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Introduction

Optics and photonics are important fields which permeate not only a big branch of the
scientific research but they also play a great and important role in the everyday life. The
deep comprehension of these research topics, together with the ultimate control over
advanced devices fabrication, allowed, in the last decades, for remarkable progresses in
technology leading to a plethora of applications, such as for instance laser-based tech-
niques or optical based communication. Thanks to this growing application potential,
great efforts are being spent in finding new and pragmatic ways for manipulation of

light at optical frequencies. The present thesis lies within this framework.

This work addresses several features of an emerging field of nano-photonics based
on the use of dielectric Mie resonators. These devices, made by high refractive index
and low losses materials, exhibit specific features in light management at the micro
and nano scales, rendering them a viable alternative to conventional approaches such
as plasmonic structures based on metals and photonic crystals. Such dielectric res-
onators are gaining ground in the photonic community and, in recent years, a plethora
of applications exploiting their peculiarities have been showcased accounting for the
potential of this approach. However, comparing with photonic crystals or plasmonics,
this research field is still in its infancy in terms of large scale exploitation and viable
methods for fabrication with bottom-up approach which can guarantee large samples
with unexpensive techniques. These last features are indeed of crucial importance for
transfering the research ideas to the world of applications. In this thesis we focus our
study on three different, novel and alternative methods (with respect to conventional
lithography-etching protocols) such as aerosol spray, sol gel dip coating and nano im-
print lithography and solid state dewetting for realizing single Mie resonators as well

as metasurfaces. All these approaches address the challenge of low cost and scalability.



Beside the fabrication aspects we also deeply investigate the optical response and the

possible use of these systems for several different applications.

First, a glance is cast on the general properties of Mie resonators, starting from a
general introduction and ending with the obtained scientific results. At the beginning
is provided an overture to the physics, applications and possible fabrication techniques
of Mie resonators. Far from providing an exhaustive introduction to the subject, the
first part aims to escort the readers inside the topic, leaving the task to satisfy the

curiosity of the interested ones to the several bibliographic references.

Afterwards, three works are presented, each of those closely related to published or
submitted papers. First, it will be presented a work on titania spheres, published on
Advanced Functional Materials with the title “Titania-based spherical Mie resonators
elaborated by high-throughput aerosol spray: single object investigation”. Here, single
spherical objects are implemented and investigated both theoretically (with analytical
and numerical methods) and experimentally (with spectroscopic techniques). Thanks
to the presence of an analytical solution of the Maxwell equation in the spherical case
(the Mie problem), this first part of the thesis benchmarks real outputs and results

with the theoretical case.

Later on, another and more complex structure is presented: record-size, ordered
arrays of Mie resonators, still realized with titania via sol-gel dip coating and nano-
imprint lithography. These metasurfaces, made of multiple pillars of different sizes
form dielectric ordered matrices which exhibit from one side the typical response of Mie
resonators and, from the other side, the characteristic behavior of gratings. Thanks
to this feature, this structure can be exploited for different applications spanning from
band-pass filters (based on the supported Mie resonances), to refractive index sensing
(thanks to the increased sensitivity due to sharp Fano-like resonances). This work is

currently under review.

Finally in the last part, is described a work published on Physical Review Materials
with the title “Self-assembled antireflection coatings for light trapping based on SiGe
random metasurfaces”. It is focused on the study of a random metasurface made of
SiGe Mie resonators implemented via solid state dewetting-based technique, a purely

bottom-up method. The meta-surface presents randomly distributed islands featuring
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a large size dispersion and a high geometrical aspect ratio. It acts as an efficient anti-
reflection coating in the visible and near infrared region enabling for an efficient light

coupling and trapping in the underlying Si substrate.
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Chapter 1

Mie resonators: an overview

This chapter provides a general introduction to the physics, fabrication processes and
applications of dielectric Mie resonators. In the beginning a brief explanation outlines
the main reasons rendering these devices a fascinating and reliable method to manip-
ulate light at micro- and nano-scales. Then, details are provided deeply describing the
electromagnetic resonant modes inside Mie resonators, showing how this class of reso-
nant particles can be located in the middle between metallic nano-particles and dielectric
resonant cavities. Furthermore, this chapter addresses the state of the art of the mostly
used fabrication processes, including top-down and bottom-up approaches. Finally, the
last section gives a general overview of the most relevant applications involving the use

of Mie resonators in photonics.

1.1 All-dielectric nanophotonics: beyond photonic
crystals and metallic nanoparticles

Manipulation of light at micro and nanoscale is the purpose of an ever increasing field
of optics: the nanophotonics.

Since thousands years B.C., our forefathers were used to play and interact with
light, and metallic mirrors are the most evident and familiar result of their knowledge
[1]. From such ancient times, great progresses in understanding the interaction of light
with metallic elements have been done and devices such as optical metallic cavities

arose, with physical configuration that span from simple Fabry-Perot to more exotic
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geometries.

In a nutshell, nanophotonics, which basically studies the resonant behaviour of light,
with its multiple and variegated configurations and applications, is a world populated
by mirrors. In fact, being resonant frequencies the main topic of photonics, most of the
light-interacting elements, when we are not speaking of emitters, can be simply seen
as Mmirrors.

During the last century, this mirror-populated world has seen an increasing evolu-
tion and dielectric reflectors have joined side by side their metallic counterparts. Bragg
mirrors and total internal reflection-based devices, as for instance whispering gallery
resonators, are the most relevant example of such dielectric mirrors. Recently, a new
and rapidly developing area of nano-optics utilizes the resonant behavior of high-index
low-loss dielectric nanoparticles, the Mie resonators |2].

Located in-between photonic crystal cavities and plasmonic nanoparticles, Mie res-
onators offer an alternative way to enhance light-matter interaction at the nanoscale.
Photonic crystals exhibit resonances with high quality factors and large modal volumes
[3], while plasmonic nanoparticles are characterised by smaller quality factors and tiny
modal volumes [4], but losses in metals optical cavities are a critical factor that limits
their performances. This fundamental challenge can be overcome using all-dielectric
nanoparticles made of high-index semiconducting materials, such as silicon, germanium
or tellurium [5]. All-dielectric high-index resonators support resonances with frequency
below or near the bandgap frequency of the constituent material. The distribution of
the electromagnetic field of such resonances makes the high refractive-index nanopar-
ticle behave like a magnetic dipole (first Mie resonance) and an electric dipole (second
Mie resonance) [6]. This particular feature of Mie resonators opens the road to several

interesting applications.

1.2 Mie resonances of dielectric nanoparticles

Light scattering and absorption by a single sphere, i.e., electromagnetic radiation, is
a widely studied canonical problem encountered in both applied and theoretical sci-

ences [7]. The sphere is one of the few three-dimensional bounded geometrical shapes

2



1.2 Mie resonances of dielectric nanoparticles

that possess a closed-form analytical solution either in the electrostatic or the elec-
trodynamic domain. Thus, a sphere can be arguably perceived as an archetype of
a scatterer for the extraction of valuable insights regarding the scattering problem by
bounded objects and it is commonly used as a reference for any kind of electromagnetic

scattering theory and applications [§].

The problem of light scattering by small (relative to the incident light wavelength)
spherical particles can be solved thanks to the exact Mie solution of the diffraction
problem [6]. Let’s consider a non-absorbing dielectric sphere of radius 7 and relative
refractive index n under plane wave illumination, and assume linearly polarized light.
The field scattered by the sphere can be decomposed into a multipole series, the so-
called Mie’s expansion, characterized by the electric and magnetic Mie coefficients a,,

and b,,, respectively:

M (n2) Yy, (1) — Y () 0y, (n2)
() = &m (@)}, (n)

Ay, =

= () (@) (11

) () () = n(2), (1)
" ()&, (2) — nép ()i, (nx)

where x = kgro, ko is the free-space wavenumber, and 1,,(x) and &,,(z) are the Riccati-

(1.2)

Bessel functions. The primes indicate derivation with respect to the arguments. In
these equations a; and b; result proportional to the contribution of the electric and
magnetic dipoles respectively, ay and by to the quadrupoles, and so on. We shall find
useful to write the Mie coefficients in terms of the scattering phase-shifts «, and 3,
[9]:

Ay =

<1 - e_2iam) = isinae " (1.3)

o= N

by, = (1 - e’Qi’B’"> — i sin fB,e Pm (1.4)

In absence of absorption, i.e. for real n, the phase angles «,, and 3, are real, then the

extinction and scattering cross sections, o.,; and og, respectively, have the same form

[9)
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m=l (1.5)

In the small particle limit (rg < A) and large particle permittivities (n > 1) the
extinction cross section presents characteristic sharp resonance peaks. The values of
size parameter ¢ = nx at which the angles «,, and (3, are /2, 3w /2, ..., etc, define the
resonance points. At each resonance, the extinction cross section is of the order of A\/2
and it is independent of either the particle size or the refractive index [9].

res res 27T
oy = ol o <2m v 1) (1.6)

Asymptotically, the first resonance peak occurs when the size parameter is equal to 7
(i.e. A = 2nrg) corresponding to the magnetic dipole term of coefficient b;. In fig.
is shown the scattering cross section map of a non-absorbing Mie sphere as a function
of the refractive index n and the size parameter, ¢ = n(r¢o27/A) . Brightness in the
colormap is proportional to o.,; while color code represents the contribution of electric

and magnetic dipoles to the total cross section. The RGB (Red, Green, Blue) code is

formed by taking RGB = 0g 1R+ 031G+ 0res B, with 0,05 = \/agxt — 01%371 — 012\471. The
whole map is normalized to avoid over-saturation. Hence, green areas correspond to
parameter ranges where the magnetic dipole contribution dominates the total scattering
cross section, while red areas represent regions where the electric dipole contribution
is dominating. The remaining blue-saturated areas are dominated by higher order

multipoles.

To better understand the meaning of the so called dielectric and magnetic behaviour
of such high refractive index particles, let’s consider in the following some generalities
of their scattering properties (for a deeper discussion the interested reader can have
a look to the work of Garcia-Extarri et al. [10]). When an electromagnetic wave
impinges a dielectric particles, dipole moments are induced, proportional to the external

(polarizing) fields, E and B; the particle electric and magnetic polarizabilities ap and

4
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Figure 1.1: Scattering cross section map of a non-absorbing Mie sphere as a function
of the refractive index n and the size parameter q = nkoro = n(ro2m/\). Green areas
correspond to parameter ranges where the magnetic dipole contribution dominates the
total scattering cross section, while red areas represent regions where the electric dipole
contribution is dominating. The remaining blue-saturated areas are dominated by
higher order multipoles. Brightness in the color-map is proportional to the total cross
section. The white horizontal line represent the y-range covered by b). b) Scattering
cross-section og versus the wavelength \ for a 230 nm Si sphere (the refraction index
n = 3.5 is constant and real in this wavelength range). The contribution of each term
in the Mie expansion is also shown. The green line corresponds to the magnetic dipole
contribution. Reproduced from [10].

ay constitute the proportionality coefficients
p x agE m x ayB (1.7)

These electric and magnetic dipoles result proportional to the electric and magnetic
dipole terms of eq. and that is a; and by, respectively. Taking into account
this relation, the scattering cross section og can be expressed in terms of ag and ajy:

s + loa|® (1.8)

4
75" b

In the Rayleigh limit, when the size parameter ¢ < 1, the magnetic polarizability is

negligible. Very small particles always behave as point electric dipoles.

However, for particle sizes that are not extremely subwavelength (as g increases, i.e.
A decreases), there is a crossover from electric to magnetic behavior as shown by fig.

for a Si particle. Near the first b;-resonance, the particle essentially behaves like a

5
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Figure 1.2: Maps for the modulus of the total electric an magnetic vectors normalized
to the incoming electric and magnetic field respectively (Eyot/Eine and Hyo/ Hine), for
a Si nanoparticle of radius ro = 230 nm under plane wave illumination (top inset). XZ
planes crossing y = 0 are displayed. The left and central panels correspond to A = 1250
nm and A = 1680 nm of the electric and magnetic resonance peaks of fig. respec-
tively. The right panel corresponds to the situation where the electric and magnetic
resonances contribute equally to the scattering cross section (A = 1525 nm). The cor-
responding far field scattering radiation patterns for the three wavelengths are shown

in the bottom row. Reproduced from @]



1.2 Mie resonances of dielectric nanoparticles

magnetic dipole (cf. fig. . If X decreases further, a; peak dominates and the sphere
becomes again an electric dipole. Notice however that, due to the overlap between
the electric and magnetic responses, the radiation field near the resonances does not
correspond to a fully pure electric or a fully pure magnetic dipolar excitation. Yet, as
seen in fig. for the aforementioned Si sphere, the magnetic dipole contribution is,
at its peak, about five times larger than the electric dipole one.

In fig. (left and central panels) both the near field amplitude maps in the XZ
plane crossing the origin of coordinates (y = 0 nm) and far field radiation patterns at
the resonant peaks of a; and by, (cf. fig. [L.1D]), numerically calculated from the full Mie
solution. The magnetic and electric nature of both resonances is clearly supported by
these near and far field maps. For A = 1250 nm (left column), the electric field map
shows the typical two-lobe distribution corresponding to an electric dipole oriented
along the z axis. The far-field radiation pattern also presents the characteristic donut-
like shape of a dipole oriented along the z-axis with a slight distortion originated by the
weaker contribution of the magnetic dipole. For A\ = 1680 nm, the circular distribution
of the electric field enhancement inside the sphere (mid-top panel) is a clear signature
of the magnetic dipole oriented along the direction normal to the plane (y direction).
The corresponding far field radiation pattern (mid-bottom panel) is also consistent.

For a general wavelength, different modes contribute to the optical response of the
system. In the right panel of fig. is shown this effect for the special case where
both the electric and magnetic resonances contribute equally to the scattering cross
section of the Si nanosphere (cf. fig. . This particular situation is known as Kerker

condition, as we will treat in the following section.

1.2.1 Directional scattering and Kerker conditions

The presence of strong Mie-type resonances of both electric and magnetic character
opens up interesting opportunities for directional scattering effects. This can be in-
tuitively understood from examining the emission characteristics of an electric and a
magnetic oscillating dipole as displayed in fig. [1.3]

While the emission patterns of the two dipoles exhibit the same characteristic donut-

shaped profile, the orientation of their electric and magnetic field components is differ-

7
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E. N E

+ yl-'w? —_— y”E"—@u»MD
- -
(c)

(a) (b)

Figure 1.3: Visualization of the field polarization characteristics of a) an electric and
b) a magnetic oscillating dipole. Reprinted from . c¢) Illustration of how the in-
phase superposition of an electric and a magnetic dipole source with the same frequency
leads to constructive interference in one direction and to destructive interference in the
opposite direction. Reprinted from .

ent (see figs. and : for the electric dipole, the electric fields of light propagating
in opposite directions are oriented parallel and the magnetic fields are oriented antipar-
allel. For the magnetic dipole, the situation is the converse. Thus, by superimposing a
crossed electric and magnetic dipole oscillating at the same frequency and in phase, the
emitted fields interfere constructively in one direction and destructively in the oppo-
site direction. This is illustrated in fig. showing two-dimensional finite-difference
time-domain simulations of the x-polarized electric field component of an individual
x-polarized electric dipole (left), of an individual z-polarized magnetic dipole (middle),
and of the superposition of both dipoles (right). Such a crossed electric and magnetic

dipole source is called a Huygens source .

By analogy, as we have seen in the previous section, directional scattering from a
nanoparticle exhibiting both electric and magnetic dipolar response can be established,
since such particles exhibit in the far field a dipole-like behavior. When the electric-
like and magnetic-like scattering amplitudes are equals, light is scattered in forward
direction, whereas in backward direction the scattered fields interfere destructively. It’s
important to notice that the direction of this scattered light totally depends from the
direction of the impinging light, being the orientation of the induced dipole moments
inside the particle determined by the electric and magnetic incident fields. This phe-
nomenon, known as first Kerker condition , was experimentally found at optical

frequencies for nanoparticles composed of silicon and gallium arsenide .

Analogously, a minimum of scattered field in the forward direction is predicted by

the second Kerker condition and a zero-forward scattering is reached if some degree of

8



1.3 Magnetic light: experimental demonstrations at optical frequencies

absorption is present in the scatterer. As the resonances are dispersive, different condi-
tions for forward- and backward-scattered light can be fulfilled at different wavelengths
for the same nanoparticle. Therefore, nanoparticles with both electric and magnetic
response show different colors depending on the direction from which they are observed

[14).

1.3 Magnetic light: experimental demonstrations

at optical frequencies

As discussed in the previous section, in the case of lossless and dielectric materials,
their scattering properties depend only on two parameters: the refractive index n and
a size parameter ¢ that is proportional to the ratio between the nanoparticle radius rq
and the wavelength of light A\. This is clearly shown in fig. [[.Ta] where the scattering
cross section is reported as a function of these two parameters, n and ¢. In this
map, one can easily find that, for the same size parameter, the scattering cross section
and then the scattering efficiency, increases while increasing the refractive index of
the nanoparticle and resonances became sharper and brighter. It is not, therefore,
surprising that the first experimental demonstrations of Mie resonances in dielectric
materials came for particles working at gigahertz frequencies, where materials with
extremely high refractive index up to several tens of refractive index units (RIU) exist
[16].

Experimental observation of both electric and magnetic resonances in dielectric
particles at optical frequencies (mid-infrared) was reported in the work by Schuller et
al. for silicon carbide microrods [17]. Later, dielectric and semiconductor microrods
and nanorods were observed to exhibit scattering resonances in the visible and near-IR
spectral range (see, e.g., |18-20]). It was also theoretically pointed out [10, 21] that
silicon nanospheres with sizes ranging from 100 to 300 nm support strong magnetic
and electric dipole scattering resonances in the visible and near-IR spectral range.
Although silicon is not a completely loss-free material, its absorption in the visible
spectrum is much lower than that of metals, making it a good material for the study

of Mie resonances. An experimental demonstration of electric and magnetic dipole
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Figure 1.4: Close-view dark-field microscope (i) and SEM (ii) images of the single
nanoparticles selected on the sample.(iii) Experimental dark-field scattering spectra of
the nanoparticles. (iv) Theoretical scattering and extinction spectra calculated by Mie
theory for spherical silicon nanoparticles of different sizes in free space. Corresponding
nanoparticle sizes are defined from the SEM images (ii) and noted in each figure. a)
to d) correspond to nanoparticles of 100 nm, 140 nm, 150 nm and 182 nm diameters,
respectively. (Reprinted from [23].)

resonances at visible wavelengths was first reported for spherical Si nanoparticles by
Evlyukhin and Kuznetsov [23]. In these works, they show how silicon spheres,
whose diameters span over hundreds of nanometers, can support and tune resonaces
which are related to the 2"-pole terms of the scattered magnetic field (eq. eq. )

predicted by Mie theory.

In both works, scattering spectra from Si nanoparticles of various sizes are collected
and compared to the dimensions of the spheres and the corresponding theoretical pre-
dictions from Mie theory. Thanks to the analytical Mie solution for scattered field,
the observed spectra can be split into separate contributions of different multipole
modes and a clear picture of the field distribution inside the particle at each resonance
maximum cames. In fig. is shown a complete analysis done for different particles’
sizes, with experimental and theoretical scattering spectra. According to this analy-
sis the first strongest resonance of these nanoparticles appearing in the longer wave-
length part of the spectrum corresponds to magnetic dipole response (md). Magnetic

dipole resonance is the only peak observed in the visible spectral range for the smallest
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1.3 Magnetic light: experimental demonstrations at optical frequencies

nanoparticles (fig. |1.4a). At increased nanoparticle size (fig. 1.4c)) electric dipole

(ed) resonance also appears at the blue part of the spectra, while magnetic dipole shifts
to the red. For relatively small nanoparticles, the observed colour is mostly defined by
the strongest resonance peak and changes from blue to green, yellow, and red when
magnetic resonance wavelength shifts from 480 nm to 700 nm (fig. .

To refer to these magnetic scattering resonances at visible frequencies, Kuznetsov
et al. coined the term “magnetic light”.

The visible differences between experimental and theoretical spectra are ascribed to
the presence of silica substrate, which is not taken into account in the simple Mie theory
solution shown in fig. [1.4] (iv). As pointed out in ref. [24] electric and magnetic dipoles
exhibit different behaviours in presence of a substrate: shows the distribution of the
radiation pattern of horizontal electric and magnetic dipoles above a high-permittivity
substrate and reveals that magnetic dipole radiates mostly to free space, while electric
dipole radiates mostly into the substrate. Moreover, Refs.[25, [26] evince that the
electric polarizability of the sphere is modified in the presence of the substrate, resulting
in a red shift of the measured electric dipole resonance (with respect to the Mie theory

solution in free space). This phenomenon is known as the “surface dressing effect”.

1.3.1 Dielectric Mie resonators in presence of a substrate

The problem involving the presence of a substrate is a main topic when considering
dielectric Mie-type optical resonators, since most of practical applications require par-
ticles placed on a surface. Moreover, in most cases, strong interaction to the substrate
is even desired (e.g. absorption in photodiodes [27], solar cells [28] 29], etc.). This
interaction with the substrate strongly influences the resonant behavior, as well as the
interaction between the magnetic and electric resonances.

The study by van de Groep et al. [30] highlights how the presence of a substrate
influences the resonant properties of dielectric Mie resonators, as well as the interplay
between the different eigenmodes. This analysis is performed in relation to the particle’s
shape: a cylinder, a sphere and a cube are taken as examples. The refractive index of
the substrate ngy, is varying from 1 RIU (which corresponds to a dielectric resonator

in air) to 3.5 RIU, while as refractive index of the particle n,q is taken the refractive
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1. Mie resonators: an overview

index of silicon at visible and infrared frequencies. Scattering properties are given by
looking at the normalized scattering cross section (scattering cross section normalized

to geometrical cross section) Qscat = Tscatt/ T geo-

Figure [I.5a] shows Qs for a Si cylinder with d = 100 nm and h = 100 nm on a
semi-infinite substrate with an index in the range 1 < ny,, < 3.5, varying in steps of
0.25 RIU. Three characteristic features can be observed. First, increasing ng,, from
1 to 3.5 gradually broadens the resonance peaks (due to an increasing of the possible
radiative states) and causes the ED and MD peaks to overlap spectrally, such that the
ED mode becomes a shoulder of the MD mode for high ng,. For ng, > 2.25, the
ED is no longer visible as a separate peak. Second, a significant increase in (. iS
observed for increasing ng,;, which is attributed to the increase in the local density
of states (LDOS) at the position of the particle. Third, a small red-shift is observed
with increasing ng.,: Ayp = 499 nm for ng,, = 1 and A\yp = 515 nm for ng, = 3.5.
This is caused by the index experienced by the near-field of the resonance. This small
shift of only 16 nm is in sharp contrast with the dramatic 600 nm red-shift observed
for a plasmonic dipolar resonance of a similar cylinder made of Ag [31]. This contrast
is a direct result of the different nature of the resonance. While in plasmon resonances
most light is concentrated at the interface (in direct contact with the substrate), in
case of dielectric particles most light is concentrated inside the resonator, making it

less sensitive to substrate index.

To investigate the influence of particle shape, fig. shows QQseqt as a function of
wavelength for the same cylinder as in (red), a d = 114 nm sphere (green), and
a cube with sides of length 1 = 92 nm (blue). These particles have the same volume,
are all made of Si and the geometries are shown below (fig. and fig. . The
dashed lines in fig. correspond to particles in air, the solid line to particles on
a semi-infinite substrate with ng, = 3.5. Note that the sphere is sticking 7 nm into
the substrate (center is at 50 nm height above the substrate) to prevent unphysical
hot spots at the infinitely sharp contact area (see sketched geometry). Figure m
shows that both in air and on a substrate, the shape of the particle has only a small
influence on the resonance wavelengths of the ED and MD modes. Both resonances

are supported for all shapes, and the cylinder proves to be the most efficient scatterer.
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Figure 1.5: a) Qscqt as a function of wavelength for a Si cylinder with h=100 nm,
d =100 nm, on a semi-infinite substrate with 1 < ng,, < 3.5, in index steps of 0.25.
The geometry is shown as an inset, as the configuration of excitation. b) Qscqt for the
same cylinder (red), a d = 114 nm sphere (green), and a 1 = 92 nm cube (blue) in air
(dashed), all on a ng,, = 3.5 semi-infinite substrate (solid). All particles consist of Si
and have the same volume. The three geometries are sketched below (a) and (b). Note
that the sphere sticks 7 nm into the substrate to prevent an infinitely sharp contact
area. c-e) Vertical crosscuts through the center of all three particles in the plane
parallel to the E-field of the source, showing the normalized |E|? (color) and electric
field lines (gray). The particle surroundings and air-substrate interface are indicated
with white dashed lines. The respective geometries are shown above the figures. The
displacement current loops are clearly visible. In the bottom, the same crosscuts as
above, now showing the normalized |H|? (color) of the MD modes. The magnetic field
lines are not plotted since H ~ 0 in this plane (perpendicular to source). (Reprinted
from [30])
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Furthermore, for all shapes ()4 increases significantly due to the enhanced LDOS,
when put onto a substrate. However, comparing the solid lines with the dashed lines
shows that both the cylinder (red) and the cube (blue) show the dramatic broadening
of the ED and MD resonances when compared to the case in air, causing the ED to
appear as a shoulder on top of the MD mode. For the sphere (green), the broadening

is significantly less and the ED remains to be a separate peak.

Vertical crosscuts (parallel to the E-field of the driving field) through the center of
all particles on the ng,, = 3.5 semi-infinite substrate, at the MD resonance wavelength
allow in understanding this difference. Figures to show both the normalized
|EJ? (color) and the electric field lines (gray) and the normalized |H|? (color), in the
middle and in the bottom parts, respectively. The magnetic field lines are not plotted
because H ~ 0 in this plane, which is perpendicular to the H-field orientation of the
driving field. The electric field lines clearly show the displacement current loops that
induce the magnetic dipole 17 of the MD mode. Both the distribution of |E|? and
| B|? show that for the cylinder and the cube a significant fraction of the displacement
current loop extends into the substrate. For the sphere, despite the fact that it sticks

into the substrate, this effect is much smaller.

As a result, the coupling to the substrate is much weaker for the sphere than
for the cylinder and cube. This is also clearly observable in the distribution of |B|?
(bottom sections of figs. to , which show that the magnetic field profile of the
MD mode inside the substrate is much brighter for the cylinder and the cube, when
compared to the sphere. The contact area of the resonator with the substrate is thus
very important to get an efficient coupling of the impinging light to the substrate and
provides tunability of the radiation rate into the substrate. Note that in figs. [I.5q
to a second (reversed) current loop can be observed in the substrate below the
particles. This is attributed to image dipoles induced by the dipole moments in the

particles.

This relevance of the substrate in determining the properties of Mie resonances can
be exploited, for instance, for sensing application whenever the substrates were porous,

an example of this will be given in chapter [3]
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1.4 Functional nanophotonics with Mie resonators:

the state of the art

During the last decades, great efforts were spent in understanding the optical properties
of metallic nanoparticles, driven by their application potential. Plasmonic nanoanten-
nas constitute a simple but remarkable example of the capability of metallic nanostruc-
tures to strongly enhance the interaction of light at the nanoscale [32]. Manipulation
of light via two-dimensional metasurfaces is another possible application of metallic
devices, that allows to interact with the polarization, the spectrum or the wavefront
of an incident light wave [33]. Even though these topics still remain fruitful fields of
research, plasmonic nanostructures suffer from the strong absorption losses of metals at
optical frequencies, as has already been previously highlighted. A possible approach to
overcome this problem, lies in exploring the electric and magnetic Mie-type resonances
from all-dielectric nanoparticles. Such all-dielectric nanoparticles, while exhibit low
losses at optical frequency, can be applied in direct analogy to metallic nanoparticles
for most of specific applications. Nevertheless, high-permittivity all-dielectric nanopar-
ticles do not “just” provide a low-loss implementation of many concepts that have been
previously explored for nanoplasmonic structures, but they offer additional and fun-
damentally new opportunities based on the multipolar properties of their electric and
magnetic eigenmodes.

This section overviews the state of the art of research into high-index dielectric
nanoparticle structures and on how to utilize their properties for functional photonic

nanostructures.

1.4.1 Dielectric metasurfaces

A dielectric metasurface is a two-dimensional arrangement of designed dielectric build-
ing blocks, called meta-atoms, on a subwavelength scale. The subwavelength arrange-
ment with regard to the wavelength of operation ensures that only the zeroth diffrac-
tion order can propagate, as pioneering demonstrated in 1996 by Chen and colleagues
[34]. Diffractive optics was in fact the precursor field in the development of dielectric

metasurfaces [35-37]. In such arrangements, the metasurface optical properties are
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Figure 1.6: a) Scanning electron micrograph and b) measured and calculated re-
flectance of a Mie-resonant silicon mirror. The average reflectance exceeds 98% in the
gray-shaded region. Reprinted from @/ .

dominated by the optical response, in our case usually the Mie-type resonances, of the
individual building blocks. Dielectric metasurfaces offer a formidable design freedom of
the resonant meta-atoms and their arrangement, thereby enabling the implementation
of a myriad of transformations. Several of these possibilities will be discussed in the
following.

Dielectric mirrors. Reflectors were among the first functional dielectric meta-
surface devices that were realized [38] [39]. In fact, a subwavelength arrangement of
high-index dielectric scatterers can have a reflectivity close to unity at the spectral posi-
tion of both its electric and magnetic resonances (fig. . Consequently, Mie-resonant
dielectric metasurfaces act as frequency-dependent mirrors. The frequency dependence
can be tailored via the nanoresonator geometry and arrangement. Interestingly, while
in the electric resonance the metasurface acts very similarly to a conventional metallic
mirror, where the phase of the electric field is reversed upon reflection, in the magnetic
resonance the metasurface becomes a “magnetic mirror” , which does not reverse
the phase of the reflected electric field. Instead, the phase of the reflected magnetic
field is reversed.

Sharp Fano resonances. While broad resonances leading to large bandwidths are
desiderable for the dielectric metasurfaces mirrors, several other potential applications
are interested in resonances as sharp as possible. In dielectric Mie resonators, thanks
to their low absorption losses, the line width of the resonances are mainly attributed
to radiative losses, consequently narrow bandwidth can be obtained by tailoring radia-

tive resonant interactions . One type of such interactions is associated with Fano
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Figure 1.7: a) SEM image of the sample. b) Measured transmittance spectra of
the metasurface when immersed in oil with refractive index ranging from 1.40 to 1.44.
Reprinted from @/

resonances, widely studied in many branches of physics including nanophotonics .
An attractive generality of the physics of Fano resonances comes from its interference
origin between a continuum (or broad) state and a discrete (or narrow) state [46]. This
feature is observed in many wave scattering processes and occurs due to the coexistence
of at least two scattering channels, one of them being a resonant one. Then, in the
vicinity of the resonant frequency, the interaction between the two scattering channels
holds to both constructive and destructive interference with a sharp variation of the

scattering profile.

Very recently, Fano resonances were studied in dielectric Mie resonators, which do
not suffer from metal losses , . In this case, Mie-type resonances in dielectric
nanostructures can provide both broad and narrow modes . For example, a broad
dipolar resonance can interact with a higher-order, narrow Mie resonance to induce
a Fano resonance. These dielectric Fano structures can exhibit sharp optical spectra
together with strong field enhancement and steep spectral dispersion at the resonance

frequencies.

From an application point of view, the sharp spectral features associated with Fano
resonances in photonic nanostructures can be exploited for sensitivity refractive-index
sensing, as the line width A\ of the resonance directly enters the expression for the
sensing figure of merit defined as FOM = S A\, where S stands for the spectral shift
of the resonance frequency per refractive-index unit change (S = dA./on) [51]. In
Yang et al. [50], a silicon metasurface with a FOM of 103 was demonstrated, far
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Figure 1.8: a) SEM image of a mid-infrared metasurface phase plate able to generate
optical vortex beams. The plate comprises eight regions, each occupied by one V-
antenna type. The antennas are arranged to create a phase shift that varies azimuthally
from 0 to 2m, thus producing a helicoidal scattered wavefront corresponding to an
orbital angular momentum L = 1. b) Spiral interferogram created by the interference
between a vortex beam created by the plate in panel a) and a co-propagating Gaussian
beam. The size of the interferogram is about 30 mm x 30 mm. Reprinted from .

exceeding the current record for Fano-resonant plasmonic sensors. In fig. is shown
the realized structure with the relative transmittance spectra which, thanks to the Fano
resonances, allow for detecting refractive index changes. In Wu et al. monolayer sensing
with a Fano-resonant silicon metasurface was discussed as an example for the detection
of a single sheet of graphene [52]. Furthermore, sharp spectral features facilitate the
tuning and switching of the metasurface response with high switching contrast, as small
changes in the resonance position lead to strong changes in the level of transmission
and reflection. In this thesis we addressed an example of tunable dielectric metasurface,
discussed in chapter 3]

Wavefront control. A wide range of other possible functionalities for dielectric
metasurfaces rises when the metasurface design and thus the optical response depend
on the in-plane position. In particular, spatially variant phase shift of the incident
wavefront is the most prominent example and can be achieved by tailoring the resonant
properties of the metasurface as a function of the in-plane position, as shown in fig.
. This way, functionalities like beam deflection, beam shaping and focusing rise due
to propagation through or reflection at a sheet of just nanoscale thickness. This is in
stark contrast to conventional optical devices, which have to accumulate a propagation
phase over a macroscopic distance in order to obtain the same effect. Moreover, the

phase shift acquired thanks to dielectric metasurfaces can be different for different
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Figure 1.9: On the left, the original Mondrian painting “Composition in red, yellow,
blue and black”, 1921 (59.5 x 59.5 cm?). In the center, the micropainting reduction
(1:1200, 500 x 500 um?) made with silicon nanoparticles on glass. On the right, a
sketch of the geometries of the resonators. Reprinted from @/

polarization of the incoming light, therefore polarization-dependent wavefront control

can be reached.

Huygens metasurfaces. Another application of high refractive index nanores-
onators is in the emerging field of Huygens metasurfaces , that allow for full
phase control and high transmission efficiency. For this application, low-loss dielec-
tric nanoresonators are designed to emulate the behavior of the forward-propagating
elementary wavelets following Huygens’ principle . With an appropriate design of
dielectric metasurfaces the scattering in the backward direction can be completely sup-
pressed and all the light is scattered in the forward direction, leading to ideally unity
transmission. As was analyzed in section for the complete directional scatter-
ing coming from the combination between two in phase electric and magnetic dipole,
this characteristic behavior is largely conserved for a realistic dielectric nanostructure,
where high-index dielectric nanoparticle can be carefully designed to behave as the

magnetoelectric dipole scatterers [57-59].

Structural colors. Photonics engineering can be also used to imprint colors with-
out the use of pigments or organic colors . The color “arises” from the photonic
response and can be tuned via the shape and composition of the nanostructures; this
effect is also denominate structural color. High refractive index resonators have been
proposed to improve the versatility, sustainability, and reliability of structural colors
[62]. Thanks to the fact that subwavelength silicon particles exhibit well defined electric
and magnetic Mie resonances in the visible spectrum 63], they provide structural

19



1. Mie resonators: an overview

colors that can be controlled when modifying the shape and the crystallinity of silicon
[22], [64], when observed in dark-field spectroscopy.

To summarize, low-loss dielectric devices based on Mie resonators has been demon-
strated to have the ability to transform a given incident light field into a desired output
light field with engineered spectrum, wave-front, and polarization characteristics. The
metasurface concept also offers a range of possibilities for wavefront shaping devices,
which are not possible or are difficult to obtain with conventional optics, such as chro-
matically corrected collimators and imaging systems , and can also be used as
polarization or color filters or in related applications. Moreover, metasurface-based
devices, such as lenses, polarizers or beam deflectors, can be lightweight and compact,
making them interesting e.g. for space flight applications as well as for portable and

integrated optoelectronic devices.

1.4.2 Tunable and nonlinear applications

As dielectric nanosurfaces start to be exploited for practical applications, the capa-
bility of actively controlling their optical properties becomes increasingly important.
The ability to dynamically and reversibly shift the spectral position of the metasur-
face resonances as a function of an externally controllable parameter is essential for
the realization of, for example, tunable spectral filters, spontaneous emission control,

and dynamically adjustable flat optical components such as lenses, beam shapers, and
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Figure 1.10: a) Sketch of a silicon nanodisk metasurface integrated into a liquid
crystal cell b) Temperature controlled tuning of the resonant optical response on the
liquid-crysal embedded metasurface. Reprinted from .
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holograms. Since high-index dielectric nanoparticle structures provide the capability
to tailor the optical near- and far-field response via the shape, symmetry, arrangement
and material composition of the meta-atoms, they offer control over the properties of
the light fields that drive the light-matter interaction processes. Thanks to the resonant
nature of the optical response of high-index dielectric nanoparticles, a dynamic tuning
and switching of the optical response is facilitated, as small changes in the excitation

conditions can lead to strong changes in the optical response.

Recent advances in tunable and switchable dielectric metasurfaces are reviewed in

the following.

Dynamic tuning of the spectral positions of the electric and magnetic dipole reso-
nances of all-dielectric silicon metasurfaces was first demonstrated based on the temperature-

dependent refractive-index change of a nematic liquid crystal surrounding the dielectric

nanoresonators [66] (see fig. [1.10a).

An applied voltage can also be used as an external control parameter instead of

temperature.

Moreover, an alternative to liquid crystal tuning and switching, which was recently
demonstrated for dielectric metasurfaces [67], is mechanical tuning. By embedding the
dielectric meta-atoms in an elastomeric matrix, the optical response of the metasurface
can be dynamically tuned by stretching the substrate [67]. In their article, Gutruf et
al. demonstrate that, subject to the uniaxial strain, the elastomeric array shows a
clear resonance shift toward longer wavelengths for the excitation perpendicular to the
strain direction and toward shorter wavelengths for the excitation polarized along the

strain direction, as shown in fig. [1.11]

Mie resonances, thanks to their capability to enhance light-matter interaction at the
nanoscale, can be exploited also for nonlinear optical effects. In the first experiment
investigating nonlinear effects in such systems, silicon nanodisks on a silicon oxide
substrate were addressed by an intense femtosecond laser pulse train with frequency
w close to the magnetic dipole resonance [68]. As a result of the high silicon third-
order susceptibility, the transmitted signal contains pulses of the tripled fundamental
frequency 3w. Since the third-harmonic signal is proportional to the third power of

the local field intensity, when the frequency of the fundamental wave coincides with
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Figure 1.11: Polarization-dependent transmission spectra of the metasurfaces with
increasing applied strain. a) y-Polarization excitation transverse to applied strain. b)
x-Polarization excitation parallel to applied strain. Reprinted from [67].

a Mie resonance, an enhancement of the third harmonic process in the nanodisks was
observed, reaching two orders of magnitude with respect to bulk silicon for excitation at
the magnetic dipole resonance frequency. The maximum infrared-to-visible conversion

efficiency was found to be comparable to that achieved by slow light in photonic crystal

waveguides.

The substantially low quality factor of the Mie resonance can offer a route for
ultrafast all-optical swicthing. Accounting that the energy of fundamentals dipolar
resonances is stored in the resonator only for a short time before it is radiated, fast
switching processes are possible with switching times established by the driven non-
linear processes. For instance, Shecherbakov and colleagues [69] demonstrated fast
switching of transmission through a Mie resonators metasurface at resonant frequen-
cies. Here, using pump—probe measurements, pulse-limited switching times as short as

65 fs are achieved thanks to two photon absorption process.

All-optical switching effects in dielectric nanoparticles were also suggested for in-
ducing an ultrafast change of the scattering pattern of the nanoparticle [70], opening
up interesting possibilities for ultrafast all-optical routing. The dynamic tuning of the
optical responce and the enhanced optical non-linearity of Mie resonators are still in
its infancy with respect to other photonic platforms, such as photonic crystals and/or
plasmonics. Still, their peculiarities fit a large variety of applications where low losses
and broad band optical resonators are the needed. Last but not least advantage of

Mie platform is related to possible bottom up fabrication approaches, which would fits
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Figure 1.12: a) Schematic of third-harmonic generation from silicon nanodisk res-
onators. b) Electron micrograph of a sample with a sparse arrangement of silicon
nanodisk resonators. ¢) Third-harmonic microscopy image with the same field of view
as b). The third-harmonic signal from the individual nanodisks appears as bright
spots. Reprinted from .

the large scale and low cost requirements needed for mass production applications; the

next paragraph is therefore dedicated a brief overview of fabrication techniques.

1.5 Outline of possible fabrication techniques

Nowadays, rapid progresses in nanotechnology allow for multiple and alternative choises
for semiconductor nanoparticle fabrication.

From a historical point of view, silicon was the most frequently used high-index
material in the visible and IR ranges owing to its relatively low cost and low imaginary
part of the refractive index [71], and it has represented for long time the most illustrative
example. Therefore, methods of fabrication of silicon nanostructures have been the
first employed. Starting from silicon several different methods of fabrication have been
developed also for other high-index dielectric materials.

Since in the context of nanophotonic applications, the main required aims are
nanoparticles supporting magnetic and electric resonances in the visible or near-IR re-
gion, nanoparticles’ size and shape are the first requirement when a fabrication method
is chosen. However, this is not the only aim of all these techniques, but also the repeata-
bility and throughput of fabrication methods, precise control of nanoparticle geometry,
simplicity of the fabrication procedure (quantity of steps involved in the fabrication

process), and manipulation of nanoparticle space arrangement play a role when con-
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(a) (b)

Figure 1.13: Examples of high-index dielectric nanostructures fabricated by lithog-
raphy. a) Scanning electron microscopy (SEM) image of hollow Si cylinder. (Reprinted
from [72]) b) Periodic dielectric waveguide crossing. (Reprinted from [73]) ¢) SEM im-
age of carbonaceous dielectric nanorod antenna fabricated by electron-beam-induced
deposition. (Reprinted from [74])

sidering the efficiency of the fabrication technique.
Therefore, in the last decades, a plethora of methods have been developed for the re-
alization of Mie-resonant high-index nanoparticles and here is presented an overview of

these methods as well as their applicability to different high-index dielectric materials.

1.5.1 Lithography

The most straightforward methods for fabrication of nanostructures involve lithogra-
phy, since it provides high repeatability and flexibility to fabricate nanostructures of
complicated shapes. The conventional lithographic methods have been successfully
applied for the fabrication of single nanoparticles of different shapes. The geometry
of these structures (the outer diameter, height, and wall thickness) can be varied to
control the resonant wavelength and relative spectral spacing and composition of the
modes.

Figure shows some examples of possible design for single dielectric nanostru-
tures made by lithographic techniques. Combining electron beam lithography (EBL)
and reactive ion etching (RIE), silicon nanoresonators consisting of hollow nanocylin-
ders can be made; the outer diameter spans from 108 to 251 nm, depending on the
desired supported resonances, and with an inner gap of >20 nm (fig. [72]. In
Ref. , the intersection region of two silicon waveguides was replaced by an array

of silicon cylinders (fig. [1.13b]). Silicon is not the only high-index dielectric material
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Figure 1.14: a) Sketch of the steps performed during conventional electron-beam
lithography based fabrication of high-index dielectric nanoresonators. (Reprinted from
[16, 63-65]) b) Scanning electron micrograph of a typical silicon nanodisk sample.

etched by lithographic methods: amorphous alloys with C and O can be fabricated via
electronbeam- induced deposition, as it is the single dielectric nanorod antenna shown
in fig. . In this work, the control of nanoantenna geometry via fabrication
process was applied for resonant light scattering manipulation over the whole visible
wavelength range.

Lithographic micro/nanofabrication processing techniques are proven to be effec-
tive also in terms of large-scale nanostructure array fabrication. This is very important
for the creation of high-index metasurfaces setting higher demands for the precision
and reproducibility of nanostructures. The controllable fabrication of silicon nanopar-
ticle arrays was achieved by a multistep method, illustrated in fig. The wafers
are spin-coated by a negative-tone electronbeam resist and EBL is used to define the
desired two dimensional pattern, providing extraordinary in-plane design freedom and
precision control (fig. . After exposure and development, the resulting resist
pattern is directly employed as an etch mask in a reactive ion etch of the silicon thin
film and residual resist is removed by oxygen plasma. While EBL is the tool of choice
for scientific studies, where typically only few samples of a kind are realized, this gen-
eral fabrication scheme can be readily up-scaled to large areas by replacing the time-
consuming and expensive EBL procedure with scalable lithographic approaches, such
as UV lithography, nanoimprint lithography, interference lithography, or nanosphere
lithography [38].

In the framework of this thesis, soft nanoimprint lithography has been investigated
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for the realization of large-surface arrays of titania-based resonators. This technique
allows to obtain several replicas of a master sample following a simple chemical pro-
cedure, thus reducing the costs and the processing time. In chapter 3| will be outlined
fabrication’s details and practical potential of this procedure.

Furthermore, it was recently demonstrated that the equipment-intensive reactive
ion etching step can be substituted by a low-cost wet etch with alkaline solutions [75].

Similar fabrication schemes to the one described for silicon-based structures have
also been demonstrated for other high refractive index materials, including tellurium
[40, 76, 77|, gallium arsenide [15], silicon carbide [7§], and titanium oxide [79, 80].

Thus, lithographic methods remain more reliable for high-index nanostructure fab-
rication combining three important qualities: high reproducibility for the nanostructure
arrays, an ability to fabricate the nanostructures with complex shape, and high reso-
lution. It should be mentioned that in spite of these advantages, lithographic methods
can hardly be applied for the creation of spherical nanoparticles, which represent inter-
est not only for fundamental but also for applied sciences. Moreover, the multiple steps
that are often required for high-index nanostructure fabrication, as well as the com-
plexity and high cost of equipment motivate researchers to look for novel fabrication

methods.

1.5.2 Chemical methods

Chemical methods offer a different and promising approach for high-index nanoparti-
cles’ fabrication. The main advantages of these methods consist on a higher throughput
with respect to litographic methods, flexibility and relative semplicity in synthesis of
materials and compatibility with other methods of solid material synthesis.

Chemical vapor deposition is an example of such chemical methods, enabling for
the fabrication of silicon nanoparticles of different sizes, from hundreds nanometers
to few micrometers. Spherical silicon nanoparticles can arise from decomposition of
disilane gas (Si2Hg) at high temperatures into solid silicon and hydrogen [81} 82].

Another viable technique to obtain spherical nanoparticles is aerosol generation
method on silicon. This method consists in atomizing a hydro-alcoholic solution in

a carrying air flux, obtaining a gaseous solution where the size of the droplets varies
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between tenths to several microns. The suspended microdroplets/air mixture passed
within a circular furnace to complete the evaporation the dry particles. This mix-
ture was then accelerated at the furnace output and impacted over the target surface.
Densification and crystalization of the spheres is then achieved via a further heating
step. More details of this technique will be given in chapter |2, where an experimental

demonstration of its potentiality is presented.

Alkaline chemical etching combined with electronic lithography is another possi-
ble way for fabricating crystalline silicon Mie resonators [75]. This method allows for
eliminating reactive-ion etching and both silicon nanoresonators and oligomers can be
created. Monodispersed silicon colloid can be achieved via decomposition of trisilane
(SizHs) at high temperature [83]. Particles size can be controlled by changing the
trisilane concentration and reaction temperature. Large ensembles of similar silicon
nanoparticles can be obtained; the size dispersion lies in the range of several percents,
and particles can be ordered into hexagonal lattice by self-assembly. The main disad-
vantage of this technique is the porosity and high hydrogen content of nanoparticles, as
well as the necessity of additional patterning methods to fabricate functional structures.
The chemical procedures can be easily combined with lithography. The combination
of lithography and oxidization in air allows for fabrication of periodic nanobeam ar-
rays for active photocatalytic material creation supporting optical Mie resonances [84].
Moreover chemical methods can be combined with standard commercial products to
generate nanostructures for new dielectric metamaterial designs. An example is Sol-Gel
process, which is used to obtain metal oxides, as silica (SiOs) and titania (TiOs) [85].
The process involves conversion of monomers into a colloidal solution (sol) that acts as
the precursor for an integrated network (or gel) of either discrete particles or network
polymers. By sol-gel technique, durable thin films with a variety of properties can be
deposited on a substrate by spin-coating or dip-coating. When the “sol” is cast into a
mold, a “wet gel” will form and with further drying and heat treatment, the “gel” is
converted into dense materials. Chapter |3| will give further details on this technique,

by proving its performances in realizing large arrays of Titania based Mie resonators.

In conclusion, although chemical waste, possible contamination of fabricated nano-

materials, additional steps for generation nanostructures constitute disadvantages of
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chemical methods and impose constraints on the possible application areas, the chemi-
cal techniques provide large opportunities for the fabrication of nanostructures exhibit-

ing Mie resonaces.

1.5.3 Solid state dewetting

Thin films are generally metastable in the as-deposited state and will dewet or agglom-
erate to form arrays of islands when heated, then dewetting is another viable technique
to obtain on a large scale high-index dielectric nanoparticles. Dewetting process can
happen well below a film’s melting temperature so that it occurs while the film re-
mains in the solid state. The driving force for dewetting is minimization of the total
energy of the free surfaces of the film and substrate, and of the film-substrate interface
and this driving force increases with decreasing film thickness, as well as the rate of
dewetting is accelerated. As a consequence, the temperature at which dewetting occurs
decreases with film thickness [86]. The main controlling parameters in this method are
the heating temperature and properties of the thin film (thickness, presence of defects,
and initial patterns).

Silicon nanoparticles with different size and shape are obtained from dewetting of
thin crystalline [87] or amorphous [8§] silicon films. Silicon monocrystalline resonators
assemble togheter to form complex disordered structures (fig. . Nanoparticles size
and location control can be achieved only by using additional lithographic methods.
In spite of this fact, dewetting allows for very high productivity of Mie-like resonators
and can be applied to several materials.

By changing dewetting parameters, as for instance the substrate temperature dur-
ing the growth process, different assemblies can be achieved, such as needlelike Te
crystallites reported in ref. [90]. Thermal dewetting has been explored also for gen-
erating two-component SiGe nanoparticles. In ref. [89], a thin Ge layer is epitaxially
grown on 9 nm-thick Si film, showing that Ge layer lowers the dewetting temperature
and makes possible the creation of SiGe nanoparticles (fig. . A further potential
of joining silicon dewetting with germanium deposition is presented in chapter {4 of
this thesis, where is highlighted how this technique allows a modification of the size

distribution and the shape of the dewetted particles.
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(b)

Figure 1.15: a) Dark-field optical image of silicon nanoparticles obtained by thin
film dewetting. Reprinted from . b) Thermal dewetting and agglomeration of 4ML
Ge/9 nm Si in SOI. Grazing-takeoff-angle SEM image of the agglomeration region near
a dewetting initiation site. Reprinted from .

To conclude dewetting consitute a simple and highly productive method for the
fabrication of high-index nanoparticles. On the other hand, controllable arrangement
of size and shape of the particles on the sample is still a problem for this method and
can be reached only through addition methods, as for instance lithography or others

laser-assited methods.

1.5.4 Laser-assisted methods

Due to their material selectivity, submicron resolution and high energy density, laser-
assisted methods are applied in different nanofabrication processes, especially where
high precision in fabrication is required. For a start, laser-assisted methods were proven
to be effective for the fabrication of nanoparticles with diameters less than 100 nm.
Laser ablation in liquids allows for realizing colloids of chemically pure nanoparticles,
with the great advantage of relatively high productivity and lack of harmful chemi-
cal wastes. Laser-assisted methods have recently been applied for the generation of
nanoparticles with sizes larger than 100 nm supporting Mie resonances in the visible
and near-IR regions, satisfying the growing interest in the fabrication of high-index
nanoparticles. Due to the recent application of laser-assisted methods in the fabrica-
tion of high-index nanoparticles, they have been so far applied mostly to silicon.
Ablation of bulk materials. The first experiments towards fabrication of high-
index nanoparticles using laser-assisted methods were conducted by direct laser abla-

tion: Si nanoparticles of various sizes were fabricated by femtosecond laser ablation
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of a silicon wafer. A glass substrate was placed on top of the wafer. The laser beam
passed through the glass substrate and ablated the surface on the target. Ablated
silicon nanoparticles were collected and solidified on the glass substrate . Laser
ablation was also successfully implemented for the fabrication of single-crystalline sub-
micron- and micron-sized ZnO, CdSe, ZnSe, and CeOy microspheres [91], proving the
effectiveness of this technique for the fabrication of high-index nanoparticles with op-
tical response in the visible and IR spectral ranges. The work of Lewi et al. [92]
shows the possibility to tune by small temperature modulation, high-quality-factor
Mie-resonances of PbTe Mie spherical nanoresonators.

However, the inability to control by laser-ablation the fabricated nanoparticle sizes
and their locations constitutes a problem to the extension of this approach to most
applications.

Laser-induced transfer. To produce nanoparticles by laser-induced transfer

(LIT) methods, laser radiation is focused on the interface between the printed mate-

Collector substrate (glass) Silicon nanoparticles

A

(b)

(c)

Figure 1.16: a) Schematic illustration of laser generation process of Si nanoparticles
using Gaussian intensity distribution on the target surface. b) Array ofseveral hundreds
of amorphous Si nanoparticles (diameter ofE160 nm) fabricated by this method and
visualized with dark-field microscopy (scale bar, 20mm). The insert shows a SEM
image of a single Si nanoparticle in this array (scale bar, 200 nm). c¢) SEM images of
the target before and after nanoparticle-ejection process from the SOI substrate. From
left to right, the laser pulse energy is gradually increased. The last image shows the
remaining hole in the silicon layer after the nanoparticle ejection (scale bar, 400 nm).
Reprinted from @/
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rial and transparent donor substrate providing material transfer onto another receiver
substrate placed in close contact with the donor sample (fig. [1.16a)). This method was
firstly demonstrated in the 80s by Bohandy et al. [94] for metallic nanoparticles and had
briefly became a promising approach for laser printing of nanoparticles from different
materials: metals and semiconductors. LIT methods have just recently demonstrated
to be effective for the implementation on Si-based Mie resonators at visible frequencies
[93]. The realized structures are shown in fig. ; highly ordered arrays of nanoparti-
cles can be produced by this technique, and dimers consisting of submicron crystalline
silicon nanoparticles with different interparticle distances, ranging from 5 to 375 nm,

have been demonstrated [95].

Moreover, laser annealing can be applied for post-processing of laser-printed semi-
conductor nanoparticles to controllably change their phase from an initially amorphous

state to a crystalline state. This allows tailoring their optical properties [93].

Laser-induced dewetting. Laser radiation can be applied for patterning of thin
films of high index materials by their controlled dewetting into nanoscale structures.
This can provide routes to controlled self-organization to obtain desiderable patterns
formed by solid-state dewetting and a number of studies have demonstrated how sur-
faces can be intentionally patterned to produce artificial periodic features on dewetted
films [86].

Belov and colleagues demonstrated fabrication of arrays of crystalline silicon nanopar-
ticles from amorphous silicon films, fabricated by direct laser writing on amorphous
Si-layers without applying initially crystalline materials or any additional annealing
steps [96].

Focused ion beam etching has been proved to be effective on SiGe films; Wood et
al. realized ordered arrays of SiGe islands which radii span from 70 to 150 nm [97]
This approach made possible fabrication of ordered resonator arrays in a large scale

(fig. [L.17a]) functioning as color pass-band filters across the full visible spectral range.

The use of dunut-shaped laser beam for annealing of amorphous silicon thin films
was demonstrated in ref. |98]. Here morphological modification of the film into a
nanodome during thermocapillary-induced dewetting led to phase transformation from

amorphous to crystalline structure in the laser focus area (fig. [1.17b)).
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® (©)

Figure 1.17: a) AFM image of SiGe islands in an ordered array. Reprinted from
[97]. b) SEM image of typical laser dimples on c-Si. Reprinted from |98]. ¢) Optical
dark-field microscopy images of controlled dewetted of Si on SiOs. The panel displays
the full patterned area while the bottom right inset displays an enlarged view of a
single dewetted patch [99].

To conclude, thanks to its ability to combine the advantages of dewetting and direct
laser patterning, laser-assisted dewetting can be considered as a promising method for

large-scale fabrication of high-index nanoparticles.

Summarizing this part, it should be noted that laser-assisted methods require high-
quality laser radiation (high laser pulse stability, perfect beam shape, and excellent fo-
cusing), including high precision and reliability of the position systems. However, these
constraints do not lessen the basic advantages of the laser-assisted methods (single-step
process, high repeatability, modification of nanoparticles’ crystalline phase, space ar-
rangement of the fabricated nanoparticles), which all are important for the realization

of nanophotonic devices.

1.5.5 Comparison between different fabrication techniques

In the previous sections, different techniques to realize high-index dielectric resonators
have been analyzed, showcasing their performances and limitations. By summarizing,
one can identify some representative parameters of the efficiency of such fabrication
techniques as repeatability, productivity, resolution, positioning control (possibility
to place a nanostructure at a certain position immediately during fabrication), and
method complexity [2]. Figure sketches different fabrication techniques, exem-
plifying them in terms of these five parameters, thus highlighting their inherent pros

and cons. Therefore, it is not surprising that the choice of a fabrication method of

32



1.5 Outline of possible fabrication techniques

method complexity

>

repeatability < /’/ § \\\
'\\"4/ - /’\‘\ = §

positioning control

productivity resolution
lithography \ chemical methods
) dewetting laser-assisted methods

Figure 1.18: Schematic comparison of fabrication techniques of high-index nanos-
tructures. Reprinted from [2)].

high-index nanoparticles is determined by the objectives of the investigation and the

applicability of these methods should be carefully considered for each special situation.

For instance, when high precision in positioning nanostructures is requires and typ-
ically only few samples of a kind are realized, laser-assisted methods are preferable. In
contrast, if high productivity is a cornerstone, chemical methods will be considered as
more preferable ones or scalable lithographic approaches, such as nanoimprint lithogra-
phy, can replace time-consuming and expensive laser assisted or lithographic methods,

as will be demonstrated in chapter [3|

Another important issue is the capability to access different shapes and arrange-
ments of dielectric resonators. For instance, the archetypical Mie resonator of spherical
(or ellipsoidal) shape is not easily accessible by standard two-dimensional lithographic
approaches. An alternative fabrication method, which enables the realization of nearly

perfectly shaped silicon nanospheres, is laser printing, described in section [L.5.4]

In this thesis different fabrication approaches, with relative applications, have been
investigated. In the next chapters we are going to present the realization of spherical
nanoparticles by chemical aerosol technique, large arrays of pillars obtained with soft
nanoimprint lithography and random metasurfaces of silicon-germanium resonators
achieved by solid state dewetting. Skipping the idea of describing and summarizing all

the used experimental and theoretical tools in separated chapters, we will present the
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various works closing all sections with a Methods paragraph where technical details

are reported.

1.6 Summary and conclusions

Mie-type resonances of high refractive index dielectric nanoparticles and their assem-
blies can show complex and peculiar interactions with light. They combine low ab-
sorption losses with a strong resonant optical response and the ability to tailor the
resonance properties by the size, shape, material composition, and arrangement of
the nanoparticles. Importantly, both electric and magnetic multipolar scattering fea-
tures are supported in high-index dielectric nanoparticles, even for basic nanoresonator
shapes. Based on these properties, a plethora of photonic functionalities were imple-
mented based on Mie-resonant subwavelength nanoparticles.

We have discussed how silicon and silicon oxide have historically been the main
constituent materials, capitalizing on the good optical properties and technological
relevance, such as CMOS compatibility, of this material system. However, while the
linear optical losses in silicon are negligible at telecom frequencies, for wavelengths
below its indirect electronic bandgap at 1.1 pum, absorption starts to become significant
and increases further with decreasing wavelength. Consequently, for highly efficient
(low-loss) dielectric nanostructures operating in the visible spectral range, a different
material is needed. The requirements for such a material are a large real part of
the refractive index and a small imaginary part of the refractive index in the visible
spectral range. Figure shows how a range of materials perform with respect to the
desired properties, such as refractive index and absorption. While these requirements
regarding the characteristic of their complex refractive index are essential, they are not
sufficient. In addition, the material should also be suitable for nanostructuring, stable
at ambient conditions and ideally non-toxic.

Within the framework of this thesis, different dielectric materials will be presented,
going beyond the performances of silicon and showing as different material choices can
match with different and specific practical applications. In the following chapters three

works on Mie resonators are going to be discussed and doing this, we aim to present
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Figure 1.19: b) Evaluation of various materials with regard to their typical refractive
index and electronic bandgap, which determines the onset of absorption. Materials with
a direct bandgap are represented by filled symbols. Reprinted from .

these dielectric nanostructures as a suitable platform for nanophotonics and future

real-world applications.
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Chapter 2

Spherical TiOo Mie resonators:

single object investigation

In the framework of photonics with all-dielectric nanoantennas, sub-micrometric spheres
can be exploited for a plethora of applications including vanishing back-scattering, en-
hanced directivity of a light emitter, beam steering, and large Purcell factors. Here,
the potential of a high-throughput fabrication method based on aerosol-spray is shown
to form quasi-perfect sub-micrometric spheres of polycrystalline TiOs. Spectroscopic
investigation of light scattering from individual particles reveals sharp resonances in
agreement with Mie theory, neat structural colors, and a high directivity. Owing to the
high permittivity and lossless material in use, this method opens the way toward the
implementation of isotropic metamaterials and forward-directional sources with mag-
netic responses at visible and near-UV frequencies, not accessible with conventional Si-

and Ge-based Mie resonators.

2.1 Introduction

Dielectric Mie resonators represent a young and promising research topic, with large po-
tentials in photonics, optics, and derived applications [1-3]. Based on sub-micrometric
particles that are capable of light manipulation at visible and near-infrared frequencies,
these systems offer convenient and ultrathin alternatives to replace complex and bulky

optical elements. This ability is due to strong modifications of the local density of
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optical states occurring in sub-micrometric objects made of materials featuring high

dielectric constant and sufficiently small absorption losses.

Most studies over the last years have mainly addressed silicon- [4-8] and germanium-
based [9-11] Mie resonators, demonstrating that, in several important applications,
they could compete with their metallic counterpart supporting localized plasmonic
resonances. However, the large absorption of group IV semiconductor compounds at
short wavelengths induces strong optical losses, limiting their potential applicability as
efficient devices especially at blue and near-UV frequencies |12, 13| (e.g. at 450 nm: ng;
= 4.5, ks; = 0.13; nge = 4.0, kge = 2.24). Furthermore, with a few exception based on
colloids |14-16] and solid state dewetting [17-20], typical nanofabrication methods of
Si(Ge)-based Mie resonators rely on top-down technologies that are not easy to scale-
up at affordable prices. TiOs-based optical devices are an interesting alternative to Si,
since Titania has a relatively high refractive index and is fully transparent up to UV
frequencies[24,25] (e.g.: at 450 nm: ny;0, = 2.55, krio, = 1.2 - 107°; at 370 nm: ng;o,
= 2.83, kri0, = 1 - 1073) rendering it, for instance, a strategic material to manipulate
the light emitted by conventional GaN-based blue LEDs (at about 450 nm). TiO,
can be prepared by high-throughput chemical processes, which is a prerequisite for
applications requiring large surface systems. It also has many other advantages over Si
and metals that are its high chemical, mechanical, and thermal stability, nontoxicity,

and relative natural abundance.

To date, several groups have studied the properties of Titania particles as dielectric
resonators prepared using conventional top-down microfabrication technologies |21}
25| or soft-nanoimprint lithography [26, [27]. They all confirmed that electromagnetic
resonances could be generated within these metal oxide objects. However, the limited
exploitation of this material is mainly due to the difficulty in applying conventional
top-down fabrication methods to TiO,. Additionally, such approaches do not allow the
preparation of spherical resonators [28], which may be interesting for many applications
with effective metamaterials, such as beam steering and back-scattering-free optics [9,
29-37], enhanced light extraction [38], resonant transmission|39], manipulation with
optical tweezers 40|, light detectors |15], directional Fano resonances [41, 42|, and

much more.
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2.2 Results and discussion

Here, we focus on the investigation of the scattering properties of individual, dense,
spherical TiO, particles of different sizes. The particles were prepared by a high
throughput aerosol generation method on silicon. Their structural properties were
characterized by scanning electron microscopy and X-ray diffraction, whereas their
scattering properties were assessed using dark-field microscopy and spectroscopy. The
optical resonances observed in experiments are interpreted on the basis of analytical
solutions of Mie scattering from a sphere in vacuum allowing detailed calculation of the
spectral dependence and angular pattern. However, the analytical model neglects the
effects of the resonance coupling with the underlying substrate; thus, the validity of
this hypothesis is benchmarked by finite differencetime domain simulations in vacuum,
on silica and on silicon. Finally, these simulations are compared with experimental
scattering spectra of particles on high and low refractive index substrates. We demon-
strate that spherical Titania particles are efficient scattering objects and can be tuned

in size to scatter in a relatively broad range of frequencies (from blue to near-infrared).

2.2 Results and discussion

Supported spherical TiOy particles were prepared through atomization of a sol-gel
solution and deposition by direct impaction onto the surface of a silicon wafer (at 450
nm ng; = 4.6) before calcination at 600 °C to ensure densification. The particles where
then characterized by high-resolution scanning electron microscopy (SEM) and X-ray
diffraction (GIXRD). Systematic structural and spectroscopic measurements of light
scattering were performed on particles formed on silicon. Finally, in order to assure
a direct comparison of the same object on high and low refractive substrates, some
particles were transferred from the Si wafer to a PDMS slice (polydimethylsiloxane,
PDMS; at 450 nm nppys = 1.42). The elaboration protocol is illustrated in fig.
whereas the associated details are provided in section [2.4]

SEM investigation revealed that the Titania particles on Si have a spherical shape
(as evidenced in Figures and [3.5a). This is ascribed to the fact that aerosol
generation atomizes liquid, spherical, microdroplets that keep their morphology upon

evaporation of water and ethanol within the furnace. This fast evaporation also initiates
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Figure 2.1: a) Schematic representation of the process used to prepare dense TiO»
anatase particles on a Si wafer. b) SEM image of two distinct spheres deposited on Si
taken at 55° tilting angle.

the poly-condensation of the Titania precursors. As a consequence, a stiff shell is
formed on the spheres skin, preventing their collapse upon impaction on the receiving
surface and keeping a small contact point with the underlying substrate. The GIXRD
pattern measured on a substrate with densely packed spheres reveals that they have
crystallized under anatase structure . With the GIXRD geometry used for this
analysis the Si(311) Bragg reflection is also detectable around 20 = 55°. This is ascribed
to the X-ray beam average divergence and to the huge substrate signal. From the fitting
of the anatase Bragg reflection, the broadening of the peak corrected from the beam
footprint was calculated to be H. = 0.29°, giving an average crystallite size of 27 4+ 3
nm. More details are provided in section 2.4}

These spheres are thus composed of densely packed particles building blocks with a
size of the order of tens of nanometers as also confirmed by the SEM images (fig. .
Thus, the surface roughness SR is estimated to be much lower than the wavelength in
the visible range (SR ~ A/50), so that the sphere surface can be considered as smooth,
with negligible influence on the Mie scattering features.

The optical constants of the material composing the particles cannot be measured
directly on the spheres. Thus, they were deduced from ellipsometry investigation on
a thin, plain film. The ellipsometric ¢ and A curves have been fitted with a Cauchy
dispersion with k = 0 and n(\) = A+ B/A\? (with A = 2.007, B = 0.058), which gives
n = 2.293 at 450 nm.

Due to such relatively high index of refraction combined with a high transparency

window for wavelength longer than 350 nm and interband transitions outside the visible
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Figure 2.2: a) GIXRD pattern of Titania spheres deposited onto a Si (001) substrate.
The diffraction pattern is indexed with PDF #00-021-1272 for the TiO, anatase phase.
The peak indexed with a star likely corresponds to a parasite peak due to unknown
impurities from the process. b) High-resolution SEM image at high magnification of a
typical crystalline Titania sphere.

spectral range, TiO, spheres are expected to show Mie resonances in the visible range
for dimensions above 200 nm in diameter ﬂ§|, . Therefore, spheres featuring diameters
ranging from about 200 to 500 nm were first spotted by SEM, then imaged in dark-
field optical microscopy. Thus, the corresponding scattering spectra were collected via

confocal microscopy.

SEM images of TiOs spheres on Si with their measured radius (r), corresponding
DF images, as well as experimental and theoretical scattering spectra are displayed in
figs. to . The excitation/collection geometry used in experiments and theory
is shown in figs. and [2.3l This analysis shows that, when increasing the size of
the particle, the wavelength of the corresponding fundamental resonance (the broader
and more intense peak in the spectrum) red-shifts accordingly. This behavior is also
reflected on the optical appearance of the spheres (fig. [3.5b]), where one can observe a

marked change of color corresponding to a shift of the fundamental resonance.

Multiple and sharper peaks emerge in the spectra at shorter wavelength with re-
spect to the main resonance (starting from r = 126 nm), accounting for the onset of
higher order modes within the Titania spheres with Q) factor exceeding 20 (Q is defined
here as the central wavelength of the resonance divided by its FWHM). Finally, for
larger particles (r > 180 nm) the fundamental mode shifts to near-infrared frequencies

(nonaccessible with our spectroscopic setup).

This picture corresponds fairly well to that of a dielectric sphere scattering the
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Figure 2.3: a) From bottom to top: high-resolution SEM images of TiOy spheres on
a Si substrate with increasing radius size. The scale bar corresponds to 200 nm. b)
From bottom to top: dark-field optical microscope images of the TiOs spheres shown
in a). The scale bar corresponds to 500 nm. c¢) From bottom to top: scattering
spectra produced by the TiOz spheres shown in a) and b). d) Analytical models
of the scattering spectra of TiOs spheres in vacuum for radii corresponding to those
shown ina), b) and c). The shaded area highlights the spectral range accessible in
experiments. e) Scheme of the excitation/collection geometry used in experiments. NA
is the numerical aperture of the objective lens spanning over an angle of 48.6°; < 6 >
is the average illumination angle determined by the condenser of the microscope (see
f) for details). f) Polar diagram highlighting the excitation and collection geometry
used in experiments and analytical theory (the TiOgz sphere is represented as the black
circle at the center of the polar diagram). The theoretical excitation angle was chosen
to be the average between the maximum and minimum experimental excitation angles
(respectively O,mq0 and Op,im, ). The collection angle within the NA of the objective lens
is also highlighted.

impinging light in the far-field as magnetic or electric multipolar modes: the lowest
order resonance is ascribed to the magnetic dipole, expected at a wavelength of about
Avp = 2r-n [, [6]. As an example, for a sphere featuring a radius of 96 nm and
n = 2.3, \yp is expected at about 440 nm, not far from the peak measured in the
experimental case at about 460 nm (bottom panel of Figure 3c). At shorter wavelength
with respect to Ayrp is found the electric dipolar mode, followed by higher order modes

such as magnetic and electric quadrupols.

In support of these experimental results, we calculated the analytical scattering

spectra (fig. [3.5d) taking into account the excitation/collection geometry (figs. [2.3¢]
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and . At this stage, the spheres are assumed to be in vacuum. Thus, the presence
of the Si substrate is completely neglected. In the investigated range of spheres size, the
fundamental resonance shifts from blue to near-infrared frequencies, together with the
onset of several other peaks of increasingly higher Q-factor. This behavior is expected
when moving from the Mie scattering approximation toward the whispering-gallery
resonator picture [43] and, despite the oversimplified model, corresponds fairly well to

the experimental findings at least for particles radius below 150 nm.

These results account for the possibility to exploit our particles for efficient light
manipulation from near-UV up to near-infrared frequencies, confirming the relevance of
these spherical Titania-based resonators so far limited to terahertz frequencies |44}, 45].
The resonances found in experiments fairly agree with a very simple, analytical model
for isolated perfect spheres predicting a red-shift of the resonances and the appearance
of multiple peaks at shorter wavelength featuring higher Q factors, when the radius
increases. The discrepancies between experiments and theory are likely to be ascribed
to small deviations from a perfect spherical shape and, above all, to the presence of
the partially reflecting and high-refractive index, silicon substrate, as discussed in more

detail later |7, 46| 47].

For a deeper understanding of the nature and appearance (e.g., the color) of the
different resonant modes found within a particle, we model the scattering spectra and
corresponding angular distribution in the far-field for s and p polarizations (i.e., with
the electric field perpendicular and parallel to the scattering plane, respectively). We
take into account the case of a TiO, sphere having r = 150 nm (fig. and fourth
panel from the bottom in figs. to . Within the collection angle allowed by the

numerical aperture of the microscope objective lens in use (highlighted by dashed lines

in the polar plot in figs. 2.4f and [3.6b| to [3.6d)), the spectra of s and p polarizations

are rather different (respectively blue and red spectra in fig. [3.6al). The relatively large
angular aperture and intensity of the first two resonances (A = 656 nm and A\ = 486
nm, figs. and lead to a better coupling within the NA of the microscope
with respect to higher order modes, and thus determine the main color registered in
our spectra and seen in dark-field images. Higher order modes (A = 377 nm and \ =

324 nm, figs. and |3.6c|) show a more complex behavior characterized by an overall
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Figure 2.4: a) Analytical calculation of the scattering spectrum as a function of
wavelength for a TiOy sphere having radius r = 150 nm in vacuum (see also the corre-
sponding panels in figs. to. s and p polarizations are represented respectively
as red and blue lines whereas their average is in black. The detection conditions are the
same as those of the experimental case, as shown in figs. and b) Forward to
backward scattering intensity ratio (FW/BW) as a function of wavelength. c-f) Polar
plots of the far-field scattering intensity for s (red) and p (blue) polarizations at the
wavelength corresponding to the main peaks seen in a). The yellow arrow highlights
the wave-vector of the incident light; the dashed lines highlight the collection angle
determined by the numerical aperture of the objective lens used in experiments (see

also the diagram in figs. and .

larger angular aperture and the onset of multiple lobes specific of each polarization
channel. From the same analysis it is possible to assess the overall properties of the
scattering intensity in the far field. Interestingly, for the first two resonances it is mostly
forward-like for both s and p polarizations and it shows lobes with rather similar angular
apertures, which corresponds to an almost isotropic behavior. Thus, we evaluate the
forward to backward ratio (R = FW/BW) averaging the two polarization channels
(fig. : in the investigated spectral range, R stays above 1 and it features strong

fluctuations. In particular, a peak of R & 9 is observed at about 740 nm.

These theoretical predictions show a good directivity and polarization isotropy of
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Figure 2.5: FDTD simulations of the total far-field scattering intensity of a TiO2
particle having a radius of 150 nm. Respectively from the top to the bottom panel are
shown the cases of the same particle in vacuum, deposited on a silica substrate and on
a silicon substrate. On the right part of the figure the intensities of the corresponding
electric (|E|) and magnetic field (|H|) in the near-field are shown at the wavelengths
highlighted by the grey markers.

the first two resonances (respectively ascribed to magnetic and electric dipolar modes
7, [46], as also accounted for by FDTD simulations, fig. 2.5] The large FW/BW value
found in theory at 740 nm for a Titania sphere, supports the idea of a Huygens-
like source arising from the mutual interference of magnetic and electric dipolar modes

(similar to the first Kerker scattering condition [48]) obtained with a dielectric and non-
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magnetic material |9} [29] [30} |37} |49]. This theoretical result is in good agreement with
previous predictions for a similar system [31]: zero backward-scattering was predicted
at about 800 nm for aTiO, particle having r = 150 nm and featuring a refractive index
of about 2.5. The difference between our findings and those reported in ref. [31] can

be ascribed to the slightly lower refractive index used here.

These features are important in view of the exploitation of these particles as low-
loss, isotropic meta-materials with a magnetic response [50, [51] at frequencies not
accessible by Si and Ge (e.g., for engineering their coupling with near-UV and blue
LEDs based on GaN or in general with high-n substrates |7, |46]). However, in spite of
the reduced size of the contact region between a sphere and a plane (with respect to
disk Mie resonators), the effect of a high refractive index substrate underneath needs
to be discussed. Thus, we performed FDTD simulations of the total scattering power
from a Titania sphere (r = 150 nm) in vacuum, on SiOy and Si, under plane wave
illumination, at normal incidence with respect to the sample surface (the details of
the FDTD method are provided in the devoted section [2.4] Theoretical models) and
compared them with light scattering experiments of TiOy spheres deposited on silicon

and reported on a PDMS slice (Figures 5 and 6).

The comparison between the simulated far-field scattering spectra of a TiOs particle
in vacuum and on silica shows a minor role of the substrate in determining the Mie
modes fig. top and central panels): both cases show well-defined resonances at
similar wavelengths and having similar nearfiled intensity distribution of the electric
and magnetic fields (respectively |E| and |H|, right panels in fig. Beside the effect
of the substrates, FDTD simulations clarify the nature of the different modes and we
ascribe the resonance at 640, 490, and 400 nm, respectively, to the magnetic dipolar

mode, electric dipolar mode and magnetic quadrupolar mode 50, |51].

FDTD simulations can also be used to benchmark the analytical theory (fig. ,
fourth panel from the bottom). From the comparison, we observe a good agreement in
the peak positions in both models, whereas we observe few differences in the relative
intensities and mode broadenings.

The same FDTD simulation run for a Titania sphere on a Si substrate shows a

different picture (fig. bottom panels): the two main peaks previously ascribed to
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Figure 2.6: Dark-field scattering spectra of the same small particle on a silicon sub-
strate before transfer (a)) and after transfer on a PDMS slice (a)).

magnetic electric and dipolar modes for the sphere on silica, now appear red-shifted,
broadened and spectrally overlapped. Moreover, their near-field distributions present
a relevant coupling within the substrate. These effects were predicted for spheres and
cylinders made of silicon atop a high-refractive index substrate [47, [50]. However, for
TiO, spheres, we remark a more pronounced coupling of the magnetic dipolar mode
in the underlying silicon substrate with respect to a Si sphere [50]. We ascribe this
difference to the reduced refractive index contrast of a TiOy sphere on silicon with

respect to one made of Si.

Experimental spectra of light scattering of the same TiO, particle having a radius
of about 120 nm were first measured on a silicon substrate and then, after transfer,
on a PDMS slice fig. 2.6, Owing to the different refractive index of the underlying
substrates, the spectrum changes as predicted by the FDTD simulations fig. 2.5} from
a broad peak at 550 nm on Si, two distinct peaks spring on PDMS, the first one at 450

nm and the second one at about 500 nm.

In the perspective of using this aerosol approach for building structural colors, we
show the changes in color response evaluating the 1931 CIE chromaticity coefficients
[52] for the scattering in dark-field configuration found in the smaller investigated
particles on Si (fig. , that are the cases of spheres whose spectrum lies in the visible
range, r from 96 to 150 nm in fig. [3.5] as colorimetry functions are defined between 380
and 780 nm). In order to assess the scattering colors, the spectra are not normalized to
the illumination lamp. In spite of the presence of the high refractive index Si substrate,

our Mie resonators show neat colors in the visible range, spanning from blue-green up
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Figure 2.7: CIE chromaticity gamut for light scattering in dark-field configuration
(as those shown in fig. for selected TiO2 spheres with radius ranging from 96 to
150 nm. In these cases the spectra are non-normalized. The position of the light source
used for illumination is specified in the map as a white full circle.

to orange of the CIE chromaticity gamut. Thus, even if TiOs has a lower refractive

index with respect to Si and Ge, Titania spheres have the potential to be exploited for

colored metasurfaces , in analogy with the group IV counterparts , ,
57).

2.3 Conclusions

In conclusion we showed that high-throughput chemical methods, such as aerosol spray,
can be used to form Titania-based, sub-micrometric spheres featuring low losses and
relatively large refractive index up to blue and near-UV frequencies not accessible by
conventional IV-IV compounds. The bright colors at visible frequencies are ascribed
to Mie resonances formed within individual spheres, as confirmed by a systematic
comparison of the experimental scattering spectra with the theoretical ones.
Theoretical modeling highlights the possibility to obtain a negligible back-scattering,
supporting the idea of a Huygens-like source based on individual spheres, an effective
isotropic metamaterial toward Yagi-Uda nano-antennas and efficient beam steering in
the blue and near-UV frequencies, not accessible with conventional dissipative Si- and
Ge-based systems. Nonetheless, the same aerosol method could be exploited for the
fabrication of larger particles (> 1um) sustaining whispering gallery modes, for light

manipulation with photonic jets or efficient light transport in chains of dielectric
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elements [58].

Finally, it is worth mentioning that the versatility of the aerosol technique in use
may be adapted for a plethora of applications, as it allows for a direct transformation
of the precursors solution in ready-to-use Mie resonators to be sprayed on a surface in a
few seconds. In this work, aerosol spray was well adapted to the simultaneous prepara-
tion of spheres with very different diameters and the poly-disperse size distribution of
the particles would lead to an overall broad-band response of the ensemble. Then our
method may be adapted for the production of a structural white paint or, whenever
prepared with narrow diameter distribution, and randomly assembled on a substrate by
spraying them, for creating a specific metasurface featuring structural colors. To this
end, several chemicalrelated techniques, such as electrospray [59-62], controlled sol-gel
colloidal nucleation growth [63, 64], or microfluidic [65] can be exploited to produce
TiO, particles with much narrower size distribution. Besides, such particles suspension
may be used as ink to draw colored pictures by an ink-jet approach, as demonstrated
with PMMA particles on fabrics [66]. Since PMMA has a much lower refractive index
than TiOs, we believe that Titania spheres will be much more adapted to produce

structurallycolored images over large scale substrates.

2.4 Methods

All chemicals were obtained from Aldrich and used as received. The spherical particles
were prepared by atomizing a hydro-alcoholic solution containing 1:TiCl4, 20:EtOH
and 5:HyO (molar fractions), in a carrying air flux using a TOPAZ ATM 210 aerosol
generator (fig. [2.1)).

The nominal size of the droplets varies between 0.1 to several microns. The sus-
pended microdroplets/air mixture passed within a circular furnace at 300 °C for a few
seconds to complete evaporation and prestabilization of the dry particles (fig. .
The suspended particles/air mixture was then accelerated at the furnace output using
a nozzle and impacted over the target surface (e.g., a Si wafer or a microscope glass
slide). This last deposition step lasted for about 10 s preventing the clustering of the

particles and keeping their density sufficiently low, thus allowing for spectroscopic in-
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vestigation of single objects. The Si wafer sample was then heated at 600 °C for 10 min
for densification and crystallization of the spheres. In these configuration droplets of
different diameters are generated, which is ideal for the present investigation. Titania
particles were transferred from Si to PDMS by gently pressing a PDMS slide for a few
seconds on the silicon surface and then peeling it off. A fraction of the spheres were
then randomly transferred on the low refractive index PDMS and recognized using
predefined marks. The same process is not possible for the SiO, case due to technical
difficulties (PDMS is sticky whereas glass is not). Thus a direct comparison of the same
spheres on Si and on SiOy was not possible. However, a systematic investigation of
Titania particles on silicon and on a glass slide confirmed the overall picture discussed

in the paper (not shown).

In parallel, the same solution was dip-coated using an ACEdip equipment from Sol-
gelway to prepare a homogeneous thin layer on a Si wafer. The as-prepared coating was
thermally treated in the same conditions, and analyzed by spectroscopic ellipsometry

(Woollam M2000V) to extract the (n, k) dispersion used for the analytical model.

Grazing incidence X-ray diffraction (GIXRD) investigation was performed in order
to assess composition and crystallinity of the spheres. To this end, the spheres were
deposited on a Si wafer for several minutes in order to increase their density with-
out affecting their morphology and heated at 600 °C for 10 min for densification and
crystallization. GIXRD patterns were recorded on a conventional diffractometer (PAN-
alytical Empyrean) using Cu radiation (A = 0.154 nm), a rapid detector (PANalytical
PIXcel) and a parallel plate collimator 0.27°. The incident angle w was 1.5° (grazing
incidence) and the in-plane angle measured from the Si substrate [010] direction was ¢
= 45°.

The diffraction peaks were fitted by a Gaussian profile function to measure the full
width at half maximum (FWHM) of the peaks. In grazing incidence configuration the
average crystallite size D (the size of coherent diffracting domains) can be extracted
from the FWHM corrected (H.) from the broadening due to the width of the beam
footprint on the sample (H;), and taking into account the experimental set-up (primary
slit in the diffraction plane, goniometer radius, and incident angle): H, = (H? -H?) 1/2,

with H the measured FWHM [67]: D = 0.89 \/(H,. cos ), where 6 is the Bragg angle.
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Observations by SEM were performed on a FEI Helios 600 NanoLab. Micrographs
were acquired using a through-the-lens detector (TLD) secondary electron detector,
with a 5 kV acceleration voltage, a probe current of 0.17 nA and a working distance of

4.2 mm.

Spectroscopic measurements were performed on individual spheres to investigate
their scattering properties. The spectra were collected by using an optical microscope
(LEICA DMI 5000M) mounting a 100 x magnification objective lens (numerical aper-
ture NA = 0.75) in dark-field configuration, coupled with a spectrometer and Si-based
CCD linear array (Flame-T-VIS-NIR by Ocean Optics). In order to investigate indi-
vidual spheres, the scattered light coming from each of them was collected using an

optical fiber (Ocean Optics multimode fiber, VIS-NIR, core diameter 200 mm).

Spectra from spheres of different radii were analyzed and compared with the ex-
pected results from analytical modeling. To this end, the raw experimental spectra
were normalized to the excitation light by taking as a reference the spectrum of the

light scattered from a dust spot on the sample surface.

Theoretical Models—Analytical Calculations: Theoretical modeling of the spectral
properties of the Titania particles was obtained from analytical solutions of Mie scatter-
ing from a sphere. They were obtained with an open source code [68]. Excitation and

collection geometries were adapted to those used in experiments (figs. and [2.3f]).

Optical constants (n, k) and particles size used in theory were respectively deduced

from ellipsometry and high-resolution SEM images.

Theoretical Models—Finite Difference Time Domain Simulations: Finite difference
time domain simulations (FDTD) were performed using a commercial software (Lumer-
ical). The space surrounding the particles was discretized in a 3D grid (resolution 15
nm). The dimensions of the simulation space were 1 x 1 x 1 ym (in x, y, and z, respec-
tively). The simulation space (substrate in the <xy> plane) used periodic boundary
conditions on the x and y extrema and absorbing boundary conditions in z.

Light at normal incidence on <xy> plane was injected using a broadband plane
wave source (source type total field-scattered field). The plane wave was polarized such
that the electric field was oriented along the x axis and the magnetic field along the y

axis. The near-field distributions were collected by frequency domain monitors in the

61



2. Spherical TiO, Mie resonators: single object investigation

<xz> plane (electric field) and <yz> plane (magnetic field).

The electromagnetic energy radiated from the resonators was collected by a Poynt-
ing monitor box covering all the space surrounding them.

The refractive index used for the Titania composing the particles is that obtained

from the experimental ellipsometric measurements.
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Chapter 3

Multifunctional photonic devices

with Titania-based metasurfaces

After assessing the scattering properties of individual Titania spheres this chapter ad-
dresses a second case of viable solution for high throughput fabrication for dielectric
metasurfaces. Here sol-gel deposition and nanoimprint lithography are used to ob-
tain Titania-based Mie resonators over the record size of mm?, showing that this plat-
form can potentially be exploited for different multifunctional light management devices.
First, it’s demonstrated their use for structural colours and band pass filters in the visi-
ble region. Then, exploiting Fano resonances in reflection, it’s shown their potential for
refractive index sensing, obtaining a figure of merit of ~20. Finally, when placing the
Titania-based Mie resonators on porous silica, a large and reversible color change rises
as a result of water adsorption within the material porosity. These results open the path
to Titania submicrometric structures for applications as a multifunctional metamaterial

for smart windows, displays and all-optical sensing.

3.1 Introduction

Dielectric metasurfaces composed of high-permittivity and sub-micrometric elements
[1, 2] (dielectric Mie resonators) are challenging photonic structures [3H5] for light
manipulation at visible and nearinfrared frequencies thanks to their peculiar perfor-

mances associated to reduced ohmic losses and a higher compatibility with electronic
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devices. Anti-reflection coatings [6], mirrors [7, 8], lenses [9], polarisers [10], wave-front
shaping [11-13], sensing [14, |15] and non-linear phenomena [16-19] are few examples
demonstrating the strength of this approach for light management with sub-wavelength
dielectric-structures. However, with a few exceptions based on colloidal assembly |20}
22|, hydrothermal growth [19], solid state dewetting [2329] and aerosol spray [30],
most of these achievements were based on complex and expensive fabrication methods
involving several steps (such as e-beam lithography and reactive ion etching), thus lim-
iting their extensive adoption in realistic devices and over broad areas. In particular,
given the rapidly rising interest in structural colouring and light filtering with dielectric
metasurfaces [31-40] a versatile and scalable method is highly desirable to overcome
the gap separating mere proof of principles and industrial applications. For instance,
in this framework, a major step forward will be the use of fabrication techniques that
are also fully compatible with back-end processing of C-MOS circuitry (e.g. keeping
the maximal processing temperature below ~450 °C) or more generally, on electronic
devices such as LEDs and photovoltaic panels. More generally, a metasurface pro-
viding several functions (e.g. tuneable structural colour, sensing small changes in the
environment), could be employed as a realistic photonic platform for multifunctional

devices.

Thanks to its transparency up to near-UV frequencies and its relatively high re-
fractive index, TiO, (Titania) is an excellent material candidate to implement Mie res-
onators systems [31, 34, 41-44] that can potentially outperform conventional Si- and
Ge-based dielectric metasurfaces which suffer from larger absorption at short wave-
length [45, 46| (e.g. at 450 nm: npo, = 2.55, krio, = 1.2 - 107%; ng; = 4.5, kg; =
0.13; nge = 4 and kg, = 2.24). Another relevant advantage of Titania with respect
to conventional Si and Ge and metals is its porosity (adjustable by modifying the
sol-gel fabrication process) rendering it permeable to liquids and gases. In addition
to this, Titania is an abundant, cheap, nontoxic, photo-catalytic, mechanically strong
and chemically stable material, featuring a relatively low mass density (~3.8 g/cm? in
the anatase form against ~5 g/cm?® for MoS,). Developing a method for large-scale
fabrication of Titania on ultra-low per-area mass supports (such as aerogels), would

potentially render this material a competitive candidate for light-sails to be employed
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in future space exploration [47].However, in spite of several reports on Titania-based
Mie resonators, the implementation of sub-micrometric structures with conventional
methods (e.g. e-beam or optical lithography and reactive ion etching) remains lim-
ited to small size and hardily scalable. In the precedent chapter, we reported the use
of sol-gel chemistry combined with aerosol-spray processing to elaborate Titania sub-
micron spheres and investigate their scattering properties on various substrates. This
chemistry was also coupled to nano-imprint lithography (soft-NIL) process to form
Titania-based Mie resonator arrays [43} |44].

Here, exploiting soft-NIL in porous Titania, we show that tailored dielectric meta-
surfaces can be extended over large areas up to mm?2. Then we focus on four different

applications.

e A fine size tuning of the resonant elements constituting the dielectric arrays

provides neat structural diffusive colors, covering the full visible spectrum.

e The same arrays are proved to act as sharp band-pass filters (up to ~40 dB
rejection ratio) when impinged by light channeled in the glass slide on which
they are printed. The central frequency and band pass can be controlled by

designing the dielectric arrays, with potentially interest for optical displays.

e Fano resonances spring from the reflection from the arrays thanks to the inter-
ference between sharp grating modes and the broad-band reflection. These reso-
nances allow for a sensitive monitoring of the optical response of the metasurface
to slight refractive index changes. We demonstrate a sensitivity (S, spectral shift
dX over refractive index change én) of ~50 nm/RIU (where RIU represents the
refractive index unit) and a figure of merit (FOM = S/T", where I' is the full

width at half maximum of the resonance) exceeding 20.

e Finally, our method can be adapted for dynamic structural colour change by
coupling the Titania-based Mie resonators onto a highly porous hydrophilic silica
layer deposited on bulk silicon. In these conditions, a reversible spectral shift
of about 100 nm (from green-yellow to orange-red) was obtained by varying the
refractive index of the underneath porous silica layer between 1.28 and 1.37 using

humidity:.
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3.2 Results

Arrays of TiOy sub-micrometric squared pillars are obtained via soft-NIL by following
a well established method. Further details are provided in the devoted section sec-
tion |3.5.1. The master was obtained by e-beam lithography and reactive ion etching
on a bulk silicon wafer and was composed of 9 arrays of 150 nm wide trenches milled
with variable pitch (p = 380, 400, 420, 440, 460, 480, 500, 550 and 600 nm) in a
squared geometry and extending over 1 mm? (fig. . A hard polydimethylsilox-
ane (PDMS) mould is obtained from the master and used ad libitum to replicate its
features on freshly deposited sol-gel Titania (moulds have been used dozen of times
over several months, without damages. Their lifetimes were not investigated in this
work). The Titania replicas are extremely regular as accounted for by scanning elec-

tron microscopy (SEM) and atomic force microscopy (AFM) investigations, showing

fluctuations of the structural parameters of a few % (figs. 3.1} [3.2a] and 3.2b). An

A-§-R-N- R N R
DoDO0 e =

(a) p=500 nm, Si master

(c) p=380 nm, TiOs replica

Figure 3.1: a) Left panel: photo of the Si master. Right panel: SEM image of the
Si master (pitch p = 500 nm). b) Left panel: photo of the TiO, replica. Right panel:
SEM image of the TiOy replica (pitch p = 500 nm). c¢) Left panel: large-scale SEM
image of TiOy replica (p = 380 nm). Middle panel: blow up of the same pattern (p
= 380 nm) view with a tilt angle of 45 degrees. Right panel: Fourier transform of the
left panel.
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Figure 3.2: a) Bird eye 3D view of an AFM image of the TiO, replica (p = 460 nm).
b) Statistic of the pillar volume (left) and height (right). c¢) Optical microscope image
(bright field, 5x magnification, p = 600 nm). d) Height profiles of three AFM images
taken at the center of the array (C), at mid diagonal (M) and at the corner (S), as

highlighted in fig.

extensive analysis of these morphological images confirms a coherent replication across
the arrays (figs. and . We investigate the light scattering from the dielec-
tric arrays exploring their possible use for structural colour in conventional diffusion
(e.g. for ink-free color printing and anti-counterfeiting of banknotes). A tungsten
white lamp is used for dark-field illumination in an optical microscope (the scheme of
the illumination/collection geometry and of the lamp spectrum are shown in figs.
and respectively). Dark-field backscattering spectra (DF, non-normalized to the
white tungsten lamp spectrum, nor background subtracted; the objective lens was 20x
magnification, NA = 0.4 determining a maximum acceptance angle of ~23 degrees),
show the onset of sharp resonances red-shifting and increasing in number with increas-
ing pitch size (fig. . These resonances are attributed to the presence of multipolar
Mie modes formed within the Titania pillars as already found in similar systems .
An extensive characterization of this kind of devices and an assessment of the nature of
their resonant modes can be found in recently published papers [30] [34] [42], 49| [50]. Al-
though a rigorous attribution of the resonances to multi-polar modes is possible only for

spherical particles , comparing small objects (p < 460 nm, having base size smaller
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Figure 3.3: a) Scheme of the dark-field illumination. b) Tungsten lamp spectrum
used in this illumination geometry. ¢) CIE chromaticity gamut obtained from spectra
in d) . The white dot represent the color of the white lamp used for illumination. d)
Dark-field back-scattering spectra collected with a 20x objective lens from a ~15 pm
spot. The spectra for pitch ranging from p = 380 up to p = 600 nm are vertically shifted
for clarity and are not normalized to the white tungsten lamp used for illumination.

than ~250 nm) with Titania Mie resonators featuring similar size and shape 42],
we attribute the longer-wavelength resonance to the magnetic dipolar mode, and the
second one to the electric dipolar mode. For larger pillars, the scattering spectrum
becomes more complicate and a clear discrimination between the different resonances
is not possible owing to the onset of higher order modes, as expected in this kind of
systems. Note that a weak spurious scattering of the white illumination light is visible
in the spectrum of the small pitches (the broad band peaked at ~580 nm), due to their
rather low scattering in the visible. The two largest pitches (p = 550 and 600 nm) with
larger pillars accommodating several Mie resonances show a bandwidth comparable to
that of the white tungsten lamp. Overall, the nine arrays cover the visible spectrum
from blue to orange (fig. [3.3d)). We would like to stress that such scattering modes
differ from the sharp spectral features characteristic of a simple diffraction grating.
To underline this concept, fig. 3.4 shows the characterization of the angular-resolved
specular reflection of one of the printed arrays (p = 380 nm). Using a collimated beam
for excitation and detecting only the specular reflection from the array p = 380 nm
we observe 6 narrow peaks. Collecting the reflection parallel to the pillars sides (that

is from the I' to the X point in the first Brillouin zone of a square photonic lattice)
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Figure 3.4: a) Scheme of the specular reflection geometric configuration. b) Specular
reflection as a function of wavelength (x axis) and excitation/collection angle (y axis)
represented as a color intensity map. The spectra are not normalized nor background-
subtracted and are collected over a ~1 mm spot. The excitation source was a collimated
beam. The white dashed and yellow dotted lines are guides to the eyes highlighting
the triplets of TE and TM modes, respectively. The top right inset represents the
excitation collection geometry.

the narrow bands are characterized by a specific shift with excitation/collection angle.
These modes are characteristic of a 2D high-index contrast grating (a wavelength-scale
two-dimensional photonic membrane) with a square geometry (see Sakoda, K. (2004)
“Optical properties of photonic crystals (Vol. 80)” Springer Science and Business Me-
dia). Note that these spectral features are completely different with respect to those
occurring at shorter wavelength and previously identified with the Mie modes (see the

data relative to the same array p = 380 nm in fig. [3.3d)).

Changing the illumination condition and light source, we now address the light
filtering from the dielectric arrays exploring their scattering properties for applications
in displays. Exploiting the glass slide supporting the arrays, we address their scattering
in air of the guided slab modes. We channel the light emitted by a white LED within
the slab detecting the light out-coupled by the Mie resonators arrays from the top
(figs. and . With a smart-phone camera, we take images of the pillars arrays
showing marked structural colours both in the front and back sides (fig. . Spectra
registered from the top part (front side scattering) are represented in a semi-logarithmic

scale in order to highlight the sharp pass band operated on the LED light (fig. [3.5d));
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Figure 3.5: a) Scheme of the illumination of the Titania arrays through the glass
slab. The source was a white LED. b) White LED spectrum used for illumination.
c) Smart-phone camera pictures of the front side (top panel) and back side (bottom
panel) scattering. d) Spectra of the white light out-coupled through the Titania arrays
having pitch p larger than 440 nm. The spectra are detected in bright field collection
with a 5x objective lens from a ~60 pm spot.
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the spectra are not normalized to the LED light, nor background-subtracted). For the
largest pitches (p > 500 nm) we observe a rejection exceeding 1/1000 of the light out
of the pass band (rejection up to 37 dB for p = 600 nm) whereas the smaller pitches (p
< 440 nm) were not visible in this illumination/collection geometry. The data shows
that the central frequency and, possibly, the bandwidth, can be controlled by design
of the array.

As said in the introduction, the use of sol-gel chemistry allows to have porous
Titania, leading to several possible uses, obviously including the sensing via small
changes of the refractive index by any analyte in the pores. As proof of principle of the
sensor, we use water infiltration of the Titania matrix composing the pillars and detect
the reflection with a conventional bright field illumination geometry. In this case, the
tungsten lamp light is shined from the top and collected through the same 5x objective
lens, thus accessing the reflection from the arrays integrated over the numerical aperture
of the optics (NA = 0.2 corresponding to a maximum acceptance angle of about 11

degrees, fig. |3.6a)). The reflectance spectra are dominated by broad bands associated
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Figure 3.6: a) Reflection spectra detected in bright field illumination/collection with
a 5x objective lens from a ~60 pum spot for p = 380 up to p = 500 nm. The spectra
are not normalized to the hite tungsten lamp, nor background subtracted. The dashed
lines are guides to the eyes highlighting the position of sharp resonances. b) Refractive
index changes as a function of the environmental relative humidity (RH%) measured
on the flat Titania nearby the pillars arrays. Black (red) symbol indicate increase
(decrease) of RH%. c¢) Fano-like profiles as a function of wavelength for increasing
RHY% for p = 380 nm (highlighted by a red square in a). The inset show the case of
RH = 60% with the corresponding fit with a Fano profile function. d) Spectral shift
Ao —Armg = 0%, as extracted from the fit of the experimental data (e.g. as in the inset
of ¢) relative to a ramp of RH from 10% up to 80%. Data are relative to the Fano
profile at ~645 nm (highlighted by a red square in a).

to the Mie modes, which red-shift with increasing pillars’ size.Note also that relevant
spectral differences can be found in different scattering geometry (figs. , and ,
due to the peculiar angular patterns of different Mie modes. In addition to this, we also
observe narrow resonances which line-shape can be either a Lorentzian or a Fano-like
dispersive profile [51], depending on their relative intensity with respect to the broad
Mie bands. These sharp spectral features are characteristic of a 2D high-index contrast
grating and arise from interference of light due to the ordering of the Mie resonators in
a two dimensional photonic crystals. This is a common photonic phenomenon and it
has been observed in a plethora of systems including dielectric and plasmonic ordered

structures [52, 53].
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Fano line-shapes characterized by a dispersive-like profile are suitable for detecting
small spectral shifts induced by refractive index changes. Exploiting the nano-porosity
of the dense Titania composing the pillars (estimated around 8% vol), we induce a
slight change in their refractive index by varying the relative humidity (RH%) of the
surrounding atmosphere from 10% to 80%. These changes are measured by environ-
mental ellipsometry on the flat Titania film nearby the arrays. Adsorption and des-
orption of water within the pores follows a different kinetics, which is reflected in the
typical hysteresis cycle in the measured refractive index on the 2D, flat Titania layer
nearby the arrays (fig. [54]. The study of the hysteresis can lead to get insights
into the complex dynamics of water in the Titania nanopores, which is largely outside
the scope of this work. In view of application this complexity is not a limit, since it is
possible to reset the system at the initial conditions (no water) by heating the device
at 200 °C for 10 minutes, thus reproducing the same variation of refractive index in the
following humidity cycle (not shown). From this analysis we can also deduce a broad

distribution of pore size with an average value centered at about 2.5 £ 0.5 nm.

By fitting the Fano profiles for increasing RH%, we can precisely evaluate the central
wavelength Ao and the line-with I" of the Fano resonance evolving under different RH%
(fig. . In this analysis we neglect the cases RH% < 10%, as the humidity detector
is not sensitive below this value, and RH% > 80%, owing to water condensation on the
sample surface. Provided a spectral shift of about 1.3 nm against a refractive index
variation of ~0.027 (fig. and a line-with I' of ~2.7 nm, we evaluate an overall
sensitivity S = dA/dn of about 50 nm/RIU and a figure of merit (FOM = S/T") of ~20.

As a last example of possible use of this metasurface platform, we show a dynamic
colour change tuned by modulating the refractive index of a porous silica underneath
the Titania arrays. This is obtained by printing the dense Titania pillars (p = 1500 nm)
atop a mesoporous silica layer (~650 nm thick, pore size ~7 nm, porosity estimated
around 37% vol) deposited via sol-gel on a silicon substrate (a scheme of the sample
structure is shown in the inset of fig. and infiltrating water in the pores. As
for the previous case, during a humidity cycle the refractive index of the dense TiOq
shows a rather small variation, whereas that one of the porous silica is about five times

larger (An(TiO2)~0.025, An(SiO2)~0.11, Fig.5 a). In the present case, the refractive
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Figure 3.7: a) Left (right) panel: refractive index changes for the porous SiO2 (TiO2)
as a function of the relative humidity RH% measured in flat 2D areas nearby the pillars
arrays. For RH% > 80% (shaded light blue area) water condensates on the sample sur-
face. The sketch in the top panel shows a sketch of the sample structure. b) Dark-field
scattering spectra for a Titania array (p = 1500 nm) at increasing relative humidity.
The spectra are not normalized to the white tungsten lamp used for illumination, nor
background subtracted. c¢) Colour-intensity maps of dark-field spectra as a function of
wavelength (x axis) and time (or humidity cycle, y axis). The horizontal dashed lines
correspond to the position of the spectra shown in b). A scheme of the humidity cycle

as a function of time is shown on the right part.

index of the TiOj is slightly higher compared to the previous system (fig. [3.6). This is

ascribed to the higher annealing temperature applied to consolidate the sol-gel bi-layers

after NIL.

By following the spectral shift of the main resonance measured in dark-field geom-

etry, we observe an overall red-shift of about 100 nm when increasing humidity from
0% to 80% (fig.|3.7h)), the spectra are not normalized to the white tungsten lamp used

for illumination). The spectra acquired over a full humidity cycle are represented as a
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Figure 3.8: Left panel: CIE gamut of the non-normalized spectra shown in c. Circles
(stars) indicate increasing (decreasing) RH%. Right panel: blow up of the relevant
part of the gamut shown on the left panel. The open circle indicates the initial and
final point of the cycle. The black dot represents the white lamp.

colour-intensity map showing a bleaching of the scattering for RH > 80% owing to wa-
ter condensation (fig.|3.7c)). The color-change dynamics represented on the CIE gamut
shows a large and reversible behavior from yellow-green up to orange-red (fig. .
As a consequence of the large broadening of the resonances, in this set of data, the

hysteresis cycle is not visible.

3.3 Discussion

Sub-wavelength dielectric structures were implemented on mm-scales by using Titania,
a material having a relatively high refractive index and high transparency up to near-
UV frequencies, rendering it an ideal platform for manipulating GaN-based LED light.
In this sense, this result is important as they extend the range of use of dielectric Mie
resonators to frequencies not attainable by Si and Ge owing to their larger extinction
coefficient. This method is implemented at relatively low temperature (~450 °C, but
lower values are in principle possible), potentially rendering it compatible with back-
end processing of C-MOS circuitry with the additional advantage of relaxing the
need of cumbersome fabrication steps (e.g. a device can be finalized in less than one
hour in a laboratory).

We also showed the possibility to fabricate these photonic structures directly on
highly porous silica (aerogel layer) having low-index and low weight. Although in the

present case we used a mesoporous silica (porosity ~37%vol, mass density 1.7 g/cm?),
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sol-gel process can also be used to form layers of MgF, featuring a porosity of 80%,

thus providing a very low refractive index (~1.08) and mass density (~0.6 g/cm?) [56].

Although in this work we addressed the simple case of squared pillars, the high
fidelity in the replication over mm-scales and the high lateral resolution (the smaller
objects have a side of about 150 nm) allow, in principle, the implementation of advanced
devices made of unit cells having sharp features and more complex geometries. This
opens the possibility to use soft-NIL for the production of large scale metasurfaces with

more exotic optical properties and advanced functionalities [9-15].

These devices can be exploited for several uses accounting for the multifunctional-
ity of Titania based metasurfaces. Neat structural colours spring from scattering by
multipolar Mie modes formed within the dense Titania pillars, in analogy to what was
found in similar systems [31-40]. Choosing a convenient illumination geometry, where
the light of a white LED is coupled within the glass slide, only the fundamental modes
of the Mie resonators are illuminated and can out-couple the light from the slab. This
is due to the larger coupling of these resonances with the substrate with respect to
higher order multi-polar modes that are more strongly confined within the pillars [6,
29, 130, 48, [57] and do not appear in the spectra. This property provides sharp band-
pass filters potentially important for the use of these devices as ink-free colours and
displays, although in this case a large dynamic tuning of the structural colour is not

possible.

In back scattering geometry at normal incidence we observe sharp Fano resonances
[51] due to the ordering of the Mie resonators array. Exploiting this sharp spectral
line together with the porosity of sol-gel materials, we show that our structures can be
suitable for refractive index sensing. We obtain a figure of merit of about 20 which is
not very far from what found in the plasmonic counterpart [58,|59]. Our system was not
optimized for efficient sensing and better performances could be in principle obtained by
using a different excitation/collection configuration or changing the unit cell geometry
(see for instance reference [14] where a FOM of ~100 was demonstrated). However,
the important point here is that the “sensing” occurs within the volume of the Mie
resonators, where the water is adsorbed and the intensity of the electromagnetic field

is larger |19} 28| 29, 48]. This observation opens up the possibility of functionalizing
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the sol-gel with chemical compounds in order to detect specific substances present in
the atmosphere or in solution as demonstrated for other sol-gel-based systems60. This
option is not readily available for conventional Si- and Ge-based Mie resonators which
use in sensing or enhanced Raman scattering requires more complex device geometries
(such as Mie resonators molecules) where the hot-spots of the electromagnetic field lie

outside the pillars.

A large, dynamic and reversible colour change can be obtained when placing the
Titania pillars on porous silica and exploiting its large refractive index change (An of
about 0.11) upon water uptake. The spectral shift of about 100 nm exceeds of about two
times what was previously reported on active tuning mechanisms in similar systems
[50, |60, 61] and is obtained with a much simpler device. As a first approximation,
such a large shift can be simply ascribed to an interference effect springing from the
refractive index changes in the porous medium leading to a different illumination of
the scatterers. A smaller effect may spring from the coupling of the Mie modes within
the substrate [57]. Such a device represents an important example of the flexibility and
strength of the sol-gel /NIL approach in coupling different materials featuring different

physical properties and giving access to novel functions.

3.4 Conclusion

In conclusion we have implemented record-size arrays of Mie resonators based on Ti-
tania with a high-throughput and low temperature method, combining bottom-up as-
sembly via sol-gel deposition and top-down nano-imprint lithography. We presented
several possible applications of our platform, such as structural colours for displays,
refractive index sensing and dynamic colour change. The strength of this approach
relies in the possibility to scale it up to larger surfaces, on arbitrary substrates (e.g,
semiconductor, ceramic, metal) eventually exhibiting a curvature. It can be extended

to most metal oxides and other advanced functionalities are at hand.
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3.5 Methods

3.5.1 Soft-NIL

Masters are fabricated via e-beam lithography and reactive ion etching on a silicon
wafer. 9 arrays of squared pillars of height 500 nm, gap (distance between two struc-
tures) of 150 nm and pitch varying between 380 and 600 nm were fabricated via e-beam
lithography and reactive ion etching in a silicon wafer. The master surface is rendered
hydrophobic by grafting with a fluorinated precursor. To fabricate the mould, an h-
PDMS blend (h-PDMS from Gelest Inc) is directly poured on the hydrophobized master
and partially cured for 10 mins at 50 °C then a thick PDMS buffer layer (RTV615 from
Momentive) is added and the stack annealed at 50°C for 12 hours then at 70 °C for 2
hours.

TiO, replicas were made using a well-established protocol [44, 49]: a TiOs xerogel
is first deposited on glass by dip-coating in controlled environment (22 °C, relative
humidity RH = 20%) using an ACE dip equipment from SolGelWay then placed in a
specially designed chamber with controlled humidity (RH = 70%). After allowing the
xerogel to equilibrate with the atmosphere for 1 min, the mould (first degassed under
primary vacuum (<10 mbar) for 10 min) is put into contact without any additional
pressure on the freshly deposited sol-gel layer. Finally, after 1 min, the assembly (mould
and substrate) is annealed at 70 °C for 5 min and unmoulded. The TiO, replica is
then annealed at 450 °C for 10 min (sample of Fig.1-4) or at 500 °C for 10 min (sample
of Fig.5). In this latter case the sample was obtained from a different silicon master
etched by focused ion beam in arrays of 15 x 15 pm?.

Sol-gel initial solutions were prepared from TiCly, Pluronic F127 (Poyethylene
oxide-Polypropylene oxide triblock copolymer), deionized water, absolute ethanol (EtOH).
TiO, precursor solution is composed of 1 TiCly; 40 EtOH; 7 H,O; 2.10~* F127 molar

ratios. Solutions were stirred 24 hours at room temperature prior to use.

3.5.2 Characterization

Samples were characterized by scanning electron microscopy (SEM, Dual-beam FIB

HELIOS 600 nanolab), atomic force microscopy (AFM, PSIA XE-100 AFM) in non-
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contact mode, ellipsometry (Woollam M2000V), optical microscopy (LEICA DMI5000
M), confocal spectroscopic microscopy (custom made) and angle resolved reflectance
measured with a spectro-polarimetric goniometer (Light Tec).

Ellipsometry. The refractive index dispersion and thickness of the TiO5 and SiO,
sol—gel coatings were measured on flat zones of the samples, near the imprinted areas,
using a spectroscopic ellipsometry system. The environmental ellipsometric porosime-
try investigation was carried out using the spectroscopic ellipsometry equipment com-
bined with an atmospheric control chamber. Water was selected as the adsorbate.
The volume of adsorbed (and capillary condensed) water into the pores was followed
through a time resolved measurement of the refractive index variation as a function
of P/Py. The volume of adsorbed water was deduced from the refractive index using
the Cauchy models and the Bruggeman effective medium approximation (J. A. Wool-
lam CompleteEASE software). The pore size distribution was then extracted using
a modified Kelvin’s equation for spherical pores. The structural investigation of the
nanoimprinted samples was performed by AFM and high-resolution SEM.

Diffusion spectroscopy. All the presented spectra were collected using a custom
made, inverted optical bright- and dark-field microscope mounting 5x and 20x magni-
fication objective lenses (numerical aperture NA = 0.2 and 0.4 respectively) coupled
with a spectrometer and Si-based CCD linear array (Flame-T-VIS-NIR by Ocean Op-
tics) through an optical fibre (Ocean Optics multimode fibre, VIS-NIR, core diameter
200 mm). Reflection and diffusion from the sample was studied under white light
illumination (OSL2 Thorlabs or a commercial white LED).

Humidity tuning set-up. The sample was placed inside a custom made chamber
surrounding the microscope objective. The relative humidity inside the chamber is
driven by a flux-control set-up (ACE flow by Solgelway) and does not depend on the
surrounding environment. An electronically controlled ramp sets the humidity inside
the chamber while diffusion spectra from the sample are acquired. Before each set of
measurement the relative humidity is set at RH% = 0%, in order to purge the chamber
and the sample form the ambient humidity. Furthermore, before each humidity cycle,
sample was heated for 10 min at 250 °C in order to remove adsorbed pollutants and

obtain reproducible refractive index shift with humidity variation.
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Chapter 4

S1Ge-based Mie resonators as

antireflection elements

Here is demonstrated another possible bottom-up approach for the fabrication of di-
electric Mie resonators over large scales: solid state dewetting of thin silicon films.
This method is a distinct self-assembly technique which, as for the other techniques
introduced in the previous chapters, provide a very high throughput. Here it is shown
that efficient antireflection coatings on silicon can be easily obtained when solid state
dewetting of silicon is joined with germanium deposition for the fabrication of SiGe is-
lands with a high surface density, randomly positioned and broadly varied in size. This
particular feature is demonstrated to be efficient for light trapping. A large portion of
the impinging light (~40%) is trapped within the wafer also below the band gap, where
the Si substrate is non absorbing. Reflectance is then reduced to low values in a broad
spectral range (from 500 nm to 2500 nm) and a broad angle (up to 55°). Theoretical
simulations agree with the experimental results, showing that the efficient light coupling
into the substrate is mediated by Mie resonances formed within the SiGe islands. This
lithography-free method can be implemented on arbitrarily thick or thin SiOs layers and

its duration only depends on the sample thickness and on the annealing temperature.
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4. SiGe-based Mie resonators as antireflection elements

4.1 Introduction

Efficient anti-reflection coatings (ARC) have been intensively studied and many dif-
ferent approaches were explored for this purpose [1-3]. Multi-layered thin-films [4, 5],
graded index matching via surface texturing with micro- and nano-structures [6-11],
plasmonic metasurfaces [12-14] are just few examples. More recently, metasurfaces
[15-21] based on ordered arrays of sub-micrometric dielectric antennas (dielectric Mie
resonators [22-28]) are also taking ground to this purpose. Depending on the applica-
tion of the AR different aspects (lowest value of the total reflectance, broad spectral
range, broad acceptance angle, transparency or light trapping) determine the optimal
features and fabrication method.

A convenient and efficient solution for enhancing light absorption relies on the
exploitation of disordered structures|13} 29-33]. The peculiar AR properties of disor-
dered systems account for the importance of this approach with respect to its ordered
counterparts and this alternative has been recently proposed [20] and implemented
[19] using dielectric Mie resonators. The performances obtained with such random
all-dielectric structures demonstrate that top-down methods are a valuable technique
to combine disorder and Mie resonators for efficient AR coatings at visible frequen-
cies. However, the ease of fabrication at affordable prices on reasonable timescales, are
major requirements for realistic devices implemented on large scales and conventional
top-down methods are unable to meet such criteria.

Random metasurfaces offer the basis for the development of less costly and large-
scale bottom-up fabrication methods based on self-assembly. One viable and promising
route is solid-state dewetting of ultra-thin films of metals [18, [34-41] and semicon-
ductors [42-45], a natural phenomenon exploited for the self-assembly of high-quality
photonic structures. Arrays of well separated islands, featuring a random spatial or-
ganization and a relatively large spread of sizes and shapes can be produced. The
potential of this method in semiconductors has not been completely exploited and, for
example, AR formed by self-assembly have not yet been reported. In fact, one of the
main limits of this method is the relatively low density of the dewetted particles: in
solid state dewetting, as in other self-assembly methods for 3D nanostructures (e.g.

Stranski Krastanov growth in IV-IV and III-V compounds) a linear dependence links
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4.2 Solid state dewetting for SiGe-based Mie resonators

the initial thickness of the Si(Ge) layer and the final size (and density) of the dewetted
islands [46]. This feature naturally leads to large inter-particle distances and limits the
exploitation of dewetting for nanophotonics.

In this chapter, is reported the implementation of a self-assembly method based on
dewetting and epitaxial growth for the fabrication of AR coatings. Here we manage
to overcome the well-known limitations of most common self-assembly processes: the
correlation between size and density of the islands. Furthermore, in contrast with
previous reports of SiGe dewetting where marked spatial anisotropies affected the size
distribution of the islands [43, |47, 48], in our samples large and small particles are
perfectly mixed, providing a homogeneous arrangement of randomly positioned islands.

Such a structure already exhibits broad-band and broad angle AR properties with
respect to bare silicon wafer. Moreover, the resonant behaviour of the SiGe islands
was studied thanks to finite difference time domain simulations (FDTD), highlighting
that Mie resonances enhance the coupling and light trapping of the impinging light
towards the underlying Si wafer. This feature, not accessible by thin film based AR,
can represent a useful trait for photovoltaic and detector applications.

To improve the AR properties of the bare SiGe matasurfaces, we include a double
layer of SisNy and SiOy on top of the islands and on the backside of the samples,
taking inspiration to similar approaches in literature [15], where ad hoc SizN, conformal
layers were used. Thus, we target specific wavelength ranges optimizing the AR for
below band-gap frequencies, where the total reflectance (Ry,) reaches 7-20%, and for
above band-gap frequencies, where Ry, is reduced to few percentages. Angle-resolved
measurements confirm that these properties are maintained within an acceptance angle

of about £55 degrees.

4.2 Solid state dewetting for Si(Ge-based Mie res-

onators

Intrinsic features of solid state dewetting of silicon films are set by the initial thickness
of the thin, crystalline layer determining the period of the underlying Rayleigh-like

instability, and setting all the built-in structural parameters of the islands, such as
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Si02 BOX
Si bulk

(b)

Figure 4.1: a) SEM (top) and TEM (bottom) images of a dewetted sample of Silicon
islands. b) TEM image of a large island and a few smaller Germanium islands.

their density, size, and equilibrium shape [49-53]. All these properties can be modified
by adding Ge before, during, or after dewetting , , , , potentially
providing full control over their physical properties. However, in precedent works ex-
ploiting dewetting in SiGe-based samples [47] 48] [53], Si-rich and Ge-rich particles rest
spatially separated, leading to large inhomogeneities of the morphological properties

over micrometric distances that make this method unsuitable for performing devices.

Another important condition for the formation of intense and sharp resonances in
dielectric Mie resonators, is a relatively large vertical aspect ratio (n = h/r, where h
is the particle’s height and 7 = d/2 is the half of its base size) [56]. While 7 remains
low in pure Si islands, it is higher in SiGe .

Here we modify solid state dewetting of ultrathin silicon on insulator (UT-SOI),
by adding a large amount of Ge (300 monolayers MNLs at 800°) during the annealing
step (an accurate description of the fabrication process is reported in section 4.6.1)).

As result of this growing technique, SiGe islands exhibit a vertical aspect ratio
remarkably bigger than pure Silicon islands, as is shown in fig. where a TEM
image of pure Si island (bottom inset of fig. is compared to a TEM image of SiGe
islands (fig. [4.1b). Moreover, we highlight (i) a random formation of the islands and a
complete lack of spatial organization (as accounted for by the Fourier transform of a
SEM image of sample II in the inset of the top panel of fig. [4.2b); (ii) a homogeneous
distribution of large and small islands perfectly mixed together eventually showing a
bimodal size distribution (figs. to [4.2d); (iii) a lack of elongation of the islands

along preferential crystallographic directions or a more pronounced symmetry for a
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Figure 4.2: Statistical distribution of particle size and high-resolution SEM images
of the dewetted samples for sample I a), II b) and III c¢). For sample II inset shows
also the two-dimensional Fourier transform of a 9x9 ym? SEM image.

family of islands [43] 47, [48]; this has to be compared with the corresponding situation
for bare Si islands, exhibiting a preferential distribution and a pronunced elongation
(bottom inset of fig. [£.1)). (iv) The presence of dislocations in both families of particles
(fig. . All these features are unique of this fabrication procedure and very similar
results were obtained with samples grown in slightly different experimental conditions

(e.g., at 780 °C) accounting for the robustness of the approach (not shown).

From this picture it emerges that solid state dewetting of SiGe has a great potential

for nanophotonics on large scales.

After dewetting and Ge supply, we deposited conformal layers of SiOy and SigNy
on top of the islands as well as on the back face of the samples via plasma enhanced
chemical vapor deposition. This step allows the optimization of their antireflection
properties as detailed later. The list of the samples and their features are summarized

in figs. to f.2d In section (d) of table is reported a sketch of the SiGe

metasurface with the conformal layers realized on the top and on the bottom.

Further details of morphological characterization of the realized samples is given in

section .6.2.
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‘ Sample I-A ‘ Sample I-B ‘ Sample [-C Sample III-A | Sample III-B | Sample ITI-C

T | 130 nm Sl3N4 100 nm SisNy4 | 70 nm S13N4 T 130 nm SiOg 100 nm SIOQ 70 nm SiO4

» o ¥
: :. : Q .'3“!9 laﬂd:.‘

100 nm SisN, \ 100 nm SizN, \ 100 nm SlgN4 100 nm SlOg 100 nm SiOs | 100 nm SiO,

B (a) B 100 813N4 100 nm SI3N4 100 nm SI3N4
(b)
Sample II-A | Sample II-B Sample II-C
Top Si02~. . _ |
T 120 nm SiO, | 100 nm SiO, 80 nm SiO, Top S!3N4\—‘- e el
120 SisNy | 100 nm SigN, | 80 nm S N4 SiGe—
Y 3 Y B 3 O, 3 SIOZ(BOX)‘—— Y ™ ..l
B 100 nm SIOQ 100 nm SIOQ 100 nm SIOQ Bottom SisNa —Z
100 SigNy | 100 nm SigNy | 100 nm SizNy Bottom Si02 — |
(c) (d)

Table 4.1: a-c) List of samples with corresponding thicknesses of the SiO2 and SizNy
layers deposited on top of the SiGe islands (T) and on the backside (B). All the reported
thicknesses are expressed in nm. d) Sketch of the SiGe island with conformal layers
on the top and on the bottom (not on scale).

4.3 Optical characterization and simulations

A description of the instruments and methods used for spectroscopy is reported in
the devoted section 4.6.3. The total reflectance Ry of a Si wafer is determined by the
refractive index contrast with air, and by its thickness: for frequencies below the Si band
gap, the transparency of the material calls into play the reflection from the backside of
the wafer. This determines a sharp increase of Ry, at about 1050 nm (fig. |4.3a)). This
increased value of Ry can be quantified in about 15%—20% by simulating the reflection
from the top face and from both top and bottom faces of a thick Si slab (respectively
thick, purple line and thin, green line in fig. [4.3al).

The total reflectance Ry for a dewetted 12 nm thick UT-SOI is compared to that
of a Si wafer in fig. [£.3b] empty squares line. The small effect of the dewetted sample
on the impinging light implies that, per se, dewetting is not suitable for efficient AR.
Samples I, II, and IIT with SiGe island, however, show a pronounced AR effect with
respect to the bare Si wafer (fig. 4.3b, green, red and blue lines). At frequencies larger
than the Si band gap the value of Ry is about 4%—12%, whereas at larger wavelengths,
this value rises to about 25%-30% due to the transparency of the substrate and the

backface reflection. We can observe that samples I and III feature a more pronounced
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Figure 4.3: Total reflectance Rtot for Si- and SiGe-based metasurfaces. a) Rio in the
full investigated spectral range for a Si wafer. Experimental data, black circles; theo-
retical simulation for the top face only, thick purple line; theoretical simulation for the
both top and bottom faces, thin, orange line. The shaded area highlights the transition
from above- to below band-gap frequencies. b) Experimental data for R, measured
on: Si wafer (gray line and shaded area), bare Si islands (empty black squares) and
bare SiGe islands sample I, II and III (respectively green circles, red squares and blue
triangles). c¢) Total transmission Ty (blue squares) and total transmission plus total
reflection Tior + Riot (black line) for samples II1. The error in the measured light inten-
sity is less than 2% in at longer wavelengths where the white lamp used for illumination
is less intense.

fluctuation of Ry with respect to II, which springs from their particles’ larger average

size and the more pronounced bimodal size distribution (fig. [1.2], bottom panels).

While the minimum of Ry for bare SiGe islands is not very low, the most remark-
able feature of the AR effect of our metasurface is its extension to all the investigated
frequencies with a very smooth spectral dependence. In fact, even if conventional ARs
based on thin film coatings can provide lower values of Ry at specific wavelengths,
they fail in matching the performances of our AR when considering the full spectrum
from visible to near infrared. These features are systematically investigated in figs.
to[£.4d, where the spectra of simulated interferential ARs based on a SiO, single layer,
a SizNy single layer, and a SiO5 on SizgN, double layer are compared with the spectra of
samples I, I, and III. While the average value of Ry for the best interferential layer is
above 26%, the SiGe-based metasurfaces are always below 25% (fig. . A summary

of this investigation is provided in Table II.

Another relevant parameter necessary for defining the range of uses of a device is
its total transmission T;.;. Bare SiGe islands exhibit values of T;.; between about 35%
and 60% in the range 1200 to 2500 nm (fig. 4.3c). By adding to Ty, the corresponding

value of Ry, we can see that a significant portion of light is neither transmitted nor
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Figure 4.4: Total reflectance Ryt for SiGe-based metasurfaces and flat anti-reflection
coating made of SiO2 and SisNy. a) Rio for bare SiGe islands in the full investigated
spectral range (from visible to near-infrared frequencies): samples I (green diamond),
II (red circles) and III (blue triangles). These experimental spectra are compared
with those obtained from theoretical simulations (transfer matrix method) for SiO,
layers on Silicon bulk. The SiO2 thickness is varied from 70 to 170 nm. The effect of
transparency of Si at frequencies smaller then the band gap i taken into account. b)
Same as a) for a single layer of SisN4 on Silicon bulk. The thickness of the SisNy is
changed from 70 nm to 190 nm. c) Same as a) and b) for a double layer of SiO2 on
SisNy on Silicon bulk. The thickness of the two layers is changed from 40 nm SiO2 on
40 nm SisNy4 up to 140 nm SiO2 on 140 nm SisNy. d) Ryt for SiGe islands covered
with conformal layers and interferential AR on the bottom face of the sample, in the
full investigated spectral range (from visible to near-infrared frequencies): samples I-A,
I-B and I-C from dark to light green respectively. These spectra of Ryt are compared
to those obtained for for a double layer of SiO2 and SizNy on Silicon bulk (same as
those shown in c)). e) Same as in d) for samples II-A, II-B and II-C from dark to light
red respectively. f) Same as in d) for samples I1I-A, I1I-B and III-C from dark to light
blue respectively. g) Average value of the total reflectance < Rjot > integrated over
the full investigated range of frequencies for the 3 samples series with SiGe islands.
The top horizontal dashed line sets the value of < Ryot > for Silicon bulk. The bottom
horizontal dashed line sets the value of < Rjot > for the most performing AR based
on SiO2 and SisN4 double layer on Silicon.
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4.3 Optical characterization and simulations

< Rtot > < Ryt > < Ryot >
Above BG | Full range Above BG | Full range Above BG | Full range
I 22.0 21.9 11 25.0 22.0 II1 21.8 23.9
I-A 10.5 12.4 1I-A 12.7 11.0 III-A 8.1 10.3
I-B 10.2 13.1 II-B 4.9 10.5 LB | 16.7 14.3
I-C 11.4 12.9 II-C 14.1 12.3 I11-C 7.7 11.4
(a) (b) (c)
| < Tyt > | < Aiot > | < Thot > | < Apor > | < Ti > | < Aot >
I 56.3 13.9 II 53.5 16.4 I11 54.7 16.3
I-A 7.7 9.1 I1-A 71.9 13.3 III-A 80.4 8.2
I-B rardiré 9.3 1I-B 75.0 10.7 11I-B 79.0 8.2
I.C irdird 8.9 I1-C 71.0 12.0 II1I-C 79.3 7.4
(d) (e) (f)

Table 4.2: a,b,c) Values of < Ry, > for above band-gap (BG) frequencies (300-1050
nm) and for the full investigated range (300-2500 nm), for all the investigated samples.
d,e,f) < Tyt > and < Ao >=< 1—"Tyot — Ryt > (absorbed light) for below band-gap
frequencies (1200-2500 nm), are reported for all the investigated SiGe-based samples.

reflected (Tior + Rior < 100%, (fig. : about 40% of the total intensity at 1200 nm
is retained within the wafer (see also the data summarized in Table II). We interpret it
as a light-trapping phenomenon already reported in similar systems based on dielectric
Mie resonators [21]: the presence of 3D resonant scatterers on the sample surface
imposes strong modifications to the propagation of the impinging light beam, leading
to its partial trapping within the wafer. This feature represents a very important
characteristic of our AR and differentiates them from conventional flat AR where, at
these frequencies, Ty, + Rior = 100% (not shown) and no light trapping is possible
irrespective of the performance in terms of AR (see also table for details relative
to the amount of trapped light). Importantly, the possibility to enhance the light
absorption could be a valuable tool for extending the quantum efficiency of Si-based
light detectors (such as CCD cameras) in this frequency range.

FDTD simulations were used to model the experimental findings (see the dedicated
section for details). They were first used to address the scattering intensity of
individual small and large islands (respectively diameter d = 150 nm and d = 450 nm).
The scattering intensity of small islands features a sharp peak at ~650 nm (resonance
« of fig. with relative near field distribution in fig. . The electric and magnetic
field intensity maps at 650 nm, respectively, show that | F| is rather confined below the
island within the buried oxide (BOX), whereas |H| is well channeled into the substrate
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Figure 4.5: FDTD simulations. Scattering intensity of an individual island having
base size of 150 nm (red line) and 450 nm (black line), with vertical aspect ratio 1/2.
a) Near-field maps of the intensity of the electric field |E|) and magnetic field (|H|) at
650 nm for the small particle simulated in the plot (red line). The white lines highlight
the shape of the island and the BOX. b) Near-field maps of the intensity of the electric
field and magnetic field at 750 nm for the large particle simulated in the plot (red line).
c) Near-field maps of the intensity of the electric field and magnetic field at 960 nm for
the large particle simulated in the plot (red line). d) Near-field maps of the intensity
of the electric field and magnetic field at 1600 nm for the large particle simulated in
the plot (red line). [a) is not in scale with b) to d).]

(fig. 4.5b)). These features are quite similar to what was shown for SiGe islands .
However, in the present study the very thin BOX favors a more efficient light coupling
within the Si wafer [15] [56]. The scattering intensity of large islands exhibits three main
peaks in the investigated spectral range (resonances [, v and ¢ of fig. near field
distributions in figs. to . As for the previous case of small islands, the field
intensity maps at ~750 nm, ~960 nm, and ~1600 nm show that |F| is rather confined
within the BOX, whereas |H| is well coupled into the substrate. These simulations
show that SiGe- based Mie resonators are able to channel light from the ambient in
the substrate thanks to the presence of resonantly confined fields extending in the

underlying Si wafer. The low Q-factor, characteristic signature of Mie resonances,
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Figure 4.6: Comparison between the measured Ry, for samples I, II and III and
the FDTD simulation taking into account a random distribution of small (150 nm in
diameter) and large (450 nm in diameter) SiGe islands.

ensures a brief permanence of the light inside the islands, before it is transferred to the
Si substrate, limiting possible losses due to the absorbance of germanium. Furthermore,
the spread in size and the large density of the particles allows for a broad and smooth
light coupling.

Simulations of Ry, on randomly distributed resonators of two size family show
rather strong fluctuations between ~18% and 1% in a spectral interval spanning from
~400 nm to 1100 nm (black line in fig. ; for Riot we limit our investigation to above
band-gap frequencies as the FDTD method does not allow one to easily take into
account the effect of the backside of the sample. Despite the rough approximations
used for describing the particles’ size distribution in FDTD simulations, the overall
agreement with experiments is fairly good (fig. [4.6). Clearly, the presence of many
differently sized particles in experiments smooths the features of Ry, but its average
value in simulations and experiments are quite similar.

A complete and precise assessment of the AR properties should go beyond the values
of Riot and Ty and include also the angular dependence of the reflected intensity and
polarization properties, as well as a precise discrimination between light diffusion and
specular reflectance. Improved performances with respect to the bare SiGe islands are

obtained for all the samples when covered with conformal single or double layers made

of SizNy and SiO, [15] (tables [f.1]and [£.2)). Samples I-A, I-B, and I-C and III-A, III-B,
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Figure 4.7: Below band-gap anti-reflection coating: samples I-A, -B, -C and 11I-A,
-B and -C a) From the top to the bottom panel: total reflectance Ry at quasi-normal
incidence for samples I-A and III-A, I-B and I1I-B, and I-C and I1I-C. b) From the top
to the bottom panel: total transmission Ttot (blue squares) and Ty + Riot (black
line) at quasi-normal incidence for samples III-A, III-B and III-C. The error in the
measured light intensity is less than 2% in at longer wavelengths where the white lamp
used for illumination is less intense.

and III-C were optimized for below band-gap frequencies: the total reflectance remains
between 7% and 20% (fig. [4.7a)), whereas it varied between 25% and 35% for the bare
samples (fig. 4.3b)). The different thicknesses of the conformal SizN, coatings allows
for a slight tuning of the minimum of Ry (e.g., from ~1500 nm for sample I-C up to
~2000 nm for sample I-A). For sample III a more pronounced dip in Ry, is observed
in a narrower spectral range (up to 7%) owing to the presence of larger particles on

sample IIT with respect to sample I (fig. .

Remarkably, when taking into account the full investigated spectral range spanning
from visible to near-infrared frequencies, these metasurfaces outperform conventional
flat ARs (see fig. |4.4g). While the best double layer coating features an average Riot

of about 26%, our samples are in the 8%-13% range. A summary of this investigation

is shown in fig. [4.4g]
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Figure 4.8: Above band-gap anti-reflection coating: sample II-A, -B and -C. a)
From the top to the bottom panel: total reflectance Rt at quasi-normal incidence
for samples II-A, II-B and II-C. b) Top panel: specular reflectance SR for s- (open
symbols) and p-polarized (full symbols) incident beam for sample II-B (triangles) and
Si wafer (squares). SR for a beam incident on the sample surface at angles larger than
45 degrees is measured with an ellipsometer. SR at 11 degrees (shaded) is obtained
from Ryo In graph a) and it thus also contains the reflected scattering (Riot = SR +
RD, see also fig. ). Thus it represents an overestimation of SR. Bottom panel:
Specular reflectance SR at 900 nm for sample II-B as a function of the incidence angle
normalized to SR of Si wafer at the same wavelength. The error in the measured light
intensity is less than 1%.

Finally, as for the bare SiGe islands case, we estimate the light trapping for samples
ITI-A, TII-B, and III-C fig. For these samples, covered with a conformal layer and
with additional AR on the backside, Ty is in the range of 60%-80% and it is enhanced
with respect to the bare SiGe islands fig. Tiot + Riot increases monotonically
providing a light trapping of about 20% at 1200 nm up to negligible values at 2500 nm
table |4.2l Thus, in spite of a better performance in terms of Ry, owing to the layers
on the backside of the wafer, at these frequencies, the light trapping is about two
times less effective for capped islands with respect to the bare case (see fig. , to be
compared with fig. . This is an important observation in view of the exploitation
of these structures for specific applications where light trapping should be enhanced
with respect to transparency.

Samples I1-A | TI-B, and II-C were optimized as AR for frequencies above the Si band
gap (table and fig. . For all these samples, Rio; can reach values as small as a few

% accounting for the good performances of the AR coating. A tuning of the minimum of
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Riot is possible thanks to the different thicknesses of the additional conformal coatings.
This leads to a shift in the minimum of Ry, from about 850 nm for sample II-C up
to 1050 nm for sample II-A. Thus, also in this narrower spectral range, the effect
of the additional conformal layers deposited atop the SiGe islands is to improve the
AR properties of a factor of two or more with respect to bare islands. Furthermore,
at normal incidence, sample II-B is more than a factor two more performing than a

double layer composed of SiO2 on SizN, (fig. .

Angle-resolved measurements of the specular reflectance SR are collected with an
ellipsometer (thus disregarding the reflected scattering RD, fig. [4.8b)). Averaging the
specular reflectance for s and p polarizations and normalizing this value to that one

measured on a Si wafer allows one to observe an excellent AR performance up to about
55° (fig. 4.8bl bottom panel).

In order to address the composition of the reflected light in terms of scattered
and specular reflection we take into account the case of sample II-B for above band-
gap frequencies. The reflected scattering (RD, defined as the total reflection minus
the specular reflection: RD = Ry~ SR) at quasinormal incidence and integrated over
the half solid angle is compared to the corresponding value of Ry (fig. [4.10a]). The
similar values and spectral features of Ri,; and RD allow us to conclude that most of
the reflected light can be ascribed to the resonant backscattering from the SiGe Mie
resonators distributed over the half solid angle atop the sample. The difference between

Rtot and RD represents the specular reflectance SR and seems to play a minor role.

In order to better assess the composition and features of Ry, we characterized SR
and RD at different incidence and collection angles by measuring the spectrally and
angularly resolved bidirectional reflectance distribution function (BRDF) [70,71]. Here
the incident beam and the detector are scanned along the same meridian and all the
measured intensities are normalized to a Lambertian reference (the setup is shown in
fig. .

Spectrally integrated measurements show that the BRDF is composed by two dis-
tinct parts: a low-intensity, broad pedestal and a sharp peak which correspond to the
1

scattered part RD and the specular reflection SR. The scattering RD (from 0.02 sr—
to 0.06 sr~!, fig. [4.10a)) is about 2-3 times lower than that of bare SiGe islands on
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Figure 4.9: a) Ry, for samples II-A, -B and -C at above band-gap frequencies
compared with that of a double layer of SiOs on SisN, on Si-bulk. The thickness of the
two layers is changed from 40 nm on 40 nm up to 140 nm on 140 nm. b) Average value
of the total reflectance < Ry, > integrated at frequencies larger than the Si band-gap
for a double layer of SiO2 on SisNy on Si-bulk as a function of the SiO2 and SizNy
thickness (some of the corresponding spectra are shown in a)). The top horizontal
dashed line sets the value of < Ry, > for Si-bulk. The bottom horizontal dashed
line sets the value of < Ry, > for the best sample with SiGe islands and conformal
layers (sample II-B). c¢) Average value of the total reflectance < Ry, > integrated
at frequencies larger than the Si band-gap for the 3 samples series with SiGe islands.
The top horizontal dashed line sets the value of < Ry, > for Si-bulk. The bottom
horizontal dashed line sets the value of < Ry, > for the most performing AR based on
SiO2 on SigsNy4 double layer on Si in this spectral range.

sample II [RD from 0.06 sr~' to 0.1 sr~ !,

In a small cone (about 10°), the specular reflection is about two orders of magni-
tudes larger than the scattering and stays rather constant up to ~ 50°; in agreement
with fig. .80 For excitation beams at angles larger than ~ 40°, a slightly enhanced
backscattering can be observed (highlighted by an arrow in the inset of fig. .

By taking into account the case of excitation at 10° for sample II-B, it is possible to
compare this result with those obtained with the spectrophotometer for the same sam-
ple (fig. central panel) discriminating and quantifying SR and RD independently.
Owing to the randomized position and size of the Mie resonators on our samples, the
BRDF is invariant for revolutions around the vertical direction (not shown). Thus it is
possible to integrate the scattered part over the half solid angle and the specular part
over a small solid angle of about £5° around its maximum, for both angular coordi-

nates. From this analysis, we deduce that the SR is only a few % of Ry, confirming
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Figure 4.10: Comparison between reflected scattering (RD) and specular reflectance
(SR) for sample II-B. a) Reflected scattering RD (black triangles) and Rt (violet
line) for sample II-B at quasi-normal incidence and integrated over the half solid angle
atop the sample. b) Sketch of the experimental setup (diffusometer) used for detecting
the bidirectional reflectance distribution function (BRDF). The angle of incidence of
the excitation (0.;.) and that of the detection (04e¢) can be scanned independently
over the half solid angle on the same meridian. ¢) BRDF integrated from 400 nm
to 800 nm for sample II-B measured for 0., from 0 to -70 degrees with respect to
the normal to the sample surface and 64, moving from -70 to +70. The sharp and
intense peak is SR whereas the low-intensity pedestal is RD. Inset: zoom of the broad
pedestal ascribed to RD. The black arrow highlights a slight increase of the RD for
incident beam at large angles. d) Full dataset of the spectrally-resolved BRDF' for
sample II-B for ¢, = 0, +45 and +75 degrees (respectively from the top to the
bottom panel). Each panel reports the intensity of the BRDF as a color-scale as a
function of wavelength and of 04.;. The red dashed lines highlight 0.,. whereas the
white dashed lines highlight the 04.; represented in e). The black shaded areas hide
the specular reflection. e) Spectrally-resolved BRDF for sample II-B at Ocyc = 0, +45
and +75 degrees (respectively from the top to the bottom panel) for 04, = -70, +10,
+70 degrees (top panel), -40, +10, +40 (central panel) and -70, +10, +70 (bottom
panel). On each panel the inset displays the excitation (red arrow) and collection
(brown arrows) geometry.
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the result previously shown in fig. for the integrated Ry, and RD.

Finally, the spectrally resolved BRDF for sample II-B is measured for three different
directions of the incident beam, 0., = 0°,445°, and+75° (fig. [£.10¢), whereas the
detection is scanned from -80° to +80°. From the full data sets, we select spectra at
quasispecular, quasicollinear, quasivertical direction and large angles (fig. . For
all the incident angles, the BRDF features higher values at shorterwavelengths. For
nearly specular detection, the BRDF is larger in all the investigated wavelength range
and shows a marked increase at shorter wavelengths. Remarkably, for wavelengths

larger than 600 nm the spectral and angular features are rather flat.

4.4 Discussion

The extensive optical characterization and simulations performed on our random meta-
surfaces give a precise insight in the redistribution of the impinging light and its en-
hanced coupling towards the Si substrate. The analysis of the BRDF demonstrates
that the large part of the reflected light is scattered over the half solid angle atop the
sample (about 95% of Ryt ), while the intensity of specular reflection is very limited.

Reflectivity and transmission measurements reveal light trapping within the sub-
strate, pointing at the completely different nature of our ARs with respect to con-
ventional flat thin film coatings. In this latter case, Ry is fully ascribed to specular
reflection, rendering the coatings less adapted to all the applications where an increased
propagation path of the photons in the device is necessary (e.g., for thin film photo-
voltaic). The working principle of our samples is similar to that of textured surfaces
[9, [10] with the additional feature of resonances mediating the light coupling. In view
of applications of our AR on thin-film photovoltaic cells or light detectors, the merit of
our method is to avoid a direct texturing of the Si wafer, thus potentially preserving a
high carrier mobility and lifetime [16].

The total reflectance in our disordered samples is strongly reduced over a broad band
and a broad angle, in agreement with ordered Mie resonator arrays [15, |16, 18, 21]. We
observe that, for ordered arrays of Si-based dielectric particles obtained with top-down

methods, the best reported value of Ry is about 2% for above band-gap frequencies,
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whereas in the same spectral interval our best device reaches a value of less than 5%.
However, for ordered arrays of Si-based Mie resonators a relevant effect reducing the
value of Ry is associated to the well-known Rayleigh anomaly [15] (grating effect),
whereas in our case all the AR effect can be truly ascribed to the energy channeling
mediated by the Mie resonances formed within the SiGe particles. Thus, owing to the
randomness of our samples, we obtain a flatter spectral shape ofRi,; with respect to

previous reports [15].

In contrast with previous reports which focused only on above band-gap frequencies
[15, 116, |18, |19} [21], we extended this idea to below band-gap frequencies in the near
infrared (~ 1050— 500 nm), where Ry, can be as low as 7%. Moreover, we showed
the possibility of tuning the minimum of R, both for below and above band-gap
frequencies by adjusting the thickness of additional conformal layers deposited atop the
SiGe islands. In addition, these conformal layers have the function of encapsulating
the SiGe islands, rendering the metasurface more robust against mechanical damage

and protecting the underlying structures from humidity.

A full assessment of the performances of our spontaneously assembled structures
with respect to existing examples of dielectric Mie resonators in the literature should
take into account the full range of frequencies addressed here, as well as the light trap-
ping effect and the composition of light in terms of scattered reflection and specular
reflection. Unfortunately, these data are not available in the literature and a com-
parison is not possible, which further accounts for the importance of our findings and

characterizations.

In principle, this fabrication method can be performed at relatively low temperature
[57] (e.g., at 300 °C for thin, amorphous Ge layers) and it can be used on custom-made
arbitrary SiO. layers [43, 44], relaxing the need of a commercial UT-SOI. Importantly,
the duration of the dewetting process does not depend on the sample size, but only on
the thickness of the thin Si(Ge) layer and lowering the temperature budget is possible,
in spite of a longer annealing time. In principle, this fabrication method offers the
possibility to implement efficient AR coatings on existing devices [58] (e.g., photovoltaic

cells, C-MOS and CCD cameras, and Si- and Ge-based photodetectors).
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4.5 Conclusions

We showed that joining annealing of these silicon films with epitaxial growth enables
the formation of high density SiGe-based islands featuring a large vertical aspect ratio,
a large spread of size with a good spatial isotropy of the particles’ size distribution.
Our method represents a step forward in self-assembly of 3D structures where the size
and the density of the particles are usually correlated.

The performances of our device can be adapted and improved employing an opti-
mized ad hoc buried oxide |43} 44, 56] and targeting specific wavelength ranges with an
appropriate choice of particle size. These possibilities bring the additional advantage
of relaxing the need for expensive commercial UT-SOT [43] |44] , opening up the use of
this method on other substrates (e.g., glass, Ge, and SiC).

The strengths of this method are manifold: (I) the duration of the process does not
depend on the extension of the wafer but only on the composition and thickness of the
top thin layer; (IT) dewetting can be exploited at relatively low temperature [57] and
thus it can be compatible with back-end processing of C-MOS circuitry [58]; (III) it
is a lithography-free approach avoidingmultiple, polluting, chemical cleaning steps as
it relies only on deposition and annealing; (IV) it provides efficient AR in extremely
broad ranges of frequencies exceeding those shown so far for similar systems [15, |16,

18] [19] 21].

4.6 Methods

4.6.1 Samples’ fabrication

A scheme of the process used is shown in fig. The UT-SOI substrates used here
were commercial single-crystal (001) oriented, 12 nm thick Si films atop 20 nm thick
buried oxide on a Si (001) wafer. The wafer was double polished. After a chemical
cleaning for 30 sec in a 10% H F — H,O solution under nitrogen atmosphere, the samples
were transferred to the ultra-high vacuum (UHV ~ 107! Torr) of a molecular beam
epitaxy reactor. The annealing was performed in two steps: first at 700 °© C for 30

sec in order to remove any residual native oxide from the sample surface. Following
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4. SiGe-based Mie resonators as antireflection elements

this, the temperature was increased up to at 800 o C and 2 monolayers (MNLs) of Ge
were supplied a rate of 6.5A/ min in order to trigger the dewetting. After annealing
for 4 hours 300 MNLs of Ge were supplied at a deposition rate of 6.5A / min at the
same temperature. The deposition lasted for about 125 min. We fabricated 3 samples
(I, 11, III) by using slightly different orientation of the sample holder with respect to
direction of the molecular Ge flux (respectively 20, 25 and 30 degrees in the reference
frame of the growth machine). The final Ge content of the SiGe islands is nominally
~90% even if small differences in the Ge content in the 3 samples are possible. The
growth via molecular beam epitaxy represents the pinnacle of the deposition quality
and of the purity of the atomic species and with a control over the deposited amount of
material as precise as 1/10 of an atomic monolayer (e.g. by monitoring the deposition
rate in situ with a RHEED, or after calibration of the effusion cells). Other sources
of error during fabrication are the temperature of the sample surface during dewetting
and Ge deposition (a few percentages) and the orientation of the sample surface with
respect to the molecular beam (a few percentages). Thus, we evaluate the error in the
samples reproducibility by fabricating two nominally identical samples and measuring
the corresponding value of the total reflectivity R;;. The difference in the measured
Riot for the two samples is less than ~1% accounting for a good control over the sample
properties (not shown). In order to protect the SiGe islands, tune and improve the
AR performances of the implemented devices, the as-grown samples I, IT and III were

coated with conformal layers of SigN, and SiOs formed via plasma-enhanced chemical

UHV Ge Ge

4 300 MNLs 2 MNLs

UT-SOI 12 nm g 700°C
BOX 20 nm ©

‘é& 800°C
Si bulk

K

Time
(a) (b)

Figure 4.11: a) Diagram of the UT-SOI sample composition (12 nm of monocrys-
talline Si atop 20 nm of buried oxide, BOX) and description of the fabrication steps
(i-iv). b) The bottom part describes the annealing cycle in the ultra-high vacuum
(UHV) of the molecular beam reactor and the Ge deposition steps.
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vapor deposition [59]. Two dimensional interferential layers were also deposited on the
backside of the samples in order to reduce the reflection from this interface for blow
band-gap frequencies. The description of the different samples with the corresponding

thickness of the SiO, and SizNy layers is provided in table [4.1]

4.6.2 Morphological characterization techniques

The structural characterization of the islands’ morphology (size, shape and composition
of the SiGe islands) was performed ex situ by scanning electron microscopy (SEM,
Dualbeam FIB HELIOS 600 nanolab), atomic force microscopy (AFM, PSIA XE-100
AFM) in non-contact mode and cross section transmission electron microscopy (TEM

Jeol JEM - 2010).

SEM characterization

The size of SiGe islands for sample I, IT and IIT show a bimodal distribution with a
large number of small particles (below 100 nm in diameter) and a second family of
large islands (above 100 nm in diameter) as accounted for by a statistical investigation

of high- resolution SEM images (figs. |4.12a] and [4.12b]). The absence of bright spots in

the two-dimensional Fourier transform of a SEM image of sample II accounts for the
completely randomized island formation (cf. inset in the central panel of fig. .
Islands’ average base size (< L >= (Lys + Ly,)/2, where Ly and L,, are respectively
the longer and shorter particle’ diameter, fig. ) and the corresponding in-plane
asymmetry ( € = (Lys — L) /(L + L), fig. are respectively in the range of
few tens of nm up to ~500 nm and from 0 up to ~0.6. No marked dependency of the

asymmetry on particles’ size is highlighted.

AFM characterization

The islands morphology and its evolution with the increasing thickness of a confor-
mal layer deposited via chemical vapor deposition was monitored by AFM imaging
(fig. [£.13). Here we show the case of sample II, II-A, -B and -C (see table for the
details of the conformal layers on the SiGe islands). Typical height profiles extracted

from AFM measurements show islands featuring geometrical aspect ratios ( h/r, where
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Figure 4.12: a) Shorter island side (L,,) as a function of the corresponding longer is-
lands side (Lys). The diagonal line represents the symmetric island case Ly, = Lys, € =
0). The smaller size limit is set at 30 nm (due to the limited lateral resolution of the
SEM image), thus the size distribution is artificially cut. b) Island asymmetry € as a
function of the average island side < L >.
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Figure 4.13: a) AFM characterization. Starting from the left-top panel, in clockwise
order are respectively represented 3D perspective view of sample II, II-A, II-B and
II-C. b) Height profiles extracted from a. From the bottom to the top panels are
respectively shown samples II, I-A, II-B and II-C.

h is the particle’s height and r = d/2 is the half of its base size) exceeding 0.7 in
agreement with recent reports for SiGe-based dewetted islands , . A progressive
smoothing of the samples’ roughness when increasing the thickness of the conformal
double layer atop the SiGe islands is observed, as expected (root mean square, RMS
from ~58 nm for sample I up to ~35 nm for sample II-C, fig. . We mention
that the value of the roughness for the bare islands (and thus also their vertical aspect

ratio) may be slightly underestimated owing to their close packing.
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(a) (b)

Figure 4.14: a) Detail of misfit dislocations at the interface between the base of a
large SiGe island and the underlying buried oxide. b) The top right inset displays
the Fourier transform of the crystalline part shown in the main panel. The hexagonal
pattern of bright spots is highlighted by dashed lines.

TEM characterization

TEM investigation of large and small islands is performed, confirming their large aspect
ratio (h/r > 0.5) in agreement with AFM data (fig. [4.1b|) and previous reports on
similar systems , . A closer inspection of high-resolution TEM images reveals the

presence of misfit dislocations (figs. [4.14ajand 4.14b|) eventually crossing the full islands

or annihilating one with the other. This feature is found in both families of particles
and was never observed before. Here it is worth noting that in previous reports of
SiGe dewetting, larger temperature were used (e.g. 820 °C in reference and 850
°C in ) In this cases strong spatial inhomogeneities of particles’ size and shape
together with preferential alignment of the islands along the crystallographic axes and
relatively large in-plane elongations were found. Thus, we conclude that keeping the
dewetting temperature below ~800 °C induces the simultaneous break-up of the thin
SiGe film starting from many void-nucleation points while avoiding local accumulation
of Ge at the receding rims. This leads to a complete lack of inhomogeneity in the

spatial arrangement and anisotropy in the particles’ shape.

4.6.3 Spectroscopic techniques

The spectroscopic characterization of light reflection, transmission and reflected scat-
tering was performed on the Mie resonators ensemble with a spectrophotometer mount-

ing an integrating sphere for near-normal light incidence (11 degrees with respect to
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the sample normal). Angle-resolved measurements of specular reflectance (at inci-
dent angles between 45 and 80 degrees) for s and p polarizations were performed with
an ellipsometer (Woollam M2000V). The bidirectional reflectance distribution func-
tion (BRDF) was measured with a spectro-polarimetric goniometer (Light Tec). For
spectrally integrated measurements at visible (near-infrared) frequencies a Si-based
(InGaAs-based) photo-diode was used. For spectrally-resolved measurements of the
BRDF at visible frequencies the spectro-polarimetric goniometer was coupled to a

spectrometer (FLAME, Ocean Optics) via a 200 um core, multi-mode optical fiber.

4.6.4 Theoretical simulations

FDTD simulations were performed with a commercial software (Lumerical) by taking
into account 2 families of islands (perfectly bimodal size distribution, approximating
the statistical distribution of the particles’ size found in experiments): smaller islands
featuring a diameter of 150 nm, and larger islands of 450 nm. The islands’ shape is
assumed to be a half sphere (this is a rather good approximation for Ge-rich SiGe
islands [44] [53]). The islands’ positions is obtained with a random number generator
while avoiding overlaps between them. The FDTD simulations take into account the
eventual lateral photonic coupling between islands (e.g. for particles working at visible
frequencies a lateral coupling is possible when the border-toborder distance is lower
than ~100 nm). The density of the islands is set in order to reproduce that one of the
experimental case according to the filling factor associated to each family. A sketch of
the particles’ distribution for each family is shown in fig. The refractive index
dispersion and the absorption of the SiGe alloy is taken into account (by comparing

n and k for bare Si and bare Ge, Sip1Gegg is shown assuming an effective medium

Z: 3
.
d=a50nm, ff=22% d=150nm, fi=23% ? 3,

«. s\ *t}; ¢

Figure 4.15: Spatial distribution of large (450 nm in diameter) and small (150 nm in
diameter) islands used for the FDTD simulation of Ryt are shown respectively in the
left and central panels.
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model). The impinging white light is assumed to be a plane wave at normal incidence
with respect to the sample surface. The scattering cross section is evaluated for indi-
vidual particles (no lateral coupling is considered). Finally, the total reflectance Ry
is obtained as the sum of two parts, one from the large islands and the other one from
the small ones. In this case the eventual lateral coupling is taken into account in the

FDTD simulation.
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Chapter 5

Ongoing activities

After discussing the settled results appeared in scientific publications, and before ad-
dressing conclusions and long term perspectives, this short chapter ventures out to a
pair of topics, still remained in progress at the end of this thesis. In these works, the
experimental part has already been performed, but the theoretical analysis needs more
development before publication. These issues are in close relationship with all the tech-
niques described previously and the starting points are from one side the Titania spheres
presented in chapter|[d, from the other side dewetted metasurfaces, as the ones described
m chapter integrated on soft sol-gel substrates via nano-imprint lithography (chap-
ter @ In particular here we are going to present a work in which dielectric Titania
spheres are integrated with light emitters, in this case perovskite nano-crystals, exploit-
ing these structures as all-dielectric antennas. Furthermore, still keeping in mind the
possibility of integration between single emitters and Mie resonators, we will present
a method for transfer dielectric nanoresonators obtained via solid state dewetting on
low refractive index substrates. In contrast to silicon wafer, where typically grew up
dewetted structures, low refractive index substrates have less influence on Mie reso-
nances, rendering this solution more suitable in exploitation the antenna properties of

such devices.
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5. Ongoing activities

5.1 Integrated all-dielectric photonic with perovskite
nano-crystals

The integration of photon emitters with dielectric [1] or metallic [2] structures is one
the most explored field of nano-photonics. Spontaneous emission from light sources,
such as quantum dots, active semiconductor or nitrogen—vacancy centres in diamond,
can be enhanced and controlled by coupling their electric field with nanoantennas. In
particular modification of the emission rate by changing the local density of state [3]
and beaming of emission from dipole like pattern to directional profile are some
results achievable by using such kind of integrated system. In addition, the peculiar
Kerker conditions of Mie resonators (i.e. forward scattering when electric and magnetic
resonances overlap -section can indeed enhance the collection efficiency for single
photon sources. One main challenge is then the integration of single emitters with all-
dielectric nanoantennas, potentially tuning the Mie resonance to the wavelength of
spontaneous emission. Such goal requires fabrication methods suitable for realizing
single all-dielectric resonators in combination with a technique that allows the emitter
to be placed in the close proximity of the antenna itself. As we have seen, these
techniques, when high throughput and possibly cost-effective, represent the state of
the art of Mie resonators fabrication and the capability of coupling with single nano-
emitters constitutes a further step forward.

Going in this interesting direction, we started to explore the coupling between single

(b) (c)

Figure 5.1: Scanning electron images of the realized sample on which PNCs are
coupled with Titania spheres. a) Wide field SEM image where are shown single and
isolated PNCs and PNCs coupled with a sphere. b) PNCs couple with spheres both
individually and in clusterc).
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Figure 5.2: a) Sketch of the setup used for exciting resonances inside Titania sphere:
the white light channeled into the slab is used for coupling with Mie resonances. b)
Sketch of the setup used for wide field excitation of PL from perovskites. Here the
excitation source is a 400 nm laser source. c) Scattering from the Titania spheres
(top) and PL signal from the sample where PNCs are coupled with the spheres. Here
the width of the field of view is about 100 pum.

Titania spheres and individual perovskite nanocrystals. Titania spheres were realized
as described in section of chapter [2| by using aerosol spray on glass substrate. Re-
garding the fabrication of perovskite nano-crystals, the procedure described in [5] was
followed. This allows for the realization of Methylammonium Lead Bromide Nanocrys-
tals (PNCs) dispersed in toluene and maintained as a colloidal dispersion. The PNCs
synthesized with this method have diameter in the 30-50 nm range, and form large
assemblies both in suspension and after drop-cast deposition on substrates. Scanning
electron microscope images show how PNCs form on top of the substrate where Titania
spheres are placed (fig. . Here we can see that some PNCs rest coupled with the
spheres while the most of them are spread along the glass, individually or in small

clusters.

In order to investigate the effect of the coupling between perovskites and Mie res-
onators, photoluminescence of PNCs was studied. Perovskites were excited by 400 nm

laser source, collecting their photoluminescence (PL) with CCD camera for imaging and
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Figure 5.3: a) Photoluminescence distribution from isolated perovskites on glass
substrate. b) Photoluminescence distribution from perovskites coupled with Titania
spheres. c) Scattering from spheres coupled to perovskites (red lines) and relative PL
from the PNC' (green lines), for different systems perovskite-Mie sphere. Scattering
measurements were performed with the set-up sketched in fig. while PL measure-

ments with the set-up in fig.

with a confocal optical fiber for spectral analysis of a single nano-object.. A simplified
sketch of the set-up is represented in fig. [5.2] Mie resonances supported by Titania
spheres were excited by channeling the light into the glass substrate, as it behaves like
a light guide. This allows to know the right position of the spheres on the substrate,
in order to compare, once PLL measurements were done, the relative position between
spheres and perovskites, making possible to relate PL coming from PNCs isolated and
coupled to the resonators. This relationship is underlined in fig. [5.2d, where is shown
on the top a map of the scattering from the Titania spheres and on the bottom the PL
from the perovskites. Here, we can observe how PL is enhanced by the coupling with

the resonators. This result is assessed by statistical investigation of emission centers,
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both single and coupled with spheres. In figs. and is reported a bar chart of
the PL intensity distribution coming from isolated perovskites and PNCs in close prox-
imity with the spheres, respectively, from which it’s possible to confirm the precedent
claim.

Moreover, by looking at the scattering signal from the spheres, when these are cou-
pled with the perovskites, we observed a sharp decreasing at the of the absorption edge
of the perovskites, as reported in fig. for different integrated systems perovskite-
Mie sphere. Our data point out a large sensitivity in absorption measurement of single
nano particle when Mie antenna are used. This can be explained as a nanoscopic effect
in the near field: the dielectric nanoresonators act as a near field probe able to modify
the excitation surface up till a hundred nanometers. Our findings are in agreement
with reference [6] where a scanning near field optical tip replaces our Titania sphere in
detecting a single molecule.

As conclusion, coupling perovskite nano-crystals with Titania spheres makes from
one side the PL signals from perovskites stronger, from the other side allows for a
great sensitivity in detecting the absorption of light from single PNC in the far field.
This latter element has a particular relevance, since open the way of detection of single

emitter in the far field in a relative simple experimental configuration.

5.2 Solid state dewetting combined with soft nano-

imprint transfer

When approaching Mie resonators based nanophotonics for practical applications, the
well-rounded physical device has to be considered, not only by looking at the single
dielectric resonators, but also considering the surrounding medium as, for first, the
substrate where it lies. We have already analyzed how high refractive index substrates
influence the resonances of Mie particles, by spreading their full width half maximum
and by slightly shifting their center wavelength (see section and section [2.2)).

In approaching Titania based Mie resonators, as the single spheres but also the
ordered array described in chapter [3| the substrate doesn’t constitute a significant

limitation (see the argumentation in section in particular fig. [2.5), as it consists
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Dielectric Mie resonators
HF 6% bath b e

PDMS

Figure 5.4: a) Chemical and mechanical procedure for transferring dewetted islands
on a Polydimethylsiloxane (PDMS) substrate. b) SEM image of a dewetted sample
before transfer on PDMS. c¢) Dark field image of the same sample after transfer on
PDMS.

of glass. However, when other dielectric materials are explored, as e.g. silicon or
germanium, different growing methods are used, that cannot be implemented on glass.

We are speaking, for instance, of solid state dewetting.

Despite the several advantages offer by Titania, deeply analyzed in this disserta-
tion, silicon and germanium, with their higher refractive index allowing for sharper
resonances with respect to Titania, represent a more mature photonic platform. More-
over, the potentiality of solid state dewetting (SSD) in term of high-throughput, surface
extension and control (when driven via etching techniques) constitutes a viable method
for inexpensive and large scale fabrication of photonic systems. Consequently, we be-
lieve that trying to overcome the limitation of silicon substrate in silicon and germanium

dewetted metasurfaces is a point of interest for several photonic applications.

Here we would address this challenge by proposing a method for transfer an ensem-
ble of dielectric islands, obtained via SSD, on a soft substrate transparent to visible
and near-infrared wavelength [7]. The transfer procedure is sketched in fig. .

Starting from a dewetted sample, where usually a thin oxide layer stays in between

Mie resonators and silicon wafer, the first step consists in removing the most of this
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oxide by a chemical bath (hydrofluoric acid 6% for several minutes depending on the
thickness of the oxide). At the end of this procedure, single Mie resonators rest attached
to the silicon substrate only thanks to tiny columns of oxide. The next step consists
in deposition of Polydimethylsiloxane (PDMS), a dense polymer dissolved in water.
As the polymer dries (30 minutes at 750 °C), it results as a soft transparent layer on
top of the sample and it can be removed from this, just by picking it up mechanically.
During this step, the tiny columns of silicon oxide are supposed to break. At the
end, in the new sample, dielectric Mie resonators are embedded in a soft transparent
polymer matrix of PDMS. This can be applied to any dewetted metasurface and allow
for a transfer of more than 90 % of the original dielectric structure on silicon wafer
(see figs. and for a comparison between a sample before and after transfer on
PDMS).

The samples thus obtained are suitable for different applications. During this thesis
we started to exploit them as nano-antennas for third harmonic generation, taking
advantages of the third order non linear susceptibility of silicon-germanium, as well as

integrated with dye emitters.

Third harmonic generation (THG) phenomena are non-linear effects and, therefore,
are commonly characterized by very low efficiency. A viable solution to observe such
phenomena lies in enhancing the density of the electromagnetic field inside the non-
linear material. In this perspective, Mie resonators constitute good candidates since
the supported resonances offer the desired trapping of the electromagnetic radiation.
Figure shows a first proof of THG excited with a pulsed laser at 1550 nm from
SiGe islands (the sample is analogue to the ones described in chapter [4)), after transfer
them on PDMS. Differences in intensities and in central wavelength take into account
the different dimensions of the islands (and then different resonances supported) and

the frequency dispersion of the pulsed source.

We then probed how these structures work as nano-antennas, by coupling them with
dye emitters luminescent between 500 and 600 nm. The emitters, dispersed in buthanol
solution, are spread on the sample via spin coating, leading a random distribution on
the surface (optical image of the dried drop as result on the sample substrate is reported

in fig.|5.6al). Lifetime measurements are performed on the sample covered with emitters.
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Figure 5.5: a) Map of THG signal coming from a sample of SiGe islands obtained
via solid state dewetting and transfer on PDMS. b) THG spectra of single islands from
the same sample in a).
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Figure 5.6: a) Optical image of a droplet of dye spin-coated on the sample. b) Map of
lifetime signal coming from a sample of SiGe islands obtained via solid state dewetting
and transfer on PDMS. c) Lifetime distribution from the map in a).

Measurements of lifetime are shown in figs. and [5.6¢} statistic on them is obtained
by doing a map of lifetime by scanning the relative position of the sample with respect
to the laser source. As reference is taken a substrate of glass where a droplet of dye
solution is spin-coated. The lifetimes distribution from different dye-covered areas on
the reference sample doesn’t present any variation with respect to the case of emitters
on Mie resonators. The lack of lifetime reduction due to the Mie nano-antenna can be
explained by the too high concentration of dye molecules within the detection spot,
linked to the quite disperse distribution of Mie resonators. This can be easily seen also
by looking at the map in fig. [5.6b, where the signal is uniformly distributed on the
all area. Therefore, the resolution in the scan doesn’t allow to resolve single emitter

coupled with a resonators and lifetime measurements are mediated on more emitters,
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the most of them not coupled with any SiGe island. To clarify this point more work
is still needed, such as new experiments with different concentration of emitters in

solution.
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Conclusions and perspectives

This thesis showcased several aspects of all-dielectric photonic structures supporting
Mie resonances accounting for their relevance as ultra-thin optical devices for appli-
cations at visible and near-infrared frequencies. Sub-micrometric particles featuring
a sufficiently large refractive index an reduced absorption losses, can sustain electric
or magnetic dipolar modes, quadrupolar modes etc., providing a distinct approach for
light management in several contexts of practical interest such as structural color, di-
rectional scattering, sensing, dynamic color tuning and efficient anti-reflection coatings.
However, despite the recent interest of the scientific community in this topic, several
items rest still unexplored both in terms of applications and, above all, in terms of

fabrication methods.

This thesis aims to overcome some limitations of the most common used fabrication
methods exploited for realizing Mie resonators, as for instance the cumbersome and low-
yielding lithographic techniques or reactive ion etching. Therefore, the challenge of this
work was exploiting high-throughput, affordable and high reproducibility fabrication
techniques and demonstrating the wide versatility of Mie resonators based devices to
a wide plethora of photonic application in the optical range. To answer such requests
we proposed three different all-dielectric structures realized thanks to three different
fabrication techniques. Particular emphasis was devoted to establish performances and
limitations of such techniques and devices, focusing the attention on their scalability
and affordability for realistic exploitation. Thus, this thesis provides a first proof of
concept of possible implementations of Mie resonators thanks to alternative fabrication
solutions, that are aerosol deposition, sol-gel dip coating and nano imprint lithography
and solid state dewetting, which do not suffer from the limitations of conventional

top-down methods.
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For each proposed technique we realized archetypal dielectric structures, starting
from quasi-perfect Titania spheres, passing through record sized ordered arrays of
Titania pillars and ending with silicon-germanium random metasurfaces. Thanks to
the deep optical and morphological characterizations of such structures, their capability
in light management is underlined and their suitability for photonic applications rises
up. We demonstrated, to cite some examples, the possibility of active color tuning,
band pass filters and anti-reflection coating just by modulating shape, size and material
components of Mie resonators.

Other relevant applications for nano-photonics, such as optical antennas for single
nano-emitters or third harmonic generation, have been addressed with encouraging
results even more work is still needed to conclude the study.

In conclusion, we believe that our achievements could develop, in the mid term
future, in several interesting directions. One example over many, is improving the
combination of solid state dewetting and soft nano-imprint lithography over large scales.
In fact, dewetted samples can provide large hard masters (up to 8 inches wafers) for
soft nano-imprint lithography. This step will open the way to Mie resonators in real-
life optical devices (e.g. anti-reflection coatings for solar panels and smart windows)
as well as all-optical sensors (e.g. gas and pollution) when functionalising the sol-gel

with proper surfactants.
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