons interact with the resist,
they can either crosslink or break the polymer bonds, changing the solubility
in the developer of the resist. Then, after exposure, a latent pattern appears
in the resist, which can then be selectively dissolved to provide patterned
access to the underlying substrate on the metasurface material. Following
development, the surface-formed resist patterns can be used as an etch mask
or lift-off layer. A schematic of the different process possibilities is shown in
Figure 3.2. In the project here described, to transfer the final patterns into
the metasurface material, first, a dry plasma etching process is performed,

followed by an oxygen plasma treatment to remove the residual resist.

The advantage of EBL is that it can achieve a spatial resolution of less than 10
nm without the need of photolithographic masks. Therefore, it is an excellent
method for rapid prototyping of metasurfaces and represents the standard

method for making nanophotonic devices for research purposes.

Figure 3.3 A shows a wavefront shaping metasurface made by EBL, which
operates up to the deep ultraviolet (DUV) spectral region['®°l. Here, the EBL
method allows for reproducibly fabricating nanoantennas ranging from 50
nm to 160 nm in size. Another example of nanoantennas made by EBL is

shown in Figure 3.3 B, which consists of Si dimer resonators with a gap size
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FIGURE 3.2: Schematic of EBL approaches for positive and neg-
ative resists, and pattern transfer processes: metal deposition &
lift-off, and etching & resist strip.
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FIGURE 3.3: Metasurface nanofabrication methods: (A) SEM
image of EBL fabricated metasurfaces operating in the UV spec-
tral range. Adapted from ref. [186]. (B) SEM image of Si unit-
cells fabricated with EBL, with a gap size of 20 nm. Adapted
from ref. [23].

of 20 nm[?®l. Si dimer structures can confine light to the nanogap, providing
strong signal amplification for surface-enhanced Raman spectroscopy appli-

cations.

EBL is a powerful method to fabricate advanced metasurfaces with nano-
scale resolution. However, as it was mentioned in the previous section, it
is limited by its writing speed, which is about 1 mm per hour depending
on the spatial resolution and the size of the electron beam and moreover, it
is not possible to increase the speed of nanofabrication with EBL methods.
Therefore, electron beam lithography is not an optimal fabrication route for

large area nanofabrication and mass production of metasurfaces.

3.4 Nanoimprint Lithography

As previously mentioned, in the event that identical nanostructures are
needed either in various positions on the same target wafer or on multiple
target wafers, an attractive method of fabricating structures more economi-
cally than by EBL alone (or any other direct writing nanostructuring method)

is nanoimprint lithography (NIL)!'*l. Based on seminal work performed in
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the 1990s13433] NIL is based on the transfer of a master structure to a tar-
get substrate by imprinting. This process is repeatable and large areas can be

patterned by step-and-repeat routines.

More specifically, NIL uses mechanical steps to fabricate nanostructures,
leading to various types of NIL processes. Generally, a rigid mold with
nanopatterns, called master, is pressed with constant force into a resin made
from a polymer material to transfer nanopatterns to the resin. It is impor-
tant to notice that the fabrication of nanoimprint stamp is often performed
by EBL, which is the approach followed in this work, as described in detail

in the Results section, 3.6.2 subsection.

Thermal NIL UV NIL

Thermoplastic
polymer resin

Transparent
= Imprint mold

Photopolymer
resin

Substrate Substrate
Pressure uv Pressure
High Room
Temperature Temperature
Heat
separate Separate

FIGURE 3.4: Schematics of thermal NIL (left) and ultraviolet
(UV) NIL (right). Adapted from [119].
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Thermal and ultraviolet (UV) NIL are the two widely used conventional NIL
techniques. A schematic representation of these processes can be seen in Fig-
ure 3.4. In thermal NIL, heat is used to cure and harden a thermoplastic poly-
mer resin. Some examples of thermal NIL being employed to increase the res-
olution of NIL below 25 nm are presented in Figure 3.5"3%32, UV NIL, on
the other hand, solidifies the resin using ultraviolet light. Due to the minimal
system requirements, quick response times, and lack of a heat source or ther-
mal conductance, it often has higher productivity®'l. The outcomes of using
UV NIL to create 5 nm nanopatterns and 5 nm gap Au nanopatterns by the
lift-off method!'!! are shown in Figure 3.5 C-E. Additionally, the NIL proce-
dure can be utilized to create consistent nanopatterns on a variety of surfaces

gl125

using so-called soft NIL approaches!'?!, which employ flexible molds made

of polymeric materials like polydimethylsiloxane (PDMS).

In general, nanoimprint lithography enables mass-production of metasur-
faces with a resolution comparable to the EBL, as it replicates the masters on
the nm-scale. Although various wafer-scale nanofabrication methods have
been used to realize metasurfaces, due to the type of materials to be used to
obtain the suitable optical properties in the visible / near-infrared, it remains
highly challenging to realize metasurfaces with high throughput without
detrimentally affecting the underlying layers during the etching steps, which
can eventually change the output fabrication results in an unpredictable way.
For these reasons, there is a need for a cost-effective and high-throughput

nanofabrication method to efficiently fabricate mid-IR metasurfaces.

3.5 Three-Layer Transfer Process by EBL and NIL

To solve up-scaling hurdles of EBL, a combination of EBL and NIL was im-
plemented. Hereafter, a comparison between the standard NIL process and a

novel three-layer transfer process is presented*l.

As can be observed in Figure 3.6 A, a light-transparent mold was made from
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C sio:ZNIL Mold

D NIL Polymer Imprint

ke ]

062804 5.8K X2358K 120nm

851417 3.5K X8@.0K

FIGURE 3.5: Scanning electron microscope (SEM) images of
metal dots of 25 nm in diameter and a periodicity of 120 nm
manufactured by thermal NIL (A) and strips 70 nm wide and
200 nm high on the left panel®®'l. SEM images of a mold of sil-
icon oxide (C), resin imprinted after UV NIL (D), and Au con-
tacts after metal evaporation and resist liftoff, showing a reso-
lution of 5 nm UV NIL used to contact single molecules (E) on
the right panell'].
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A Nanoimprint Lithography (simplified Processing Steps)

| | Presine /uv Iighi‘ / Tempemire | |
NIL resist
Semiconductor
Substrate

B Direct Patterning using Si-based NIL Resists

Critical dimension Critical dimension Non-selective removal Critical dimension
Semiconductor :
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FIGURE 3.6: (A) Schematics of the processing steps in nanoim-
print lithography (NIL) using a stamp (fabricated by a master
by molding; not shown here) to pattern the NIL resist coated
substrate. When the stamp gets in contact with the NIL re-
sist, depending on the fluidic properties and size of the struc-
tures, external pressure and capillary forces drive the filling
process of the stamp structures. The transformation of the re-
sist from liquid phase to solid phase can be achieved by ul-
traviolet (UV) light or temperature, or a combination thereof.
The residual layer is removed by non-selective etching (not
shown here). (B) Direct transfer of NIL patterned resist struc-
tures into a semiconductor layer with inevitable reductions in
feature size and structure height, as well as surface roughening
due to non-selective removal of NIL resist. (C) Indirect transfer
using a three-layer system; etching of a transfer layer, selective
removal of the NIL resist without affecting the protective and
buried layers, opening of the protective layer, and final etch-
ing of the semiconductor layer with subsequent selective re-
moval of the protective layer (without affecting the semicon-
ductor layer). Compared to (B), more accurate dimensions can
be maintained as no reductions in feature size and height occur
as a result of non-selective removal of the NIL resist. Further-
more, being protected, surfaces and morphologies can be kept
clean and free of defects.
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an EBL pre-fabricated Si master (as will be described later in details 3.6.2) us-
ing a UV-curable working stamp resin (EVG UV-NIL AS) on a flexible back-
plane. This type of process is called SmartNIL® technology and is performed
by external partners (EVG). Here, the target substrate is coated with a pho-
tosensitive, acrylic imprint resist and contacted at low pressure with the still
liquid resist. Thanks to capillary forces, the stamp structures are filled with
resist. In this way, the resist conforms with the topology of the mold (Fig-
ure 3.6 A, middle panel). The liquid resist is then cured upon exposure to
UV light through the transparent mold, thereby cross-linking the resist and
yielding a uniform, rigid polymer network. After the resist is cross-linked,
the mold can be removed (Figure 3.6 A, right panel), leaving behind the neg-
ative topology of the working stamp in the resist. The target substrate can be
further processed by a direct pattern transfer (Figure 3.6 B), based on an etch-
ing step with the NIL resist acting as etch mask (Figure 3.6 B, middle panel).
For many material classes, the residual NIL resist can then be selectively re-
moved without affecting the target material, obtaining the final structures

(Figure 3.6 B, right panel).

For the emerging class of fully dielectric metasurfaces, the conventional
NIL as described above has been deployed for the fabrication of per-
ovskite nanometer gratings and nanohole arrays!'*], Si, N, gratings of width
less than 100 nml'73], epitaxial a-quartz nanopillars!'®! or poly-Si meta-

lenses[?!!

, mostly manufactured under high productivity conditions as re-
cently reviewed!''’l. If the material to be patterned consists of Si, for exam-
ple, silicon-on-insulator(®! or silicon-on-glass, however, the conventional
processing path can no longer be used without detrimentally affecting the
semiconductor layer as the latter will be removed simultaneously or at least
severely attacked by the cleaning agents (e.g., SFs). Consequently, a direct
pattern transfer (Figure 3.6 B) is not directly applicable to dielectric meta-
surfaces. Whereas some uniform reductions in feature size can potentially

be addressed through labor-intensive design and efforts, a generic process is

desirable. Before proposing such a processing path, it should be noted that
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the master used for molding can be made of any material that allows replica-
tion to a working stamp. This also includes high conductivity substrates that

enable high-resolution EBLs without causing severe proximity effects.

Motivated by the excellent scalability, resolution, and cost offered by NIL,
a new processing routel*?l is proposed that enables high-performance NIL
resists with low etching selectivity to semiconductors yet to be used for pat-
terning amorphous, microcrystalline, or crystalline semiconductors. The pro-
cess is adapted from the production of complementary metal oxide semicon-
ductors (CMOS) and is based on a three-layer system. This stack consists of
the NIL layer, a transfer layer, and a protective layer on top of the semicon-
ductor. The processing concept has different steps; first, the patterned NIL
layer is transferred into the transfer layer, subsequently allowing selective
removal of the NIL resist thanks to the protection of the semiconductor by
the protective layer. The transfer layer will act as a rigid mask to structure
the protective layer. Finally, the protective and transfer layers are used to
pattern the semiconductor before selectively removing them. As a result, the
semiconductor surface is completely cleaned and the lateral dimensions are

not affected by non-selective etching.

The concept of selective etching becomes evident if illustrated with an ex-
ample of its implementation; the protective layer can be composed of Al,O,,
while the transfer layer can be SiO,. The removal of the NIL layer is then per-
formed by means of SFs oxygen plasma (Figure 3.6 C, central panel) followed
by cleaning under rather harsh conditions, applicable since the semiconduc-
tor is fully protected. The transfer into the semiconductor is then performed
by inductively coupled plasma reactive ion etching (ICP-RIE) (Figure 3.6 C,
center panel) using a combination of the protective and transfer layers or just
the protective layer alone - after the transfer layer has been removed. In prin-
ciple, the generic process described can be used to transfer any nano-pattern,
created with non-scalable and sequential lithographic methods, to large areas
and real-world applications using step-and-repeat approaches of NIL and the

three-layer concept. In particular, other material stacks composed of transfer,
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protective, and target layers other than those described above can be struc-
tured in a very similar way using modified processing parameters or even

different tools.

3.6 Results

The results of the three-layer process with combined EBL and NIL described
before in Section 3.5 will be presented for dielectric metasurfaces compared
to state-of-the-art direct patterning by the fabrication of all-dielectric meta-
surfaces based on amorphous Si on a transparent quartz substrate, using
the structures described in Section 2.2. As a test system, pairs of tilted el-
lipses were chosen (Figure 3.8; inclination angle ¢ = 35 °) as i) they demon-
strate very narrow and highly tunable absorption characteristics in the near-
infrared (NIR) regimel°®17°] and ii) ellipses are challenging and therefore geo-
metrically benchmarking objects for any patterning technique besides simple

1081 or rings!!”!#%]. In these ellipses, which make up an ar-

dots!'#/], gratings!
ray of nanoantennas, incident light excites magnetic and electrical resonances
so-called Mie resonances - which result in discrete peaks in the absorption

spectrum with high extinction coefficients.

High irradiation efficiency and low heat conversion are observed due to the
low absorption loss of the dielectric material. Since sub-wavelength dielec-
tric resonators can support bound states in the continuum, light is strongly
confined and, as a result, narrow resonances (< 10 nm full width at half max-
imum - FWHM) show up. Their resonance frequencies depend on the spe-
cific geometry, the constituent material, and dielectric environment!®!l which
makes them interesting sensing elements with tunable spectral responses by
design. Due to moderate filling factors, ellipse arrays reveal smaller extinc-
tion coefficients than high-density, sub-wavelength metasurface gratings!'74l.
The smallest deviations from the desired geometry, now, will be directly visi-
ble in the acquired optical spectra, rendering these structures ideal to demon-

strate the accuracy of the fabrication.
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3.6.1 Scaling Over a Large Spectral Range

To show the advantages of the novel fabrication approach, the aim was to
miniaturize the geometries from the previously reported NIR'>! to the vis-
ible wavelength regime using the linear scaling law of the unit cell and the
dimensions of the ellipses (Figure 3.7 A). Figure 3.7 B illustrates the scaling
factors S ranging from 0.85 to 1.20 with S = 1.00 having a = 280 nm and b =
100 nm, respectively (Figure 3.7 A). The height & of the a-Si was kept constant
at 100 nm, and the angle between the ellipses, ¢, was not changed. Figure 3.7

C shows a sketch of the final ellipses arranged in to an array.

A Unit Cell Parameters B S Parameter Scaling ‘ : Schematic of ellipses array
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FIGURE 3.7: (A) Design of the unit cell of dimension p, and p,
with a single pair of ellipses with long and short axes, a, and b,
inclined by an angle ¢. In the top-right inset, the upscaling of
single-pair ellipses into identical 6 x 6 arrays is shown. (B) Uni-
form scaling of the dimensions of all ellipses and unit cell sizes
by the scaling parameter S, aiming for an absorption resonance
range from the NIR (S > 1.1) towards the visible range (S <
1.0). (C) Schematic of ellipses fabricated for S = 1.00 (with a =
280 nm, b = 100 nm, and & = 100 nm) on a transparent quartz
substrate.

3.6.2 Master Fabrication

For EBL, pairs of inclined ellipses with nanoscale dimensions further rep-
resent a challenge as the pattern generator must operate non-parallel to the
beam’s two primary axes of deflection. In this work, the ellipses were ex-

posed using "sequences", which is a shape generation mode of the Raith
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EBPG5200 EBL system with an acceleration voltage of 100 kV and operat-
ing under ultra-silent conditions. The sequence is defined as a series of lines
and jumps. It was taken advantage of this mode to place shots with sub-
tield resolution accuracy (0.5 nm). The ellipses were exposed using sub-field
resolution units for placing the exels (exposure elements). With this mode,
it was possible to achieve the maximum exel shot positioning accuracy for
these non-orthogonal shapes. The filling of the ellipse was carried out start-
ing from the circumference and ending at the center, following a spiral path.
The writing order was from ellipse to ellipse along the entire pattern to re-

duce the effects of thermal drift (see arrows in Figures 3.8 C and D).
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P p 6 x 6 Array
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FIGURE 3.8: Design and EBL exposure elements. Design of the
unit cell (A) of size p, and p, with a single pair of ellipses with
long, a, and short, b, axes, being tilted by an angle ¢. Ellipse
filling (B) by EBL exposure elements starting from the edges
and finishing at the centre in a spiral path. Upscaling of single-
pair ellipses to identical 6 x 6 arrays (C).

The base dose used for exposing the patterns on the Si substrates was 7500
uC /cm?. Patterns with 12 nA and 50 nA were exposed to accelerate the ex-
posure, but there were no notable differences between the two in respect to

ellipse dimensions after pattern transfer.

A schematic of the process flow can be observed in Figure 3.9. More specifi-
cally, it was used HSQ 4% resist two-step spin-coating with 90 nm thickness,
without adhesion promoter. Prior to coating, the silicon wafer was cleaned
with oxygen plasma, soaked in surpass 3000, and baked at around 150° to

completely dehydrate the surface. The development was performed with the
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standard process: AZ351B : Hy0 = 1 : 3 for 5 min. Subsequently, quenching
with water was performed by adding 8 volumes of water in the developer
and then rinsing it in acetone and IPA. At the end, the sample was blow dry
with N». For proximity effect correction (PEC), a point spread function for

the corresponding stack was used.

HSQ Resist

FIGURE 3.9: Schematics of the fabrication process flow for the
Si Master.

Crystalline
Si Wafer Raith e_LiNE
@ 100 kv

Scanning electron microscope (SEM) was used to inspect the sample prior to
etching. Once the design looked acceptable, the etching process was initiated.
As a first step, ICP-RIE was performed for 1 minute using HBr etching at 80
W and radiofrequency plasma RF at 800 W. After cleaning the wafer with 600
W oxygen plasma ashing for 5 minutes, the sample was immersed in BHF for

10 seconds, washed in DI water, and dried with Ny.

FIGURE 3.10: Scanning electron microscope (SEM) images of
the final master from top (left panel) and tilted (right panel)
view. Scale bar in both images: 200 nm.
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Once the sample was finalized, SEM was used to check the final result. Figure
3.10 shows SEM images of the final master from the top and tilted perspec-

tives.

3.6.3 Preparation of Target Substrates

Transfer Layer (SiOz)\
Amorphous Silicon (a-Si) /

Quartz
Step Deposition Technique Material Thickness
Step 1 PECVD a-Si 100 nm
Step 2 ALD ALO, 12 nm
Step 3 PECVD SiO, 50 nm

FIGURE 3.11: Schematic (top image) and detailed value of
thickness, material, and used technique (table) of the layers de-
position to apply for the multi-step pattern transfer.

As shown more generally in Section 3.5, the substrate of the target sample for
NIL, in this case quartz, must be coated with several layers in order to apply
the previously described three-step layer transfer process. As it can be seen
in Figure 3.11, in the first step, the quartz is coated with 100 nm amorphous
silicon (a-Si) using plasma enhanced chemical vapor deposition (PECVD),
which will be the metasurface material to be patterned. Subsequently, the
Al,O3 layer is deposited with atomic layer deposition (ALD) with a thickness
of 12 nm. This layer will constitute the protective layer. Finally, the sample is

coated with SiO; at 50 nm, again using PECVD.
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-i Material _——
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B E UV-Exposure Q

C Working Stamp F

FIGURE 3.12: Schematic of the NIL process flow. Here, after the
stamp fabrication, the pattern is imprinted on the UV-curable
resist, ready to be transferred. (A-C) Fabrication of working
stamp on foil substrate, (D-E) Imprint using roll on process.

3.6.4 NIL Patterning Process

As described in general before in Sections 3.4 and 3.5, after that the layers
are successfully deposited on the substrate and the master is finalized, the
NIL can take place. In Figure 3.12 the process flow is described. Before any
process, an anti-sticking layer is applied on the master template. To start, the
soft stamp material is dispensed on the master (Figure 3.12 A), then the foil
substrate and the master are driven together and the soft layer is cured by
UV exposure (Figure 3.12 B). When the working stamp is released (Figure
3.12 C), the negative of the nanostructures is ready to be imprinted on the
target substrate. The imprinting is performed using a roll-on process. Here,
the roll starts to move across the foil (Figure 3.12 D), keeping a conformal
contact between the stamp and the substrate. When the roller has finished,
its movement across the substrate, the sample is exposed to UV light (Figure
3.12 E). Finally, the foil is separated from the substrate. The substrate pattern

is ready to be transferred into the target substrate layer.
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3.6.5 Pattern Transfer and Final Sample

The three-layers transfer process described in Section 3.5 is now used to
transfer the pattern into the a-Si. In Figure 3.13, the detailed description of
the transfer process is shown. First, the residual layer is removed with ICP-
RIE, then the SiO; is etched by 50 nm with RIE by employing CHFj3 to trans-
fer the pattern into the transfer layer. The remaining resist was selectively
removed by using HBr and the patterned transfer layer was then transferred
into the protective layer by first etching Al,O3 and second the a-Si. This trans-
fer was performed with ICP-RIE by using BCl3. In the end, the sample was
dipped in BHF to remove the remaining SiO, and Al;O3 to clean the sample.
As stated earlier, thanks to this transfer process, the semiconductor surface
is completely cleaned and the lateral dimensions are not affected by non-

selective etching.

Resist pattern

Residual layer Etching of

Residual resist removal the transfer layer

Transfer Layer (SiO,)

Protective Layer (Al,05)

Amorphous Silicon (a-Si) /

Quartz

NIL Resist Mask transfer Mask transfer
removal into the protective layer into the a-Si

aacsy L SN

Final structure

FIGURE 3.13: Schematic of the final structure transfer process
flow. Here, the three-layer process presented in section 3.5 is
used.

3.6.6 Metrology of the Fabrication Results

Prior to reporting the processing results, Atomic-Force Microscopy (AFM),

Helium Ion Microscopy (HelM), and Scanning Electron Microscopy (SEM),
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FIGURE 3.14: Comparison of metrological results for the final
processed sample using AFM topology (A), AFM phase (B),
HeIM (C), and SEM (D) (scaling bars: 100 nm). (E) Extracted
values for the main parameters of the ellipses, a and b, for three
scaling values S = 0.85, 1.00, and 1.20, respectively. The pur-
ple lines show the linear geometry variation with consistent,
slightly larger SEM values compared to HelM.

are assessed to test their metrological capabilities for a-Si metasurfaces on
quartz. Figure 3.14 shows the images acquired for the processed sample with
S = 1.00. Structures in AFM topology appear too large compared to the de-
sign (the unit cell is depicted as cyan overlay) (Figure 3.14 A). This is most
likely due to the finite tip radius (around 20 nm diameter) as well as the
step edges. As it can be seen in Figure 3.14 B, "shadows" indicate that the tip
is partially out-of-contact. When compared to AFM, HelM images are more
accurate (Figure 3.14 C) since the circumference can easily be determined.
However, in order to drain charges, samples had to be coated with 2 nm of
platinum (Pt). Slightly more blurred edges appear in the SEM images (Figure
3.14 D) for both the SE2 and the in-lens detector. The direct comparison with
HelM shows that the center of the edges appears white in the SEM images
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and should be taken as a physical boundary. The measurement accuracy by
SEM for the upper edges of the metasurface is estimated to be around =+ (2-5)
nm. Therefore, SEM is ideally suited for measuring the dimensions of the el-

liptical metasurfaces and will therefore be used for all subsequent metrology

tasks.

FIGURE 3.15: Automated Image Recognition Process for
Metrology: automated image recognition/processing steps by
(i) converting an SEM raw image into a binary image (ii), ap-
plying an FFT Filter (iii), removing border objects, and filling
open areas within the structures (iv). Finally, pattern matching
is performed using an ellipse shape to fit both angles (v) as well
as long and short axes (vi), as depicted for the final processed
image (vii).

First, the uniformity of individual metasurface elements was assessed across
arrays of 200 ym x 200 ym (Figure 3.8). This is an essential characterization
step as electron-induced proximity effects of densely-packed structures usu-
ally affect the uniformity, leading to alternating dimensions of the structures
inside the arrays compared to the ones located at or close to edges. For the
highly geometry-sensitive metasurfaces, smallest deviations from the nomi-
nal dimensions will result in locally different optical behavior and broadened
optical absorption features when averaged over a large area. Furthermore,
the inter-array uniformity is an important factor if large surfaces shall be cre-

ated where all elements are intended to have identical optical properties.
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FIGURE 3.16: Inter-array parameters determined for the Si mas-
ter (A) and the processed sample (B) for the vertical /horizontal
(blue trace) and diagonal (red trace) scan directions, respec-
tively. The black lines represent the average values of the entire
scan trace.

To determine the relevant parameters 2 and b for individual elements across
the entire array, high-resolution SEM imaging is conducted along verti-
cal/horizontal or diagonal line scans across an array (Figure 3.15), followed
by automated image recognition (flattening, binarization, single-object isola-
tion, pattern matching) and parameter extraction as illustrated in Figure 3.15.
As the image recognition is based on an ellipse as the geometrical reference
object and its angle is left as a degree of freedom for the pattern matching
routine, the angle between the pair of ellipses can also be extracted and used
as a measure to determine deviations from the perfect ellipse shape. To pre-
vent charging upon SEM (at 3 kV), the final a-Si structures on quartz were
coated with a uniform, 2 nm-thin layer of Pt which is, however, not needed

for the high-conductive Si master.

Figure 3.16 A and B show vertical /horizontal (blue) and diagonal (red) line
scans representing measurements of 8 ellipse pairs at each point for both Si
master (B) and final sample (C), respectively. For the Si master, a = (257.5 £
4.5) nm, and b = (86.3 £ 2.8) nm is found, as well as a = (252.5 + 4.6) nm and
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b = (92.8 &+ 3.3) nm, for the final sample, respectively. The decrease of -5 nm
for a and the increase of +8 nm for b upon replication can be explained by the
volumetric shrinkage effects of the working stamp and the NIL resist upon
cross-linking. The result is a superposition of bulk and surface interactions.
The root cause of the anisotropic behavior, however, has not been identified
yet, but is consistent and repeatable across all scaling values. Hence, the ef-
fect can be compensated by slightly adapting the master design. Looking at
the scatter of all traces, no signs of proximity effects can be found within
the measurement accuracy as more stochastic variations are revealed around
the mean value, both for the Si master (deviation of + 4.0 nm around the
mean value) as well as for the final sample (deviation of & 5 nm around the
mean value). Hence, the use of a high-conductive substrate for EBL together
with the novel indirect pattern transfer results in high-accuracy and uniform

metasurfaces.

3.6.7 Comparison of Patterning Approaches

Figure 3.17 A shows a sketch of the final ellipses arranged in an array. A
single ellipse fabricated as described above (left) and one structured by direct
pattern transfer (right) are shown in Figure 3.17 B. As can be seen, the one on
the right is still covered with residual NIL resist and suffers from defects and
dimensional inaccuracies, in contrast to the almost perfect left. For the entire
array, the structures appear smoother than in direct EBL writing as the later

process suffers from proximity effects (Figure 3.17 C).
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A Fabrication Result for S=1 B Indirect vs. Direct Patterning Approach
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FIGURE 3.17: SEM images of the final device: (A) Example of
ellipses fabricated for S = 1.00 (with 2 = 280 nm, b = 100 nm,
and h = 100 nm) on a transparent quartz substrate (scaling bar:
300 nm). (B) Comparison of indirect and direct patterning ap-
proaches for individual ellipses (scaling bars: 100 nm). (C) SEM
images acquired at the corner of an array fabricated by the in-
direct process (left) versus directly patterned by EBL (at 20 kV)
(right); the two nominal exposure doses indicated are both var-
ied substantially towards the center of the array according to
iterative, empirical electron proximity effect (PEC) corrections,
as explained in Section 3.2 (scaling bars: 5um).

3.7 Conclusions

A novel fabrication route to create high-accurate (< 10 nm) metasurfaces on

transparent substrates was demonstrated (Figure 3.18).

The fabricated structures were geometrically scaled to be able to tune in res-
onance behavior, from the NIR to the visible wavelength range, as it will be
shown in the next chapters. These devices, combined with a scalable and
mass-fabrication compatible fabrication route, represent an opportunity to
leverage the unique optical properties of Si-based metasurfaces, such as their
narrow and sensitive resonances, for various applications. The presented
processing approach allows cost-effective samples, which are roughly 2-3 or-

ders of magnitude lower in price compared to EBL processing alone, to be
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FIGURE 3.18: SEM Micrographs of the final device

fabricated by combined EBL and NIL, and which can fully compete with non-
scalable fabrication approaches on the nanometer scale. The novel fabrica-
tion route presented is generic to other geometries, different material stacks,
other operation principles and applications beyond optics and metasurfaces.
The process can be realized with masters created by any nano-patterning
method, including EBL, and is upscalable to large areas by step-and-repeat

techniques.
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Chapter 4

Optical Characterization

4.1 Introduction

In order to characterize and evaluate the optical performances of the fab-
ricated metasurfaces, different approaches can be used. These methods de-
pend on the purposes and application of the metasurfaces, but also on the
physical working principle which produce the resonance shift in the meta-
surface. In the following, a customized microscopy system will be introduced
to quantify the intensity shifts of the fabricated metasurfaces. First, a short
introduction to optical transmission spectroscopy is given together with the
general signal processing method that will be used in the following chap-
ters. Next, a short overview of microfluidic systems capable of incorporating
metasurfaces is provided. Later, in the results section, the optical setup de-
sign is described in detail and the control of the system is demonstrated by
using commercially available software. Finally, the microfluidic chamber de-

sign and fabrication thereof are shown.

4.2 Optical Transmission Spectroscopy

In general, the purpose of optical spectroscopy is to analyze the connection
between the variation of the light intensity and the wavelength of the input
light source employed to optically characterize the response of a sample. For

instance, the light interacts with a sample and is spectrally analyzed with the
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help of a spectrometer to determine properties such as reflectivity, transmis-

sivity, emissivity, or absorption.

CMOS Camera

Legend:
AS * LS. light source in transm.
: | 5 M: mirror
- \ M 0, objective in transm.
: | :  SP: specimen
/\:/ : - BS: beam splitter
- DG i . OF: optical fiber

) M : AS: adjustable slit
*  DG: diffraction grating
D . D: detection chip

SP ................................... Spectrometer

LS,

FIGURE 4.1: Transmission optical spectroscopy schematic. Sim-
plified schematic of setup use for transmission optical spec-
troscopy. The light source is connected through an optical fiber
to the microscope, allowing the light to be directed into the
spectrometer. Before entering the spectrometer, the light is spa-
tially separated by the help of a diffraction grating, based on its
wavelength. In this way, the light intensity can be collected by a
photo-sensitive detector (e.g., photodiode) and expressed with
a certain spectral resolution.

In Figure 4.1 an optical spectrometer schematic is shown, which can be em-
ployed in transmission configuration. Here, the light impinging on the spec-
imen is then collected and sent, through an optical fiber, to the spectrometer.
The light coming to the spectrometer can be adjusted with the help of a slit
with controllable aperture, to select the amount of light that can reach the
detector in order to do not saturate it. Furthermore, it is possible, by select-
ing the suitable diffraction grating in the spectrometer, to rule the output

detection spectral resolution. More specifically, the lower the grating pass,
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the higher the resolution. On the other hand, in this configuration, only a fi-
nite spectral wavelength range can be analyzed. Here, the light diffracted by
the grating is splitted and collected by the detector region, giving the out-
put transmitted light spectra with respect to the wavelength range of the se-
lected grating. It is usually necessary to conduct two measurements to gather
sufficient information and enable a relevant analysis of samples using opti-

cal spectroscopy in order to collect the characteristic emission of each light

source.

reference signal
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FIGURE 4.2: Optical spectroscopy spectra processing and ma-
nipulation. The sample output spectra is usually subtracted
from a reference one, acquired previously to determine the light
source’s emission spectrum. The result is then normalized and
multiplied by 100 to obtain the transmissivity value in percent.

First, the reference spectrum of the substrate without devices is collected, red
in Figure 4.2, it will be used later to avoid any influence from the substrate

optical properties, the characteristic emission of each light source, but also
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from the external environment. These reference measurements can be differ-
ent depending on the type of experiment conducted. For example, it can be
a clear, unpatterned part of the same sample, or a totally different sample
where the optical response is already known. The second measurement to be
conducted is the sample spectrum, violet in Figure 4.2, which represents the
optical response of the analyzed sample, consisting of both substrate and de-
vices. The two collected spectra are then usually subtracted from each other
and normalized, as shown in green in Figure 4.2, to determine the inherent

optical properties.

4.3 Metasurfaces Integration into Microfluidic De-

vices

Integrating dielectric metasurfaces in microfluidic devices enables practical
sensing experiments. Microfluidics is a field of research for controlling and
guiding the flow of liquids and gasses at the microscale level. Microfluidics
is crucial to enable operation with minute quantities of analytes and bioana-
lytes, therefore significantly improving the sensitivity of optical and electro-
chemical sensors!!7>115190.2%1 Besides, microfluidic devices have the capabili-
ties to mix various analytes, sort different particles, and form droplets of spe-
cific sizes!'**1431. Additionally, microfluidic systems are highlighted by their
user-friendly operation principles, which is a relevant aspect for real-world

applications.

Figure 4.3 shows some examples of microfluidic devices. The microfluidic in-
tegration of metasurfaces operating at visible and near-IR spectral ranges has
been successfully demonstrated beforel!”>]. An image of the integrated multi-
channel microfluidic chip is presented in Figure 4.3 A. The chip is 25 mm x 25
mm with a thickness of 0.5 cm, and the sensor array in the center is visible as a
darker zone below the channels. Another microfluidic application is shown

in Figure 4.3 B. In this study!"”’l, a microfluidic network of 1000 ym (L) x
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FIGURE 4.3: Schematics of different microfluidic implementa-
tions. (A) Multichannel microfluidic device (left), a nearer view
of the 8 flow channels revealing several sensors (middle), and a
SEM image of a Si nanodisk metasurface (right). The sensor ar-
ray in the chip’s midsection appears as a darker zone beneath
the channels (adapted from [175]). (B) Surface plasmon reso-
nance (SPR) sensor device optical system’s schematic (adapted
from [190]). (C) PDMS micro-fluidic cell for controlled delivery,
with experimental configuration (adapted from [131]). (D) Illus-
tration of the in-solution experimental setup, not to scale, show-
ing the fluidic inflow, outflow, and optical pathway (adapted
from [70]).
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100 ym (W) x 180 ym microchannels was constructed on a polydimethyl-
siloxane (PDMS) slab as an optical system for the surface plasmon resonance
(SPR) sensor device. The PDMS chip was made using a traditional replica-
tion molding process, in which the master was made using SU8 photoresist
and a silicon wafer by the use of structured photolithography. A PDMS mi-
crofluidic cell, as shown in Figure 4.3 C, provides for the controlled delivery
of diverse compounds!'®'l. The time evolution of both lipid bilayer synthesis
and subsequent streptavidin-binding kinetics may be studied in situ using
this combined microfluidic technique. Another example is shown in Figure
4.3 D, where, given that the CaF; substrate is highly transparent in the mid-IR
range, it was possible to illuminate the chip from the back-side and integrate
the microfluidic devices. The PDMS device’s flow channel height H in this
example is 30 ym. The zoom shows biotin groups exposed by functionalized

gold antennas, which capture proteins from the flowing solution!”’l.

4.4 Results

For characterization of the metasurface device fabricated, a custom-built op-
tical microscopy system was designed and assembled to image the transmit-
ted light intensity upon exposure to different analytes. The setup described
here allows, in parallel, to have both a high-resolution spectroscopic read-
out and an additional CMOS camera read-out. In contrast to conventional
spectrometers, using a CMOS camera allows spatially probing of the spectral
response of the metasurface over substantial areas (up to cm-scale), allow-
ing also to scan different arrays by scanning the sample as will be described
later. The use of such a setup is possible thanks to the very narrow resonances
(< 5 nm), adsorption dips, and large shifts (tens of nms) of Mie resonances,

described in Section 1.6.2, in combination with a narrow excitation.
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FIGURE 4.4: Characterization Set-Up Design Rendering. A cus-
tomized setup allows to work with light in transmission and
to have many degrees of freedom, both for the sample and the
objective. Moreover, the characterization system is able to work
in parallel with a spectrometer and a CMOS imager, thanks to
a beam splitter. On the top right, a picture of the setup is dis-
played.
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4.4.1 Design and Implementation of the Optical Set-up

The design presented in this chapter allows for characterizing Mie reso-
nances occurring at normal incidence. Hence, the chips can be mounted in
a collinear handheld sensing system working in transmission. In Figure 4.4,
a rendering of the final design for the characterization setup is shown. Here,
a Newport Q-Series quartz tungsten halogen lamp 66877 with 100 W and
approximately 850 Im flux was used to acquire the absorption resonances
in transmission. Before illuminating the sample, the broad-band light was
decollimated and then linearly polarized using a Glan-Taylor polarizer with
10 mm clear aperture, coated between 650 nm and 1050 nm. After that, the
light was collected using an Olympus LMPLFLN100x objective, with a mag-
nification of 100x, a numerical aperture of 0.86, and a working distance of 3.4
mm. Additionally, the objective was equipped with a piezoelectric stage for

fine tuning of the focus distance, allowing spot measurements to be taken.
The spectra can be acquired either by:

e an Ocean Optics QEPro spectrometer with back-thinned Si CCD, TEC-

cooled and a sensitivity from 400 to 1100 nm, or
e a CMOS imager working in the VIS-NIR regime.

The whole system was designed using Rhinoceros, a commercial 3D
computer-aided design (CAD) software. In Figure 4.4, it is possible to ob-
serve the final setup, with the customized and the commercial components
assembled together. Apart from the adapting parts designed to combine the
XY- and Z-stages in a final setup, a special focus was set to customize the top
part of the set-up, where the piezoelectric objective is mounted, as shown in

Figure 4.5.

The top part is removable and an extra degree of freedom was added by
implementing a 3-point stage to be able to tilt the objective with respect to the
sample by using fine adjuster screws. Moreover, to be able to hold the two

adapter stages together, 3 pockets in each stage were fabricated and filled
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FIGURE 4.5: Schematic of the top part of the characterization
setup.

with small super-magnets, providing enough force to keep a stable position
but also easy to remove if necessary. To allow the spectrometer to be replaced
by a simple CMOS imager and to observe thereby changes in the integrated
absorption, a narrow-band light source needs to be used instead of the classic,
broad-band, halogen lamp. For this reason, a monochromator was used as a

light source to conduct experiments.

In the right panel of Figure 4.6, a picture of the monochromator used is
shown. Since many settings of this tool need to be controlled, together
with the setting of the other tools, a custom-made program was developed
which communicates with all the devices used (spectrometer, monochroma-
tor, CMOS imager, XY stage). This will be explained in details in the next

section.

4.4.2 LabVIEW™ _Based Control Software

As mentioned in the previous section, automation and control of all ac-

tuators and detectors of the optical read-out system were developed with
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LabVIEW™ software. In particular, all the controls related to the ym-precise
positioning of the XY stage, the spectrometer, the CMOS image sensor, and

the various settings of the monochromator are combined in one software.

Monochromator

‘ ‘E
Lo [

|

CMOS ' , i i
imager

.....

X/Y stage

FIGURE 4.6: Pictures of the components used in the read-out
system. All components (spectrometer, monochromator, CMOS
imager, XY stage) were controlled by a custom-made software
to automate the experiments, e.g., for scanning and combined
spectral acquisitions.

LabVIEW™ is a software developed by National Instruments that provides
an environment for graphical programming. User-friendly programs and
user interfaces can be developed not only for instrument control, operational
control systems, and data acquisition but also as a tool for data analysis. An
intuitive tool for the user to perform the entire read-out procedure was devel-

oped, starting from the basic procedures for characterization over analyzing
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the spectral results to saving the data in the desired format, (e.g., ".txt" for-

mat).
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FIGURE 4.7: Screenshot of the graphical interface of the soft-
ware to control the optical read-out system. It shows the fol-
lowing environments: XY stage (top, center), monochromator
(top, left), spectrometer (bottom, left), and CMOS camera im-

ager (right).

As it can be seen in Figure 4.7, the software can be divided into four main

components:

1. XY Stage: in this component, shown in Figure 4.7 top center, it is possi-

ble to independently set the parameters for the controllers in the hori-

zontal X and Y axes. In more detail, the following parameters and set-

tings can be customized:

(a) Move to: in this configuration, it is possible to reach an absolute

position by entering the coordinates;

(b) Relative move: here, the position can be changed relative to the

current one;
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(c) Extra settings: in this panel, the values for speed, acceleration, and

deceleration can be set;

(d) Manual movement: moreover, to be able to move in a quick but

less accurate way, a manual controller was implemented, which
acts by pressing the buttons for a certain time duration to trigger

the movement.

2. Monochromator: in this component, shown in Figure 4.7 top left, the

following parameters and settings can be customized:

(a) Shutter position, which can be open or closed to allow the light to

pass;

(b) Filter setting, which is composed of 5 different choices, each one
with a different wavelength range. These filters can be exchanged

in the filter wheel;

(c) Grating range for 4 different wavelength ranges: 200-600 nm, 200-
1400 nm, 475-1400 nm, and 875-2200 nm;

(d) Wavelength setting, choosing the initial and final wavelengths,

and the number of steps to be performed, upon scanning;

(e) Output Port, since two different light exits are present in the tool,

the desired one has to be selected (lateral or axial);

(f) Slit / Bandpass, here, it is possible to set the bandpass value or to

define the desired input and set, separately, the output for the axial

and the lateral port independently.

3. Spectrometer: in this component, shown in Figure 4.7 bottom left, the
output spectrum is displayed in the working wavelength range and the
data is saved in the selected folder path with the desired name of the
tile. Moreover, the measurement progress percentage is shown in the

left column.
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FIGURE 4.8: Microfluidic chamber design and working princi-
ple. The analyte is introduced through the inlet of the microflu-
idic channel and incubated on the metasurface, loaded between
the chip and the quartz plate divided by the PDMS gasket. The
analyte solution can be washed and the spectroscopic measure-
ments performed iteratively.

4. CMOS Imager: in this component, shown in Figure 4.7 at the top and
bottom right, the image is shown. Here one can adjust the exposure
and zoom to the desired values and then save the image. Furthermore,
by moving the cursor on the image acquired, it is possible to read the
Cartesian position and the values of the red, green, and blue compo-

nents.

4.4.3 Microfluidic Design and Fabrication

In this section, a custom-built flow microfluidic system is introduced, that
enables liquid exchange of precise quantities, e.g., used for rapid cycles of

metasurface washing and incubation steps.
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The custom-made microfluidic cell shown in Figure 4.8 consists of two dif-
ferent aluminum parts, which are tightened together by two screws. Due to
its outstanding mechanical qualities, reusability, simplicity of manufacturing
in conventional mechanical micromachining, and ease of setup, aluminum is

a good contender for the microfluidic chip substrate.

In the left part of Figure 4.8, the opened structure of the microfluidic cham-
ber is displayed. Here, the sensor chip is placed on top of the bottom alu-
minum part of the microfluidic cell with the metasurfaces facing up inside
the microfluidic chamber. Here, they can interact with the analytes. On top
of it, a quartz plate with connector holes was used to allow the liquid to
flow in a transmission configuration. To ensure zero water leakage from the
quartz and metasurface chip interface, a thin PDMS-based gasket is intro-
duced, which allows to hermetically insulate the microfluidic cell. In addi-
tion, two small o-rings were used between the holes in the quartz plate and
the top aluminum part in order to hermetically seal the system upon lig-
uid exchange. Inlet and outlet connectors were designed for 1/16 inch tub-
ing. Figure 4.9 shows the microfluidic chamber fabricated, disassembled (top
left), partially assembled (bottom left), and entirely assembled and mounted

on the setup, ready for use (right).

Experiments of flow microfluidics are tipically conducted in different steps.
The sample is first mounted in the chamber previously described, then the
analytes are introduced through the inlet by using a peristaltic pump with a
tixed flow rate of 30 u1 / min. The metasurfaces are then exposed to the target
analyte for a certain amount of incubation time. To flush away any unbound
molecules, the analyte is washed away through the outlet with the desired
solution after incubation. In such a way, the microfluidic system enables op-
eration with minute quantities of analytes. The final step within each cycle
is the VIS-NIR measurement of the surface-bound biomolecules. The cycle
can then be restarted from step one after the measurement. Interestingly, this
microfluidics method enables signal read-out after each step of surface func-

tionalization while lowering the risk of sample contamination. Furthermore,
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FIGURE 4.9: Microfluidic chamber fabricated. Each component
of the chamber can be mounted in a pre-defined, precise posi-
tion thanks to the different pockets mechanically manufactured
on the aluminum part to keep in position the metasurface chip,
quartz plate, and gasket.

the system can be expanded to perform real-time monitoring of molecular

binding kinetics.

4.5 Conclusion

This chapter provided an introduction into optical transmission spectroscopy
and microfluidics with a detailed description of the design, implementa-
tion, installation, and tools software interfacing of the custom-build optical
transmission system developed during this thesis. The system is capable of
measuring simultaneously with a spectrometer and a CMOS imager the out-
put signals. Moreover, the all-dielectric metasurfaces were integrated into a

custom-made flow microfluidic chamber for precise analyte delivery.

In the next chapter, the system described here will be used to measure the

optical response of metasurfaces under different environments.
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Chapter 5

Operation in Different

Environments

Sections of this chapter are adapted from one published article, which appeared in

Advanced Photonics Research (DOI: 10.1002/adpr.202200014) [126]

5.1 Introduction

The use of metasurfaces made of high-index dielectric nanopatterns has a
variety of advantages for achieving great tunability. An essential property
of dielectric nanostructures is their capacity to support electric and mag-
netic multipolar Mie-like resonances over the visible and near-infrared wave-
length spectrum!®'8l. These resonances can be explained analytically by
the Mie-theory, as was previously discussed in Section 1.6.2. Mie-resonant
nanostructure-based dielectric metasurfaces offer a number of intrinsically
resonant features, making them particularly advantageous for engineering

tunability.

Notably, a strong spectral dispersion is associated with the resonant opti-
cal response of metasurfaces in the transmittance and reflectance spectra.
In contrast to plasmonic metasurfaces, dielectric metasurfaces can also dis-
play quite high quality (Q) factors because of the practical absence of absorp-

tion losses!'®>1737]. Tuning is made simpler since similar spectral resonance
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shifts produce more pronounced changes in optical response at particular
operating wavelengths. In this chapter, an overview of the different ways to
tune dielectric metasurfaces will be given, with the main focus on the tunabil-
ity provided by geometrical changes and local environment refractive index

changes.

5.2 Dielectric Metasurfaces Tunability

As previously introduced, there are numerous benefits to using high-
efficiency dielectric metasurfaces with different functionality for next-
generation tiny, low-power, and compact optical systems, and they could
enable innovative and exciting functions comparable to those available to-
day. In order to bring dielectric metasurfaces closer to practical applications,
tunable metasurfaces with optical responses that can be controlled in a re-

versible and reproducible manner will become increasingly important.

According to this approach, numerous adjustable dielectric metasurfaces
with resonance frequencies spanning from the microwave to the visible spec-
tral range have been identified!'”°l. Here, optical metasurfaces with visible
or near-infrared operating frequencies will be the main topic of discussion.
Three groups of tunable dielectric metasurfaces can be distinguished based

on their specific tuning mechanisms, as schematically shown in Figure 5.1:

e Changes in geometry: it is possible to vary the optical response of
a metasurface by modifying the nanoresonators’ shape or altering
the resonator array’s periodicity, either homogeneously or inhomoge-
neously. Changes in geometry result in changes in the nanoresonator
modes and inter-element coupling strength, which affects the metasur-

face optical response (Figure 5.1 i).

e Changes in the surrounding environment: the inter-elements coupling
strength and local resonances of a dielectric metasurface depend on

the properties of the surrounding material. Then, metasurfaces can be
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FIGURE 5.1: Schematic of dielectric metasurfaces tunability
mechanisms for (i) changes in geometry, (ii) changes in the sur-
rounding environment, (iii) changes in the metasurface con-

stituent materials.
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made tunable by immersing them in a functional material that alters
their optical properties based on local environmental changes (Figure

5.1 ii).

e Changes in the metasurface constituent materials: changing the con-
stituent material of nanoresonators themselves can also cause dynamic

changes in a metasurface’s optical response (Figure 5.1 iii).

In this work, the focus has been mainly put on the first two points, which
are the changes in the geometry and the changes in the surrounding environ-

ment, as will be presented in the following Results section.

5.3 Results

In this chapter, the geometric effect of nano-elliptic structures on the opti-
cal response and the refractive index (n) sensing performance of the quasi-
BIC mode has been systematically studied. Arrays of optimized tilted nano-
ellipses pairs were experimentally demonstrated, and the sensitivity of tilted
nano-ellipses pairs was quantified by examining their spectral variation un-

der exposure to different surrounding media with n ranging from 1 to 1.38.

5.3.1 Sensitivity towards geometrical changes

First, the chip described in Chapter 3, Section 3.6.1, was measured in DI water
(n = 1.33). Here, the unit cell and the dimensions of the ellipse were linearly
scaled as described in Figure 3.7 A. The scaling factor ranging from 0.85 to
1.20 with S = 1.00 having major axis a = 280 nm, minor axis b = 100 nm, and

height i = 100 nm constant.

Figure 5.2 B shows a representative absorption resonance for S = 0.9, acquired
in transmission (thickness of the quartz substrate 525 ym) under illumination
with the linearly polarized, broad-band light emitted from a tungsten lamp
and the scattered and transmitted light collected with the objective and the

spectrometer, as described in Chapter 4. As a consequence of the small spot
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size (estimated to be < 5 ym), the spectrum is rather noisy, but the number

of metasurfaces acting actively as absorbers is finite.

A Response to Changes in Geometrical Scaling
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FIGURE 5.2: Optical characterization of metasurfaces under ge-
ometrical changes: (A) Scaling behavior of the resonance posi-
tion as a function of S, varied from 0.85 to 1.20. The scaling is
found to be linear, as expected. C) Spectral absorption data ex-
ample for DI water as surrounding medium, exemplarily for S
=0.9.

Looking at the green trace for metasurfaces immersed in a 200 ym thick cav-
ity filled with a solution of deionized (DI) water (dielectric index, n = 1.33),
the full width at half maximum (FWHM) of the resonances is around 6-8 nm

with extinction factors of 30 - 40 %, both depending on the chosen baseline.
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When plotting the resonance as a function of scaling factor S, a linear behav-
ior is found (green curve in Figure 5.2 A). The deviation from the linear fit is
+ 2.5 nm at maximum (green dotted lines; each data point represents three

measurements over the entire array).

5.3.2 Sensitivity towards dielectric environment changes

To test the same chip under different dielectric environments, first, the spec-
trum was collected in air (n = 1) for all the available scaling factors S, then the
metasurfaces were immersed in the 200 ym thick cavity, shown in Chapter 4,

Figure 4.9.

The microfluidic chamber was first filled with a solution of DI water (n =
1.33; conductivity = 0.059 uS cm~!; green trace), and then isopropanol (IPA;
n = 1.38; blue trace). As can be seen in Figure 5.3, the absorption resonances
shifted by AA with FWHM of 6-8 nm, similar to the previously mentioned

one. Both shifts are quite consistent throughout all the scaling factors, with:
o M ugter—air = (69.7 & 2.7) nm,
o AAipa_gir =(82.7 &£ 2.3) nm, and
® AApA—water = (13.0 £ 2.3) nm respectively.

The deviation from the linear slope for the metasurfaces immersed in sol-
vents increased slightly to = 9 nm (blue and green lines), most probably due
to instabilities in the flexible PDMS-glass cavity on top of the metasurfaces

upon moving the stage.

The sensitivity, Se, is defined as the wavelength shift of the resonant dip per

refractive index unit change and measured in nm/RIU:

MM

Se — =
¢ An

(5.1)
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FIGURE 5.3: Optical characterization of metasurfaces under ge-
ometrical and dielectric environment changes: (A) Scaling be-
havior of the resonance position as a function of S (varied from
0.85 to 1.20) and dielectric environment (air, DI water and iso-
propanol). (B) Spectral absorption data for air (red data), DI
water (green data), and isopropanol (blue data) as surrounding
medium, exemplarily for S = 0.9. (C) Inter-array uniformity of
the absorption resonance positions (top) and FWHMSs (bottom)
along vertical/horizontal (blue data) and diagonal (red data)
line scans.
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while the figure of merit, FOM, value, useful to quantify and compare the op-
tical response to dielectric changes, is calculated as the ratio of the refractive
index sensitivity to the full-width at half-maximum (FWHM) of the corre-

sponding resonance:

Se

FOM = =vam

(5.2)

The following table shows a schematic of the obtained results:

AA (nm) An FWHM (nm)| S (nm/RIU) FOM

Air / DI Water 69.7 0.33 6.5 211 325
Air / IPA 82.7 0.38 6.7 218 325

DI Water / IPA 13.0 0.05 6.4 260 40.6

FIGURE 5.4: Table schematizing the sensitivity, Se, and the fig-
ure of merit, FOM, values obtained from the experimental re-
sults for air, DI water, and IPA.

Moreover, similarly to the SEM metrology, the optical assessment of the in-
terarray uniformity revealed very low variations in positions of the optical
absorption resonances (£ 1.0 nm) and the FWHMSs (% 0.3 nm) across the en-
tire array, as displayed in Figure 5.3 C.

5.3.3 Sensitivity towards changes in NaCl concentration

Further experiments were performed by using different NaCl concentrations
in DI Water. This is a good preliminary test since, if the responses result re-
peatable and show good sensitivity, makes the metasurfaces a good candi-

date for biosensing applications.
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FIGURE 5.5: Experimental detection of NaCl concentrations.

(A) Metasurface transmittance spectra for DI water and NaCl

different concentrations, with n ranging from 1.32 up to 1.36.
Spectral sensitivity of around 423 nm/RIU is measured. (B)
Metasurface resonance position for different NaCl concentra-
tions. (C) Time dependency of the signal at different NaCl con-
centrations.
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The spectral characterization of the metasurface sensing device was per-
formed for DI water (n=1.331) and water with different concentrations (%

w/v) of NaCl salt, with n ranging like this:

o 0%:1.332, An = 0.001
e 5%:1.342 An = 0.011

o 10%: 1.346 An = 0.015
o 20%:1.361 An = 0.030

to demonstrate the frequency shift of the transmittance peak (Figure 5.5 A).
The measured transmittance peak shifted towards higher wavelengths with
the increase of NaCl concentration (% w/v), which corresponds to a higher
refractive index. This result is coherent with the ones obtained in Section
5.3.2, and also the behavior of the characteristic results linear (Figure 5.5 B)
like the one shown previously. Moreover, as can be seen in Figure 5.5 C, the
response time of the measurement is very fast and the signal remains con-

stant in the exposure time slot.

From this measurement, considering the scaling factor S = 0.9, a sensitivity

of around 769 nm/RIU and FOM of 85 was calculated.

NaCl concentration 0% 5% 10% 20%

Resonance peak

.. 723,8 nm 732,0 nm 741,5 nm 746,1 nm
position fors = 0.9

These results show that the measurement of a single wavelength us-
ing metasurface-based dielectric sensing offers enormous potential. This
technology offers high sensitivity and high-speed measurements, together
with affordable, small, and integrable components, making this technique

performance-competitive.
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5.4 Conclusion

This chapter presented an insight into dielectric metasurface sensitivity to-
wards changes of different features, starting with a general introduction to
dielectric metasurfaces tunability, which can be performed varying differ-
ent features, starting from the geometry, then the surrounding environment
changes up to the change of the metasurface material himself. After, a deeper
analysis of the results obtained in the research project was given. Here, first,
the sensitivity towards geometrical changes was shown, where a linear res-
onance behavior with respect to the linear scaling was demonstrated. Then,
the sensitivity to dielectric environment changes was shown. Here, the focus
was put on two different analytes, DI water, and isopropanol, together with
air measurements. The dielectric metasurface here was able to show a sensi-
tivity of around 215 nm/RIU and a FOM of around 32.5. But, more interest-
ingly, the sensitivity towards changes in NaCl concentration was analyzed,
showing a sensitivity of around 769 nm/RIU and a FOM of 85, which is a

promising result for biosensing applications.

Then, in general, the demonstrated all-dielectric metasurfaces show spec-
trally selective resonances that can be tuned by scaling the meta-atom unit
cell from one array to another. With a narrow spectral linewidth, such
ultrahigh-sensitive dielectric nanoresonators could be used for practical sens-
ing applications and improve detection limits. Furthermore, such a low-loss
all-dielectric platform allows for the avoidance of photothermal degrada-
tion and enables highly effective and feasible optical sensors for biomedical
applications. This high-Q metasurface design has great potential for ultra-
sensitive and label-free chemical fingerprint detection of various analytes

and molecules, some of which will be tested in the next chapter.
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Chapter 6

Sensing Experiments

6.1 Introduction

In the area of metasurfaces and nanoantennas, high-index all-dielectric res-
onant nanostructures like silicon nanoparticles received a lot of scientific
interest recentlyl!?>%78984172]  Furthermore, robust and customizable reso-
nance properties as well as tuneability have been demonstrated for silicon

148,135] ' Ag a result, such dielectric nanostructures hold excit-

nanostructures!
ing potential for biosensing applications by promising light to be manipu-
lated at the nanometer scale with high flexibility and efficiency!'”]. Dielectric
silicon nanostructures have two significant advantages over their metallic
counterparts. First, silicon overcomes the issue of local heating by having a
significantly lower absorption loss in the optical spectrum areal?’]. Second,
compared to plasmonic nanoparticle resonances, dielectric nanoparticle res-
onances can reach a higher quality factor due to the low losses, leading to in-
creased sensitivityl*’]. In fact, sensitivities similar to LSPR sensors have been
achieved in refractive-index sensing utilizing dielectric nanoparticles with

high quality factor Fano resonances!'”'],

The significance of ultra-thin layers for biosensing is likewise debatable, be-
cause dielectric nanostructures’ resonant electromagnetic modes are not as
effectively limited at the surface similarly to the plasmonic equivalents. In

fact, the vast spatial extent of the modes!!®! is helpful for refractive-index
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1711 leading to great sensitivity. But in biosensing, the analytes are

detection!
often restricted to a very thin (typically tens of nm) layer at the nanostruc-
tures” surface, thus only this area has to have electromagnetic fields ampli-
tied. As a result, it’s critical to choose the proper resonance modes for dielec-
tric biosensors that may provide significant field amplification at the nanores-

onator surface.

Notably;, it is critical to design adequate surface functionalization procedures
for sensing applications that allow selective binding of the target analytes.
Furthermore, the coated layers must be highly stable throughout time and

multiple washing operations.

Here, a three-step surface functionalization strategy will be first described,
followed by an insight in an application: a standard Biotin-Streptavidin bind-
ing response. Here, the detection of molecules will be performed by employ-
ing dielectric detection systems previously described based on localized res-

onance shift.

6.2 Surface Engineering

Both the composition and the chemical nature of the interface are cru-
cial for physical properties and chemical reactions at phase boundaries. As
a result, various surface coatings have been created and optimized for a
wide range of applications, from medical, such as antimicrobial coatings for

[36]

implants!'®’], via low-friction surfaces in engines!®, to analyte-specific coat-

ings of biosensorsl””/107],

Compact molecular monolayers that fine-tune the surface’s characteris-
tics using minuscule quantities of material make up attractive surface
coatings. These surface engineering techniques frequently use bifunctional

158,28]

molecules! , interlinking two moieties:

e a surface-anchoring group (comprising eventually a molecular back-

bone), and
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e a mutable head with the functionality of interest to be exposed on the

surface.

For specific applications, a wide range of surface properties has been
produced, including wettability**], catalytic activityl'?*], interactions with
analytes!!®?l, single charge transport layers?’], thin film transistors!'*],
molecular field-effect devices!'’’], etc. The wide spectrum of materials used

includes metals, metal alloys, semiconductors, and different metal-oxides.

Protein

i
O/CIP\Q AL
.

/ﬁ
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[B" D~ é/

Sio, Sio,

FIGURE 6.1: Example of surface modifications. A schematic il-
lustration of a PEG surface chemistry for solid silicon substrates
(left) also silicon substrates with gold patterns for site-selective
cell adhesion by material contrast (right). Adapted from ref.
[90].

The most often used ones include:

e gold surfaces because of the inherent affinity to bind thiols, allowing

self-assembled monolayers (SAMs) to be formed![*’! and

e silicon surfaces because of their crucial significance in complementary
163]

metal-oxide-semiconductor (CMOS) technology!
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An example is shown in Figure 6.1. While the functionalization of both types
of surfaces is based on chemisorption and the creation of chemical bonds
between the substrate and the coating layer, the formation process and the

nature of the resulting coating layers are very different:

e Gold surface decoration is a dynamic process. On gold, the mobility
of the immobilized molecule on the surface necessary to create densely
packed, self-assembling monolayers (SAM) is made possible by the bal-
anced strength of the sulfur-gold bond. Even tiny gold clusters can dis-
perse over the surface of amorphous and polycrystalline gold, affecting

to the coating’s density and defect level.

e On the other side, the silicon-oxygen connection created at the

silicon surface during silanization is too strong to exhibit reversibility

surface construction. The absence of spontaneous surface reconstruc-
tions in the silicon lattice is, however, an additional benefit. As a re-
sult, the molecules do not need to undergo any additional rearrange-
ment procedure in order to achieve the optimal packing density and
homogeneity; the molecules are pinned where they first touched the
surface. As a result, compared to their Au counterparts, the Si coatings
produced are often less homogeneous but - as a consequence - more

durable.

Because of the differing surface reactivities of the two surfaces, distinct im-
mobilization techniques produced libraries of molecules for molecular func-

tionalization which are, however, incompatible with one another.

Numerous sensing concepts that take advantage of thiol-immobilized
molecules used as analyte-specific interfaces have been developed thanks to
the reliable immobilization of molecules exposing a sulfhydryl group on a
gold surface as well as advantageous material properties of Au, like acces-
sibility to nanostructures and nanoparticles, high electrical and thermal con-

ductivity, beneficial optical properties like transparency, and high plasmonic



6.3. Results 89

activityl'?”731. As a result, there is now a large and varied library of recep-
tor architectures, e.g., for biomolecules, that expose sulthydryls as anchor

groups.

However, gold is a undesired element in the CMOS industry due to its
high diffusibility and behavior as a deleterious dopant when embodied in

1781321 ' With CMOS miniaturization and the increasing complexity of

silicon!
mobile devices, sensing modalities will soon be introduced and gold will no
longer be available as an interfacial material, necessitating novel immobi-
lization concepts on Si or SiO;. As a result, while using existing sulfhydryl-
decorated compounds produced for Au-based devices is intriguing due to

the previously described diversity of established and mature concepts, it is

also hard due to synthetic reasons.

6.3 Results

6.3.1 Three-Step Immobilization Strategy

Parts of this section are adapted from one submitted article: D. Vogel, G. Prone,
D. Scherrer, E. Lortscher, and M. Mayor "A Universal Three-Step Immobilization
Strategy for Thiols on Silicon Surfaces”

A simple and generic three-step coupling protocol for the immobilization of

thiols on Si surfaces is presented.

The thus discovered immobilization approach for thiols on Si surfaces, as
seen in Figure 6.2, is based on linker molecules and composed of three major

steps:
e an inert 2-(methylthio)benzothiazole is adhered to the Si surface;

e the 2-(methylsulfonyl)benzothiazole, which has strong elec-
trophilic properties, is then formed by oxidizing the 2-
(methylthio)benzothiazole;
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e the methylsulfonyl component is effectively replaced by the nucle-
ophilic thiol, leading to the covalent attachment of the sulfhydryl-

exposing derivative to the surfaces.

A B C D
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FIGURE 6.2: Thiol immobilization technique on Si sur-
faces. The linker structure is initially immobilized on
the (previously oxidatively cleaned) Si surface, coupling
a terminal dimethylethoxysilane anchor group with a 2-
(methylthio)benzothiazole subunit at the opposite end. The
exposed 2-(methylthio)benzothiazole is oxidized to the elec-
trophilic 2-(methylsulfonyl)benzothiazole in the second activa-
tion phase. In the last phase, the thiol-exposing molecule (big
dot with -SH terminal) undergoes a nucleophilic substitution
reaction with the exposed 2-(methylsulfonyl)benzothiazole, at-
taching the thiol compound covalently to the Si surface.

The linker molecule was synthesized by David Vogel, PhD student at the
University of Basel in the Marcel Mayor group.

Anchor Group

Dimethylethoxysilane was chosen as the anchor group to promote the pro-
duction of molecular monolayers on the silicon surfacel'®’l. While the alter-
native triethoxysilane would most likely result in thicker and more robust
coatings, it was presumed that the cross-linked polymer nature of the coat-
ing would result in head groups hidden within the branched polymer coat-
ing, making them less accessible for successive wet chemical processing. The
possible lability of the linker-coated surface when subjected to nucleophilic

solvents such as water or alcohol was also evaluated. Such solvents may
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substitute the linker molecule at the surface after penetrating the molecular

monolayer and interacting with the anchor structure, reducing functionality.

Spacer

An eleven-carbon long alkyl chain was used as a spacer to limit the likelihood
of polar solvent molecules reaching the anchoring group of the linker. The
goal was to keep polar solvent molecules away from the linker’s anchor by

including a hydrophobic section in the coating as a blocking layer.

Molecule Immobilization and Characterization

The immobilization of the linker molecules on the Si surface was explored.
A thin layer of linkers was formed on the silicon oxide surface (Figure 6.2 B)
after drop casting a solution having a concentration of 1 mM of linker onto a
silicon wafer, pre-heated to 90 °C. Two separate techniques were used for the

study and characterization of the formed layer:

e X-ray photoelectron spectroscopy (XPS) for the analysis of the wafers’

chemical composition, and

e contact-angle goniometry for the analysis of the wafers’ surface charac-

teristics.

These techniques will be explained in more depth later in the Experimental

Section.

It is important to note that the analysis was limited to these two strategies
in order to provide proof of concept for the immobilization strategy. This
because, due to the small dimensions, the molecules do not provide suffi-
cient dielectric contrast to be sensed by the metasurface’s resonances. Larger

molecules (like biomolecules) are required.

One wafer, identified as Blank Si, was treated using the same procedure but
without linker molecules in the coating solution. Figure 6.3 shows the mea-

sured contact angles performed with DI water. After immobilization of the



92 Chapter 6. Sensing Experiments

1051

100-§

)
&

contact angle ( °

~N ~N @ 00 O

o o © O O
e

65+
blank Si B C D

FIGURE 6.3: Contact angles were measured for monocrystalline
Si surfaces exposed to the reaction conditions shown in Figure
6.2. Each value was obtained by probing six different spots on
four distinct silicon wafers. Referring to the labels in Figure 6.2,
the recorded values are: (102.1 & 1.7)° for Blank Si, (74.5 + 3.5)°
for B, (67.5 £ 2.5)° for C, and (83.2 + 2.7)° for D.

linker molecule, the silicon wafer’s measured contact angle shifts from (102.1
+ 1.7)° for the reference Blank Si to (74.5 £ 3.5)° for Figure 6.2 B. Repeated
measurements taken at various locations on the wafer surface with a pro-
nounced contact angle difference of (27.6 £ 3.9)° indicate that a compact and

uniform layer of the linker molecule has formed.

The linker-coated wafer was soaked overnight in a 0.1 M mCPBA solution in
DMF to activate the surface coating’s head group by oxidizing the methylthio
functional group. After washing with DMEF, acetone, and DCM, the wafer
was dried in vacuum and then with an argon stream to remove solvent
residues. The contact angle recorded for the activated wafer in Figure 6.2
C was (67.5 & 2.5)°, which was approximately 7° less than the contact an-
gle reported for the linker coated wafer (Figure 6.2 B). As the polarity of the
exposed structure increased due to the oxidation stage, the contact angle de-

creased, as expected for a more hydrophilic surface.
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The activated wafer was then exposed to the thiol-immobilization con-
ditions. There are different reasons why this particular thiol (3,3,3-

trifluoropropylmercaptane) was chosen:

e for the XPS experiment, fluorine atoms operate as labels since their
signals appear in the XPS spectra in a region that is not covered by
any other non-metallic elements and are therefore simple to distinguish

(highlighted by a green background in Figure 6.4 A);

e itis compact, which is a benefit for XPS analysis and enables X-ray pen-
etration deep enough to discover the molecular structure’s composi-

tion;

e itis very volatile and soluble in the majority of organic solvents, making
it easier to remove any unreacted species from the surface following the
immobilization process. This is a crucial feature to prevent additional
signals from being produced by purely physisorbed species in the sur-

face analysis.

The activated precursor wafer (Figure 6.2 C) was then treated with the thiol
molecule in DMF overnight. DMEF, acetone, and DCM were used to wash the
wafer. The remaining solvents were then removed from the wafer by vacuum

exposure and argon blow drying.

Contact Angle Analysis: The thiol-functionalized wafer (Figure 6.2 D) shown

a contact angle of (83 & 22.7)° that was significantly greater than the activated
precursor wafer’s. The increase of 16.7° was expected because, in Step III, the
more hydrophobic thiol group (trifluoropropylthiol) should replace the po-
lar and hydrophilic methylsulfonyl group on the activated precursor wafer.
Moreover, since the trifluoropropyl chain exposed at the surface is more hy-
drophobic than the methyl group of the linker (Figure 6.2 A), it was also
expected that the recorded contact angle of the thiol-functionalized wafer

would be bigger (of around 8.7°) than that of the linker decorated wafer.
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FIGURE 6.4: (A) XPS survey spectra of naked wafer Blank Si
and thiol-functionalized wafer D. A colored background high-
lights the binding energy regions of interest, which are labeled
by the transitions recorded in these regions. (B) and (C) show
the core level spectra of the N1 s and S2 s regions, which cor-
respond to the faded signal marked in blue and yellow in the
survey spectra of the thiol-functionalized wafer D. The solid
lines (blue for N1 s and red for S2 s) correspond to the calcu-
lated chemical states at 403 eV for N1 s and 229 eV for S2 s.
The computed Shirley or Tougaard background is represented
by the dashed line.
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XPS Analysis: While the contact-angle study supported the suggested on-

surface alterations, XPS investigations can offer more information about the
coatings’ composition. Figure 6.4 A shows the survey XPS spectra of the ref-
erence wafer Blank Si and the thiol-immobilized wafer D. The XPS spectra
show strong silicon peaks between 90 and 200 eV corresponding to the silicon
substrate and all silicon species contained within the penetration depth of
the XPS device, which is approximately 5 nm. This is expected for monocrys-
talline silicon surfaces coated with a naturally grown silica layer and capped
by a thin organic layer (light grey background in Figure 6.4 A). Addition-
ally, the signals for carbon (dark grey background) and oxygen (red back-
ground) are clearly visible on both wafers . It appears that the wet chemical
treatment of the reference wafer (Blank Si) deposits a substantial number of
organic species despite the lack of a linker molecule. The chemical changes
from the Blank Si non-functionalized wafer to the linker-coated wafer B and
to the activated coating of C cannot be investigated or confirmed using the
XPS spectra. The very faint peaks attributed to N 1s and S 2s are the only
other signals (Figure 6.4 B and C). Unfortunately, the dominating silicon sig-

nals cover the region of the more pronounced and distinctive sulfur S 2p'/2-

3/2 signals (164-165 eV), making it impossible to seel!'*]. The XPS spectra

2p
are excellently suited to corroborate the whole transformation from the non-
functionalized wafer (Blank Si) to the thiol-decorated wafer D because of the
fluorine labels added during the thiol-immobilization step. Only in the XPS
spectrum of D does the fluorine signal appear, revealing the immobilized
thiol. It is remarkable that the thiol-immobilization conditions also produce a
weak fluorine signal when applied to the reference wafer (Blank Si) without
an immobilized linker. However, the recorded signal is significantly weaker
and not similar to that for the thiol-functionalized wafer D. However, it does
show that despite cleaning procedures, fluorinated species were still present
on the surface of the blank wafer. While the activated linker-exposed wafers

were successful in retaining the thiol molecule by creating a covalent bond,

the nature of the interaction on the reference wafer (Blank Si) is less obvious.
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Bromine Label

The success of the thiol-immobilization and the potential of the immobi-
lization strategy are documented by the stepwise evolution of the recorded
contact angles and the overall transformation, which is supported by XPS
analyses. However, the absence of interpretable XPS data for each individ-
ual transformation on the wafer was unsatisfactory. The immobilized thiol’s
presence was demonstrated with the use of a halide label, therefore the
linker molecule’s presence will be shown with the same method. To demon-
strate surface immobilization, in addition to the previously presented linker
molecule, David Vogel synthesized a new brominated version of it, to be able
to use XPS with the help of a new label. The bromine was located at posi-
tion 7, which was both far enough from the reactive site to prevent interfer-
ing with the intended chemical transformations, and exposed enough to be
identified by the XPS analysis. The novel bromine linker was subjected to the
same linker immobilization, head group activation, and thiol-immobilization

conditions as those previously employed.
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FIGURE 6.5: Immobilization strategy for the brominated thiols
on Si surfaces

Contact Angle Analysis: Figure 6.6 shows the contact angles that were

recorded for the obtained wafers B’, C’, and D’. During the functionaliza-

tion processes, the contact angle developed in a very same way. The contact



6.3. Results 97

angle for B” decreases to (86.3 = 3.1)° upon immobilization of the bromi-
nated linker. The wafer becomes even more hydrophilic after activation, with
a contact angle of (76.9 £ 4.8)° for C’. The surface becomes less hydrophilic
following the final thiol immobilization, as seen by the increased contact an-
gle of (89.4 & 2.0)°. In general, the contact angles recorded after the different
stages of the procedure for the new linker are 6° - 12° higher than the ones
discussed previously for the first linker. This is due to the slightly greater
hydrophobicity of the new linker’s brominated head group. The similarity in
contact angles reported at different stages of the immobilization process with
both the first and brominated linkers indicates that the surface chemistry is

extremely similar in both situations.
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FIGURE 6.6: Contact angles measured on wafers exposed to the
reaction conditions. Six spots at various sites on four individu-
ally produced silicon wafers were probed to obtain each value.
The recorded values are: (102.1 + 1.7)° for Blank Si, (86.3 +
3.1)° for B, (76.9 £ 4.8)° for C’, and (89.4 + 2.0)° for D’

XPS Analysis: The XPS analyses performed on wafers treated with the bromi-

nated linker are very interesting (Figures 6.7 A and B). In fact, the immobi-
lization of the linker results in the observation of a discernible Br 3d signal as
a3d3/2 - 3d%/2 doublet separated by 0.66 eV. The visibility of the bromine sig-

nal is enhanced by the lack of any other signals in the energy region, which
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enables its integration to calculate the relative coating densities of the indi-
vidual species. No notable changes in the XPS spectra of either sample are
seen after the linker-decorated wafer B’ is oxidized to the activated wafer
C’. This was expected since the two extra oxygen atoms in the two organic
coatings constitute the only difference between them, and the excessive oxy-
gen signatures of the silica coating obscure their signals. On the other hand,
the Br 3d signal is still present in equivalent intensity in the XPS spectrum
of C’, indicating that the coating is stable under the current oxidation condi-
tions. This is because washing away the linker molecules would reduce the
intensity of the bromine signal. Finally, D" was produced by subjecting the ac-
tivated wafer C” to the thiol-immobilization process. The fluorine signals of
the immobilized thiol are clearly evident in the XPS spectrum. The Br 3d sig-
nal likewise remains at comparable levels for the thiol-decorated wafer D’,
indicating that the coating is equally resistant to these reaction conditions.
This is particularly interesting since the immobilized anchoring group’s sili-
con atom may also be attacked by the sulthydryl group, which would liberate

the linker molecule.

Thiol-immobilization Quantification

Two alternative methods, shown in Figure 6.8, were used to produce wafers
exposing the thiol-decorated linker in order to enable the direct quantifica-

tion of the thiol-immobilization by XPS:
a) the previously mentioned thiol-immobilizing reaction process; and

b) direct immobilization of a synthesized molecular compound equal to the

one expected at the end of the immobilization process on the wafer.
The two thiol-functionalized wafers were analyzed and compared.

Contact Angle Analysis: a) and b) final compounds had fairly similar mea-

sured contact angles of (89.4 £ 2.0)° and (89.6 + 1.3)°, respectively (Figure

6.8 B). As expected, similar contact angle values for these wafer sets were
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from the average.
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found, supporting the idea that the two methods produced similar surface

coatings.

XPS Analysis: The comparison of the XPS spectra produced for the two sets

of wafers was particularly interesting. The Br 3d signal was used to identify
the linker’s head group, while the F 1s peak was used to identify the immo-
bilized thiol. The ratio of the Br 3d peak to the F 1s peak allows to calcu-
late the concentration of the thiol molecule in relation to the available linker
molecules in the coating, and hence the success of the thiol-immobilization
technique (Figure 6.8 C). The XPS data support the conclusion obtained from
the contact angle goniometric investigations, namely that the two coatings
are the same within the analytical methods’ precision. As a result, the on-
surface modifications that occur during linker activation and subsequent

thiol-immobilization must be quantitative.

Experimental Section

Water contact angle measurements: The contact angle measurements were

carried out using Milli-Q water (2ul droplets). A Kriiss FM40 EasyDrop Ma-
chine was used to record the drops. Drop Shape Analysis software for Win-
dows from Kriiss was used to analyze the droplets. Only images with a fo-
cus assistant value greater than 90 were evaluated for contact angle mea-
surements. Six measurements were taken for each sample. The droplets were
placed as follows throughout the wafer: one in each corner, one in the center,
and one between the edge and the center. The error bars reflect values that

are within one standard deviation of the mean.

XPS measurements: The prepared wafers were dried on a Schlenk line under
a vacuum of 1- 1072 mbar for 18 h and thereafter moved into an ultra-high
vacuum (UHV) XPS chamber without breaking the vacuum. The pressure in
the XPS chamber was kept in the range of ~ 2 — 4 - 10~? mbar. A monochro-
matic Al-Ka X-ray source (hv = 1486.6 eV) and a photoelectron spectroscopy
analyzer (VG ESCALAB 210) with an energy resolution of 0.5 eV at 20 eV pass
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energy were installed in the UHV chamber. Surveys and high-resolution core
level spectra were measured using 10 scans at a pass energy of 100 eV and 60
scans at a pass energy of 20 eV, respectively. The Au 4f”/2 peak was calibrated
with an electron binding energy (BE) of 84 eV. After a Shirley background
subtraction, the core level lines were fitted using DoniachSunjic functions

using the UNTFIT for Windows (Version 2015) program/*!-140.62],

6.3.2 Biotin-Streptavidin Binding Response

Utilizing the arrays of silicon nano-ellipses that were previously described,
experimental biosensing is here demonstrated using biotin and streptavidin,
a high-affinity vitamin-protein complex pair that is frequently utilized in

biosensing research!*’]

. Here, using the metasurface chip coated with bi-
otin, a streptavidin concentration of 1077 M was measured. It was demon-
strated that simple resonant dielectric structures can act as an innovative
platform for reliable biosensing and recognition of label-free analytes at
small concentrations in the near-infrared wavelength range. This is accom-

plished by merging the powerful Mie-type magnetic resonances!®®*°1, which

are optically-induced, with the tunability of silicon nano-ellipses!®l.

As a proof-of-concept for the streptavidin proteins’ detection, Figure 6.9 de-
picts the schematic of the biosensing procedure. The bio-recognition linker
molecules are coated on the silicon nano-ellipses array (blue/green block),
which serves as a sensor. The linker molecules are subsequently attached to
the target proteins, the streptavidin. The spectra are collected for the spectral

shift analysis once the measurement is completed (red arrow).

Surface Functionalization

More specifically, there are three steps in this biosensing procedure (Figure
6.10): surface activation (1.), linker functionalization (2.), and streptavidin

binding (3.).
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FIGURE 6.9: Schematic for biosensing measurement. The sil-
icon ellipses sensor is coated by physisorption with linker
molecules. The biotin moiety of the linker molecules is linked
to the target streptavidin proteins (orange circles). For spectral
shift analysis, transmittance spectroscopy is used (arrows), and
spectra are gathered.
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1. First, using an oxygen plasma cleaning procedure, it was possible to
achieve surface activation by producing hydroxyl groups, -OH, on the
metasurfaces’ surface (5 min at 200 W). Since silicon contains a small
layer of native SiO; after manufacture, oxygen plasma cleaning can eas-
ily introduce the -OH groups, making this surface activation procedure

conceivable.

2. Second, silane/PEG/biotin molecules (Mw = 2000 g/mol, supplied by
NANO-CS) were used as the linker between the silicon nanostructures
and the streptavidin to carry out linker functionalization. Three func-

tional groups:
e biotin (in azure),
e PEG: polyethylene glycol (in red), and
e silane (in light yellow)

make up this linker molecule. While the analytes are captured by the bi-
otin group, the silane group is required to connect with the Si surface.
PEG represents a polymer joining the two functional groups. To obtain
the average molecular weight, n repeating units are used. The above
linker molecules are dissolved in a PBS (phosphate-buffered saline)
aqueous solution with pH 7.4 to produce a solution that contains 104
M of such linker molecules. After the sample has been cleaned with
oxygen plasma, each array is immediately coated with a 12 ul droplet of
linker solution and allowed to air-dry. The reaction between the linker
molecules’ silane groups and the -OH of the nanostructures results in
the formation of strong bonds!®l. Following the droplet’s evaporation,
the sample is rinsed with DI water to get rid of any remaining unspecif-

ically bounded linkers, and then it is dried using compressed nitrogen

gas.

3. Finally, the streptavidin is attached to the linker molecules” biotin

groups. To attain the desired concentration (10~7 M), the streptavidin
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solution is produced by dissolving streptavidin powder (purchased
from Sigma Aldrich) in a pH 7.4 aqueous PBS solution. After using
the linker molecules to conduct surface functionalization, each array
is coated with a 12 u1 droplet!®! of the produced streptavidin solution,
which is then allowed to dry in air. The four Streptavidin’s binding sites
can then create strong bonds with the linker molecules’ biotin, thanks
to the high affinity for one another (dissociation constant K; = 1014
M). Following the droplet’s evaporation, the sample is cleaned with
DI water to get rid of any unreacted streptavidin before being dried
with pressurized nitrogen gas. Before characterization, the sample was

checked for particle residues under optical microscope.

Optical Characterization

The linear-optical spectrum of the unfunctionalized silicon arrays were ac-

quired as a reference. This measuring procedure makes use of linearly po-

larized incident light and the specially constructed spectroscopic equipment

that was previously discussed in Chapter 4. The incident light is focused on

the sample, and the light that passes through it is collected. A sample’s un-

structured area is used as the reference for the transmittance through the

sample.

Results

For the measurements, the following steps were taken:

Pristine measurement: spectrum of the bare sample in PBS, without bi-

otin.

Baseline measurement: Take a baseline spectrum measurement of the

biotin-coated nanoellipses arrays.

Streptavidin binding: as previously described.
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4. Bound measurement: record the spectra of the streptavdin-bound sam-

ple.

9500 —————————————————————
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—— Streptavidin Bounded (107 M)
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FIGURE 6.11: Linear-optical spectra for the bare sample in
PBS (azure), biotin-coated (blue) and streptavidin-bound (red)
nanostructures with polarized light.

Figure 6.11 represents the measurement process’s spectrum.

As a result of applying a drop of 1077 M streptavidin solution to the biotin-
coated nanoellipses, the resonance dip of the biotin bound at (650,5 £ 0,6)
nm red shifts to (655,7 + 0,2) nm, with a difference of about A = 5,2 nm.

This finding suggests that biocompatible, reliable, and robust protein sens-
ing at low concentrations may be possible using all-dielectric nanostructures
as a new platform. Furthermore, such a dielectric sensing substrate is partic-
ularly well suited for sensing and accommodates a wide variety of surface
functionalization processes. On the other side, thiols and a few other groups

comprising more complicated procedures are typically the only functional
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groups appropriate for plasmonic sensors. This implies that compared to a
plasmonic sensing platform!?], a platform for dielectric sensing offers addi-

tional paths or methods for identifying various target biological species.

Moreover, because silicon is a dielectric element, it does not cause Ohmic
losses and local heating like metals do. These benefits increase the silicon-
based nanophotonic sensors’ resistance to various sensing environments,
making them more suitable for in vivo measurements. Looking into the po-
tential for practical and commercial use, the remarkable cost effectiveness of
these nanostructures makes it possible to mass produce an all-dielectric sens-
ing platform. Since silicon is the most common material in CMOS compatible
devices, which are a major component of the modern electronic industry, an
adaptation for silicon sensor manufacture is likely to occur as the technology

for dielectric nanophotonic sensing develops.

6.4 Conclusion

In this chapter, a general immobilization technique for structures exposing
a sulthydryl group (thiols) on silicon substrates is described. Contact-angle
goniometric and XPS analyses are used to track the changes that are occur-
ring on the surface. Each individual transformation step is tracked during
immobilization by the change in contact angle. In contrast, the XPS studies
reinforce the inferences made from the development of the contact angle and
gain from the addition of halide atoms as labels. Two distinctive XPS labels
were developed in order to aid in the XPS analysis. Both of these labels pro-
vide XPS signals in regions of the spectrum where non-metallic signals are
absent. By observing the intensity of the labels, it is possible to confirm the
reported surface transition because these different XPS labels are present on
both the linker structure and the model thiol. Without the use of noble metal
coatings or noble metal-nanostructures, this immobilization technique per-
mits the use of the huge libraries of receptors exposing a sulthydryl, both

for research and commercially available ones, on silicon surfaces. Numerous
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innovative miniaturized silicon-based applications in diagnostics, sensing,
and/or electronics will be made possible thanks to the robustness of silicon-

based technology.

After that, experimental streptavidin sensing was demonstrated utilizing ar-
rays of silicon nanoellipse resonators coated with biotin. This experiment
demonstrates the potential of a nanosized, all-dielectric system for biosens-
ing. Applications for resonant silicon nanosensors in medicine include more
precise molecular identification, disease diagnostics, and medication detec-
tion. These applications may be combined with additional benefits of the sil-
icon technology, like low conductivity, excellent resonance quality, and bio-

compatibility.
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Chapter 7

Conclusions

The thesis provides evidence of advancements in the field of NIR and VIS
metasurfaces and their nanofabrication techniques for label-free sensing ap-
plications. The doctorate thesis’s first chapter discusses the idea of metasur-
faces and examines the most recent metasurfaces and sensing modalities. In
Chapter 2, the elliptic unit-cell structure is defined, and the metasurface unit-
cell design is demonstrated. The focus of Chapter 3 is on manufacturing,
starting with the several issues that must be resolved in order to build such
a device, and providing a brief overview of electron-beam lithography (EBL)
and nanoimprint lithography (NIL). The description of a special three-layer
transfer method based on EBL and NIL follows.

Results are then given for master fabrication, substrate preparation, NIL pat-
terning, pattern transfer, metrology, and overall fabrication. The intensity
variations of the fabricated metasurfaces are measured in the fourth chapter
using a specially designed microscope equipment. First, a brief description of
optical transmission spectroscopy and the fundamental signal processing ap-
proach are given. An overview of microfluidic devices that can contain meta-
surfaces is provided later. After that, the optical setup design is provided,
and commercially available software is used to demonstrate system control.

Finally, a microfluidic chamber’s design and production are presented.

An overview of the various tuning methods for dielectric metasurfaces is
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given in Chapter 5, with a focus on the tunability provided by geometrical al-
terations and changes in the refractive index of the immediate surroundings.
For structures that expose a sulfhydryl group (thiols) on silicon substrates, an
universal immobilization approach is presented in Chapter 6. Contact-angle
goniometric and XPS measurements were utilized to monitor the changes
that are taking place on the surface. Then, using products that were eas-
ily available on the market, experimental streptavidin sensings are demon-
strated employing arrays of silicon nano-ellipse resonators covered with bi-
otin. It experimentally illustrates the capability of a nanoscale, all-dielectric

biosensing device.

In summary, this thesis showed how to successfully fabricate and optically
characterize dielectric metasurfaces in the NIR-visible region of the electro-

magnetic spectrum.
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Outlook

The dielectric metasurface exhibited here exemplifies the potential of
biosensing. Dielectric metasurfaces” unique capacities to enhance the light-
matter interactions as well as their additional degrees of freedom in their op-
tical responses will have a significant impact on how on-demand functions
are designed. Despite the fact that they have showed considerable promise,
there are still a number of unresolved issues. One of them is to provide a gen-
eral technique for the mass production of various types of dielectric metasur-
face sensors. Despite the efficient manufacture of metasurfaces reported both
in this thesis and in some recent works, such as nanoimprinting!®>*’1, laser

49,1561 and hole-mask lithography!!'®%1852%1 there are still no

direct writing!
techniques that are compatible with conventional semiconductor processes.
The improvement of the dielectric metasurfaces” sensitivity is another area
for future research. Dielectric metasurfaces can give enough sensitives, ac-
cording to recent studies, but their total performance is still below that of

their state-of-the-art plasmonic equivalents.

Additionally, the development of dielectric metasurfaces and the applica-
tion of these materials in devices is facilitated by advances in material sci-
ence. Many materials” potential applications for metasurfaces have not yet
been fully explored, but they can be looked into to expand the field of di-
electric metasurfaces. Multifunctional metasurfaces with the ability to both

provide near-field enhancements and serve as light sources on-chip can be
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created for ultracompact sensor integration by utilizing active materials, like
GaN and GaAs. Additionally, certain unusual materials have lately been ex-
ploited for metasurfaces to develop new optical features. These materials
include high-index chalcogenides!'®*°l, phase-change medial*>*?, multiple
quantum wells!'®®1%1 "and perovskites®"*l. Further research into atypical

metasurface materials could result in high-performance optical biosensors.

Concurrently, metasurface-based sensing technologies can address the
miniaturization of the present bioanalytical and clinical devices. Providing a
quick, effective, and accurate diagnosis is crucial for treating life-threatening
illnesses on time. Devices that enable point-of-care diagnostics and constant
health screening nowadays are more and more important for preserving life

1701441 Whereas the incorporation of plasmonic

and enhancing quality of lifel
metasurfaces in systems like lab-on-a-chip['®l, CMOS-based chips!®>?¢7],
and microfluidic devices!”"'31* is more developed, the incorporation of di-
electric metasurfaces is still in its early life and is anticipated to take advan-

tage of collected knowledge in order to achieve new functionalities.

Last but not least, artificial intelligence is a useful technique for increasing
the capability of metasurface sensors. The new areas to research are novel
methods to design metasurfaces and cutting-edge data processing. Inverted
designs of metasurfaces owning specified optical qualities have never be-
fore been possible thanks to machine learning, as demonstrated by a number
of publications!'’"1%], A fresh approach to developing metasurface sensors
with qualities that need rigorous requirements can be found in artificial in-
telligence. It is possible to create optical sensors that can recognize molecular
patterns, differentiate molecules in complex settings, and observe dynamic
molecular interactions by fusing machine learning and innovative dielectric

metasurfaces.
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