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Abstract

This PhD dissertation presents a systematic study in the linear and nonlinear optical
properties of all-dielectric systems grounded on GaAs-based nanoantennas. First, I introduce
a new nonlinear microscopy technique that determines the crystalline orientation of individual
(100)-AlGaAs nanoantennas. The nonlinear microscopy technique, based in a point-scanning
nonlinear microscope and structured light incidence, retrieves nonlinear intensity patterns
which describe the crystalline orientation of the nanoantennas through the polarisation-
dependency of the nonlinear process. The study of the nonlinear intensity maps indicate the
transverse electric field components play a main role in the generation of harmonics. Also,
the use of this nonlinear microscopy technique proved the generation of resonantly enhanced
harmonic processes, driven by the presence of anapole-assisted modes.

Considering the main role of transverse electric field components in the harmonic gen-
eration of (100)-AlGaAs nanoantennas, a linearly polarised beam was used to study the
properties of second-harmonic generation. A conversion efficiency of the order of 10~* was
demonstrated using (100)-AlGaAs nanoantennas, together with the generation of nonlinear
nanoscale light sources emitting vector beams. In addition, continuous control in the transition
between electric and magnetic second-harmonic generation was demonstrated. In all the
studies using (100)-AlGaAs nanoantennas, zero normal second-harmonic generation was
observed due to the symmetry of the second order nonlinear tensor.

Normal second-harmonic generation can be attained when the symmetry of the system
is reduced. This can be realised by extrinsic changes such as the design of asymmetric
nanoantennas or the use of non-normal incidence. Another approach is to perform intrinsic
changes such as changing the orientation of the nonlinear tensor through the fabrication of
GaAs nanoantennas along different crystalline axis. Using this last approach, normal second-

harmonic generation was realised as well as engineered second-harmonic emission from GaAs

vii
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nanoantennas. Under the simple case of normal incidence, polarisation-independent conver-
sion efficiencies and normal second-harmonic generation were demonstrated in (111)-GaAs
nanoantennas. In addition to normal second-harmonic generation, control over the forward
and backward second-harmonic emission was demonstrated in (110)-GaAs nanoantennas,
including the case of nonlinear unidirectional emission.

While the previous studies were dedicated to the fundamentals of second-harmonic gen-
eration in GaAs-based nanoantennas, in the last part of this thesis I discuss the potential
applications of GaAs metasurfaces to perform infrared up-conversion. Attractive nonlinear
properties from (110)-GaAs metasurfaces are anticipated, due to the observed capabilities of
(110)-GaAs nanoantennas.Enhancement of second-harmonic generation and sum-frequency
generation was demonstrated in GaAs metasurfaces, through the excitation of electric and
magnetic modes at the incident wavelengths. More interestingly, up-conversion of an invisible
infrared image to the visible spectrum was demonstrated using (110)-GaAs metasurfaces, via
sum-frequency generation. The sum-frequency generation process, originated in the metas-
urface, enabled the realisation of visible images which can be resolved in the femtosecond

regime and can be detected by a conventional CCD camera.
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CHAPTER 1

Introduction

1.1 Motivation

Antennas are key elements of wireless communication, enabling the manipulation and concen-
tration of electromagnetic fields to realise efficient interfaces between propagating radiation
and localised fields. In the radiowave and microwave frequency regime, antennas allowed the
development of modern technologies which are employed in satellite communications, cellular
phones and televisions. The importance and utility of radio and microwave antennas promoted
the translation of this concept into the optical frequency regime, where propagating visible and
infrared fields can be redirected and transferred into localised sources. Since antennas have
comparable dimensions to their operating wavelength, nanometric structures are required to
realise optical antennas also known as nanoantennas. The study of nanoantennas has become
a growing field of research, facilitated by the significant advancements in nanofabrication
technologies and promoted by their potential application in novel optoelectronic devices,
infrared and multi-spectral imaging, near-field optics and sensing, among many others. In
nanoantennas, the optical fields are controlled by the excitation of resonances first described

by the theory of Mie (/).

Beyond the ability to mediate the interaction between localised and propagating fields,
nanoatennas have also exhibited nonlinear optical effects due to the strong confinement of the
optical fields at their resonant frequencies. The applications of nonlinear optical phenomena
vary from light sources to signal processing, optical communications, spectroscopy, and
plasma physics, to name a few. By employing the nonlinear optical properties of materials,

nanoantennas provide a unique platform to realise many of these applications at the nanometric
1
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scale, since they are capable to generate light at new frequencies and control photon-photon
interactions. Much of the focus in the study of nonlinear nanoantennas has centred in the
use of plasmonic and dielectric centrosymmetric materials, hindering the observation of
second-order nonlinear processes and therefore limiting the conversion efficiency of nonlinear
processes. GaAs is a non-centrosymmetric material able to produce second-order nonlinear
processes, which in general have higher conversion efficiencies. In this thesis, I present the
study and control of new frequencies generated in GaAs-based nanoantennas, using nonlinear
processes. Different strategies were explored to control the properties of the new frequencies
generated, leading to demonstrate the potential applications of GaAs nanoantennas arrays to

perform infrared imaging in a nanoscale platform.

1.2 Thesis outline

This thesis is composed by seven chapters. The first chapter contains the theoretical back-
ground and overview of the topic, introducing the concepts relevant to this thesis. Chapter 2
summarizes the optical properties of GaAs and presents the progress in the study of GaAs
nanoantennas. Chapter 2 is followed by four chapters containing the main results obtained
during my PhD. The seventh and last chapter contains the conclusions of this thesis, together

with an outlook of possible realisations.

In Chapter 3, I present my studies in the SHG and THG of individual (100)-AlGaAs nanoan-
tennas by using a cylindrical vector beam excitation. The advantages in the use of scanning
cylindrical vector beams to study the crystalline orientation of AIGaAs nanoantennas are
demonstrated. Also, the enhancement of the SHG and THG is explained by the excita-
tion of anapole-assisted states driven by cylindrical vector beam excitation. This chapter

demonstrates control over the intensity of the nonlinear emissions.

In Chapter 4, I present my studies on the SHG efficiency, polarisation state and radiation pat-
tern of individual (100)-AlGaAs nanoantennas, both in the backward and forward directions.
These studies were possible due to the new fabrication platform developed, which allows

the transfer of AlGaAs nanoantennas to a transparent substrate. The generation of nonlinear
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vector beams by AlGaAs nanoantennas was demonstrated. Additionally, experimental distinc-
tion between electric and magnetic second-harmonic modes was demonstrated. This chapter
demonstrates control over the polarisation of the nonlinear emission, but limited control in

their directionality.

In Chapter 5, I present the SHG intensity and radiation pattern of individual (111)- and (110)-
GaAs nanoantennas. The possibility to control the SHG directionality was demonstrated
by changing the radius of the nanoantennas and the polarisation angle of the incident beam.
A comparison of the SHG from differently orientated GaAs nanoantennas was performed,
showing the unique capabilities of (110)-GaAs nanoantennas to control the nonlinear emission

at the nanoscale.

The control in the intensity, polarisation and directionality of the nonlinear emission demon-
strated in the previous chapters allowed me to explore the possible applications of GaAs
naonoantenna arrays, also known as metasurfaces, for infrared imaging. In Chapter 6, res-
onant (110)-GaAs metasurfaces were designed to enhance the conversion efficiency of a
second-order nonlinear process: sum-frequency generation. This nonlinear optical process up-
converts the infrared incident beam to the visible spectrum. More interestingly, up-conversion
of an invisible infrared image to the visible was demonstrated using the resonant GaAs metas-
urfaces. The experiments performed show the potential applications of GaAs metasurfaces

for night-vision, infrared bioimaging and sensor devices.

1.3 Theoretical background

In this section 1 will briefly present the theoretical concepts used in the study of optical
processes in the medium, with an emphasis in light-matter interactions in small particles.

These concepts form the basis of the results presented in this thesis.
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1.3.1 Linear optical response of materials

The interaction of an electromagnetic field with matter is fully described by Maxwell’s
equations

V- E(’l",t) = 47Tp(7',t>,

10E(r,t 4
_10E(mt) _4m,

V x B(’I",t) CT c ('l",t), (L)
10B(r,t) '
\Y% XE(r7t)+ET —O,
V- B(r,t) = 0.

FE and B are the electric field and the magnetic induction, respectively; c is the velocity of the
light in free space. The electric current density is denoted as J and the electric charge density
as p. All quantities are spatially, r, and temporally, ¢, dependent as indicated by (r, ). The

generalized Ampere’s equation can be rewritten as:

V x B(r,t) = %(J(r, t) + Jd(r,t)>, (12)
where
1 8E(r,t
Jalr.t) = E% (1.3)

is known as the displacement current or more correctly, the displacement current density.
The displacement current is not a "real" current in the conventional sense, since an electric
current is defined as the physical movement of a charge. While the displacement current
density does not describe charges flowing through some region, it can generate a magnetic
field just like a real current does. The change of the electric field rate due to the displacement
current produces a changing magnetic field even when there are no charges present and no
physical current flows. Through this mechanism, electromagnetic waves may propagate
through vacuum, as changing magnetic fields induce electric fields and vice versa changing

electric fields induce magnetic fields.

In free-space there are no free charges and currents, so that J = 0 and p = 0. Thus, by

combining Equations 1.1 and the well-known vector identity Vx (V< E) = V(V-E)—VZ2E),
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we obtain the wave propagation equation of the electric field:

1 O’°E
VE - —-=——=0. 1.4
2 ot? (14)
A similar procedure can be followed to obtain the corresponding wave equation of the
magnetic induction field:

VB - ——— =0. (1.5)

The wave equations of the electric (see Equation 1.4) and magnetic field (see Equation 1.5)
describe the propagation of an electromagnetic field in free-space, with a phase velocity
¢ = (eopto)~'/%. The constants ¢, and /i are the permittivity and permeability of the vacuum,
respectively. Therefore, Maxwell’s equations (see Equations 1.1) describe the electric and
induction fields in the space, when all the sources p and J are specified. In the presence of
matter, an electromagnetic field may lead to electric dipoles, magnetic moments, polarised
charges and induced currents. The electric displacement D associated to the electric field
E, and the magnetic induction B associated with the magnetic field H, are introduced in
the Maxwell’s equations to take into account the modifications of the fields induced by the

medium. In the presence of matter, Maxwell’s equations are expressed as:

V- D(r,t) = 4mp(r,t),

10D(r. 4
V x Hir,t) - LOP0OD AT g0
c Ot c (1.6)
10B(r.t) '

E(rt)+ - =0

VX Blr,t) + -5 =0,

V-B(r,t) =0,

where the displacement D and magnetic H fields are defined defined as:

D =E + 47P, (1.7)
H =B —41M. (1.8)

The new fields P and M are the induced polarisation and the magnetisation of the material,
respectively. The origin of these new fields will be explained below by observing the new
contributions arising from the material; the charge density p and the current density J. Within

the matter, the total charge density p = pio1q; NOW consists of two components, free and bound
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charge densities:

Protal = Pfree + Pvound- (19)

If we consider the propagation of electromagnetic waves through an electrically neutral
material, where p¢,.. = 0, the total charge density is non-zero since there is a contribution
from the bound charges. When an electric field is applied, the displacement of the material’s
positive and negative charges induces the polarisation P of the medium. The polarisation
P can vary in space, leading to local concentrations of positive or negative charges. The

spatially variant polarisation creates a charge density:
Poound = ~V.P. (1.10)
Bound electric charges act as the source of additional electric fields within the material.

On the other hand, assuming there is no external current J.,; = 0, the total current has three

contributions that account for the response of a medium, according to:
Jtotal = Jcond+Jp+Jbound- (111)

Current can arise from free charges in motion such as electrons in a metal. According to

Ohm’s law this current can be expressed in terms of the conductivity o of the material:
Jeona = oE. (1.12)

Another contribution to the current density within the matter comes from the time rate of the
polarisation. Physically, if the dipoles inside the medium change their strength or orientation
as a function of time, an effective current density arises in the medium. The polarisation

current density is then given by:
0P

=5

Finally, just as bound electric charges act as the source of additional electric fields within the

J, (1.13)

material, bound currents may act as the source of additional magnetic fields, according to:
memd:CV XM, (114)

where Jp,unq 1 the bound current density and M represents the magnetisation of the material.
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The electric field E and the electric displacement D are related to each other by a proportion-
ality constant, called the dielectric constant or permittivity e of the material:
D =FE +47P,
(1.15)
=eb.

As shown in the above equation, the permittivity e determines the response of the material to
an applied electric field. In an insulator or dielectric material charges do not move freely, but
may be slightly displaced from their equilibrium position. The displacement of bound charges
against restoring forces in a dielectric material creates internal dipole moments, which give
rise to additional lines of electric induction. The sum of the internal dipole moments induced

per unit volume is equal to the polarisation density P.

Similarly, the magnetic field H and the magnetic induction B are related to each other by a
proportionality constant called the permeability ;4 of the material:
B =H +47tM,
(1.16)
= uH.
The permeability ;4 determines the response of a material to an applied magnetic field.

Equations 1.12, 1.15 and 1.16 are known as the constitutive relations.

In the optical frequency range and in a non-ferromagnetic material, the magnetisation phe-
nomenon is very weak and M is considered equal to zero. On the other hand, electrons
respond readily to optical frequency fields; either the permittivity € or the conductivity o, and
occasionally both, have values distinctively different from the vacuum case. In conductors,
the otherwise free motion of the unbounded electrons is interrupted by collisions, which
randomise the collective motion, converting its energy to heat. This provides an absorption
mechanism and small resistance to the motion of the charges due to the high values of o in
conductors materials. Dielectrics, on the other hand, are characterised by a lack of free elec-
trons, very low conductivities and optical transparency. In dielectrics, the bounded electrons
can execute forced oscillations upon the excitation of an electromagnetic field, leading to

displacement currents rather than conduction currents. The displacement currents may be
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also damped by dissipative processes, in which case the displacement polarisation lags behind

the driving field in term of its phase.

1.3.2 Nonlinear optical response of materials

Ordinary light consists of uncorrelated contributions from a vast number of independently
radiating atomic systems where phase relationships do not persist, thus generating an inco-
herent light source. Laser radiation, on the other hand, is highly coherent enabling to obtain
extremely intense local radiation fields in small volumes by focusing a laser beam onto a
small area. The field of nonlinear optics began with the first observation of second-harmonic
generation (SHG) by Franken ef al. in 1961, shortly after the development of the first laser
done by Maiman in 1960.

When an electric field is applied to a medium, the electrons of the medium are being polarised
by the field. For weak electric fields, the resulting polarisation is proportional to the applied
field according to

P=yVE, (1.17)

where x(! is the linear electric susceptibility of the material. In a crystalline medium, the
linear susceptibility is a tensor that obeys the symmetry properties of the crystal. The linear

susceptibility is related to the refractive index of the medium n according to y") = n? — 1.

With the advent of lasers, stronger electric fields had been made available which excite non-
linear optical effects in materials. In such case and to a good approximation, the polarisation
is given by a Taylor series of the total electric field whose coefficients are the nonlinear
susceptibilities:

P=y\YE 4+ yPEE + \®EEE + .... (1.18)

The quantities x® and x® are known as the second- third-order nonlinear susceptibilities,
respectively. For moderate light intensities, the material responds linearly to the applied field,
as described earlier in Section 1.3.1. The linear response of the material to the incident light
describes several conventional optical effects including refraction, absorption and scattering,

where only the first term of the Equation 1.18 is considered. Optical nonlinearities are
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manifested by the change in the optical properties of the medium as the intensity of the
incident electromagnetic field is increased which induces asymmetric electronic bindings
and distortion in the bound electron orbits of the material. In such case, higher-order terms
of the polarisation density (see Equation 1.18) related to x® and x(® are considered in
the description of the material response. When these higher-order terms are included, the
polarisation P acts as a source of new field components, sums and differences of the incident
light frequencies described by optical parametric nonlinear processes. Parametric nonlinear
processes, often represented in terms of photon diagrams, conserve the energy and momentum
of the incident light. In the case of second order nonlinear processes, new frequencies are
generated through processes such as SHG and sum-frequency generation (SFG), as illustrated
in the diagram levels of Figure 1.1a. The second order nonlinear susceptibility displays the
symmetry of the crystalline medium, in a similarly way as the linear susceptibility does. As a
consequence, in centrosymmetric media and under the electric-dipole approximation, second-
and all even-order nonlinear susceptibilities become zero due to the inversion symmetry of the
media. Under this approximation, centrosymmetric materials can generate new frequencies
through third order nonlinearities such as third harmonic generation (THG) and four-wave
mixing (FWM), as illustrated in the diagram levels of Figure 1.1b. Outside the electric-dipole
approximation, the bulk nonlinear polarisation has other contributions due to the magnetic-
dipole, the electric-quadrupole and other interactions observed at the microscopic level. To
account for such multipolar effects, the effective light—matter interaction Hamiltonian is

presented in the form
Hpy=-p-E—m-B—[QV]|-E — ..., (1.19)

where E is a local electric field, p is the electric-dipole moment, m is the magnetic-dipole

moment, and @ is the electric-quadrupole moment (2).

1.3.3 Scattering of small particles

The study of scattering particles is applicable to a variety of research fields, from chemistry (3)

and medicine (4) to oceanography (5) and astronomy (6), to name a few. In many of
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FIGURE 1.1: Photon diagram levels of parametric nonlinear optical processes
of (a) second- and (b) third-order. The second-order processes represented here
are second-harmonic generation (SHG) and sum-frequency generation (SFG).
The third-order processes represented here are third-harmonic generation
(THG) and four-wave mixing (FWM). The solid horizontal lines correspond
to real states of the material, whereas the dashed lines represent what are
known as virtual levels. The coloured arrows correspond to the frequencies
of the incident fields, driving the generation of new fields with lower or
higher frequencies. The new frequencies generated by second- and third-order
nonlinear processes are represented by gray arrows.

these fields, the scattering of the light is the easiest means to detect small particles and an
obvious means to further investigate the properties of such particles including its composition,

concentration, size, shape and orientation.

A parallel monochromatic beam propagates in vacuum without changing its direction, fre-
quency, intensity and polarisation state. However, interposing a small particle into the beam
causes several physical effects like scattering and diffraction. Scattering is the phenomenon in
which the incident radiation changes its direction and possibly its frequency after interacting
with molecules or particles; the scattering field accounts for the electromagnetic waves reirra-
diated by the molecule or particle. The scattering is considered elastic when the frequency
of the scattering light is unchanged with respect to the incident one and inelastic when the
frequency changes in the process. Major forms of elastic light scattering are Rayleigh and
Mie scattering. Inelastic scattering includes Brillouin, Raman, inelastic X-ray and Compton
scattering. If the intensity of the beam is very high, several nonlinear phenomena can occur
as the light interacts with the particles of the medium; these phenomena are described by

nonlinear optics as previously discussed in Section 1.3.2.



1.3 THEORETICAL BACKGROUND 11

The processes of elastic scattering can be understood as follows. A beam of light is an oscillat-
ing electromagnetic wave, whereas the particle is an aggregation of large number of discrete
elementary electric charges. The incident electromagnetic field excites the elementary charges
of the particle to oscillate with the same frequency by creating polarisation and conduction
currents inside the medium. Thereby, secondary electromagnetic waves are radiated in all
directions, the superposition of these secondary waves gives the total elastic scattered field (7).
Electromagnetic scattering is a complex phenomenon because the secondary waves generated
by each oscillating charge can also stimulate the oscillation of all other charges conforming
the particle. The reflection and refraction of light constitute a specific case of the elastic
scattering. In addition to re-radiating electromagnetic energy, the excited elementary charges
may transform part of the incident energy into other forms, e.g. thermal energy via absorption.
The absorption causes dissipation of energy from the electromagnetic wave into the medium.
Both scattering and absorption remove energy from an electromagnetic wave, thus attenuating
the beam. This attenuation, more often called extinction, is observed when we look at the light

source through the particles, therefore it is the combined effect of scattering and absorption:
Extinction = Scattering + Absorption.

The size of a scattering particle can be represented by a non-dimensional size parameter x:

2
r=kr= W;n, (1.20)

where £ is the propagation constant of the medium, r is the radius of the particle, 27r is the
circumference of the particle, 7 is the refractive index of the medium and A is the wavelength

of incident wave. Based on the value of x, three main scattering regimes exist (8):

x « 1: Rayleigh scattering (small particle compared to wavelength of light);
x =~ 1: Mie scattering ( the size of the particle is comparable to the wavelength of light);

x »1: Geometric scattering (particle much larger than the wavelength of light).

The first mathematically rigorous attempts to quantify the scattering behaviour of small
particles were derived by Lord Rayleigh for the case of a very small scatterer (electrostatic

case). Rayleigh clarified why our sky is blue by studying the atmosphere molecules as scatters
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particles. These interactions depend only on material properties, not on particle shape. Almost
simultaneously, developments attributed to researches such as Thomson, Love, Lorenz, Debye,
and Mie gave birth to a more complete electrodynamic perspective about this problem, always
in accordance with Maxwell equations. Gustav Mie explained the colour variation in colloidal
solutions of gold nanoparticles in terms of their size distribution. Mie-type resonances depend
on both the material properties and the geometry of the particle in question. In the geometric
scattering regime, ray tracing techniques are applied to study light scattering by spherical and
non-spherical particles. In this thesis, I present the studies on the Mie scattering of nanoscale

particles. The Mie theory is explained below.

1.3.3.1 Mie Scattering

The classical electromagnetic multipole expansion is a powerful tool used by Mie to analyse
the optical fields scattered by small particles (/). The analytical solution of Maxwell’s
equations provided by Mie, describes the light-matter interaction of a plane wave exciting
a homogeneous, isotropic and non-magnetic sphere embedded in a non-absorbing medium,
in terms of an infinite series of spherical multipole coefficients. The development of the
Mie theory starts from the homogeneous Helmholtz’s equations of the electric field £ and
magnetic field B:

V?E + k*E =0, (1.21)

V?H + k*H = 0. (1.22)

Given the geometry of the problem, the incident plane wave described by Equations 1.21 and
1.22 is written as an infinite series of vector spherical harmonics. After applying Maxwell’s
equations to the boundaries of the spherical particle, the scattered and the internal fields of the
sphere are obtained in terms of the incident field. The electric and magnetic components of
the scattered field contain a set of undetermined complex amplitude coefficients, also called
Mie coefficients. By solving the boundary conditions on the surface of the sphere, the Mie
coefficients are determined. In the boundary conditions, continuity of all transverse field
components is imposed at the interface between the sphere and the surrounding medium. The

Mie coefficients contain well-behaved functions that vanish at infinity and converge at the
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origin of the sphere. In this way, the scattered field of a single isolated sphere with a radius r
and relative refractive index m can be decomposed into a multipole series term of scattered

electric field proportional to (9):

~ mW¥(ma)Vi(z) — V(z) V) (ma)

g = , 1.23
T ()€l (r) — &) ¥ (ma) (29
whereas the scattered magnetic field is proportional to:

b — U, (mz)Vi(x) — mV¥,;(z)V.(mz) (1.24)

L T(ma)g(x) — m&(x) P (ma)
where m=ni/n, n, and n being the refractive indices of the particle and the surrounding

medium, respectively; x is the size parameter as defined earlier in Equation 1.20 and the

functions W; and &; are related to the Riccati-Bessel functions through:
i(p) = pii(p), (1.25)

&(p) = phiY (p), (1.26)

where j;(p) is the spherical Bessel function, and hgl) is the Hankel function of the first kind.
The amplitude coefficients a; and b; are respectively related to the electric and magnetic optical
response of a sphere, and depend on the size parameter x and the relative refractive index m.
Each of these amplitudes has a set of resonant frequencies at which the electromagnetic field

of the incident light is enhanced.

The scattering and absorption cross section is a quantity with dimensions of area related to the
electromagnetic power scattered or absorbed by a single particle, respectively. Whereas the
extinction cross section represents the overall amount of power subtracted from the incident
wave, over the amount of power per unit area carried by the incident wave. The cross sections

are defined in terms of the Mie coefficients according to:

2 o= . . 2 2
Coca = ﬁ;(m + 1) (Jas* + [bi]?), (1.27)
O =, . 9 9
Clot = EZ(QH— D Re(|ai* + |b;]?), (1.28)

=1

Cabs = Ceact - Csca- (129)
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The Mie coefficients can also describe the energy balance between the different mechanisms

on a sphere: scattering and absorption. The scattering and absorption efficiencies are relevant

to the far-field of a sphere and are expressed as a combination of the Mie coefficients according

to:
Qsea = Z (2 + D)(Jail* + [bi]*), (1.30)
2 — )
Qeat = —22 (2i + 1) Re(|ai* + |b:), (1.31)
Qabs Qezt - Qscw (132)

In the Mie theory, both metallic and dielectric spherical particles can possess a series of
electromagnetic resonances identified by the observation of strongly enhanced scattering
efficiencies. The difference between metallic and dielectric particles is the sign of the
dielectric permittivity, which is negative for metals (e < 0) and positive for dielectric materials
(e > 0). Figure 1.2a shows several peaks of scattering enhancement: the plasmonic resonances
produced by metallic particles correspond to the red peaks while the resonances produced by
dielectric particles correspond to the blue peaks. The electric dipole (ED) and magnetic dipole
(MD) are associated to the coefficients a; and b, respectively; while the electric quadrupole
(EQ) and magnetic quadrupole (MQ) are associated to the coefficients a, and b, respectively.
In metallic spherical particles, the plasmonic resonances are associated to the enhancement of
the electric Mie coefficients a;, while resonances of a spherical dielectric particle exhibit the
enhancement of both electric a; and magnetic b; coefficients. In metallic particles, the electric
resonances are originated by the oscillation of polarisation charges excited by the incident
light, which create charge distributions. In dielectric particles, the electric and magnetic
resonances originate from the displacement current of bound electrons. The linear oscillation
of the displacement currents within dielectrics particles builds their electric resonances. The
magnetic resonances require field penetration and phase retardation of the field within the
dielectric particle to create a circular current distribution, leading to a magnetic field. The
contribution of third-order (a3 and b3 octupole modes), and higher-order modes to the total
scattering is usually negligible. The field structures of the electric and magnetic resonant

modes ( Figure 1.2a) are illustrated in Figure 1.2b.
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FIGURE 1.2: (a) Scattering efficiency versus dielectric permittivity e for
plasmonic (e < 0) and dielectric (e > 0) materials in a lossless particle with
(27r)/A = 0.5. (b) Illustration of electric and magnetic field structures of
different electric and magnetic resonances supported by a spherical
particle (10).

1.3.3.2 Scattering in the Cartesian multipole expansion

As previously discussed, Mie theory provides an approach to analyse and understand light
scattering problems in terms of two elementary families, the magnetic and electric multipoles,
obtained from the spherical harmonic expansion. The two sets of Mie scattering coefficients
a; and b; (see Equations 1.23 and 1.24) are conventionally associated to the magnitude of
the electric and magnetic multipoles, respectively. Both coefficients are defined by imposing
continuity of the transverse field components across the scatterer’s surface. Thus, the scattering
coefficients are not related to a particular mode of charge-current distribution, instead they

are related to the spatial structure or pattern of the scattered field.

Another approach in the study of scattering properties of radiating sources is to use the current
Cartesian multipole expansion. In the Cartesian multipole expansion, scattering is described in
terms of charge-current distributions which includes contributions from the electric, magnetic,
and toroidal multipoles. While electric multipoles are induced by the separation of oscillating
charges and magnetic multipoles are induced by enclosed circulation of electric currents,
toroidal multipoles are characterised by poloidal currents which flow on the surface of a
torus. Despite the differences in their charge-current distributions, the far-field scattering

pattern of toroidal multipoles is indistinguishable from their electric multipole counterparts.
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Also, in the near-field the differences between the two multipoles are overlooked due to
the boundary conditions applied within the Mie theory, where the radial field components
are neglected. As a result, the contribution of toroidal multipoles in the Mie theory is not
treated separately. Instead the toroidal multipole contribution is already included in the Mie
coefficients, conventionally associated to electric and magnetic multipoles, and cannot be
separated without knowledge of the actual charge-current distribution. In the frame of the
Cartesian multipole expansion, the family of toroidal moments are immediately recognized,
facilitating the description of fundamental scattering processes. The main contributions of the

Cartesian multiple expansion are listed below (/1):

p= i Jsea(r)d’r, (1.33)
1w

m = 1 r X Ja(r)d’r (1.34)

— 2C sca 9 .

_ 1 2 3
t= 106/1‘(7‘ Jsea(T)) — 2r°d goo (1) d7T, (1.35)
P = 2i P2 (1 X J go (1)) dPr, (1.36)
C

where J, is the scattering current density distribution, c is the velocity of the light, p is
the Cartesian electric dipole (ED.,;.), m is the Cartesian magnetic dipole (MD,,;.), t is the

toroidal dipole (TD), and /? is the mean-square radius (MR).

The TD was first considered by Zel’dovich in 1958 (12). This mode is produced by currents
flowing on the surface of a torus along its meridians, as observed in Figure 1.3. The oscillating
radial components of a current density forming a TD mode are very different from the ones
building an ED mode. The TD and ED, however, are characterised by the same far-field
scattering pattern, except for a scaling factor of w?. In the Mie theory the ED,,, and the TD are
both incorporated in a single amplitude coefficient a;. When the TD and the ED,,, interfere
with each other, their destructive interference in the far-field creates a non-trivial radiationless
charge-current distribution, as illustrated in Figure 1.3. The resulting non-radiating state,
also called electric anapole state, was first proposed in 1995 (/3). The electric anapole state
produces a strongly confined near-field, exponentially localised inside the particle. Similarly,

the interference of the MR with the Cartesian magnetic dipole mode MD,,, leads to the
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excitation of a magnetic anapole state. The strong confinement provided by the anapole states,

opens up new opportunities to enhance light-matter interactions at small scales.

FIGURE 1.3: A pair of charges of opposite signs creates an electric dipole
(ED), while currents flowing on a surface of a torus along its meridians (po-
loidal currents) generate a toroidal dipole (TD) (/4). Since the radiation
patterns of the ED and TD modes are symmetric, they can destructively in-
terfere leading to total scattering cancellation in the far-field with non-zero
near-field excitation. The resulting mode is called anapole state (75).

1.4 Optical antennas: an overview

Currently, an electromagnetic transmitter or receiver is commonly referred as antenna. Mi-
crowave and radiowave antennas have been long applied to modern technologies, ranging from
satellite communications to mobile phones and televisions. Demand for antennas operating at
higher frequencies led to the development of optical antennas. The characteristic dimensions
of antennas, dictated by its operating wavelength, requires nanoscale structures to manipulate
electromagnetic fields at the optical frequencies. Optical antennas, also called nanoantennas,
had been designed and engineered using resonant nanoparticles. The resonances excited
by the incident fields, enable efficient transfer of the electromagnetic energy from localised
sources to the far-field and vice versa. Thus, resonant nanoparticles can operate in a similar

way as radio and microwave antennas, but at optical frequencies.
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1.4.1 Linear nanoantennas

When light interacts with a metallic nanoparticle at its resonant frequency, the incident electric
field drives a collective oscillation of the metal’s conduction electrons. The oscillation of the
surface electrons produces a resonant behaviour also known as localised surface plasmon
resonance or simply as plasmonic resonance, as previously discussed in Section 1.3.3.1. By
localising the incident electromagnetic field on the surface of the metallic nanoparticle, the
amplitude of the incident field is enhanced in the nanoantennna at length scales much smaller
than the incident wavelength. Only recently, these plasmonic resonances have been studied
by the scientific community, however plasmonic resonances were long ago used to generate
brilliant colours in artwork pieces including stained glasses. An example of such artwork
is the Lycurgus Cup, which dates back to the Roman times, where the inclusion of metallic
nanoparticles into the glass induces different colours when the light is shone through the Cup

as compared to when the light is reflected from the Cup.

Typically, plasmonic nanoantennas are made of gold and silver due to their low absorption
which enables efficient scattering at visible and near-infrared wavelengths (/6, 17). Several
configurations have been explored to modify the radiation or scattering properties of plas-
monic nanoantennas. V-antennas have produced asymmetric radiation patterns (/8), Yagi-Uda
antennas have decreased the backward scattering (/9), while nanoring antennas have fully
eliminated this backward scattering (20). Applications of plasmonic nanoantennas are diverse.
Gold bowties have been used to enhance the fluorescence of single-molecules (27), spheres
nanoparticle with an ultrathin shell have been used to amplify Raman signals (22) and silver
nanoparticles have been used to increase solar cell efficiencies by improving light confine-
ment (23). Also, due to their biostability and optical properties, plasmonic nanoantennas
have been used in the area of medicine to perform In Vivo imaging (24), drug and gene
delivery (25), and magnetic resonance imaging (26). These applications are based on the
capabilities of plasmonic nanoparticles to behave as antennas, amplifying the incoming and
scattering field. However, plasmonic resonances originated by nanoparticles can behave as
strongly damped oscillators and decay along different channels, mostly dissipated in the form

of thermal energy. These inherent losses, constitute the major obstacle in the applications of
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plasmonic nanoantennas. Moreover, in symmetric plasmonic nanoantennas only electric res-
onances can be excited by the incident light, as shown earlier in the case of spherical metallic
particles (Section 1.3.3.1). The excitation of magnetic resonances in plasmonic nanoantennas

is constrained to the use of complex geometries such as split ring resonators (27).

Since 1939, the use of dielectric materials in resonant structures was proposed (28), however
only recently dielectric materials have been used in resonant nanoantennas as an alternative
to plasmonic ones. High-index dielectric nanoparticles are capable of reproducing effects
previously demonstrated in plasmonic nanoantennas, but with low dissipation of energy
into heat. In addition to the low-losses, dielectric nanoparticles are characterised by the
coexistence of electric and magnetic resonances in symmetric geometries such as spheres, as
it was discussed in Section 1.3.3.1. At optical frequencies, silicon (Si) has low dissipation and
a high refractive index which allows strong confinement of the incident fields. The excitation
of magnetic resonances in Si nanoparticles was simultaneously demonstrated in 2012 by
Evlyukhin et al. (29) and Kuznetsov et al. (30). In their work, Evlyukhin and Kuznetsov
demonstrated the tunability of Mie resonances, across the visible spectrum, by changing the
size of the Si nanoparticles, as shown in Figure 1.4. The nanoparticles were first studied under
a dark-field optical microscope, where strong scattering was observed (see Figures 1.4a-d).
Then, the scattering spectra of individual nanoparticles was measured (see bottom panel
of Figure 1.4), demonstrating the ability of Si nanoparticles to change their colour due to
excitation of particular modes. According to the scattering spectra, the first and strongest
resonance corresponds to the MD, which shifts towards the infrared spectrum as the size of
the nanoparticles increases. The MD mode is followed by the excitation of an ED and finally
a MQ. The scattering spectra of the smallest nanoparticle is characterised by a single peak at
blue wavelengths, corresponding to the excitation of a MD mode (see Figure 1.4a). As the
size of the nanoparticle increases, the MD shifts towards the green wavelengths and a weak
ED excitation appears in the spectrum (see Figure 1.4b). For a nanoparticle with size of 150
nm, green and yellow scatterings are simultaneously observed due to the excitation of an ED
and a MD, respectively (see Figure 1.4c). Thus, the scattering of nanoparticles with different
sizes (see Figure 1.4d), is strongly dependent of the magnetic and electric resonances excited

inside the nanoparticle. The interaction between electric and magnetic resonances influences
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FIGURE 1.4: (a-c) (i) Close-view of dark-field microscope and (ii) SEM

images from single silicon nanoparticles. (iii) Experimental dark-field scat-

tering spectra of the corresponding (a-c) nanoparticles (30). (d) Dark-field

microscope image of similar silicon nanoparticles fabricated by a single laser

pulse on a glass receiver substrate (29).
the scattering properties of dielectric particles, producing tailored directional scattering in Si
Yagi-Uda designs (37), nanodisks (32) and nanospheres (33). Also, the excitation of electric
and magnetic resonances has been explored in Germanium (Ge) and Gallium Arsenide (GaAs)
nanospheres, where zero backscattering was demonstrated (34, 35). According to the first

Kerker condition, zero backscattering is achieved by simultaneously exciting electric and

magnetic dipoles to oscillate in phase and with the same magnitude (a,=b).

1.4.2 Nonlinear nanoantennas

The excitation of resonances in nanoantennas is associated with the enhancement of the
incident electromagnetic fields. Since nonlinear processes scale with the power of the incident
fields, resonant nanoantennas have become an attractive platform to produce nonlinear signals

at the nanoscale.

The study of nonlinear optical response in plasmonic nanoantennas using relatively moderate
pump powers has been possible through the excitation of plasmonic resonances. Within the
electric-dipole approximation of the light-matter interaction, second-order nonlinear pro-
cesses from centrosymmetric materials are forbidden (see Section 1.3.2). Therefore, different
strategies have been proposed to study SHG from plasmonic nanoantennas made of centrosym-
metric materials such as gold and silver. For example, SHG in gold split ring-resonators and

L-shaped nanoparticles has been associated to the excitation of magnetic resonances at the
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fundamental wavelength (36). In gold sphere nanoparticles, the observation of SHG has been
attributed to higher order multipolar contributions to the nonlinear polarisation, produced
by retardation effects of the interacting electromagnetic fields (37). Meanwhile, SHG in
gold nanoshells has been attributed to the locally broken centrosymmetry at the interfaces
of the nanoparticles (38). THG also has been studied in plasmonic nanoantennas, where the
nonlinear spectral properties of the nanoantennas was dominated by the linear response of the
antennas (39, 40). Less commonly studied are the frequency-mixing nonlinear processes such
as SFG and FWM, where the incident photons at different frequencies are mixed inside the
material to generate nonlinear emissions. Gold nanoparticle pairs also called gold nanodimers,
have been employed to study SFG and FWM where the relative strength of the second- and
third-order nonlinearities was influenced by the symmetry of the nanodimer (47). Another
configuration used to study FWM is gold antennas consisting of two nanowires separated by a
small gap, the intensity of the FWM was controlled by changing the gap size (42). Despite the
progress achieved, the nonlinear conversion efficiencies of plasmonic nanoantennas remain
limited by their inherent Ohmic losses, small resonant mode volumes and most importantly
their low damage thresholds. Distinct strategies have been implemented to increase the
nonlinear conversion efficiencies including resonant coupling (43, 44), three dimensional
geometries (45) and the use of hybrid nanoantennas (46). Despite the employment of these
approaches, the observed efficiencies have remained low, in the order of 107! in the case of

SHG.

Lossless all-dielectric nanoantennas have been recently used in the generation of nonlinear
emissions at optical frequencies. Dielectric materials have large band gaps, from the near
infrared to the ultraviolet, allowing to minimise interband transition losses induced by incident
fields at optical frequencies. The negligible losses of dielectrics increase the damage threshold
of dielectric naoantennas and allow to use higher intensities of the incident fields, thus
enabling to obtain high nonlinear conversion efficiencies by the use of strong excitation fields.
In addition, the concentration of the fields inside dielectric nanoantennas permits to obtain
larger mode volumes, as compared to plasmonics, which can further increase the nonlinear

conversion efficiencies. Along with the low losses and high refractive index, Si possess a
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strong third-order nonlinearity, making of this dielectric material a prominent choice in the

study of THG from nanoantennas.

Si nanodisks placed on silica were first employed to probe the generation of a third-order
nonlinear emission at frequency 3w, when illuminated from its back side by a laser beam
with frequency w (see left of Figure 1.5a). In the right of Figure 1.5a, the Si sample is
irradiated with an invisible infrared beam indicated by the red arrow, the blue point observed
corresponds to the THG scattering of the nanodisks, bright enough to be observed by naked
eye (47). In Figure 1.5b, the measured transmission spectrum of the Si nanodisk array (see
inset), given by the gray area, indicates a resonant behaviour of the Si nanodisks centred at
1.24 pm and mainly driven by a MD. The THG intensity, shown by the purple dots, was
enhanced within the spectral band of the resonance. The harmonic emission showed two
orders of intensity enhancement, as compared to unstructured bulk silicon. Similar results
were observed in optically isolated Si nanodisks, where the enhanced THG was driven by
the excitation of a MD (48). The interplay of both electric and magnetic resonances in the
enhancement of THG was studied in the so called oligomers, structures that consist of several
symmetrically positioned nanoparticles (49). Pronounced reshaping of the THG spectra was
demonstrated due to interference of the nonlinearly generated waves and augmented by an
interplay between the ED and MD resonances. The reshaping of the THG was controlled
by the mutual position of the three nanodisks in the Si trimer. The possibility to tailor the
THG efficiency and directionality from single and trimer Si naonoparticles has been also
investigated, using simple geometries such as spheres and disks (50). The generation of
visible frequencies in Si nanodisks has been also investigated through the nonlinear process

of FWM (51).

On the other hand, Ge nanoparticles have been also employed in the study of THG, due to
its highest refractive index among standard dielectrics and high third-order nonlinearity in
the near-infrared region. In Ge nanodisks, THG has been observed at optical frequencies,
enhanced at the vicinity of the anapole state (52). The nonlinear conversion efficiency at
the vicinity of the fundamental anapole state outperformed the one corresponding to ED

excitation by about an order of magnitude, and surpassed the conversion efficiency from an
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FIGURE 1.5: (a) Schematic of THG from individual silicon nanodisk on a
silica (Si0y) layer (left). Photographic image of silicon sample illuminated by
an invisible infrared beam (indicated by the red arrow), the blue dot represents
the scattered THG (right). (b) Negative logarithm of the normalised transmis-
sion spectrum from the array, given by the gray area, indicating a resonance
centred at 1.24 ym. The THG spectrum of the sample, shown in purple dots, is
strongly enhanced within the spectral band of the resonance. The inset shows
an SEM image of the sample with a scale bar of 500 nm length (47).

unstructured Ge thin film by a factor of ten thousand. The excitation of higher-order anapole
states further improved the electric field confinement within Ge nanodisks, leading to even
higher THG conversion efficiencies, as compared to the excitation of the fundamental anapole
state (53). In Ge nanodisks, studies of FWM have reported lower conversion efficiencies as

compared to THG (54).

1.5 From optical antennas to optical metasurfaces

Metasurface are planar arrays of densely packed nanoantennas designed to modify different
characteristics of the incident light including its phase, polarisation and amplitude profile.
Metasurfaces capture the incident light and couple their electric and magnetic components to
demonstrate effective response of the electric (permittivity) and magnetic (permeability) fields
(see Equations 1.15 and 1.16) not usually found in nature. While the properties of natural
materials depend on the arrangement of their atoms, the optical behaviour of metasurfaces
relies in the arrangement of their nanoantennas and their collective response. In other words,
the optical response of metasurfaces is governed by the scattering of individual nanoantenna

and the near-field coupling between neighbour nanoantennas. The continuous progress in
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fabrication technologies, such as photolithography and electron-beam lithography, together
with the progressive trend to miniaturise optical devices have motivated intensive research in

the field of metasurfaces.

1.5.1 Linear metasurfaces

Plasmonic metasurfaces have shown their ability to engineer the properties of light, proving
potential to replace bulky optical components such as lenses, mirrors, prisms, polarisers
and other elements with diverse utilities. Through the individual nanoantennas compris-
ing plasmonic metasurfaces, the phase shift required to manipulate optical wavefronts can
be achieved. Space-variant plasmonic metasurfaces offer extensive freedom to manipulate
wavefronts demonstrating planar metalenses at visible (55), near-infrared (56, 57) and tele-
communication wavelengths (58). In the past, Fresnel zone plates consisting of transparent
and opaque alternating rings were used to obtain lensing effects, through diffraction processes.
Recently, plasmonic metasurfaces have been used to obtain diffractive Fresnel zone plate
lenses (58), which can be designed to operate at several wavelengths (59, 60). By merging two
independent zone plate lenses in the same metasurface to correct for chromatic aberrations,
achromatic lenses at a pair of visible wavelengths have been demonstrated (59). Likewise,
imprinting phase masks into propagating Gaussian beams have been employed to obtain
non conventional beams like Hermite—Gaussian beams, two-dimensional Airy beams, Bessel
beams (67), and vortex beams (62) with different orbital angular momentum (63, 64). Another
functionality of plasmonic metasurfaces is the control over the polarisation state of the incid-
ent beam. A linearly polarised light in resonance with the cavity mode has been converted into
a circular or elliptical polarisation (65). Phase change materials have been used in dynamic
metasurfaces to modulate the linear polarisation state of visible light (66). The detuning of
the metasurfaces resonances has been used to design half-wave plates (67) and quarter-wave
plates (68). Also, metasurface have been incorporated in photodetectors to measure the
polarisation state of the incident beam (69). Although plasmonic metasurfaces have shown
many applications, their ohmic losses at visible and near-infrared frequencies degrade their

performance. From the fabrication standpoint, the incompatibility of standard plasmonic
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materials, such as gold and silver, with CMOS technology further limits the employment of

plasmonic metasurfaces.

In the past few years, the search for highly efficient planar optical devices led to the introduc-
tion of all-dielectric metasurfaces. Negligible resistive losses are expected in all-dielectric
metasurfaces when light of sub-band gap energies excites dielectric nanoparticles. In addi-
tion to minimal losses, the presence of both electric and magnetic resonances in the same
frequency range enables full 27 phase control in a single dielectric structure (70, 71), whereas
in single plasmonic metasurfaces 27 phase control is only achieved with cross-polarised light.
Similar to plasmonic metasurfaces, phase control in dielectric metasurfaces is attained by
tuning the scattering of the nanoantennas composing the metasurface. Thus, by varying the
dimensions of their nanoantennas, phase control and wavefront engineering can be performed
in dielectric metasurfaces. Dielectric metasurfaces with different functionalities have been
demonstrated in Si metasurfaces. For example, achromatic lenses with triple wavelength
operation have been demonstrated (72). Also, Si metasurfaces have been designed to obtain
other functionalities such as linear polarisation convertors (73), beam deflectors (74, 75) and

vortex beams generators (73, 75, 76).

1.5.2 Nonlinear metasurfaces

The near-field enhancement of metallic and dielectric resonant nanoantennas have been utilised
to enhance nonlinear parametric processes, such as harmonic generation and frequency mixing
(see Section 1.4.2). Thus, resonant nanoantennas are ideal components of planar metasurfaces,
enhancing the emission of nonlinear optical waves. In bulk nonlinear crystals, efficient
nonlinear conversion relies in the phase-matching condition to build up the nonlinear emission
along the crystal length, typically in the order of hundred wavelengths. While in metasufaces,
the light-matter interaction happens within the subwavelength thickness of their nanoparticles,

where the phase-matching condition becomes irrelevant for efficient nonlinear conversion.
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Studies in the generation of nonlinear processes using metasurfaces were first performed
employing plasmonic materials. Efficient SHG demands breaking the symmetry of the sys-
tem (see Section 1.3.2), and in plasmonic metasurfaces this is achieved by breaking the
symmetry of their nanoparticles. To this effect, plasmonic metasurfaces composed of non-
centrosymmetric nanoparticles such as L-shaped (77, 78), U-shaped (79), G-shaped (80),
V-shaped (81) and split ring resonators (82) have been explored. SHG from plasmonic metas-
urfaces excited at telecommunication wavelengths have been analysed, observing stronger
SHG at the MD resonances, as compared with purely ED resonances (79). Substantial SHG
enhancement has been observed in plasmonic metasurfaces when the density of nanoparticles
in the array is reduced, such enhancement was attributed to spectral narrowing of the plasmon
resonances through favorable interparticle interactions (87). Enhanced SHG has been reported
in multiresonant plasmonic metasurfaces, designed to simultaneously support surface lattice
resonances at the fundamental and second harmonic frequencies (78). Nonlinear metasurfaces
have been applied for nonlinear beam shaping of second-harmonic beams, demonstrating the
generation of Airy and vortex beams at the nonlinear frequency (83). Another application
is the encoding of images where the image is readout through the SHG, while it is hidden
under fundamental wave illumination (84). Most works in nonlinear plasmonic metasurfaces
have focused in the study of SHG, however, direct (85-87) and cascaded THG (86) have also
been reported. In the work of Sartorello et al., additionally to the observation of SHG and
THG, SFG and FWM were observed when the temporal overlap between the fundamental

and control pulses was achieved (87).

While the strong near field enhancement observed in plasmonic metasurfaces is important for
efficient nonlinear processes, higher conversion efficiencies have been reported in dielectric
metasurfaces stemming from their volume resonant modes and higher damage thresholds.
The study of nonlinear harmonic generation was first performed in Si metasurfaces. A
metasurface consisting of a periodic lattice of coupled rectangular Si bar and Si disk (see
left of Figure 1.6a) was designed to study THG (88). The rectangular bar supports an ED
resonance that is directly excited by an incident electric field along the x-axis, while the
disk supports a MD excited through near-field interaction with the ED mode from the bar

nanoparticles. The collective oscillation of the nanoparticles suppress radiative losses whereas
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FIGURE 1.6: (a) Schematic of three photon up-conversion by a Fano-resonant
silicon metasurface (left), and sharp resonance observed experimentally and in
the simulation of metasurface transmittance spectra (right) (88). (b) Concept
images of functional nonlinear metasurfaces. Left image represent a nonlinear
beam deflector while right image represents a nonlinear vortex beam generator.
The metasurfaces are assembled from a set of different silicon nanopillars,
which generates third harmonic emissions of different phases (91).

the interference between the ED and MD modes induces a Fano-resonant system. As plotted
in the right of Figure 1.6a, the measured and calculated transmittance acquired by normal
incidence is characterised by a sharp resonance centred at 1348 nm. When the Si metasurface
was excited around this sharp resonance, enhanced THG was observed. A similar approach has
been reported in a Si metasurface composed of spindle-shape resonant nanoparticles, where
enhanced THG was observed through the excitation of a sharp resonance (89). Amorphous
Si metasurfaces have been designed to support broadband resonances with small angle-
sensitivity of the fundamental excitation beam, thus enabling the use of tighter focal spots
to study THG enhancement and perform high-resolution imaging studies (90). Wavefront
control of THG fields has been studied in Si metasurfaces made of different sets of elliptical
nanoparticles, by accumulating different phases in the THG full cover of the 27 range was
achieved (97). The resonant-phase accumulation occurred in the regime where both electric
and magnetic Mie multipoles were excited simultaneously and with comparable amplitudes.
The nonlinear generation of simultaneous Mie multipoles allowed the authors to achieve high
forward-to-backward THG ratio, thus demonstrating nonlinear beam deflectors and nonlinear
vortex beams from a Gaussian excitation beam (see Figure 1.6b). Another application of Si
metasurfaces is holographic multiplexing, realised by encoding the phase information into the

THG of a single Si nanoparticle (92).
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In addition to THG studies, Si metasurfaces have been employed to investigate second-
order nonlinear processes such as SHG and SFG (93, 94). The study of SHG was possible
using a similar approach as nonlinear plasmonic metasurfaces, metasurfaces were made
of asymmetric amorphous-Si nanoparticles (93). Another approach to study second-order
nonlinear processes is the integration of Si metasurfaces with 2D materials having strong
second-order nonlinearity. The integration of a 2D material together with the excitation of a

sharp resonances allowed to observe SHG and SFG using continuous wave excitation (94).



CHAPTER 2

GaAs and AlGaAs compounds

In the period between 1940 and 1950, semiconductor physics was characterised by a strong
emphasis in Ge and Si. The climax of this development was the invention of the transistor.
In contrast, the study of semiconductor compounds was delayed for a long time due to the
technological difficulties to fabricate them and the lack of characterisation techniques to study
their physical properties. In addition, the theoretical model developed for elements linked by
covalent bonds, like Si and Ge, could not be extended to compounds with more ionic bonds

where the electrons are transferred from one atom to another, forming ions of opposite charge.

In 1952 Welker published the first paper on the semiconductor properties of III-V compounds,
predicting new important characteristics of these semiconductors including their high electron
mobility (95). A decade of intensive research followed this seminal work, at the end of which
the model of the physical properties of III-V semiconductor compounds had been developed.
Since then, the emphasis in the research of these semiconductors has been mainly shifted to

its fabrication technology and possible applications (96).

2.1 Optical properties and crystalline orientation of GaAs

GaAs is a binary III-V compound semiconductor, a combination of the element gallium
(Ga) and the element arsenic (As) from column III and V of the periodic table of elements,
respectively. The primitive-cell of a GaAs zinc blende structure is shown in Figure 2.1. The
zinc blende structure is based on the cubic space group 43m in which the lattice atoms are
tetrahedrally bounded in the same arrangement as diamond-type semiconductors such as Si

and Ge, with the difference that GaAs contains two different atoms in its crystalline structure.
29
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FIGURE 2.1: Primitive cell of GaAs zinc blende crystal lattice, with the three
main directions of the crystal: [100], [010] and [001].

The zinc blende structure can be visualised as two interpenetrating face-centred cubic lattices,
intersecting each other at one-quarter the distance along a body-diagonal. One of the lattices
contains only Ga atoms and the other one contains only As atoms, the dissimilar atoms
removes the inversion symmetry of the otherwise crystalline structure. In the tetrahedral
bonding of GaAs, each Ga atom is bonded to four As atoms in a tetrahedron, and vice versa

each As atom is bonded to four Ga atoms.

Among the group of III-V compound semiconductors, GaAs and its various Al,Ga;_,As
alloys are the most widely reported in the literature. Like several other III-V semiconductors,
GaAs has a direct band gap which makes it suitable for the development of optical sources.
Other useful properties of GaAs include its controllable band gap by alloying, high refractive
index and optical absorption. The fundamental band gap of GaAs is 1.42 eV which determines
the lowest energy for interband transitions, where optical absorption is induced. As shown in
Figure 2.2a, the absorption coefficient of GaAs is zero in the photon energy range of 0.6 to
1.42 eV, indicating GaAs is transparent material below its band gap. On the other hand, GaAs
has an isotropic refractive index, due its cubic crystal structure, which increases as the photon
energy increases in the range of 0.6 eV to 3.0 eV (see Figure 2.2b). At 3.0 eV the refractive

index reaches its maximum value of 5.0 and afterwards it starts to decrease.



2.1 OPTICAL PROPERTIES AND CRYSTALLINE ORIENTATION OF GAAS 31

a . b 6

Absorption coefficient (107)
Refractive index n
o

-5 : - T T T T ] 0 . . - T T T )
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

Photon energy (e¢V)

Photon energy (eV)

FIGURE 2.2: (a) Absorption coefficient and (b) refractive index of GaAs, as a
function of the photon energy (97).

The band gap energy of the GaAs alloys has been obtained by Aspens ef al. using a least-
square polynomial fit (98),

Eo(x) = 1.424 + 1.594z + 2(1 — 2)(0.127 — 1.310z). 2.1)

According to this fitting the band gap of the Al,Ga;_,As alloys varies approximately from
1.42 to 2.17 eV, depending of the Al composition. The control on the band gap allows to shift
the transparency region of the AlGaAs alloys from the near-infrared to visible wavelengths,
i.e. from 870 to 570 nm. It is also known that the refractive index of a semiconductor material
depends of its band gap. In the case of the AlGaAs alloys the refractive index decreases as

the band gap increases (98, 99).

The zinc blende structure is the simplest structure lacking of a symmetry centre, the lack of
this symmetry gives the material a polarity. GaAs have two types of (111) surfaces, one that
terminates with only Ga atoms and the other that terminates with only As atoms. The two
types of surfaces have different physical and chemical properties explained by the different
polarities of GaAs in the <111> direction. The atomic arrangement and electron density map
of GaAs, given by its crystalline structure, also affects the cleave properties of the crystal.
Cleave in GaAs crystals occurs along its (100), (110) and (111) surface planes. The atomic
arrangement of these three surface planes and the polarity of GaAs along its <111> direction

1s discussed below.
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Assuming the crystal of a zinc blende lattice compound remains unchanged right up to the
upper surface, then three major crystalline surfaces of a zinc blende III-V compound can be

pictured as follows.

e The (100)-surfaces of an A’Z/BY compound are formed by cubically arranged A or
B atoms. Every atom in the (100)-surface is bound by two of its sp®-bonds to atoms
of the layer lying just below, as visualised by the blue atom of Figure 2.3a. The other
two bonds of the atom are free, also called dangling bonds. In this case, the structure
is independent of whether the topmost layer is formed by A or B atoms.

e The (110)-surfaces contain equal numbers of A atoms and B atoms. Every A or
B atom on this surface has one bond with the next lower-lying layer, two bonds
extending in the same surface plane to the two next-nearest neighbors, and the fourth
bond is dangling (see blue atom of Figure 2.3b).

e For (111)-surfaces, two cases must be distinguished. In each case, the topmost
atomic plane contains only A atoms or only B atoms (A and B surfaces). Either
these can be connected by three bonds with three atoms of the next lower-lying and
one dangling bond remaining, or they are bound by only one bond and have three
dangling bonds (see e.g. blue atom in Figure 2.3c). The two cases alternate as the
(111)-surface is built up layer by layer. The layers formed from A atoms and B atoms
do not follow each other with equal separations. Rather, the layers connected by
three bonds per atom have a smaller separation than the ones connected by only one
bond per atom. Consequently, the [111]-direction and the opposite [111]-direction
are not equivalent; the two directions can be distinguished from one another, which
means that the [111]-axis is a polar axis in the zinc-blende structure. This is a
consequence of the absence of centre of inversion (96). In consequence, unlike (100)
and (110) non-polar substrates, (111)-GaAs substrates are polar substrates that are

either terminated with Ga or As atoms labeled as (111)A or (111)B, respectively.
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FIGURE 2.3: GaAs unit cube truncated by (a) the (100), (b) the (110) and (c)
the (111) plane. In every case, the atom in blue is laying on the corresponding
truncated plane (/00).

2.2 Nonlinear optical properties of GaAs

Nonlinear optics in semiconductor materials has been rapidly developed due to their large
resonant nonlinearities, control of recombination time, compatibility with other optoelectronic
devices and well-developed fabrication technologies. In particular, III-V semiconductor

materials have been widely used to obtain laser emission spectra (101, 102).

Coherent nonlinear optical processes are produced in semiconductor materials when excited
in their transparency region i.e. below their band gap, where the semiconductor material
can be considered as a dielectric. When a semiconductor is excited below its band gap by
an optical field, only virtual populations are induced inside the material which last as long
as the optical field is applied. The characteristic response time of these nonlinear processes
is the time required for the electron cloud to be distorted in response to an applied optical
field, thus these nonlinearities are extremely fast. The nonlinear effects induced in this case
are often referred as nonresonant processes in the sense that the optical field excitation does
not coincide with any of the absorption resonances of the material. Therefore, nonresonant
nonlinearities are dominated by bound-electronic states, in which case the energy of the
incident optical field is not deposited in the material. The nonlinearities treated throughout

this thesis are nonresonant.

The nonlinear polarisation of materials can be described by the relation

ik gkl
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as previously discussed in Section 1.3.2 (see Equation1.18). Here, the second- and third-order
nonlinear susceptibilities are written using the subindices i,j,k,/ to denote their tensor nature
and to treat the components of the electric field vector; x(? is a third-rank tensor while x® is

a fourth-rank tensor.

The number of non-zero elements describing the nonlinear susceptibility of materials de-
pends upon the symmetry of the system. Due to its zinc blende structure, the second-order
susceptibility of the GaAs compound contains only three non-vanishing and off-diagonal
elements Xgi)yzxg)yzxgz, resulting in a highly anisotropic second-order nonlinear emission.
The subindices x, y and z refer to the principal axes of the GaAs crystal: [100], [010] and

[001] as shown in Figure 2.1. Following Kleinman symmetry and contracted notation, the

second-order susceptibility tensor of the GaAs can be written as:

000 dy 0 0
X2 =2dz5=2]0 00 0 dos 0 |, 2.3)
000 0 0 dy

where dy4=ds5=d36= 370 pm/V for GaAs (103). Thus, according to Equation 2.2, the nonlinear

polarisation leading to second-harmonic generation can be described as

Eff(w)Ex(W>
Py(20) D00 a0 o) | BB
P = EZ(W>EZ((,«))
(20) | =260 [0 0 0 0 dy O | 2.4
2Ey(w)EZ(W)
P.(2w) 000 0 0 ds
2E,(w)E;(w)
2B, (w)Ey(w)

According to the above expression, we can calculate the SHG in GaAs nanoantennas. In (100)-
GaAs nanoantennas, the principal axes of the crystal are aligned to the laboratory coordinate
system. In this case, the induced second-harmonic currents can be directly obtained by
substituting the nonlinear polarisation (Equation 2.4) in the expression of the polarisation
current density earlier discussed in Section 1.3.1 (see Equation 1.13). However, in the case of

(110)- and (111)-GaAs nanoantennas the principal axes of the crystal are no longer aligned
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to the laboratory coordinate system. Therefore, a transformation is required to know the
direction of the optical field in the frame of the crystallographic system. To transform the
incident optical electric field E (E,,E,,E.) from the laboratory coordinate system (x, y, z) to
the principal axes of the crystal (x’, y’, z’), a transformation matrix denoted by T is used as

follows

E,|=T|E, 2.5)

The matrix T is expressed by the multiplication of three matrices with the Euler angles «, 3,
and v, according to T=R(«.e.)R(3,e,)R(7,e,). The corresponding transformation matrix for

(110)-GaAs based nanoantennas is (/04)

cosx sino 0
T = | —sina/vV2 cosa/v/2 1/V/2
sina/\/ﬁ —cosoz/\/§ 1/\/§
In the case of (111)-GaAs based nanoantennas the corresponding transformation matrix
is (105)
cosy cosfsiny sinfsiny
T = | —siny cosBcosy cosBcosy

0 —siny cosf

Once the incident electric field is obtained in the crystalline coordinate system, the components
of the electric field are applied to the nonlinear polarisation (Equation 2.2), obtaining a similar
expression as the one shown in Equation 2.4. Subsequently the induced nonlinear currents
are obtained in the crystalline coordinate system, according to Equation 1.13. Finally, the

nonlinear currents are transformed back to the laboratory coordinate system according to
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Ja o
J, | =T J, | (2.6)
J. S

The third-order nonlinear behaviour of GaAs is related to its third-order optical susceptibility
tensor. Due to its cubic, zinc blende symmetry, GaAs have just four independent, non-zero

tensor elements X(f;)m, X;?xy, X@yw and X;?;Byy. In the case of a degenerate processes (with a

single incident frequency) such as THG, intrinsic permutation symmetry dictates ngfxg)yx

and in this case the four elements are reduced to only three.

2.3 Progress in nonlinear GaAs nanoantennas and GaAs

metasurfaces

Despite the progress achieved in enhancing third-order nonlinear effects in Si and Ge nanoan-
tennas, bulk second-order nonlinearities remained unexplored in these materials due to their
centrosymmetric crystalline structure. The employment of materials with bulk second-order
nonlinear susceptibilities would intrinsically increase the conversion efficiency due to their
lower-order nonlinearity (see Section 1.3.2). Nanoantennas made of III-V semiconductors
such as GaAs are good candidates for the study of second-order nonlinear effects since they

posses high-refractive index and relatively large second-order susceptibilities.

AlGaAs nanoantennas were studied theoretically for the first time by Luca et al. In their work,
Luca et al. designed AlGaAs nanoantennas to exhibit a magnetic dipole resonant behaviour
at near-infrared wavelengths, as illustrated in Figure 2.4a. The bulk second-order nonlinear
effects associated to the magnetic dipole resonance were analysed predicting SHG conversion
efficiencies exceeding 10—, when a pump intensity of 1 GW/cm? is used (106). The prediction
of this high conversion efficiency has lead to a great interest of this semiconductor material
for optical antennas. The SHG radiation pattern of AlGaAs nanoantennas has been calculated
under different polarisation states and incident angles of the pump beam (/07). Normal

SHG was obtained by tuning the incident angle of the pump beam, as shown in Figure 2.4b.
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FIGURE 2.4: (a) Decomposition of the total scattering efficiency (Qs.,) of an
AlGaAs cylinder with a radius of 225 nm and height of 440 nm, as a function
of the incident wavelength. The decomposition shows four main contributions
to the Q,.,: magnetic dipole (MD), electric dipole (ED), magnetic quadrupole
(MQ), and electric quadrupole (EQ). The electric field distribution at the MD
resonance is shown in the inset, where the arrows represent the electric field
in the xz plane (106). (b) Conceptual representation of SHG radiation pattern
engineering. A red pump beam with a frequency w in the near-infrared is
focused by a microscope objective on the cylindrical nanoantenna. The second-
harmonic process generates green light of frequency 2w which is emitted in
different directions (see radiation patterns in the right side), according to the
polarisation state £, and angle of incidence (see k) of the pump beam (/07).
(c) Measured SHG intensity as a function of the cylindrical nanoantenna radius.
The experimental points were fitted to a multi-Gaussian function featuring
three distinct peaks. A SEM image of the fabricated AIGaAs nanoantennas is
shown in the inset (/08).

Experimentally, a SHG conversion efficiency exceeding 107° has been demonstrated in
optimised AlGaAs nanoantennas (see Figure 2.4c), driven by the excitation of a magnetic
dipole resonance centred at 1550 nm (/08). Also, polarisation-resolved measurements in
AlGaAs nanoantennas have shown control over the SHG through the excitation of nonlinear

multipolar modes (109).
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FIGURE 2.5: (a) At the left, a 75° side view SEM image of fabricated GaAs
metasurface. At the right, measurements of SHG intensity (using logarithm
scale) showing higher enhancement of the harmonic when excited at the
magnetic resonance, as compared to the electric resonance excitation. The
measured reflectivity of the metasurface is shown in the blue background (/170).
(b) Nonlinear spectrum exhibiting eleven peaks generated from seven different
nonlinear processes, when two optical beams at Ay 1.24 ym and A\; 1.57 pm
simultaneously excite a GaAs metasurface. The nonlinear processes requiring
only one excitation beam such as harmonic generation and photoluminescence
are indicated by blue labels. The nonlinear processes involving both excitation
beams are indicated by red labels. In the inset, an optical metamixer consisting
of an square array of GaAs resonators is shown to be excited by two infrared
beams, generating a variety of new frequencies (//4).

Also the study of SHG has been performed in GaAs metasurfaces. Strong SHG has been
reported by Liu ef al. in GaAs based metasurfaces driven by the field enhancement of the
fundamental field at the magentic dipole resonance, as shown in Figure 2.5a (/10). The SHG
polarisation-dependence and spatial emission properties have been studied in GaAs (/71) and
AlGaAs metasurfaces (/12). GaAs-based metasurfaces have been designed, using broken
symmetry, to produce a sharp resonance at the fundamental beam and enhance the SHG (/13).
An optical frequency mixer has been demonstrated in a GaAs-based metasurface where eleven
new frequencies were generated, spanning from the ultraviolet to near-infrared, as shown in
Figure 2.5b. The new frequencies were originated from even and odd order nonlinearities of

the metasurface (/14).
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2.4 Fabrication of GaAs-based nanoantennas: our

approach

In general, there are two approaches for the fabrication of III-V nanostructures: top-down
and bottom-up. The top-down approach is based on the etching or milling of a bulk material
to shape nanostructures using nanofabrication tools such as focused ion beam milling and
electron-beam lithography. While, the bottom-up approach relies on self-assembly schemes
to growth nanostructures from smaller building blocks. In this thesis, the top-down approach

was used to fabricate size-controlled GaAs-based nanoantennas.

First, III-V semiconductor planar layers were grown using metal-organic chemical vapour
deposition (MOCVD). MOCVD is an epitaxial growth technique which relies on metal
organics mixed in a gaseous form to obtain high quality crystalline films. The substrate
wafer acts as a seed crystal providing the growth direction of the semiconductor crystal. A
20 nm layer of AlAs was grown on a (100)-cut GaAs wafer, followed by a 300 nm layer of
Al 2Gag gsAs. The planar growth was terminated with a 15 nm thick GaAs layer to prevent
the oxidation of the AlGaAs layer when it is exposed to atmosphere, while the first AIAs
layer is used as a lift-off buffer layer. The formation of defects or undesired structures can
be avoided in the interface between the different semiconductor layers, grown on the top of
each other, thanks to the perfect lattice match among all Al,Ga;_,As alloys, for any value
of x. The identical crystal parameters of GaAs and AlAs results in the perfect lattice match
among all among all AlGaAs alloys. A SiO, layer was deposited on the top of the GaAs layer
(see Figure 2.6a) via plasma-enhanced chemical vapor deposition (PECVD). Conventional
electron beam lithography procedure was used to obtain a resist patterning on the underlying
SiOs layer. The electron beam pattern was transferred to the SiO, layer via an inductively
coupled plasma (ICP) machine, creating a hard mask. Subsequently, the remaining resist was
removed by wet etching. The SiO, hard mask was then transferred to the three underlaying
semiconductor layers by an additional ICP step, as illustrated in Figure 2.6b. The SiO, hard
mask and the AlAs layer were removed with buffered hydrofluoric (HF) wet etch, as shown

in Figure Figure 2.6c. To decrease surface adhesion of the GaAs substrate, the sample was
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FIGURE 2.6: Fabrication procedure of AlGaAs nanoantennas in a transparent
media. (a) Deposition of AlAs, AlIGaAs and GaAs layers on a [100] GaAs
wafer using MOCVD, followed by a SiO, layer deposited via PECVD (b)
Formation of SiO, mask via electron-beam lithography followed by the fabric-
ation of patterned AlGaAs nanodisks via sequential etching. (c) Development
of a nonadhesive surface using a Cl, treatment. The SiO, mask and the AlAs
buffer layer were removed by HF acid. (d) Coating of a BCB layer followed
by curing and bonding it to a thin glass substrate. (e) Peeling off the AlGaAs
nanodisks embedded in the BCB layer. Scanning electron micrograph images:
(f) top view of the sample and (g) side view of the remaining GaAs wafer after
peeling.

treated with chlorine gas in an ICP machine. Next, a 4 yum layer of benzocyclobutene (BCB)
was spin coated onto the sample, followed by its curing and bonding to a thin glass substrate,
as illustrated in Figure 2.6d. Finally, the glass substrate with the AlGaAs disks embedded in
the BCB layer was peeled off from the main GaAs wafer, as illustrated in Figure 2.6e. The
glass substrate was easily peeled off from the GaAs substrate due to the surface treatment
previously performed (see Figure 2.6¢) which significantly reduced the adhesion of the BCB
layer to the GaAs substrate. Electron microscopy images of the AlGaAs nanodisk embedded
in BCB and the stubs remaining in the original substrate can be observed in Figures 2.6f and

g, respectively.

The final sample consists of (100)-AlGaAs crystalline nanodisks on a glass substrate, partially
embedded in a transparent BCB polymer layer which has a refractive index equivalent to the
one from the glass. By placing the AlGaAs nanodisk in a low-index substrate, high optical
contrast between the nanodisk and the substrate is obtained enhancing the confinement of
the incident field. Additionally, the transparent substrate allowed the study of the forward

and backward scattering of the nanodisks. The nanodisks have a constant height i = 300 nm
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and different diameters d ranging from 340 to 690 nm. A distance of 5 ym between each
nanodisk was chosen to avoid lattice effects in the nonlinear experiments, i.e., the separation
among neighbor disks is large enough compared to the spot size of the focused beam (see
e.g. Figure 3.5 where the spot size is ~1.0 pm). The nanodisks have a zinc blende crystal

structure with a crystalline orientation as shown in Figure 3.1.

A similar fabrication procedure was used to obtain (110)- and (111)-GaAs nanodisks where
the main difference in the fabrication procedure consists in the use of (110)- and (111)-cut
GaAs wafers, more details can be found in Section 5.2. As discussed earlier in Section 2.3
different approaches have been implemented to manipulate the SHG properties of GaAs-
based nanoantennas including the use of different polarisation states of the pump beam and
geometrically designed nanoantennas. However, the change of the crystalline orientation
has not been yet explored by any other research group. In our work, (111)- and (110)-GaAs
nanoantennas were used to manipulate the properties of the second-order nonlinear emission,

as it will be discussed in chapter 5.

Broadly speaking, in the works previously discussed (see Section 2.3) the GaAs nanoantennas
are fabricated using EBL, sequential etching and selective wet oxidation. The wet oxidation
is performed to provide a low-refractive-index native oxide layer between the nanoantennas
and the GaAs substrate, thus enabling the confinement of the electromagnetic field inside
the nanoantennas through the different refractive indices of the oxide layer and nanoantenna.
These fabrication procedures prevents the measurement of the forward nonlinear emission,
which is absorbed by the GaAs substrate. Compared to these procedures, our novel approach
enables to measure the forward and backward nonlinear emissions simultaneously, due to
the transparent environment and substrate. In the following chapter, I present the studies
performed in the nonlinear emission of (100)-AlGaAs nanoantennas, these nanoantennas

were fabricated using the procedure explained in this Section.



CHAPTER 3

Resonant harmonic generation in (100)-AlGaAs nanoantennas probed

by CVBs

3.1 Introduction

Nonlinear harmonic generation in semiconductor nanostructures depends on the properties
of the excitation beam and its coupling to the nanostructure. For example, a polarisation-
dependent behaviour has been observed in the SHG from semiconductor nanostructures. This
behaviour can be explained by the coupling of different polarisation states of the fundamental
beam to the second-order susceptibility tensor of the material. Recently, the polarisation-
dependent behaviour of SHG has been used to determine the crystallographic structure and
crystalline orientation of nanostructures made of non-centrosymetric materials (/75-119).
Radially-polarised (RP) and azimuthally-polarised (AP) cylindrical vector beams (CVBs)
possess a spatially variant polarisation state, making them suitable to study the polarisation
dependence of nonlinear signals generated by semiconductor nanostructures. The use of
CVB to study nanostructures present some other advantages including selective excitation of
resonant modes (/20), highly position-sensitive transverse scattering (/27) and enhancement
of nonlinear conversion efficiencies (/22). In this chapter, we investigate SHG and THG of
individual AIGaAs nanoantennas excited by CVBs, using a far-field mapping technique (/23).
The nonlinear scanning maps describe the polarisation-dependence of SHG and THG and
determine the crystalline orientation of AlIGaAs nanoantennas. In addition to the polarisation-
dependence studies, we demonstrate enhanced second- and third-harmonic emission of

AlGaAs nanoantennas driven by the excitation of anapole-assisted modes.
42
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3.2 Methods

Before we present the nonlinear scanning maps of individual AlGaAs nanoantennas, we
describe the optical system used to measure them as well as describe the mathematical method

used to simulate the corresponding maps -the method of moments.

3.2.1 Optical system

The AlGaAs nanoantennas were excited by a linearly polarised (LP) femtosecond laser beam
at an excitation wavelength of 1060 nm, a pulse width of 140 fs and a repetition rate of
80 MHz. At the output of the laser cavity, a telescopic system and a pinhole was used to
clean the beam. The telescopic system was built by two lenses, with focal lengths f; 5 = 50
mm, separated by 10 cm. A pinhole with a diameter of 75 um was carefully placed at the
focal length of the first lens to clean the beam. After the telescopic system, a half-wave plate
(HWP) was used to rotate the linear polarisation state of the fundamental beam, and a beam
expander to completely fill the numerical aperture (NA) of the microscope objective. An
infinity-corrected microscope objective (50 x magnification and NA of 0.8) tightly focused
the beam to a spot size of ~1.0 um onto the AlGaAs nanoantennas. A three-axis motorised
translation stage was used to position the AlGaAs nanoantennas precisely within the focal
plane of the objective lens. The same microscope objective collected the fundamental beam
reflected by the sample, as well as the backward SHG of the nanoantennas. The sample
was moved along the xy plane collecting the optical signals pixel-by-pixel in a scanning
mode, i.e. as a function of the sample position with respect to the focused fundamental beam.
The step size of the scanning mode was set to 150 nm. The backward SHG was spectrally
separated from the reflected fundamental beam by an appropriate dichroic beamsplitter and
bandpass filters. A cooled photomultiplier tube was used to detect the SHG pixel-by-pixel,
to eventually obtain a SHG scanning map of the AlGaAs nanoantennas. A schematic of the
optical system described above is shown in Figure 3.1. To locate the microscopic area of
interest, a bright-field imaging arm was used. In all the measurements, an input laser power

of 1 mW and a pixel dwell time of 50 ms were used.
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FIGURE 3.1: Schematic of the nonlinear microscopy experiment. The polar-
isation of a linearly polarised (LP) gaussian beam is controlled by a half-wave
plate (HWP). Then, the LP excitation beam is focused on the AlGaAs nanoan-
tennas by a microscope objective with a numerical aperture (NA) of 0.8. The
reflected LP beam and the SHG are collected with the same microscope ob-
jective. The reflected fundamental beam is separated from the SHG by a
dichroic beamsplitter and bandpass filters. A photomultiplier tube (PMT) de-
tects the SHG. In the right, a scanning electron microscopy image of AlIGaAs
nanoantennas with a diameter of 585 nm is shown, together with its crystalline
orientation.

3.2.2 Method of Moments

The method of moments (MoM) is the mathematical procedure used to reduce a functional
equation to a matrix equation in order to solve linear field problems. A problem is deterministic
if its solution is unique. In such a case, the problem is considered solved when it has been
reduced to a suitable matrix equation, since the solution is given by matrix inversion. The
method of moments gives a general procedure for treating field problems, but the details of

the solution vary widely depending of the particular problem to solve (124).

In order to numerically solve electromagnetic problems via the MoM, the differential form
of Maxwell’s equations is converted into surface integral equation (SIE) form, therefore this

method is a surface-base method. To convert Maxwell’s equations into the matrix form, the
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equations are cross-examined via the MoM with testing functions. The testing functions can
be the same as the basis functions chosen in the SIE formulation (/25), when the Galerkin’s
method is used. In the SIE formulation, the equivalent surface currents are approximately
expanded into a sum of weighted basis functions, such as the Rao—Wilton—-Glisson (RWG)
functions. The RWG functions describe the particle surface by a triangle mesh and use a first
order representation of the electric and magnetic tangential field components on the surfaces.
To study nonlinear optical scattering processes, the original nonlinear problem is generally
treated under the undepleted approximation and linearised into several problems such that

each of them can be solved using the MoM as described above.

In this chapter the MoM was used to solve linear and weakly nonlinear scattering problems by
numerical computation adopting the Galerkin’s method. The particle size is of the order of the
incident wavelength, the material is described by a piece-wise constant complex permittivity

and the bulk nonlinearities were the only ones considered.

3.3 Scanning maps with linearly polarised (LP) beams

Although the present chapter is dedicated to the study of nonlinear scanning maps using CVBs,
first we present the nonlinear scanning maps of individual AlIGaAs nanoantennas obtained by
using LP excitation beams. This will allow us to compare the nonlinear microscopy technique

proposed using CVBs to the conventional method using LP beams.

Four similar-sized AlGaAs disk nanoantennas with a diameter (d) of 327 nm, were studied
using the nonlinear microscopy system described in Section 3.2.1. The SHG scanning maps
obtained using a LP excitation at two polarisation angles, 0° and -45° with respect to the
laboratory coordinate system, are shown in Figure 3.2. The scanning maps revealed a spot-
like intensity distribution that correspond to the locations of the nanoantennas and a sharp
contrast between the nanoantennas and the substrate SHG that suggests the nanoantennas are
the main source of SHG. Another important feature observed in Figure 3.2 is the different
SHG intensities generated by the two different polarisation angles of the fundamental beam.

A higher SHG intensity is observed when the nanoantennas are illuminated by a 0° beam,
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FIGURE 3.2: Experimental SHG far-field scanning maps from AlGaAs
nanoantennas with a diameter of 327 nm, excited by a linearly polarised
(LP) beam at 0° (i.e., along the x-axis) and a LP beam at -45° (i.e., along (010)
crystal axis). The relative SHG scanning maps were plotted with respect to
the maximum SHG intensity obtained by the excitation of a LP beam at 0°.
The image size is 9.6 ym x 9.6 pym.

as compared to the -45° illumination. These variations in the SHG intensity indicate the

nonlinear process is polarisation-dependent.

SHG scanning map simulations were employed to reproduce the SHG from AlGaAs nanoan-
tennas. The simulations were performed using the MoM (122, 126), where a single AlGaAs
disk is embedded in a homogeneous medium (with a refractive index n = 1.44) and the nonlin-
earities of the disk are dominated by the bulk response of the material. Figure 3.3 shows the
calculated SHG scanning maps from single AlGaAs disks nanoantennas of different diameters:
330, 430 and 530 nm, excited by LP beams at 0° and -45°. The calculated SHG scanning maps
shown on the left side of Figure 3.3 (see d = 330 nm) agree with the corresponding measured
maps shown in Figure 3.2, both exhibiting a spot-like SHG intensity distribution, and a high
contrast between the SHG from the nanoantenna and the substrate. Also, the calculated
scanning maps reproduce the higher SHG intensity when the nanoantenna (d = 330 nm) is
excited by a LP beam at 0°, as compared to a LP excitation at -45°. The same trend was
observed in AlGaAs nanoantennas with diameters of 430 and 530 nm, where the SHG is
higher for a LP excitation at 0°, as compared to -45° (see Figure 3.3). In the calculations, the

ratio between the SHG intensity generated by a LP beam at 0° and -45° becomes larger as the
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FIGURE 3.3: Calculated far-field SHG scanning maps from single AlGaAs
disk nanoantennas of different diameters: 330, 430 and 530 nm, excited by
linearly polarised beams (LP) at two polarisation angles. The calculations were
performed using the method of moments (MoM). Each image was normalised
to the incident beam amplitude and their maximum intensity values (a.u.) are
shown here.

diameter of the AIGaAs nanoantennas is increased. The variations of SHG intensity with the

incident polarisation angle indicate the nonlinear process is polarisation-dependent.

3.4 Cylindrical Vector Beams (CVBs)

Conventionally, the polarisation dependency of nonlinear harmonic processes is studied by
rotating the polarisation angle of a LP Gaussian beam across the substrate-plane. In this thesis,
we employ CVBs to study the polarisation-dependence of nonlinear emissions generated by

AlGaAs nanoantennas.

The CVBs are vector solutions of Maxwell’s equations that obey axial symmetry in both
amplitude and phase. Specific cases of CVBs are the beams with cylindrically symmetric
radial or azimuthal polarisation distribution. The RP and AP CVBs can be expressed as a

superposition of orthogonallly polarised Hermite-Gausssian modes:

ET == HGloéx + HGOlgy, (31)



48 3 RESONANT HARMONIC GENERATION IN (100)-ALGAAS NANOANTENNAS PROBED BY CVBS

E¢ - HGOlé;U + HGlogy, (32)

where E, and E 4 represent the RP and AP electric fields, respectively; €, and €, are the unit
transverse cartesian vectors. The radial and azimuthal polarisation distribution of the CVBs is

illustrated in Figure 3.4 are indicated by green arrows.

When focused, the spatially variant polarisation state of the RP and AP CVBs exhibit unique
three dimensional focal field components. In the case of a RP CVB, the field components are

expressed as:
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For an AP CVB, the focal field components are:
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The 1,,,, integrals appearing in Equations 3.3 and 3.4 (/27) are dependent on the apodization
and Bessel functions of different orders; the entire expression of these integrals can be found in
Appendix A. Due to the polarisation distribution of these beams, a RP CVB exhibits a strong
longitudinal electric field (see Equation 3.3), while the AP CVB exhibits no longitudinal
electric field (see Equation 3.4). However, both CVBs maintain their transversal electric field

distribution. The transversal and longitudinal components of focused RP and AP CVBs can
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FIGURE 3.4: Calculated intensities of transverse and longitudinal electric
components of a tightly focused RP and AP CVB. The green arrows indicate
the transverse electric field components. (a,c) At the centre of the CVBs the
transverse electric field components are null (see gray circles). (b, d) At an
offset position (see e.g. gray circles at 500 nm from the centre), a local linear
polarisation state is observed. In all the simulations, a beam with A=1060 nm
and propagating in air was focused by an objective lens with a NA of 0.8. In the
calculations, nanometers units were considered and separated normalisation
was performed, as depicted by the dotted square.

be observed in Figure 3.4, where a NA of 0.8 and a wavelength of 1060 nm was considered,

in accordance to the experimental conditions.

A commercial polarisation converter (ARCoptix, S.A.) and a spatial filter were used to
generate RP and AP CVBs from the LP femtosecond laser, details of the optical system can be
found in Section 3.2.1. The intensity distribution of both CVBs was measured before focusing
the beam on the sample, using a linear polariser and a beam camera. The polariser was rotated
at three different angles and the expected cylindrical-symmetric polarisation patterns (radial
and azimuthal) were verified, as shown in Figure 3.5. The non-uniform intensity distribution
observed in both CVBs was attributed to a slight misalignment of the input beam with the

CVB mode converter.
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FIGURE 3.5: Transversal intensity distribution (a.u.) of the generated RP
and AP CVBs, measured without and with a linear polariser (analyser) at
different orientations. The images were acquired using a beam camera placed
just before the microscope objective.

3.5 Scanning maps with CVBs

In this section, we present the results obtained from SHG and THG scanning maps of AlGaAs
nanoantennas using CVB excitation. In general, second- and third-harmonic processes of
the same material have different polarisation-dependence behaviours. These differences
will be clearly observed from a single scan measurement when using CVB excitation. The
nonlinear microscopy system described in Section 3.2.1 was used to perform the measure-
ments. However, in this case the excitation beam is a CVB and an additional photomultiplier
tube (PMT) was added to the microscopy system to implement simultaneous SHG and THG
measurements, as shown in Figure 3.6. Details of the generated CVBs can be found in

Section 3.4.

SHG and THG scanning maps were simultaneously acquired from the same AlGaAs nanoan-
tennas, using RP and AP CVBs excitation. The experimental SHG and THG far-field scanning
maps from AlGaAs nanoantennas with d=585 nm are shown in Figure 3.7a. As previously
observed when using LP excitation, a high contrast between the nonlinear emissions from the
nanoantennas and the substrate was observed in the scanning maps of Figure 3.7a, indicating
the nanoantennas are the main sources of SHG and THG. The SHG scanning maps show

a similar intensity distribution for both excitation beams: a four-lobe symmetric intensity
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FIGURE 3.6: Schematic of the nonlinear microscopy experiment. The intens-
ity profiles of the CVBs are shown in the left, together with their polarisation
state indicated by black arrows. The fundamental CVB is focused on the
AlGaAs nanoantennas by a microscope objective with a numerical aperture
(NA) of 0.8. The reflected CVB and the nonlinear scattered emissions are
collected with the same microscope objective. The fundamental beam is separ-
ated from the SHG and THG by a dichroic beamsplitter and bandpass filters.
The photomultiplier tubes (PMTs) detect
the SHG and THG.

pattern, indicating an anisotropic polarisation-dependent process from the AlGaAs nanoan-
tennas. Likewise, the THG maps show similar intensity distribution for both excitation
beams: a spatially symmetric doughnut-shaped intensity pattern, suggesting an isotropic and

polarisation-independent process.

The THG intensity variations observed around the doughnut-shaped intensity pattern can be
explained by several factors. First, the non-homogeneous intensity (/) of the fundamental
beam (see Figure 3.5) scaled to the cube (I?) for a third-harmonic process. Such non-
homogeneity can become more pronounced in the case of the RP CVB, due to the 7-phase
plate used in the polarisation converter. Second, the difficulties to achieve a perfect alignment
of the CVBs with the nanoantennas. In the SHG and THG scanning maps, the dark spot

observed at the centre of the four-lobe and doughnut-shaped intensity patterns correspond
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FIGURE 3.7: (a) Experimental far-field SHG and THG scanning maps from
AlGaAs nanoantennas (d=585 nm) excited by RP and AP CVBs. The dotted
circle shown in the SHG scanning map excited by a RP CVB, represents an
AlGaAs nanoantenna together with its crystalline orientation. The maximum
intensity (counts/ms) is observed in the SHG maps, as compared to the THG
maps. Insets: MoM calculations of the far-field SHG and THG scanning
maps using the corresponding CVB. Image size: 9.75 ym x 9.75 ym. (b)
Representative cases showing the relative position of the nanoantennas with
respect to the centre of the CVB. At this position (corresponding to certain
pixels in the SHG and THG scanning maps), the nanoantenna is illuminated
by the transversal electric field components of the corresponding CVB.

to the position where the centre of the CVB overlaps with the centre of the nanoantenna.
At this particular position, the dark spot is explained by the lack of transverse electric field
excitation (see Figure 3.4a) to generate either SHG or THG. As the nanoantenna is moved
along the xy plane and away from the CVB centre, the transversal electric-field components
of the corresponding CVB (see Figure 3.4b) become the dominant excitation field as depicted

in Figure 3.7b, driving the corresponding harmonic generation in the nanoantenna.

Calculations of the SHG and THG in AlGaAs nanoantennas, performed using the MoM,
are shown in the inset of Figure 3.7a. In the MoM a single AlGaAs disk embedded in a
homogeneous medium (n = 1.44) was considered, with dimensions corresponding to those

measured by scanning electron microscopy. Again, the SHG and THG scanning maps from
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calculations agree with those from experiments, capturing the main features - a high contrast
between the nonlinear emission from the nanoantenna and the substrate, a dark nonlinear
emission at the centre of the intensity patterns, and a four-lobe or doughnut-shaped intensity
patterns according to the order of the harmonic generated. With our nonlinear microscopy
technique the anisotropic and isotropic behaviour of the SHG and THG processes respectively,

was easily identified by observing at their intensity patterns.

Nonlinear polarisation-dependence studies have been previously used for crystal character-
isation (115, 128) and optical sensing (/29, 130) of nanostructures. In such studies, every
measurement is performed using an input Gaussian beam whose linear polarisation states are
rotated across the substrate-plane. In addition to the rotation of the LP beam, these studies
usually require the acquisition of SHG or THG scanning maps to determine the nanostructure
position accurately. In this thesis, we introduce a new technique to study the SHG and
THG polarisation-dependence of nanoantennas using CVBs. The varying in-plane linear
polarisation states of the CVBs act as the driving excitation field, enabling to determine the
polarisation-dependence from a single scan measurement. Furthermore, with our technique,
the crystalline orientation of AIGaAs nanoantennas is readily provided by a single SHG scan-
ning map. As observed in Figure 3.7a, the minima of the SHG is aligned to the crystalline axis
of the AlGaAs nanoantenna. In the case of a LP excitation, the spot-like intensity distribution
obtained in the SHG scanning maps (see Figure 3.2) does not provide information about the

crystalline orientation of the nanoantenna, even after several scans.

Additionally, the scanning maps obtained here can enable to study the contribution of trans-
verse and longitudinal electric components in the SHG and THG. Similar dark nonlinear
emissions were obtained at the centre of the SHG and THG intensity patterns, for either RP or
AP CVB excitation (see Figure 3.7). However, at the centre of the tightly focused RP and AP
CVBs, an important difference among the two beams is observed: the AP CVB exhibits null
longitudinal components, while the RP CVB exhibits strong longitudinal components (see
Figure 3.4). Therefore, the dark nonlinear emission obtained at the centre of the harmonic
intensity patterns for both CVBs can indicate a weaker contribution of the longitudinal com-

ponents, as compared to the transversal ones, in the generation of harmonics. Analysis of the
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excitation beams components in the generation of harmonics is not possible when using a LP
excitation, due to the spot-like intensity distribution obtained in the nonlinear scanning maps

(see Figure 3.2).

The results in this section show the potential of the new optical technique to determine the
crystalline orientation of semiconductor nanostructures through a single scanning measure-
ment, using CVB excitation. By exploiting the spatially variant polarisation states of the
CVBs and its relative location with respect to the nanoantennas, we were able to describe the
SHG and THG polarisation-dependence and to directly determine the crystalline orientation

of the nanoantennas through a single scanning map.

3.6 Polarisation analysis using nonlinear scanning maps

In addition to the general description of the SHG and THG polarisation-dependence given in
the previous section, a more detailed study of the polarisation-dependence can be realised by
performing a per-pixel analysis of the SHG and THG intensities. To illustrate this point, we
analysed the harmonic intensities provided from the cross-lines traversing the SHG and THG
scanning maps of a single nanoantenna represented by the orange lines in Figure 3.8a. Every
cross line represents the excitation of the nanoantennas by a specific local linear polarisation
state of the corresponding CVB (see Figure 3.8b). The pixel intensity of the SHG and THG
maps overlapping with the cross-lines was integrated, normalised and plotted as a function of
the CVB’s local polarisation, as shown in Figure 3.8c. In this figure, every experimental point
corresponds to an average of six scanning maps from single nanoantennas with nominally
identical dimensions; this procedure reduce random errors produced by fabrication quality of
the nanoantennas. Similar polarisation-dependence analysis can be performed by using the

pixel intensities of circles surrounding the dark center spot.

In Figure 3.8c, the SHG intensity shows similar oscillating behaviour for both CVB excitations,
with two maxima (at 0° and 90°) and two minima (at 45° and 135°). A non-oscillatory SHG
behaviour is observed in the nanoantenna with d = 454 nm excited by an AP CVB, which

was attributed to variations in the intensity of the CVB generated. The SHG minima and
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FIGURE 3.8: Analysis of experimental SHG and THG scanning maps. (a)
SHG and THG scanning maps from individual Al1GaAs nanoantennas with
d = 585 nm, illuminated by a RP CVB. The cross-lines are indicated in orange
colour. The image size is 2.7 um x 2.7 um. (b) Local linear polarisation
angles, with respect to the laboratory coordinate system, of RP and AP CVBs
indicated by the orange arrows. (c) SHG and THG intensities of AlGaAs
nanoantennas of different diameters (327, 454 and 585 nm), excited by the
local linear polarisation of the corresponding CVB.

maxima correspond to the parallel and 45° local linear polarisations of the excitation beam,
with respect to the crystalline axis, respectively. This behaviour originates from the specific
properties of the second-order nonlinearity of the AlGaAs material, i.e., to the only non-zero
off-diagonal elements of the second-order AlGaAs susceptibility tensor. When the pump
is polarised along 45° with respect to the crystalline axis, the projections of the pump field
on both in-plane crystalline axes results in three non-trivial polarisation components of the

SHG. As a result, the nonlinear polarisation induced will be larger than the one induced by a
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pump polarised along the crystalline axes of the AIGaAs nanoantenna, where there is only

one non-trivial polarisation component of the SHG (see Section 2.2).

To the best of our knowledge the study of THG in AlGaAs nanoantennas has not been widely
studied before. While THG in AlGaAs nanoantennas has recently been observed (108, 114),
its properties have been generally ignored due to the large energy of the third-harmonic wave
(above the AlGaAs band gap), falling within the strong absorption regime of the material.
Therefore, important questions arise whether THG in AIGaAs nanoantennas is a resonant or
an over-damped nonlinear phenomena. The THG scanning maps presented in this section
have an intensity approximately one order of magnitude smaller than those of SHG. However,
the optical and detection elements used in the optical system (see Section 3.2.1) were not
calibrated for each harmonic wavelength, preventing the comparison among the intensities
of both nonlinear processes. Therefore, only their polarisation-dependence behaviour could
be compared with each other. In contrast to the oscillatory SHG intensities observed in
Figure 3.8c, the THG intensities exhibit a fairly constant value across the different local linear
polarisation states of the CVBs. This homogeneous behaviour is produced by the polarisation
independence of the third-order nonlinear process in an AIGaAs material. A discrepancy with
the expected THG homogeneous intensity is observed in the nanoantenna with d=585 nm,
excited by a RP CVB. This discrepancy can be attributed to the non-uniform intensity of the

CVB used in our experiment (see Figure 3.5).

The SHG and THG intensities observed in Figure 3.8c were found to be higher for some
naonatennas as compared to others. In the case of SHG and for both CVBs excitation, a higher
average intensity is observed for naonatennas with d=454 and 585 nm, as compared to a
naonatenna with d=327 nm. In the case of THG excited either by a RP or an AP CVB, a higher
average intensity is observed for a naonatenna with d=585 nm, as compared to nanoantennas
with d=454 and 327 nm. The dependency of the SHG and THG average intensities with the

diameter of the nanoantennas is indicative of a resonant condition.

SHG and THG scanning maps of single AlGaAs nanoantennas were calculated using the MoM.
Cross-lines traversing the simulated scanning maps were used to analyse the polarisation

behaviour of the SHG and THG, as done previously for the measured scanning maps (see
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FIGURE 3.9: Analysis of calculated SHG and THG scanning maps. (a) SHG
and (b) THG intensities of AlGaAs naonatennas with different diameters
(d= 340, 430 and 585 nm) illuminated by the local linear polarisation of the
corresponding CVB. For direct comparison, the intensities extracted from the
calculated scanning maps correspond only to the angles shown in Figure 3.8.

Figure 3.8). For these calculations, comparable nanoantennas diameters as the ones measured
before were used, and a diagonal third-order susceptibility tensor was assumed to simulate
the THG. This assumption is valid for isotropic materials like AlGaAs whose crystalline
structure is cubic. The obtained SHG and THG intensities were plotted as a function of
the local polarisation of the CVBs, as shown in Figure 3.9. An oscillatory behaviour is
observed in the SHG intensities, with two maxima and two minima, at the same positions
as the ones observed in the corresponding measurements (see Figure 3.8c). The oscillatory
behaviour is similar for both the AP and RP CVBs. In the case of the THG, the intensities
remain constant across the different polarisation states of the CVBs, as previously observed

in the corresponding measurements (see Figure 3.8c). The THG intensities for the two
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CVBs are constant. Compared with their experimental counterparts (see Figure 3.8c), the
calculated SHG and THG intensities shown in Figure 3.9 show the expected oscillatory or
constant (according to the nonlinear process) behaviour for all the nanoantennas studied.
We can therefore establish that the improvement of this characterisation technique requires
the development of high quality light sources or high quality CVB converters, and careful

alignment of the excitation beam with the nanostructure.

In Figure 3.9, a higher average SHG intensity is observed for nanoantennas with d=585 and
430 nm as compared to a nanoantenna with d=340 nm. Meanwhile, a higher average THG
intensity is observed for a nanoantenna with d=585 nm as compared to the nanoantennas
with d=430 and 340 nm. Similar behaviour was observed in the corresponding measurements
of SHG and THG (see Figure 3.8c), strengthening the argument of the a resonant harmonic
generation. In the next section, I will present several studies to further understand the resonant

behaviour of AlGaAs nanoantennas.

The use of CVB in tandem with SHG and THG scanning maps can potentially simplify
previously proposed crystallographic characterisation techniques, where SHG polarisation-
dependence measurements are performed proving to be a reliable basis for non-invasive

crystallographic characterisation of nanostructures (/15-119).

3.7 Resonant harmonic generation

In this section, we use calculations to study the origin and characteristics of the resonant
harmonic behaviour generated in AIGaAs nanoantennas. The calculations presented in this
section were performed using the finite element method solver implemented in COMSOL
Multiphysics. In the simulations, the AlGaAs disk nanoantennas were placed 500 nm away
from the centre of the corresponding CVB, along the x direction. Throughout this section, the
use of this particular illumination is referred as offset CVB excitation. As discussed earlier,
the offset CVB excitation is the major contributor to the generation of harmonics. The field

profiles of the CVBs in the paraxial region, i.e. before focusing, are obtained by considering a
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FIGURE 3.10: (a,b) Measured and (c,d) calculated backward SHG and THG
of individual AlGaAs nanoantennas, as a function of its diameter. The ex-
perimental SHG and THG intensities were obtained by integrating the total
intensity of the corresponding scanning map and normalising by the area of
the nanoantenna. The calculated SHG and THG intensities were obtained by
considering an offset CVB excitation. The beam is offset from the centre of
the nanoantenna by 500 nm in the x direction.

Bessel-Gauss beam (131, 132). After obtaining the field profiles, tightly-focused CVBs (133)

with a wavelength of 1060 nm illuminate the AIGaAs nanoantennas in an offset excitation.

Experimental and calculated backward SHG and THG are shown in Figure 3.10, as a function
of the nanoantenna diameter. The experimental SHG and THG emissions, shown in Fig-
ure 3.10a and b, were obtained by integrating the total number of counts of the corresponding
scanning maps and normalising by the nanoantenna area. The calculated backward SHG
and THG emissions, shown in Figure 3.10c and d, were obtained by considering offset RP
and AP CVB excitation and normalising by the nanoantenna area. In the experiments, two
resonant SHG peaks are observed around nanoantenna with d = 430 and 620 nm, as shown in
Figure 3.10a. In contrast, a single THG resonant peak is experimentally observed around a

nanoantenna with d = 620 nm, as shown in Figure 3.10b. Overall, the experiments show a
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higher resonant harmonic emissions for a RP CVB excitation as compared to an AP CVB
excitation. The corresponding calculations, shown in Figures 3.10c and d, are consistent with
the experimental results, observing resonant peaks around the same positions and higher SHG
and THG emissions for a RP excitation beam, as compared to an AP beam. The resonant
harmonic generation processes in the AIGaAs nanoantenna are driven by the excitation of
Mie resonances. A theoretical study of the electric and magnetic Mie resonances is performed

and discussed in the following section.

3.7.1 Linear Multipolar Decomposition

When a nanoparticle is illuminated by a light beam, the dynamic charge current generated by
the incident beam is distributed inside an area comparable to the effective wavelength (\/n).
This current might excite several multipoles that can contribute to the near and far-fields of the
nanoparticle. To elucidate the linear optical response of AlGaAs nanoantennas and reveal the
contribution of multipole modes, we performed calculations of their scattering spectrum using
the spherical multipole expansion frame. The calculated fundamental scattering spectra of
AlGaAs nanoantennas, excited by offset RP and AP CVBs, and its multipole decomposition
are shown in Figure 3.11. In this figure, the decomposition of the total scattering spectra (see
dotted lines) show the simultaneous contribution of electric and magnetic modes of different
orders (dipole, quadrupole and octupole). Meanwhile for both offset CVB excitations, the
total scattering (see black solid line) has two dips around the nanoantennas of interest with
d = 430 and 620 nm. The reduced total scattering observed around a nanoantenna with
d = 430 nm, coincides with a dip in the electric dipole (ED) mode. In turn, the reduced
total scattering observed around a nanoantenna with d = 620 nm, coincides with a dip in
the magnetic dipole (MD) mode. Thus, the ED and the MD are the main contributions to
the reduced scattering spectra observed around the nanoantennas with d = 430 and 620 nm,

respectively.
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FIGURE 3.11: Calculated linear scattering of AlGaAs nanoantennas and its
multipolar decomposition. The nanoantennas are excited by offset (a) RP and
(b) AP CVBs with a wavelength of 1060 nm. The beam is offset by 500 nm in
the x direction. The AlGaAs nanoantennas have diameters from 300 to 700 nm
and fixed height of 300 nm.

3.7.2 Excitation of anapole-assisted modes

The reduced far-field scattering observed around a nanoantenna with d = 430 nm, can be
induced by the simultaneous excitation of ED and a TD. When these two modes interfere
with each other, mutual cancellation of their far-field scattering can arise (see Section 1.3.3.2).
The simultaneous excitation of these two modes can not be studied in the frame of spherical
multipole decomposition, since the radiation patterns of these two modes are indistinguishable
from each other in this frame. Therefore, in the present section the multipole scattering
decomposition is calculated in the frame of the cartesian expansion, where the ED and the
TD modes can be separated. The calculated scattering spectra of TD and ED modes is shown
in Figure 3.12a, where an overlap of the two modes is observed around a nanoantenna with
d =430 nm (see gray shading). The overlap of the ED and TD is known to induce an electric

anapole condition, for which the linear far-field scattering is suppressed.

In a similar way, the reduced far-field scattering observed around a nanoantenna with
d =6 20 nm (see Figure 3.11) can be induced by the simultaneous excitation of a MD
and the mean radius (MR) distribution in the AlGaAs nanoantennas. These modes can not

be separated in the frame of spherical multipole decomposition, but they are separated in the
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Cartesian multipole expansion. The Cartesian MD is defined as (134, 135):

Mear = ? / co(n? — n2)(r x E)dr, (3.5)

while the MR distribution is defined as:

=, —imc

R2 = / eo(n* — nd)(r x E)ridr, (3.6)

10X

where c is the speed of light, A is the wavelength of the incident field, ¢, is the electric

permittivity of vacuum, and E is the internal electric field.

The contribution of the Cartesian MD and the MR distribution to the scattering cross section
can be calculated as

kin? _

with ky and & being the wave number in free space and in the surrounding medium respectively,
ng and n is the refractive index of free space and of the surrounding medium respectively, and
1o the magnetic permeability of vacuum (/35-137). The MR contribution can be obtained as
a third-order term of the expansion of the MD moment (/38) and shares the same radiation
pattern as the Cartesian MD. Thus, the MR and the Cartersian MD can destructively interfere
with each other (/35), cancelling their far-field scattering. Figure 3.12b shows the calculated
scattering spectra of the MR and the Cartesian MD. Spatial overlap of the two modes is
observed around a nanoantenna with d = 620 nm (see gray shading), canceling out the

far-field scattering of each mode and leading to a magnetic anapole condition.

The anapole state is known to generate strong near-fields in nanoantennas (see Section 1.3.3.2).
Thus, enhancement of the internal fields around the nanoantennas excited by either an electric
or magnetic anapole condition is expected. To corroborate the near field-enhancement,
the electric energy density inside the AlGaAs nanoantennas was calculated as shown in
Figure 3.12c. The offset CVB excitation of the nanoantennas produces two main peaks of
energy density around the nanoantennas with d=430 and 620 nm (see gray shading). The
position of the energy density peaks coincide with the minimised far-field scattering observed

in Figure 3.11. The minimised far-field scattering together with the maximum near-field
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FIGURE 3.12: Calculation of the linear scattering of AlGaAs nanoantenna
performed in the Cartesian multipole expansion, (a) Cartesian electric and tor-
oidal dipole modes excitations, (b) Cartesian magnetic dipole mode and mean
radius distribution. (c) Calculated electric energy density as a function of the
diameter of the nanoantennas. In the simulations, the AlGaAs nanoantennas
are excited by offset RP and AP CVBs at an excitation wavelength of 1060 nm.
The beam is offset by 500 nm in the x direction.

observed around the nanoantennas with d = 430 and 620 nm corroborates the excitation of

electric and magnetic anapole conditions, respectively.

The electric and magnetic anapole conditions are however not the only ones governing
the near-field distribution of the nanoantennas with d = 430 nm and d = 620 nm. The
presence of higher order multipoles including magnetic dipole (MD), electric quadrupole

(EQ), magnetic quadrupole (MQ) and magnetic octupole (MO) can also contribute to the
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near-field enhancement (see Figure 3.11) of the nanoantennas. As a consequence, an electric-
anapole-assisted mode is excited around a nanoantenna with d=430 nm , while a magnetic-
anapole-assisted mode is excited around a nanoantenna with d=620 nm. The enhanced near-
field distributions originated by anapole-assisted multipole effects have reported increment of

nonlinear conversion efficiencies (52, 139—142).

3.7.3 Distribution of near and far-fields

Calculations of the total SHG and THG intensities and its multipolar decomposition are shown
in Figure 3.13. The intensities were calculated as a function of the nanoantenna’s diameter
by considering offset CVB excitation. The calculations show two peaks of enhancement,
around the nanoantennas with d = 430 and 620 nm, originated by the electric and magnetic
anapole-assisted states, respectively (see Section 3.7.2). Figure 3.13 shows the contribution
of several multipolar components to the resonant SHG and THG. The dominant contribution

of a specific multipole was not observed in either of the harmonic processes.

Compared to the AP CVB excitation, the RP CVB excitation gives higher conversion effi-
ciencies in the total SHG and THG, in agreement with previous calculations of the backward
SHG and THG (see Figures 3.10c and d). The relative intensities of the two SHG peaks
shown in the left-hand panels of Figure 3.13 are different from the ones shown in Figure 3.10c.
Meanwhile, the THG intensity shown in the right-hand panels of Figure 3.13 is characterised
by two peaks of enhancement, differently from the single THG peak observed in Figure 3.10d.
The differences observed in Figures 3.13 and 3.10 can be explained by the directionality of the
SHG and THG. Strong directionality of the harmonics generated, either in the backward or
forward direction, induces different behaviour of the backward/forward harmonic emissions

as compared to the total emissions.

The SHG and THG far-field radiations patterns of AlGaAs nanoantennas were calculated,
considering RP and AP CVBs excitation, as shown in Figure 3.14. Two diameters of nanoan-
tennas were considered, d = 430 and 620 nm, where the generation of harmonics is driven

by anapole-assisted states. The SHG far-field radiations patterns of both nanoantennas are
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FIGURE 3.13: Calculations of the total SHG and THG intensities and its
multipolar decomposition, as a function of AIGaAs nanoantennas diameter.
The nanoantennas are excited by offset RP and AP CVBs. The CVBs are
offset by 500 nm in the x direction.

characterised by broad angles of emission in both, backward and forward directions. In every
case, the emission angles of the backward SHG dictate the relative intensities of the peaks
observed in Figure 3.10c. In contrast, the THG far-field radiation patterns of both nanoanten-
nas reveal strong forward directionality, leading to a low backward THG. In particular for the
nanoantenna with d = 430 nm, the weak backward THG is emitted at broad angles; therefore
it is not captured by our experimental setup which only collects radiation emitted at smaller
angles than ~ 53° (corresponding to a NA of 0.8). This explains the lack of a significant
peak in the backward THG, around the nanoantenna with d = 430 nm (see Figure 3.10d).
The strong forward directionality of the THG is explained by the constructive interference
of the nonlinearly generated multipoles, in the direction forward. Also this characteristic of
the THG, indicates the absorption of the material at this frequency does not over-damp the
resonant behaviour of the nonlinear process. This observation resolves some of the issues

raised in Ref. (/70) regarding the strong absorption at harmonic frequencies.
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FIGURE 3.14: Calculated SHG and THG far-field emission patterns from
an AlGaAs nanoantenna with (a) d = 430 nm and (b) d = 620 nm. The
nanoantenna is excited by an offset RP and AP CVB with a wavelength of
1060 nm. The beam is offset by 500 nm in the x direction.

As discussed earlier in Figure 3.10, higher backward SHG and THG are observed around
the resonant nanoantennas excited by an offset RP CVB rather than with an offset AP CVB.
The same behaviour was observed in the calculated total SHG and THG (see Figures 3.13
and 3.14). This behaviour is not only observed in the far-field, but it is also observed in the
fundamental and harmonic near-field distributions of a resonant nanoantenna (d = 620 nm),
as shown in Figure 3.15. This was attributed to the different electric and magnetic multipolar
components of an offset RP and AP CVB (/43). However, a complete understanding of this

phenomenon requires further studies that are beyond the scope of this thesis.

Our results has demonstrated the enhancement of the harmonic fields originated by the
excitation of anapole-assisted states of electric and magnetic character. The collection
efficiencies of the harmonic far-fields are highly dependent on the directionality of the

harmonic fields.
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FIGURE 3.15: Calculated electric near-field distributions at the fundamental
wavelength (FW), second-harmonic (SH), and third-harmonic (TH) emissions
of an AlGaAs nanoantenna with d= 620 nm excited by an offset RP and AP
CVB. The beam is offset by 500 nm in the x direction.

3.8 Conclusions

We have applied a new nonlinear microscopy technique to determine the crystalline orientation
of individual AlGaAs nanoantennas. Our technique is based on SHG and THG microscopy
with RP and AP CVBs. The symmetric SHG scanning maps display four-lobe intensity
patterns, where the intensity minima are aligned with the crystalline axes of the material.
THG scanning maps were also obtained, the maps show uniform doughnut-shaped intensity
patterns. The nonlinear microscopy technique is only limited by the homogeneity and fine

alignment of the incident CVBs.

The study of SHG and THG as a function of the nanoantenna’s diameter proved the generation
of resonantly enhanced harmonic processes, driven by the presence of electric- and magnetic-
anapole assisted states excited by offset CVBs. The agreement between experimental results
and calculations indicates the generated harmonics are dominated by the bulk response of the

material. In the anapole assisted states, the fundamental near-fields are strongly enhanced
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while the fundamental far-fields are suppressed. More importantly, the resonant behaviour
of the harmonics generated is preserved despite the strong absorption of the material at the
second- and third-harmonic frequencies, even though the resonances correspond to bulk-type

excitations.



CHAPTER 4

Study of SHG in (100)-AlGaAs nanoantennas probed by LP beams

4.1 Introduction

In the previous chapter, CVBs were used to excite SHG and THG in AlGaAs nanoantennas.
The studies performed demonstrated that the main sources in the generation of harmonic
emissions are the transverse electric field components of the CVBs. It is well known that
LP beams have strong transverse electric field components. In this chapter, LP beams are
used to study the properties of SHG in individual AlGaAs nanoantennas. The possibility to
shape the radiation pattern and polarisation state of the SHG in the forward and backward
direction is demonstrated, together with a high SHG conversion efficiency (/44). A complex
polarisation spatial distribution of the SHG is shown, which can lead to the generation
of a nonlinear cylindrical vector beam, radially polarised. In addition, nonlinear optical
magnetism in AlGaAs nanoantennas is discussed (/45). The continuous transition between
electric and magnetic nonlinearities is shown, achieved by tuning the polarisation angle of the

LP fundamental beam.

4.2 Linear scattering of AlGaAs nanoantennas

AlGaAs nanoantennas of different diameters (d), fixed height of 300 nm, and periodicity
of 5 um were fabricated along the (100) crystal axis, following the procedure explained
in Section 2.4. The linear extinction spectra of the individual AlGaAs nanoantennas were
measured using a white-light source illumination (see Figure 4.1a). The incoming white-light

was focused by an air objective lens with a NA of 0.85 onto the AlGaAs nanoantennas (sitting
69
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FIGURE 4.1: (a) Schematic of linear scattering of single nanoantenna il-
luminated by a white-light source. (b) Schematic of optical system used to
measure the linear extinction spectrum of a nanoantenna. The scattered light,
focused at the objective back-focal plane, is being collected by a lens (L1) and
filtered out from the system by a rectangular aperture. Consequently, only the
transmitted white light is collected by the second lens (L2).

on a glass substrate), and precisely positioned within the focal plane of the objective by a 3D
piezo-stage. A second air objective lens with a NA of 0.9 was used to collect the transmitted
white-light and the forward scattering of the nanoantennas. By placing a rectangular knife-
edge aperture at the focus of two confocal lenses, as depicted in Figure 4.1b, the forward
scattering light was filtered out from the optical system. Therefore, only the transmitted
light was coupled to a multimode optical fiber and detected by two spectrometers: an Ocean
Optics 65000 to measure the visible spectrum and a Princeton Instruments Acton SP 2300
monochromator with Andor DU490A-1.7 InGaAs array detector to measure the near-infrared
spectrum. Through the measured spectra, the extinction cross-sections was obtained using the

approximate relation

Cozt x —In(T)

4.1
~1-T,
where T is the transmission spectrum obtained through the following expression:
Ssam e S ackgroun
T — pl backg d 4.2)

S’reference - Sbackg'round

Ssample TEfers to the transmission spectrum from the nanoantennas, Syaciground refers to the
transmission spectrum from the background and S, fcyence refers to the transmission spectrum

from the glass substrate.
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The measured extinction spectra of individual nanoantennas with different diameters are
shown in Figure 4.2a, as a function of the incident wavelength. The different colours
correspond to the different diameters of the nanoantennas, while the two vertical dashed lines
correspond to the spectral position of the fundamental wavelength (FW) and second-harmonic
wavelength. The gray region indicates the spectral range not covered by any of the two
spectrometers used in the experiments. As observed in the extinction spectra, several sharp
resonances are excited around the second-harmonic wavelength. In contrast, a single and broad
resonance is excited around the FW, which is red-shifted as the diameter of the nanoantennas is
increased. The maximun of the FW resonance occurs in the nanoantennas with diameters from
490 to 570 nm. Calculations of the extinction spectra, shown in Figure 4.2b, were performed
using the rigorous-coupled wave analysis (RCWA) method (/46). In the simulations, the
geometrical parameters considered for the AlGaAs nanoantennas correspond to the ones of
the fabricated nanoantennas. As shown in Figure 4.2, the numerical calculations performed
agree with the measured spectra. The small discrepancies observed between experiments and
calculations were attributed to fabrication imperfections and the finite NA of the experimental

system.

The contribution of the multipole modes to the total extinction is calculated using multipole
expansion analysis. The linear extinction and its multipolar decomposition are calculated at
the FW as shown in Figure 4.3, using the polarisation currents induced inside the nanoantennas.
The solid and dashed lines in Figure 4.3 indicate the numerical simulations while the blue
dots indicate the experimental results extracted from Figure 4.2. According to the multipole
expansion, the total scattering (black solid line) is mainly described by the contribution of an
ED and MD mode. The contribution of the EQ and MQ modes becomes noticeable when the
diameter of the nanoantennas is increased. The experimental and calculated total scattering
(or extinction) reveal a resonant profile which is maximal around the diameters in the range
of 450 to 550 nm. This resonant condition is achieved when the amplitude of the ED and MD
are equal to each other. In other words, the highest extinction is observed when the ED and

MD modes excited inside the nanoantennas satisfy the first Kerker condition (/47).
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FIGURE 4.2: (a) Measured and (b) calculated extinction spectra of AlGaAs
nanoantennas. The different colours correspond to different diameters of the
nanoantennas, as indicated in the right side of the plots. The dashed lines mark
the spectral positions of the fundamental and the second-harmonic
wavelengths.

4.3 Nonlinear scattering of AlGaAs nanoantennas

When an AlGaAs nanoantenna is excited at the fundamental wavelength, second-harmonic
emission is generated in both backward and forward directions. The transparent and homo-
geneous surrounding environment of our fabricated AlGaAs nanoantennas (see Section 2.4),
enable us to measure the properties of the SHG in both directions. Thus, in this chapter
the properties of the backward and forward SHG were investigated as a function of the

naoantennas diameter, under the excitation of a LP beam.
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FIGURE 4.3: Linear extinction of AlIGaAs nanoantenna and its multipolar de-
composition, as a function of the nanoantenna diameter. The black solid line is
obtained from calculations while the dots are obtained from experiments, both
at the pump wavelength of 1550 nm. Coloured lines indicate the multipolar
contributions to the total extinction.

4.3.1 Optical system

The AlGaAs nanoantennas were excited by a pulsed Er*"-doped fiber laser (PriTel, Optical
Fiber Amplifier HPFA-18-10-FS duration pulse of ~500 fs, repetition rate of 5 MHz) oper-
ating at a central wavelength of 1550 nm. At the output of the LP laser beam, a zero-order
(operating wavelength of 1550 nm) half-wave plate was used to rotate the polarisation state of
the fundamental beam. Using a confocal configuration consisting of two air objectives, the
nanoantenna backward and forward SHG were studied as explained below. The fundamental
beam was focused on various nanoantennas by an infrared objective (Olympus LCPlanNIR,
100x and NA of 0.85). The nanoantennas were placed within the focal plane of the infrared
objective by a 3D piezo-stage. The transmitted fundamental beam and the forward SHG
were collected by a visible objective (Olympus MPlanFLN, 100x and NA of 0.9). The
nanoantennas face the infrared objective, while the glass substrate faces the visible objective.
At the back aperture of the visible objective lens, a shortpass and a bandpass filter were used
to block the transmitted fundamental beam, thereby only the SHG was detected by a cooled
CCD camera (StarlightXpress SXV-H9). The camera was aligned to a lens (f=100 mm), to
capture the light from a collimated beam and focus it on the camera detector. In the backward

direction, a dichroic mirror and a bandpass filter were used at the back aperture of the infrared
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objective lens to direct the backward SHG onto a CCD camera (StarlightXpress SXVR-H9)
and block the reflected fundamental beam. The camera was aligned to a lens with a focal
distance of f=150 mm. The high NA of the infrared and visible objectives allowed large
angular collection efficiencies of 58° and 64°, respectively. These collection angles are given
by NA=nsinf, where n is the refractive index of the surrounding media (assuming air, n=1)
and @ is the collection angle. The fabricated nanoantennas were however, partially embedded
in a 4 um BCB layer (n~1.4), reducing the angular collection in the forward direction. The
size of the fundamental beam at its focus was measured using the knife-edge method to ensure

that the beam is close to its diffraction limit of 2.2 um.

Second-harmonic directionality. The directionality of the SHG can be visualised by its
3D far-field radiation pattern. Experimentally, the 3D radiation pattern is captured by an
objective lens and projected in its back-focal-plane (BFP) as a 2D radiation pattern. The
method described is known as BFP imaging, which enables to measure the emission angles
of a scattering object through the use of lenses, as it is know from the Fourier theory (see
Section A3). Thus, by imaging the BFP of the visible and infrared objective lens, the forward
and backward SHG radiation patterns were obtained. The forward BFP images of the SHG
were built by adding a lens (=75 mm) at 75 mm of the BFP of the visible objective lens (see
forward emission in Figure 4.4). Similarly, backward BFP images of the SHG were built by
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adding a lens (f=100 mm) at 100 mm of the BFP of the infrared objective lens (not shown in
Figure 4.4). Through these configurations, the BFP of each objective lens is projected onto
the imaging camera. Appropriate filters were used in each case to filter out the transmitted
and reflected fundamental beam and measure only the SHG. A third removable lens is added
in each direction (forward and backward) to switch the camera images from the real space to

the Fourier space (or BFP).

Polarisation states analysis. According to the Stokes vector formalism, a complete description
of the polarisation state of an optical signal can be obtained by measuring the polarisation
of the signal through six polarisation bases (see Section A2). The six polarisation bases
are: horizontal, vertical and two diagonal linear polarisations together with right-hand and
left-hand circular polarisations. In the study presented in this chapter, a quarter-wave plate
and a linear polariser with different angular positions were used to obtain the six polarisation
bases of the SHG. The angular positions required, in the linear polariser and the quarter-wave
plate, to measure each of the six polarisation bases are described in Section 4.3.3. In the
experiments, the quarter-wave plate and the linear polariser were controlled by two servo

motorised rotation mounts and a Labview program to facilitate the sequential measurements.

4.3.2 Second harmonic generation (SHG) efficiency

In the experiments, a LP beam was used as the pump beam to excite AlGaAs nanoantennas.
According to the results obtained in the previous chapter (see Section 3.5), the polarisation
of the pump beam was set at 45° of the nanoantennas crystalline axes (see Figure 4.4) to
maximise the SHG conversion efficiency. The pump beam, with an average power of ~
1 mW, was focused by an infrared objective lens to a diffraction-limited spot of 2.2 um,
resulting in a peak intensity of ~ 7 GW/cm?. The AlGaAs nanoantennas are fabricated
on/embedded in a transparent medium, thus the visible and infrared objective lens can be
used to collect the forward and backward SHG (Figure 4.5a.). Due to the finite NA of the
objective lenses, only a small portion of the total SHG is collected. The SHG is detected by
two CCD cameras previously calibrated using a power meter, while the average power of

the fundamental beam was directly measured. The SHG efficiency was obtained according
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FIGURE 4.5: Nonlinear spectroscopy of single nanoantennas. (a) Schematic
of single nanoantenna experiment. (b) Measured SHG efficiency (Psg¢/Prw)
from single nanoantennas of different diameters, at a pump wavelength of
1550 nm. Blue indicates forward radiation, red indicates backward radiation,
and green indicates the sum of both radiations. (c) Backward-to-forward ratio
of the SHG as a function of the nanoantenna diameter.

to 7 = Pspa/Prw, where Py is the average power of the SHG and Ppyy is the average
power of the fundamental beam impinging in the cross section of the nanoantennas. The
measured SHG efficiency is shown in Figure 4.5b, as a function of the nanoantenna diameter.
The total SHG efficiency, shown by the green bars, was obtained by summing the forward
and backward SHG. The SHG efficiency exhibits a maximum around a nanoantenna with
d = 500 nm, and lower efficiencies for the smallest and largest diameters studied. A similar
trend is observed in the linear extinction measured at the FW (see Figure 4.3). The similarities
observed between both profiles indicate the SHG conversion efficiency is mainly driven by
the extinction of the fundamental field. The resonant behaviour of higher-order modes excited
at the second-harmonic wavelength (see dotted line in Figure 4.2), can also contribute to the
SHG enhancement. The highest SHG collection efficiency, equal to 8.5x 10 ~°, is observed in
a nanoantenna with d = 490 nm. The backward to forward SHG can be tailored by changing
the nanoantenna diameter, as shown in Figure 4.5c. For example, around a nanoantenna with
d =400 nm the SHG is mostly directed in the backward direction; while for nanoantennas
diameters in the range of 500 to 600 nm, the backward and forward SHG similarly contribute
to the total SHG. At larger nanoantenna diameters, where higher order multipoles are excited,
the backward to forward ratio peaks again. As shown in Figure 4.5¢, in all the nanoantennas
studied the backward to forward ratio of the SHG is greater than unity. Thus, the backward

SHG dominates over the forward SHG in all the AlGaAs nanoantennas studied.
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FIGURE 4.6: Chart diagrams showing the SHG multipolar contributions. The
multipolar contributions are calculated for three nanoantennas with diameters
of (a) 340, (b) 490, and (c) 640 nm.

The SHG efficiency (Figure 4.5b) and their backward to forward ratio (Figure 4.5c) are both
sensitive to the diameter of the nanoantennas. In particular, the nanoantenna diameter can be
tuned to achieve high efficiency together with comparable backward-to-forward ratio (see e.g.
nanoantenna with d = 490 nm). The possibility to tune other geometrical parameters can be

explored to achieve high efficiency and unidirectional SHG, simultaneously.

The SHG efficiency is strongly influenced by the extinction of the fundamental field, while the
SHG directionality is strongly influenced by the mutual interference of the modes generated
at the second-harmonic field. To show the contribution of different modes to the SHG,
multipolar decomposition of the second-harmonic field was performed for three nanoantennas,
as shown in Figure 4.6. The multipolar decomposition was performed using COMSOL
Multiphysics, the details of these simulations will be discussed in the next section. According
to the multipolar analysis, the major contribution to the SHG is provided by the electric
modes of different order, while the contribution of magnetic modes is only observed in
nanoantennas with large diameters (see e.g. nanoantenna with d = 640 nm in Figure 4.6). The
number of modes generated at the second-harmonic field increases with the diameter of the

nanoantennas.

In this section, we have discussed different parameters that influence the SHG efficiency and
its directionality. The spatial overlap between the fundamental and second-harmonic modes,

and its influence in the SHG efficiency was not discussed here.
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4.3.3 Directionality and polarisation distribution of SHG

The far-field emission and polarisation state of the SHG were simulated using the finite
element method solver in COMSOL Multiphysics. In the simulations, the disk nanoantenna is
embedded into a homogeneous medium with a refractive index of 1.44, equivalent to the one
of the glass substrate and the BCB layer used during the fabrication of the nanoantenna. The
material dispersion of the AlGaAs material was taken from COMSOL tabulated data. A value
of 100 pm/V was considered for the bulk second-order susceptibility tensor x(?), according to
zinc blende AlGaAs material. The components of the second- and third-order susceptibility
tensor can be seen in Section 2.1. An undepleted excitation field was assumed and two
coupled steps were used to calculate the nonlinear emissions (50, 106). First, we simulate
the linear extinction of a disk nanoantenna excited by a focused monochromatic Gaussian
beam polarised along the (110) direction, in accordance with the experimental conditions.
The bulk nonlinear polarisation P?* induced inside the nanoantenna is then employed as a
source for the next electromagnetic simulation, where the nonlinear emission is obtained.
Finally, the far-field nonlinear emission is employed to obtain the multipole contributions of

the second-harmonic emission, based on the Mie theory (/48).

The 3D SHG far-field radiation pattern of a nanoantenna with d = 490 nm, which is the
one with the highest efficiency observed, is shown in Figure 4.7a. The SHG far-field shows
mainly, an electric octupole emission characterised by six-lobbed radiation with null intensity
along the z-axis direction. Other nonlinear modes such as an EQ and ED are generated inside
the nanoantenna (see Figure 4.6 with d = 490 nm), leading to low forward SHG due to its
mutual interference. A projection of the SHG far-field radiation pattern in the xz plane is
shown in Figure 4.7b. The forward and backward experimental collection angles, limited by
the NA of the objective lenses, are indicated by gray shaded areas. Projections of the upper
(forward emission) and lower (backward emission) half-space of the 3D radiation pattern,
across the xy plane, are shown in Figures 4.7c¢ and d, respectively. The projections constitute
the 2D radiation patterns of the SHG. Two circles are shown in every radiation pattern, the
black outer circle delimits the total SHG (see NA of 1.44 in Figure 4.7b), while the gray
inner circle delimits the collected SHG (see NA of 0.9 and 0.85 in Figure 4.7b). The portion
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FIGURE 4.7: SHG far-filed emission of a nanoantenna with a d=490 nm.
(a) Calculated 3D SH far-field pattern. (b) Front view of the pattern. Cones
indicate the range of angles experimentally accessible with our high-NA
objective lens. (c,d) Top and bottom view of the SHG radiation pattern. The
inner gray circles indicate the maximum experimental collection angle.
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of the collected SHG can be estimated by integrating the total (outer circle) and collected
(inner circle) SHG and comparing them. According to our estimations about 30% of the total
SHG is collected in the experiments, thus the SHG conversion efficiency reported before (see

Figure 4.5) is about three times larger.

The SHG angular distribution and polarisation state of the most efficient nanoantenna, with
d =490 nm, were measured using BFP imaging and the Stokes formalism, respectively. BFP
imaging is an optical technique used to measure the angular distribution of an scattering object
(see Section A3), while the Stokes formalism allows to completely describe the polarisation
state of an optical signal (see Section A2). In the optical system, BFP images of the SHG
were built in the backward and forward direction by adding a lens in each direction. A quarter
wave-plate and a linear polariser were also added to measure the polarisation state of the SHG

(see Section 4.3.1).

The SHG BFP images of six ongoing polarisation bases are shown in Figure 4.8. The SHG
BFP images were taken in the backward direction from a nanoantenna with d = 490 nm, by
setting the quarter wave plate and the linear polariser at a pair of angles («, 3). Considering

the quarter wave plate at an angular position « and the linear polariser at angular position (3,
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FIGURE 4.8: BFP images of the backward SHG from a nanoantenna with
d=490 nm, acquired through six polarisation bases: linear horizontal (H),
linear diagonal at 45° (D,,), right-hand circular (R), linear vertical (V'), linear
diagonal at -45° (D) and left-hand circular (L), as indicated by the orange
arrows.

the six polarisation bases were obtained according to
(0°,0°) = H (—45°,—45°) = D, (0,45°) = R

(90°,90°) = V/ (—45°,45°) = D, (0, —45°) = L.

Once the six polarisation bases of the SHG were obtained, the parameters of the Stokes vector

can be calculated according to:

(1] [H+V]
H-V
Q _ (4.3)
U D, — D,
vl | L-R|
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FIGURE 4.9: (a) Stokes vector components obtained from the backward
SHG. (b) Retrieved spatially-resolved degree of polarisation, inclination and
ellipticity. The images correspond to the SHG of a nanoantenna with
d =490 nm.

The four components of the Stokes vector, obtained in the backward direction for a nanoan-
tenna with d=490 nm, are shown in Figure 4.9a. The polarisation degree, inclination, and

ellipticity obtained from the Stokes vector (see Section A2) are shown in Figure 4.9b.

The BFP images of the forward and backward SHG from a nanoantenna with d = 490 nm are
shown in the top of Figures 4.10a and c, respectively. In the SHG BFP images, we observe
zero emission in the normal direction (i.e. the (0,0) coordinate of the images), in accordance
to theoretical predictions (/07). The same feature was observed in all SHG BFP images
obtained from nanoantenna with d = 340-670 nm. This feature is explained by the symmetry
of the nonlinear bulk tensor y(? of the AlGaAs, therefore is not sensitive to the size of the
nanoantenna. The THG BFP image in contrast, shows a maximum emission along the optical
axis (see Figure 4.11) according to the components of the nonlinear tensor x* (see details
in Section 2.1). The white arrows in Figure 4.10, correspond to the polarisation state of the

SHG. The polarisation states were retrieved from the measured polarisation inclination and
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ellipticity (see bottom panels of Figures 4.10a and c), obtained from the Stokes parameters.
The polarisation of the forward and backward SHG show the formation of vector-beams with
spatially variant polarisation states. In particular, the BFP image of the forward SHG (top
of Figure 4.10a) observes a nearly perfect RP beam. While the BFP image of the backward
SHG (bottom of Figure 4.10b) observes a more general polarisation state: a partially RP beam
together with circular polarisation states. The calculations of the forward and backward SHG
radiation patterns are shown in the top of Figure 4.10b and d, respectively. The intensities of
the simulated 2D radiation patterns are consistent with the corresponding SHG BFP images,
while the calculated polarisation states (see white arrows) are similar to the ones observed
in the experiments. The small differences on the polarisation states, between calculations
and measurements, was attributed to the homogeneous embedding medium of the AlGaAs
nanoantenna considered in the simulations as compared to the partially homogeneous medium
(BCB layer and air) of the fabricated AlGaAs nanoantennas. The nonlinear generation of
the vector beams can be intuitively understood by the excitation of Mie-type multipoles at
the SHG field. The higher-order multipoles excited at the SHG are superimposed and their
superposition governs the output polarisation state. The multipoles excited at the SHG can be
engineered to generate a nontrivial polarisation state or to create a specific polarisation state,

as it has been shown in this chapter.

Under specific conditions, surface second-order nonlinearities can be observed in GaAs
nanoantennas (//0). The agreement observed between measurements and calculations (see
Figure 4.10) suggests surface second-order nonlinearities do not play an important role in our

case, since in the simulations only a x(® bulk tensor was considered.

4.4 SHG of AlGaAs nanoantennas as a function of the

incident polarisation beam

In the previous section, the properties of the SHG and the excitation of nonlinear multipoles
were studied as a function of the nanoantenna diameter. In this section, we study the SHG

and the excitation of nonlinear multipoles as a function of the fundamental beam polarisation.
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FIGURE 4.10: SHG directionality and polarisation state of a nanoantenna
with d=490 nm. Top row: directionality diagrams in (a,b) forward and (c,d)
backward directions. (a,c) Measurements and (b,d) theoretical calculations.
White arrows represent the polarisation states. Bottom row: experimentally
retrieved (a,c) and theoretical calculations (b,d) of polarisation inclination and
ellipticity, corresponding to the cases of the top row.
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FIGURE 4.11: SHG and THG back-focal plane images of an AlGaAs nanoan-
tenna with d=490 nm, measured in the backward direction.

Therefore, the co-relation between the excitation of nonlinear multipoles and the polarisation

state of the SHG, mentioned in the previous section, will be further explored.

4.4.1 SHG multipolar decomposition

In this section we analyse the multipolar decomposition of the SHG, for different polarisation

angles ¢ of the fundamental beam. Here, the polarisation angle ¢ is taken in reference to
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the [100] crystalline axis of the AlGaAs nanoantenna, as depicted in Figure 4.12a. The
finite element method solver in COMSOL Multiphysics was used to calculate the nonlinear
decomposition of AIGaAs nanoantennas embedded in a homogeneous medium (n=1.44), and
illuminated by a fundamental beam at 1550 nm wavelength. For more details regarding the
simulations refer to Section 4.3.3. The SHG multipolar decomposition was calculated for two
pump polarisation angles ¢ = 45° and ¢ = 0°, as shown in Figure 4.12b and c, respectively. In
general, the decomposition of the SHG field shows that the number of nonlinear multipoles
increases with the diameter of the nanoantenna. The nonlinear decomposition also shows
that the SHG is characterised by electric multipoles when ¢ = 45°, while it is predominantly
magnetic when ¢ = 0° since a single electric octupole mode contributes to the SHG in
this case. In fact, when ¢ = 0° the contribution of the electric octupole mode to the SHG
becomes close to zero for nanoantennas with small (300 to 350 nm) and large (450 to 500
nm) diameters, as shown in Figure 4.12c. Therefore, specific nanoantenna diameters allows
studying electric and magnetic SHG, depending of the polarisation angle ¢ of the fundamental
beam. For example, for a nanoantenna with d = 360 nm a clear distinction of the excited
SHG multipolar modes can be observed: for ¢ = 45° the emission is dominated by an EQ,
while for ¢ = 0° the emission is dominated by a MD and a MO. In the next section, the SHG
properties of a nanoantenna with d = 360 nm are investigated. The choice of this nanoantenna
was made in terms of the purely electric or magnetic nonlinear optical modes selectively
excited by the polarisation angle of the fundamental beam, together with the enhancement of
the SHG efficiency around this diameter. In the case of ¢ = 45°, the high efficiency of the
second-harmonic is explained by the excitation of a strong nonlinear EQ mode. While for
= 0°, the strong nonlinear optical magnetism is explained by the excitation of two resonant

magnetic modes, dipole and octupole.

4.4.2 Directionality and polarisation state of SHG

The 3D far-field SHG radiation patterns of a disk nanoantenna with d =360 nm were calculated,
using COMSOL Multiphysics. The calculated far-field SHG radiation patterns, induced

by two polarisation angles of the fundamental beam, ¢ = 45° and ¢ = 0°, are shown in
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FIGURE 4.12: (a) Schematic structure and SEM image of fabricated AlGaAs
nanoantenna. The crystalline structure of the AlGaAs material, together with
the relative directions of the fundamental propagation vector k and the funda-
mental electric field E are shown at the bottom. Multipolar decomposition of
SHG, induced by two polarisation angles of the fundamental field: (b) ¢ =0°,
and (c) ¢ = 45°. Panel b is dominated by electric multipoles, whereas panel ¢
is dominated by magnetic multipoles.
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FIGURE 4.13: SHG directionality and polarisation diagrams of a nanoantenna
with d=360 nm. Calculated SHG 3D radiation patterns of a nanoantenna ex-
cited by a fundamental beam polarised at (a) 45° and (c) 0° angles. Calculated
and measured SHG 2D radiation patterns of a nanoantenna excited by a funda-
mental beam polarised at (b) 45° and (c) 0°, together with its polarisation states
indicated by the black arrows. In the calculations the outer circle indicates a
full NA of 1.44 while the inner circles indicate the NA of the experimental
optical system. The measured radiation patterns are limited by the NA of the
objective lenses, 0.9 in the forward direction and 0.85 in the backward direc-
tion.
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Figures 4.13a and c. The far-field SHG radiation pattern corresponding to an angle ¢ = 45°
shows a symmetric four-lobe emission typical of an electric quadrupole. Meanwhile, the
far-field SHG radiation pattern corresponding to an angle ¢ = 0° shows two side lobes strongly
emitting at angles perpendicular to the propagation of the fundamental beam. These side

lobes are typical of an octupolar emission.
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The 2D angular radiation patterns, projected from the upper and lower half-space of the 3D
far-field radiation patterns, together with its polarisation states (see black arrows) are shown
in the top of Figures 4.13b and d. The corresponding SHG BFP images, shown in the bottom
of Figures 4.13b and d, agree with the calculated 2D radiations patterns. Experimentally,
the polarisation states of the SHG were retrieved using Stokes formalism (see Section 4.3.3).
The 2D radiation patterns corresponding to an excitation at ¢ = 45° (see Figures 4.13b)
exhibit a second-harmonic polarisation pattern similar to a RP beam. In contrast, the 2D
radiation patterns corresponding to an excitation at ¢ = 0° (see Figures 4.13d) exhibit a
second-harmonic polarisation pattern similar to an AP beam. In both cases, there is a small

degree of ellipticity.

4.4.3 Electric and magnetic SHG

A nearly-azimuthally polarised second-harmonic beam is observed in Figure 4.13d, where
the SHG is dominated by magnetic modes (see Figures 4.12c). Meanwhile, a nearly-radially
polarised second-harmonic beam is observed in Figure 4.13b, where the SHG is dominated
by electric modes (see Figure 4.12b). These polarisation patterns can be understood by
considering a source radiating in a purely electric or magnetic dipole mode. When the SHG is
dominated by an electric dipole, the SHG electric field vectors exhibit a radially polarised
pattern, as shown in Figure 4.14a. Meanwhile, when the SHG is dominated by a magnetic
dipole mode, the SHG electric field vectors exhibit an azimuthally polarised pattern as shown

in Figure 4.14b.

In a more general case, where electric or magnetic modes of different orders are excited
(as in our case), the second-harmonic polarisation state can be studied to determine the
generation of either electric or magnetic modes at the second-harmonic field. Moreover, the
transition between electric and magnetic nonlinearities can be determined by studying the

SHG polarisation state. For this purpose, the parameter M was defined as:
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FIGURE 4.14: (a) Electric and (b) magnetic SHG for the simplest cases of
dipolar emission. Blue arrows show the electric field vectors of the SHG
radiation patterns. (c) Calculated and experimentally retrieved magnetic con-
tribution to the SHG of an AlIGaAs nanoantenna with d=360 nm.
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where p and 6 are the polar coordinates of the far-field radiation pattern, F,,; is the total
amplitude of the second-harmonic field and £, is the portion of the second-harmonic field
perpendicular to crystalline axis. The calculation of M allows to quantify, both experimentally
and numerically, the contribution of electric and magnetic multipoles to the SHG. When M =1
the SHG is characterised by a purely magnetic multipolar emission also know as nonlinear
optical magnetism; when M = 0 the SHG is characterised by a purely electric multipolar
emission. The parameter M was retrieved from a nanoantenna with d = 360 nm, as a function
of the fundamental polarisation angle ¢ (see Figure 4.14c). The experimental values of M
are shown by dots, while the calculated values of M are shown by the black solid line. A
continuous transition between electric and magnetic SHG is observed in Figure 4.14c, when
@ is tuned from 0° to 45°. The differences between experiments and calculations can be
explained by the smaller integration angle p considered in the measurements, limited by the

NA of the optical system, as compared to the simulations.

To obtain the experimental value of M, the corresponding SHG BFP images and their polarisa-

tion states were measured, as shown in Figure 4.15a. In the forward direction, the SHG BFP
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FIGURE 4.15: (a) Measured and (b) calculated second-harmonic radiation

patterns of a nanoantenna with d=360 nm, and their corresponding polarisation

states. The angle of the fundamental beam is changed from 0° to 45°, with a

5° step.
images observe a continuous rotation of the side lobe emission (white areas), following the
rotation of the angle (. In the backward direction, the SHG BFP images observe a similar ro-
tation of the side lobe emission and a total intensity that is dependent of the angle ¢. The total
intensity is low for ¢ = 0°, as the angle approaches to ¢ = 45° the total intensities are higher.
In both propagation directions, the second-harmonic polarisation states observe a transition
between a nearly-azimuthally polarised beam for ¢ = 0° to a nearly-radially polarised beam

for ¢ = 45°, with a high contribution of elliptically polarisation states. The corresponding

simulations shown in Figure 4.15b, are consistent with the performed measurements.

4.5 Conclusions

In summary, we studied the radiation patterns and polarisation states of the SHG from AlGaAs
nanoantennas. We have shown experimental SHG conversion efficiencies of the order of
10~%, and nonlinear nanoscale light sources emitting vector beams with designed polarisation
state, e.g., radial polarisation. In addition, a continuous control in the transition between
electric and magnetic nonlinear responses was demonstrated by tuning the polarisation of the

optical excitation beam. As the electric and magnetic nonlinear processes generate light with
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orthogonal polarisation states, the induced second-harmonic electric and magnetic modes can

be experimentally differentiated by studying their polarisation state. The results shown in this

chapter are promising in achieving nanoscale functional nonlinear devices.



CHAPTER 5

Tailored SHG from (111)- and (110)-GaAs nanoantennnas

5.1 Introduction

In the previous chapter, individual (100)-AlGaAs nanoantennas demonstrated different non-
linear effects under the excitation of Mie resonances such as generation of vector beams and
nonlinear optical magnetism. However, an important case of SHG has not been observed
in this thesis: SHG emitted along the optical axis, limiting the applications of GaAs-based
nanoantennas. The absence of SHG along the optical axis prevails in the studies performed by
other groups, where individual (106, 149) and dimer (/41) (100)-AlGaAs nanoantennas were
excited under normal incidence. A non-zero second-harmonic emission can be generated

along the optical axis by breaking the symmetry of the system.

Several approaches have been adopted to reduce the symmetry of the system including
tuning the angle of incidence of the fundamental beam (with respect to the normal dir-
ection) (107, 150), and designing asymmetric nanodimers to reduce the symmetry of the
resonant modes (/57). Both alternatives however, come at the price of complexity in the
experimental implementation or in the nanoantenna design and fabrication. A common fact
that has been overlooked in the mentioned approaches is the special properties of the zinc
blende nonlinear tensor. In the nonlinear regime, the symmetry of the system can be broken
by changing the orientation of the second-order nonlinear tensor (see Section 2.2). More
generally, the nonlinear properties of the zinc blende tensor can be used to engineer the SHG
properties of GaAs-based nanoantennas, e.g. by fabricating nanoantennas along different
crystallographic orientations. In our fabrication method, the crystal growth axis of the GaAs

nanoantennas is controlled by the GaAs wafer cut (see Section 2.4).
90
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In this chapter, we use the nonlinear tensorial properties of zinc blende material to break
the symmetry of the system and to design (111)- and (110)-GaAs nanoantennas exhibiting
specific second-harmonic directionalities. Under the simple case of normal incidence, we
show non-zero second-harmonic emission along the optical axis by employing (111)-GaAs
nanoantennas (/52). In addition to non-zero second-harmonic emission, we demonstrate
switching between forward and backward second-harmonic emission by using (110)-GaAs
nanoantennas. The switching was possible by controlling two parameters: the size of the
nanoantennas and the polarisation angle of the fundamental beam (/04). The control of the

SHG directionality includes the interesting case of unidirectional nonlinear emission.

5.2 Fabrication of (111)- and (110)-GaAs nanoantennas

The growth of GaAs epitaxial layers on the (100) crystallographic plane by MOCVD is a
well established process, however the growth of GaAs epitaxial layers on the (111)- and
(110)-GaAs oriented substrates is not trivial (153, 154). The orientation of the substrate in the
growth of epitaxial GaAs layers plays an important role in the surface quality of the layer.
Epitaxial layers of GaAs on (100) substrates can give exceptional surface quality over a wide
range of growth conditions, while the growth of GaAs layers on (111) and (110) substrates has
showed defects which are highly dependent on the growth parameters (/54). Under limited
growth conditions, epitaxial layers of GaAs with a smooth surface morphology has been
reported on (111)A substrates (/55). Hence, optimisation of GaAs and AlAs planar growth
was performed on (111)A- and (110)-GaAs substrates to fine tune the growth parameters,
improve the surface morphology of the layers and attain minimal surface roughness. The
growth of this epitaxial layers was performed by our collaborators using the ANFF, ACT

Node facilities.

To fabricate the (111)- and (110)-GaAs nanoantennas, a 20 nm layer of AlAs followed by a
400 nm layer of GaAs were growth on a (111)A and (110) GaAs substrate. The thin AlAs
layer was used as an lift-off buffer layer. On the top of the GaAs layer, a SiO, layer was

deposited via PECVD. A patterned SiO, mask was fabricated using a conventional e-beam
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FIGURE 5.1: (a) Fabrication procedure performed to obtain GaAs nanoan-
tennas in a transparent medium: (i) GaAs nanoantennas defined on a GaAs
wafer via electron-beam lithography and sequential etching. The SiO, is used
as a mask and the AlAs as a sacrificial layer. (ii) Removal of the Si0, mask
and AlAs buffer layer by HF acid, followed by (iii) coating of a BCB layer,
curing and bonding it onto a thin glass substrate. (iv) Final sample containing
the GaAs nanoantennas, after peeling off. (b) Scanning electron microscope
images after peeling off: (i) side view of the main substrate (ii) top view of the
final sample on glass substrate.

Top view (glass substrate)

lithography procedure. Using a reactive ion etching (RIE), SiO, pattern was transferred to
the GaAs and AlAs layers, as well to a part of the GaAs wafer. The SiO; mask and the AlAs
layer were removed by hydrofluoric acid, which resulted in having GaAs nanodisks sitting
on the GaAs wafer with minimum adhesion. Next, 4 um of BCB layer was spin-coated on
the sample, followed by its curing and bonding to a thin glass substrate. Finally, the glass
substrate with the GaAs nanodisks embedded in the BCB layer was peeled off from the main
GaAs wafer. This fabrication procedure is illustrated in Figure 5.1a, for more details see
Section 2.4. Scanning electron microscope images of (i) the main substrate after the lift-off,

and (i1) the nanodisk after being transferred to a thin glass substrate are shown in Figure 5.1b.

This fabrication procedure offers several benefits as compared to conventional methods,
where GaAs nanoantennas are fabricated on a thin aluminium-oxide low-index layer (710,
111, 113). In our case, the index contrast between the bottom of the GaAs nanoantennas
and the underlying glass substrate is larger than when low-index underlying layers are

used; this larger index contrast decreases the leakage of resonant modes into the substrate.
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Conventional fabrication methods restrict the study of SHG to a single direction: backward
second-harmonic emission using a reflection geometry, or forward second-harmonic emission
when the nanoantenna is illuminated through the substrate. In our case, the glass substrate is
transparent not only to the wavelength of the excitation beam but also to the second-harmonic
wavelength (considering an excitation wavelength of 1550 nm), allowing the optimisation of
the SHG radiation pattern in the backward and forward directions. SHG of GaAs substrate can
interfere with the SHG of GaAs nanoantennas, difficulting the separation of both SHG (713).
Therefore, the use of a glass substrate avoids the interference of both nonlinear emissions and

facilitates the measurements.

5.3 SHG of (111)-GaAs nanoantennas

Individual GaAs nanoantennas were excited by a fundamental beam at a frequency w, gen-
erating a second-harmonic emission at a frequency 2w, as illustrated in Figure 5.2a. The
nanoantennas were fabricated from a (111)-GaAs epitaxial layer which effectively rotates
the nonlinear susceptibility tensor of the GaAs material. In this case, the tetrahedral bonding
of the atoms within the zinc blende lattice leads to one of the bonds pointing downwards
and the three other bonds pointing upwards and spreading out with an angle of 120°, as
indicated in the inset of Figure 5.2a. In the next section, a three-fold symmetry of the SHG
from (111)-GaAs nanoantennas is demonstrated as a translation of the mentioned atomic

arrangement.

5.3.1 Fundamental and second-harmonic resonances

Simulations of the fundamental field in GaAs nanoantennas were performed by employing
the finite element method. In the simulations, GaAs nanoantennas (with a fixed height of
400 nm and varying radii) were excited by a normal plane wave at a FW of 1550 nm. In the
calculations normal incidence of the fundamental beam was considered, even when a tightly

focused beam is experimentally employed. This approximation is valid since the non-normal
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FIGURE 5.2: (a) Schematic of individual nanoantennas experiment. The inset
shows the zinc blende crystal structure in the (111) plane orientation, with
atoms bonded in a tetrahedal phase. (b) Calculated electric energy density as a
function of the nanoantenna radius. The gray bars highlight the peaks of
enhancement.

components of a tightly focused beam can be grouped in pairs (with same angle but opposite

sign) that cancel with each other.

First, the electric energy density was calculated as a function of the nanoantenna radius and
normalised, as illustrated in Figure 5.2b. The electric energy density is characterised by three
peaks of enhancement indicated by gray shaded areas. This near-field enhancement can lead
to an increase in the SHG efficiencies. To understand the origin of the electric energy peaks,
the scattering cross-section and its multipolar decomposition were calculated through the

study of the polarisation currents excited inside the GaAs nanoantennas.

The calculation of the scattering cross section and its multipolar decomposition (using spher-
ical coordinates) is shown in Figure 5.3a. Again, the gray areas indicate the positions of the
energy density peaks, according to Figure 5.2b. The first peak observed in the scattering
cross section originates from the resonant behaviour of the ED and MD; it also explains the
enhancement of the energy density around a nanoantenna with radius (r) of 150 nm. As
the radius of the nanoantennas increases, the scattering cross section observes two dips; the
first one around a nanoantenna with » = 315 nm and the second around a nanoantenna with
r =480 nm. According to the multipolar decomposition, the first dip in the total scattering is
mainly attributed to the ED mode, while the second dip is mainly attributed to the MD mode.
Most importantly, the two dips in the total scattering are located around the same positions of

the energy density peaks. The two conditions, near-field enhancement (given by the energy
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density peaks) and suppression of the total scattering, around the nanoantenna with r = 315 nm
and r = 480 nm are indicative of the excitation of an anapole state. To verify the excitation
of an anapole state around these nanoantennas, multipolar decomposition calculations were
performed in cartesian coordinates as a function of the nanoantenna radius, the calculations
are shown in Figure 5.3b. The overlap of the cartesian ED mode and the TD mode around a
nanoantenna with r = 315 nm originates an electric anapole mode (see Section 1.3.3.2). The
energy density around the nanoantenna with r = 315 nm is enhanced by the excitation of the
anapole state and higher-order modes like the EQ and MQ (see Figure 5.3a). Meanwhile, the
overlap of the cartesian MD and the MR around a nanoantenna with r = 480 nm originates a
magnetic anapole state. The excitation of a magnetic anapole state around the nanoantenna
with r = 480 nm, together with the excitation of higher order modes like the MO results in
the enhancement of the energy density inside the nanoantenna. The cylindrical symmetry
of the GaAs nanoantennas, together with the isotropic refractive index of the GaAs material
have consequences in the linear behaviour of the nanoantennas. The linear scattering and the
energy density of the nanoantennas are both independent of the polarisation angle of incident
beam and the crystal orientation of the nanoantennas. The nonlinear behaviour of the GaAs
nanoantennas is however, sensitive to both parameters: the polarisation angle of the incident

beam and the crystal orientation of the nanoantennas.

The total SHG efficiency was calculated as a function of the nanoantenna radius for three
polarisation angles of the fundamental beam, following the expressions of the nonlinear
currents derived for a (111)-oriented GaAs material. The calculated SHG efficiency, shown
in Figure 5.4a, is independent of the polarisation angle ¢ of the fundamental beam and
is characterised by three peaks of enhancement. The forward SHG was measured for the
same incident polarisation angles. In the measurements, individual GaAs nanoantennas were
excited by a femtosecond laser (Toptica FemtoFiber Pro NIR) with a pulse length of 100 fs,
repetition rate of 80 MHz and centre wavelength of 1556 nm. The laser beam was focused
on the GaAs nanoantennas using an infrared objective lens with a NA of 0.7. The forward
SHG together with the transmitted fundamental beam was collected by a visible objective
lens with a NA of 0.9. The fundamental beam was filtered-out using a 800 nm short-pass

filter. The SHG efficiency was measured using 7 = Psyq/Prw, Where Psp is the average
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FIGURE 5.3: (a) Calculated linear scattering cross section and its spherical
multipolar expansion (b) Calculated cartesian multipole expansion of cartesian
electric and toroidal dipole modes, together with the cartesian magnetic dipole
(MD) mode and mean radii (MR) distributions. In the calculations, cylindrical
GaAs nanoantennas with height of 400 nm and varying radii were illuminated
by a plane wave with a wavelength of 1550 nm. The gray areas highlight the
three peaks observed in the calculated electric energy density.

power of the SHG measured by a calibrated camera and Ppyy is the average power of the
fundamental beam impinging in the cross section of the nanoantennas. In our experiments,
the intensity of the fundamental beam was equal to 1 GW/cm~2. The measured forward SHG
is shown in Figure 5.4b, as a function of the nanoantenna radius. As expected, the SHG
efficiency shows three peaks of enhancement driven by the behaviour of the fundamental
near-field (see Figure 5.2b). Each peak has the same amplitude for the three polarisation
angles . Differences in the relative amplitude of the calculated and measured SHG efficiency
peaks are observed in Figure 5.4. In the simulations, the total SHG efficiency was calculated,
accounting for the forward and backward emission. While in the experiments only the forward
SHG, from a cone within an opening angle of 64° around the normal direction, was measured.
The position of the measured SHG resonant peaks are shifted with respect to the calculated

peaks. This shift was attributed to fabrication imperfections.

In this section, three peaks of enhancement were observed in the SHG efficiencies, attributed
to the near-field distribution of the fundamental field. The amplitude of the SHG efficiencies
was constant for the three incident polarisation angles. In the next section, the SHG radiation

patterns of GaAs nanoantennas will be studied.



5.3 SHG OF (111)-GAAS NANOANTENNAS 97

a x107* b gi& & 1q'4 Mez'lsured SHG

> 1.5 50'4
5 g
| 5 0.3
£ £
v %]
g g 0.2
= 0.5 Z 0.1

0 0

200 300 400 500

Radius (nm) Radius (nm)

FIGURE 5.4: (a) Total SHG efficiencies of (111)-GaAs nanoantennas, calcu-
lated for three polarisation angles ¢ of the fundamental beam. (b) Forward
SHG efficiencies of (111)-GaAs nanoantennas measured for the same three po-
larisation angles . The calculations and measurements display a polarisation
independent behaviour of the SHG from (111)-GaAs nanoantennas.

5.3.2 SHG radiation patterns of GaAs nanoantennas

The SHG radiation patterns of a GaAs nanoantenna were simulated and measured as illustrated
in Figure 5.5. In the simulations, a nanoantenna with r = 320 nm was considered, where the
calculated SHG efficiency is enhanced due to the excitation of an electric anapole mode (see
Section 5.3.1). In the experiments, a nanoantenna with » = 340 nm was measured, where
enhancement of forward SHG efficiency was observed (see Figure 5.4b). The simulated 3D
far-field SHG radiation patterns of a nanoantenna excited by three polarisation angles (¢ = 0°,
30° and 60°) are shown in Figure 5.4a. For the three polarisation angles, the upper-half space
projection of the SHG far-field radiation pattern, corresponding to the forward SHG radiation
patterns, is shown in Figure 5.5b. In every case, the radiation pattern inside the black circles
corresponds to the SHG collected by an objective lens with a NA of 0.9, and therefore to the
measured SHG BFP images displayed in Figure 5.5¢c. The calculated forward SHG radiation
patterns are repeated every 60°, with a rotation of 120° around the y axis (see Figure 5.5b with
¢ =0°and ¢ = 60°). Another important feature of the SHG radiations patterns is the emission
shown around the normal direction. Compared to the SHG radiation patterns of (100)-AlGaAs
nanoantennas (see Section 4.3.3 and Section 4.4.2), here the SHG radiation patterns of (111)-
GaAs nanoantennas show emission around the normal direction. The differences between the

calculated and experimental SHG radiation patterns were attributed to a possible tilt of the
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FIGURE 5.5: SHG radiation patterns of (111)-GaAs nanoantenna excited by
three incident polarisation angles: ¢ = 0°, ¢ = 30°, and ¢=60°. (a) Calculated
3D SHG far-field radiation patterns. (b) Calculated and (c) measured forward
SHG radiation patterns. The black circles in the calculated forward SHG
radiation patterns indicate the angular aperture of the objective lens used in the
optical system (NA of 0.9). In the simulations, a nanoantenna with r=320 nm
was considered while in the experiments, a nanoantennas with =340 nm was
measured.

nanoantennas with respect to the glass substrate surface. This tilt can be induced during the
fabrication procedure, due to tension within the BCB layer when it is transferred to the glass
substrate (see Section 5.2). Onward, the second-harmonic emission shown at the centre of the
radiation patterns will be nominated normal second-harmonic generation to make reference

to the nonlinear emission along the optical axis and in the normal direction.

In this section, we showed the SHG far-field patterns of (111)-GaAs nanoantennas can be
controlled by the polarisation angle of the fundamental beam, while the total SHG efficiency

of the same nanoantenna remains constant at different polarisation angles.
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FIGURE 5.6: (a) Illustration of the (110) zinc blende crystal plane. The
laboratory and crystal coordinates are defined as (z,v, z) and (2,3, 2'), re-
spectively; ¢ is the in-plane polarisation angle of the fundamental beam with
respect to the x-axis. (b) Schematic of all-optical switchable nonlinear emis-
sion from (110)-GaAs nanoantennas.

5.4 SHG of (110)-GaAs nanoantennas

In this section, we study the SHG from individual (110)-GaAs nanoantennas, excited at
different polarisation angles ¢ of the fundamental beam (see Figure 5.6a). The forward and
backward SHG of GaAs nanoantennas, embedded in a transparent low-index material, were
simultaneously studied. Switchable directional SHG was obtained by controlling the size of

the nanoantenna and the polarisation angle of the fundamental beam (see Figure 5.6b).

5.4.1 Forward and backward SHG intensity

Individual (110)-GaAs nanoantennas were fabricated (see Section 5.2) in the range of 150 to
350 nm radius, with a step size of 2 nm, and at a fixed height of 400 nm. In this range, the
nanoantennas support only low-order multipoles (up to quadrupoles) at the FW of 1450 nm.
The nanoantennas were positioned 10 pm apart, which makes them optically isolated. A
femtosecond laser beam (duration pulse of 225 fs and repetition rate of 80 MHz) with 10 mW
of average power and operating wavelength of 1450 nm, was used as the fundamental beam.

The fundamental beam was focused by an objective lens (NA of 0.7) on the nanoantennas, to



100 5 TAILORED SHG FROM (111)- AND (110)-GAAS NANOANTENNNAS

a T T T b

Forward ' For:ward

® Backward

® Backward

SHG power (nW)
a
SHG power (nW)

|
0

150 200 250 300 350 150 200 250 300 350
Radius (nm) Radius (nm)

FIGURE 5.7: Measured power of the forward and backward SHG, as a func-
tion of the nanoantenna radius, when the angle ¢ of the fundamental beam is
polarised along the (a) x-axis and (b) y-axis.

a 2 pm diffracted-limited spot size. The backward SHG was collected by the same objective

lens, while the forward SHG was collected by another objective lens (NA of 0.8).

The average power of the forward and backward SHG was measured (dots) and calculated
(solid line), as shown in Figure 5.7. The power of the SHG was plotted as a function of the
nanoantenna radius for two polarisation angles, ¢ = 0 (x-polarised) and = /2 (y-polarised),
of the incident beam. As shown in Figure 5.7a, when a polarisation angle of ¢ = 0 is
considered, the forward SHG shows two peaks of enhancement, while the backward SHG is
low for all the nanoantenna studied. Figure 5.7b considers a polarisation angle of ¢ = 7/2,
where in contrast the forward SHG has one peak of enhancement for large nanoantenna radii
and the backward SHG has one peak of enhancement for small nanoantenna radii. Thus, for a
polarisation angle of ¢ = 7/2, the forward to backward SHG can be controlled by changing
the nanoantenna radius. For small nanoantenna radii the backward SHG dominates over the
forward emission. Around a nanoantenna with » = 250 nm, similar contribution of the forward
and backward SHG is observed. Finally, for the largest nanoantenna radii the forward SHG
dominates over the backward emission. Interestingly, when considering specific nanoantenna,
the backward to forward SHG ratio can be also controlled by the polarisation angle ¢. For
example, around a nanoantenna with » = 200 nm and a polarisation angle of ¢ = 0, the

forward SHG dominates over the backward SHG. Instead, if the polarisation angle is ¢ = /2,
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the backward SHG dominates over the forward SHG. Therefore, the relative forward and
backward SHG can be tuned by the nanoantenna radius or the polarisation of the fundamental
beam. The interesting features observed in the SHG are attributed to the properties of the

second-order nonlinear tensor of (110)-orientated GaAs nanoantennas (/04).

5.4.2 Forward and backward SHG radiation patterns

The 2D backward and forward SHG radiation patterns of (110)-GaAs nanoantennas were
measured by imaging the BFP of the objective lenses (see Section A3). The SHG radiation
patterns of three nanoantennas with different radii, obtained with an angle ¢ = 0, are shown
in Figure 5.8. The nanoantennas with » = 180 nm and » = 260 nm correspond to a resonant
and off-resonance forward SHG, respectively (see Figure 5.8a); while the nanoantenna with
r =230 nm correspond to a middle state. The forward SHG radiation patterns observe strong
normal emission for the three nanoantennas studied. In contrast, the backward SHG radiation
patterns only observe strong normal emission for the resonant nanoantennas with » = 180 nm.
The calculated SHG radiation patterns are well correlated with the corresponding experimental
images. The small differences observed between experiments and calculations were attributed

to non-uniform fabricated nanoantennas.

Earlier in Section 5.4.1, the control of the forward to backward SHG was discussed by
changing the incident polarisation angle. This concept is illustrated in Figure 5.9, where the
SHG radiation patterns of a nanoantenna with » = 210 nm were measured for two polarisation
angles, ¢ =0 and ¢ = 7/2. A strong forward SHG occurs when ¢ = 0, while the backward
SHG is simultaneously suppressed (see Figure 5.9a). If the polarisation angle is changed
to ¢ = 7/2, enhanced SHG occurs in the backward direction with the suppression of the
forward SHG (see Figure 5.9b). These results demonstrate the possibility of using (110)-
GaAs nanoantennas as tunable nonlinear "Huygens" sources, where high directionality and

vanishing backward scattering is observed.
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FIGURE 5.8: Measured and calculated SHG radiation patterns of three nanoan-
tennas with different radii: 180, 230 and 260 nm, under a polarisation angle
of ¢ = 0. Each experimental image is normalised to its respective maximum
pixel value to obtain a good contrast.
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FIGURE 5.9: Forward and backward SHG radiations patterns of nanoantenna
(r=210 nm) excited by two polarisation angles: (a) ¢ = 0 and (b) ¢ = 7/2.
The measured SHG radiation patterns (left) and the calculated SHG far-field
radiation patterns (right) are shown in every case.
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5.5 Comparison among differently oriented GaAs-based

nanoantennas

The second order nonlinear response of GaAs, a non-centrosymmetric material, is aniso-
(2)

tropic, that is ;3 is not invariant under rotation. The nonlinear response of GaAs-based
nanoantennas significantly depends on the mutual orientation between the crystalline axes
and the polarisation angle of the incident beam. In this thesis, we have shown experiment-
ally and theoretically different features of the second-harmonic emission from GaAs-based
nanoantennas grown along different crystallographic orientations. In particular, we have
shown the differences of the SHG radiation patterns from GaAs-based nanoantennas grown
along different crystallographic orientations. In Chapter 4, we observed a doughnut-shaped
forward and backward SHG with zero normal emission from (100)-AlGaAs nanoantennas.
This characteristic radiation pattern does not change with the size of the nanoantennas or
the polarisation angle of the incident beam. At the beginning of this chapter we presented
the SHG radiation patterns from (111)-GaAs nanoantennas, in this case non-zero forward
second-harmonic emission was observed for a particular nanoantenna; while the forward SHG
radiation patterns were dependent of the incident polarisation angle. After that, we studied the
radiation patterns of (110)-GaAs nanoantennas, demonstrating normal forward and backward

SHG for several cases. Normal SHG is important since it increases the collection efficiency,

allowing us to explore more applications for GaAs-based nanoantennas.

We finalise this chapter by performing simulations of the SHG from GaAs nanoantennas with
different crystallographic orientations. To facilitate the comparison, only the crystallographic
orientations were changed while all the other parameters remained constant. We considered a
GaAs nanoantenna with » = 210 nm and /4 = 400 nm, placed in a homogeneous host medium
with a refractive index n = 1.44, and illuminated by a fundamental beam with a wavelength
A = 1450 nm. Three crystallographic orientations of the GaAs nanoantennas were considered:
(100), (111) and (110). The dependence of the SHG efficiency on the incident polarisation
angle ¢ is shown in Figure 5.10a. The SHG of the (100)-GaAs nanoantenna has a minimum at

¢ =0° and a maximum at ¢ = 45°, as the angle increases from 45° to 90° the SHG goes from
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FIGURE 5.10: Calculated polar plots of (a) total SHG efficiency and (b)
forward to backward SHG ratio, as a function of the incident polarisation
angle . In the simulations, GaAs nanoantennas (r = 210 nm, 4 = 400 nm)
with different crystalline plane orientations were considered: (100) in red,
(111) in blue and (110) in green.

a maximum to a minimum. This behaviour is in agreement with the one previously observed
in Section 3.6 (see Figure 3.9). The behaviour is repeated every 90°, giving a four-fold SHG
symmetry. The SHG of a (111)-GaAs nanoantenna is constant for any incident polarisation
angle, as it was previously shown in Section 5.3.1 (see Figure 5.4). The SHG of a (110)-GaAs
nanoantenna has a minimum at ¢ = 0°, the efficiency increases with the polarisation angle
until ¢ =45°, where the SHG remains almost constant as the angle ¢ increases. At ¢ = 135°
the SHG starts to decrease presenting another minimum at ¢ = 180°. After ¢ = 180°, the
behaviour is repeated giving a two-fold SHG symmetry. Also, the forward to backward
SHG ratio was calculated as a function of the polarisation angle, for three crystallographic
orientations. The calculations are shown in Figure 5.10b. In this case, the forward to backward
SHG ratio of the (100)- and (111)-GaAs nanoantennas remains constant for any incident
polarisation angle. While high SHG directionality of the (110)-GaAs nanoantenna can be
tuned by the incident polarisation angle. The backward SHG dominates over the forward

SHG for ¢ = 0°, while the forward SHG dominates over the backward SHG for ¢ = 90°.
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5.6 Conclusions

In this chapter, we studied the influence of the crystallographic orientations of GaAs nanoan-
tennas in their nonlinear response. First, we studied the SHG of (111)-GaAs nanoantennas
and demonstrated, theoretically and experimentally, non-zero normal SHG. We demonstrated
SHG efficiencies that are independent on the incident polarisation angle and SHG radiation
patterns that are dependent on the incident polarisation angle. Next, we studied the forward
and backward SHG of (110)-GaAs nanoantennas, demonstrating control over the forward
and backward SHG by changing the radius of the nanoantennas and the incident polarisation
angle. Most importantly, we demonstrated nonlinear unidirectional and normal emission. The
switching between all-forward and all-backward SHG was achieved optically, i.e. without
introducing physical changes to the system. Last but not least, we compared the SHG of
GaAs nanoantennas with three crystallographic orientations, which demonstrates the unique

capabilities of (110)-GaAs nanoantennas to control the SHG at the nanoscale.

Our results pave the road towards new and practical applications in nonlinear photonics, such
as ultrathin nonlinear mirrors based on dielectric metasurfaces where the fundamental beam
and the harmonic emission are directed in opposing directions. The GaAs nanoantennas can
be also used in nonlinear nanophotonics technologies with applications in nanoscale light

sources, tunable routing elements, optical switches, etc.



CHAPTER 6

Infrared imaging in nonlinear (110)-GaAs metasurfaces

6.1 Introduction

The previous chapters were dedicated to fundamental studies of SHG using individual GaAs-
based nanoantennas with different crystallographic orientations. The SHG intensity, polarisa-
tion and directionality were studied and controlled under the excitation of multipolar Mie-type
resonances within the nanoantennas. The control over the properties of the second-order
emission allow us to explore the potential application of GaAs nanoantennas arrays, also

known as metasurfaces.

Metasurfaces consist of structured arrays made up of resonant nanoantennas which provide
resonant enhancement of the incoming electromagnetic fields. In addition, the in-plane
coupling between the individual nanoantennas can lead to a complex optical response of
metasurfaces (see Section 1.5). In our previous studies, we observed zero normal SHG of
individual (100)-AlGaAs nanoantennas (see Section 4.3.3); meanwhile vanishing zero-order
diffraction SHG has been reported in metasurfaces composed of (100)-GaAs nanoanten-
nas (/11). In the case of individual (110)-GaAs nanoantennas, our studies showed non-zero
normal SHG and controllable SHG directionality (see Section 5.4). These results anticipate

attractive properties of (110)-GaAs metasurfaces to be applied in the nonlinear optical regime.

Infrared imaging is a technique used to capture invisible infrared images and convert them,
through different physical mechanism, into visible ones. In this chapter, we used GaAs

metasurfaces to perform infrared imaging by using a nonlinear optical process: SFG. First
106
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we analyse the second- and third-order nonlinear emissions generated by (110)-GaAs metas-
urfaces, including SFG. Then, we demonstrate up-conversion of an infrared signal beam to
the visible spectrum, assisted by the use of a strong pump beam and realised through the
SFG nonlinear process. Even more, when an infrared image of a target (in the signal beam)
and a pump beam simultaneously illuminate the metasurface, a visible image of the target is
produced at the output of the metasurface. The SFG nonlinear mixing process enables the
realisation of visible images from the target, which can be resolved in the femtosecond regime

and can be detected by a conventional CCD camera.

6.2 Design of GaAs metasurface

SHG can be seen as the degenerate case of the SFG process (see Section1.3.2), therefore
similar approaches to the ones used earlier in this thesis can be used to study SFG. In this
section, we use numerical simulations to design resonant (110)-GaAs metasurfaces and
enhance the nonlinear optical response of the metasurfaces. From the obtained results, the

corresponding (110)-GaAs metasurfaces are fabricated.

6.2.1 Linear response of GaAs metasurface

We start this chapter by engineering the linear optical properties of (110)-GaAs metasurfaces
using numerical calculations. The numerical 3D electromagnetic calculations were performed
using the finite element method in COMSOL Multiphysics. The GaAs metasurfaces, com-
posed of an array of GaAs disk nanoantennas embedded within a homogeneous medium with
n = 1.44, are simulated by implementing Floquet boundary conditions to mimic an infinite
2D periodic structure. The dispersion of the GaAs permittivity was taken from tabulated data

previously reported (98).

The metasurfaces are designed through geometric tuning to support strong resonances at
both signal and pump wavelengths, thus increasing the conversion efficiency of the SFG
process. Several geometric parameters can be optimised to obtain strong resonances in the

metasurface, e.g. the radius r and height / of the nanoantennas, and the periodicity P of the
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FIGURE 6.1: Calculated two-dimensional transmission plot (colour scale at
right side) as a function of the array periodicity of the GaAs metasurface
and GaAs nanoantenna radius. The calculations were performed at a fixed
wavelength of (a) 860 nm (pump) and (b) 1580 nm (signal). The nanoantenna
height is fixed at 400 nm. Double resonant behaviour, at the pump and signal
wavelengths, is achieved in a metasurface with periodicity of 750 nm and
nanoantenna radius of 225 nm, indicated by the red and orange dots.

array; while the wavelengths of the pump and signal beam can be tuned around the spectral
region of interest. In our calculations, the height of the nanoantennas and the wavelengths of
the excitation beams were fixed. The height of the nanoantennas was fixed at 400 nm, while
the wavelength of the pump and signal beams were fixed at 860 nm and 1580 nm, respectively.
These wavelength were chosen according to the potential application of GaAs metasurface
for infrared imaging. When infrared imaging is performed, laser diodes emitting at 860 nm
could be used as the pump laser source to up-convert the near-infrared radiation (1-3m) into
the visible spectrum. The near-infrared radiation is created by hydroxyl ion emissions in the
upper atmosphere, a phenomenon that is called atmospheric night glow. Among the range of
wavelengths in the near-infrared region, we decided to work with a signal beam at 1580 nm
since its frequency-mixing (SFG) with 860 nm generates the radiation of green photon, where
the human eye has a maximum sensitivity. The transmission map obtained when varying the
metasurface period from 600 to 1000 nm, and the nanoantennas radius from 175 to 300 nm
is shown in Figure 6.1. The areas of interest in this figure are the low transmission areas
indicated by blue coloured regions, which correspond to the strong resonant behaviour of
the metasurface. Figure 6.1a was calculated considering an incident wavelength at 860 nm

(pump), while Figure 6.1b was calculated considering an incident wavelength at 1580 nm
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(signal); in both cases normal illumination was considered. In Figure 6.1a, strong resonances
are observed in metasurfaces with periodicities in the range of 600 to 850 nm and radius in
the range of 220 to 260 nm, approximately. In the case of Figure 6.1b, strong resonances are
observed for metasurfaces with periodicities in the range of 700 to 850 nm and radius in the
range of 220 to 280 nm, approximately. Thus, the transmission maps shown in Figure 6.1
offer a range of geometric parameters where strong resonances are observed simultaneously
in the two wavelengths of interest. For example, by observing the vertical white dotted line
in Figure 6.1a and b (at P = 750 nm) strong resonances are observed simultaneously for
nanoantennas radii between 220 and 280 nm. The pair of geometric parameters (P and r)
indicating a double resonant behaviour of the metasurface were used to simulate the SFG
emission. According to a strong double resonant behaviour and maximum SFG normal
emission, the final design consists of a GaAs metasurface with P = 750 nm, r = 225 nm (see

red and orange dots in Figure 6.1) and 4 = 400 nm.

6.2.2 Field spatial profiles

The spatial field profiles of the pump, signal and SFG are calculated in the designed GaAs
metasurface (A = 400 nm, r = 225 nm and P = 750 nm). The nonlinear response of the
metasurface is obtained in a two steps approach. First, the linear problem at the incident
frequencies is calculated. Then, the problem at the SFG frequency is solved by employing the
nonlinear polarisation as the source of the SFG field. Due to the zinc blende GaAs crystal

(2)
ijk

structure, we can define the i-th component of the nonlinear polarisation as P;(ws) = 2€¢p X
[E;(w1)Er(wo)+ER(w1)E;(we)] with i # j # k, where ¢ is the vacuum permittivity. E;(w;)
is the j-th component of the electric field at the angular frequency w; corresponding to a
wavelength of 1580 nm, Ej(w2) is the k-th component of the electric field at the angular
frequency ws corresponding to a wavelength of 860 nm, and P;(ws) is the i-th component of
the nonlinear polarisation field at the angular frequency w3 corresponding to a wavelength of

557 nm.

The distribution of the electromagnetic field in the metasurface was calculated for the pump,

signal, and SFG fields, as shown in Figure 6.2. In each case, the spatial profile of the electric
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FIGURE 6.2: Calculated electric field amplitudes in the xy-plane of a GaAs
nanoantennas with r =225 nm and 4 = 400 nm at (a) 860 nm pump wavelength,
(b) 1580 nm signal wavelength and (c) 557 nm SFG wavelength. The calcu-
lations were performed in COMSOL Multiphysics by implementing Floquet
boundary conditions to mimic an infinite 2D periodic structure (P =750 nm)
and considering y-polarised pump and signal beams.

field is shown in the xy plane of a unitary cell disk nanoantenna. The spatial field profile of the
pump is shown in Figure 6.2a. A maximum enhancement of about 2 times, with respect to the
incident field, is exhibited according to its resonant behaviour (see Figure 6.1a). The spatial
distribution of the pump field suggests the excitation of a quadrupolar mode. Multipolar
decomposition of the total scattering from the metasurface corroborates the contribution
of a strong electric quadrupolar mode, followed by a magnetic quadrupolar mode at the
pump wavelength (860 nm). The field spatial profile of the signal, illustrated in Figure 6.2b,
shows a field enhancement of as much as three times, with respect to the incident field. The
spatial distribution of the signal field suggests the excitation of a dipole mode. Multipolar
decomposition of the total scattering from the metasurface corroborates the contribution of a
strong magnetic dipole mode followed by an electric dipole mode at the signal wavelength
(1580 nm). The distribution of the induced SFG electric field is shown in Figure 6.2c. The
spatial distribution of the SFG field resembles a quadrupolar mode, suggesting stronger
coupling of the sum-frequency field with the pump than with the signal beam. However, a
combination of magnetic and electric modes describes the spatial distribution of the sum-
frequency field and further calculations are required to quantify the mode overlap of the

nonlinear field with the pump and signal beams.
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FIGURE 6.3: Oblique scanning electron microscopy images of a region of
the GaAs substrate used in the fabrication (a) before the transfer, with the
fabricated GaAs array on the top of it and (b) after the transfer.

6.2.3 Fabrication of GaAs mestasurface

According to the design obtained in Section 6.2.1, arrays of GaAs nanoantennas with 4 = 400
nm, r =225 nm and P = 750 nm were fabricated. First, a GaAs substrate wafer oriented in the
(110)-direction was used to perform planar growth of AlAs and GaAs epitaxial layers using
MOCVD. The first AlAs layer was used as a lift-off buffer layer, while the GaAs layer was
used to obtain arrays of single-crystalline GaAs disk nanoantennas. The nanoantenna arrays
were defined using electron-beam lithography and sequential inductively coupled plasma
etching (see Figure 6.3a). Next, the nanoantenna arrays were bonded to a BCB layer, followed
by its curing and bonding to a thin glass substrate. Finally, the glass substrate with the GaAs
nanoantennas arrays embedded in the BCB layer was peeled off from the main GaAs wafer
(see Figure 6.3b). More details of the fabrication procedures can be found in Sections 2.4
and 5.2. The fabricated metasurfaces consist of GaAs nanoantennas square arrays of different
sizes, embedded in a BCB layer and lying upon a glass substrate. The sizes of the fabricated

metasurfaces were: 30 x 30 um, 55 x 55 pum and 70 x 70 pm.

6.3 Optical characterisation of GaAs metasurface

In this section, I present the linear and nonlinear characterisations of the GaAs metasurfaces,
emphasising on the SFG process. At the end of this section, the application of the metasurfaces

to transform an infrared image into the visible spectrum is presented and discussed.
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6.3.1 Linear characterisation

The linear transmission of the GaAs metasurface was measured using a white light spectro-
scopy setup. The setup was built based on the Kohler illumination which creates a uniform
and grainless illumination across the field of view, despite the use of a non-uniform brightness
lamp. Light is collected from the near side of the halogen lamp using a collector lens (L 1).
The collector lens focuses the light from the source on the back focal plane of the condenser
lens (L2). The condenser lens (f=30 mm) transforms the focused light, according to the
Fourier transform, to a plane collimated beam. As a result, the sample focal plane is evenly
illuminated as illustrated in Figure 6.4. A polariser and two diaphragms are inserted in the
optical path of the Kohler illumination. The polariser (P) transforms the unpolarised light
from the lamp source into a linear polarisation state. The first diaphragm (D1), also called
field diaphragm, controls the area of the sample being illuminated i.e. the field of illumination
on the sample plane, without affecting the angle of the illumination. The second diaphragm
(D2), so called condenser aperture, controls the illumination angle. When the condenser
aperture is narrowed down, the collimated beams which intersect the sample get progressively
cut-off. Consequently the light cone angle which illuminates the sample is decreased and
the light illuminating the sample further resembles a plane wave. However, in such case,
the intensity of the light in the system drops. An objective lens (20X Mitutoyo Plan Apo
NIR with a NA of 0.40) collects the transmitted light and builds the image of the sample.
By placing a rectangular knife-edge aperture at the focus of two confocal lenses (L3 and L4
both with f=75 mm) the forward scattering light is filtered out from the optical system. The
light transmitted through the sample is collected by the lens L4 and is finally coupled to an
optical fiber. The optical fiber is connected to either a visible spectrometer (Ocean Optics
65000) or to an infrared one (Princeton Instruments Acton SP 2300 monochromator with
Andor DU490A-1.7 InGaAs array detector), detecting the corresponding spectrum from the
sample. A flip mirror is used after the lens L4 to see the image of the sample with a CMOS
camera (Thorlabs, DCC1545M).

Using the spectroscopy setup explained above, the transmission spectrum of the GaAs

metasurface was measured, as schematically depicted in Figure 6.5a. In our measurements the
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FIGURE 6.4: Schematic of optical system used to measure transmission
spectra from metasurfaces. Light is collected from a lamp by a collector lens
(L1) and focused in the rear focal plane of a condenser lens (L.2), creating a
plane uniform light beam that illuminates the metasurface. The diaphragms
in the optical system control the illumination area on the metasurface plane
and the light intensity reaching the metasurface (Kohler illumination). The
light transmitted through the metasurface is collected by an objective lens and
transmitted to a pair of confocal lenses (L3 and L4).

condenser aperture was nearly closed (diameter of the iris aperture was ~ 2 mm) to reduce
the illumination angles to +3°. This aperture ensures a near-normal plane wave illumination
of the metasurface in accordance to the conditions considered earlier in the calculations (see
Figure 6.1). The visible and near-infrared transmission spectra were measured as a function of
the wavelength, as shown in Figures 6.5b and c, respectively. Figure 6.5b shows a transmission
spectrum with three strong resonances (dips) centred around 580, 770 and 885 nm. The
resonant behaviour of the metasurface at the pump wavelength (860 nm) is indicated by a red
dot in Figure 6.5b. In addition, a resonant behaviour is observed around the SFG wavelength
(550 nm), indicated by a green dot. Figure 6.5¢ shows a transmission spectrum with two
strong resonances centred around 1250 and 1630 nm and a small resonance centred around
1385 nm. The resonant behaviour of the metasurface around the signal wavelength (1580 nm)
is indicated by an orange dot in Figure 6.5c. The transmission spectra of the metasurface (see
blue dots in Figure 6.5b and c) exhibited periodic fringes due to Fabry-Perot interference.
This interference was introduced by two thin glasses, glued to each other, which constitute
the substrate of the GaAs metasurfaces. An average filter function from Matlab was used (see

black line in Figure 6.5b and c) to smooth the measured transmission spectra.
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FIGURE 6.5: (a) Schematic of a metasurface illumined by light waves produ-
cing scattering of light. Measured transmission spectra of GaAs metasurfaces
in the (b) visible and (c) near-infrared spectrum. The wavelength position
of the SFG, pump and signal is indicated by the green, red and orange dots,
respectively.

6.3.2 Nonlinear characterisation

6.3.2.1 Optical system

The optical system used for the nonlinear characterisation of the GaAs metasurface is de-
scribed below. The output of a tunable mode-locked Ti:Sapphire laser (Chameleon, Ultra II
with a repetition rate of 80 MHz) is split into two beams to obtain a pump and a signal beam.
The pump beam is delivered by the tunable Ti:Sapphire laser with a central wavelength that
can be tuned from 680 to 1080 nm. The signal beam is obtained from an Optical Parametric
Oscillator (OPO) (Coherent, Compact OPO with a repetition rate of 80 MHz), coupled to the
main oscillator (Chameleon, Ultra II). When coupled to the OPO, the tuning wavelength of the
main oscillator is reduced, from 740 to 880 nm, while the wavelength of the signal beam has
a tuning range of 1000-1600 nm. The output beams are sent through different optical paths,
one of which passes through an optical delay line as observed in Figure 6.6. The temporal
duration of the pump and signal pulses was measured using the frequency-resolved optical
grating (FROG) method, across a range of wavelengths. In the case of the pump pulse laser,
the beam was tuned from 800 to 900 nm obtaining an average temporal duration of 181 +
10 fs. For the signal pulse laser, the temporal duration was measured from 1520 to 1560 nm
obtaining an average temporal duration of 152 + 4 fs. The output polarisation of the pump

and signal beam (horizontally linearly polarised) was controlled separately by two achromatic
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half-wave plates (Thorlabs AHWP10M-980 and AHWP0O5M-1600, respectively). The image
of a target is encoded in the signal beam through an imaging system which is described in
Section 6.4. An optical delay line, consisting of two mirrors sitting at about 90 degrees to each
other and mounted in a travel translation stage (Thorlabs, PT1/M), extends or shortens the
length of the pump beam path without changing its alignment. The temporal synchronisation
between the pump and signal pulses was controlled by tuning the optical delay line. The
signal and pump beams are spatially combined by a dichroic mirror (DM), afterwards the two
beams propagating collinearly to each other are focused at the same position on the GaAs
metasurface by a plano-convex lens (L1 with f=50 mm). The generated frequency-mixing
emissions and the transmitted pump are collected by an objective lens (100X Mitutoyo Plan
Apo NIR Infinity Corrected Objective) with a NA of 0.5. The transmitted pump is filtered-out
from the optical system by two short-pass filters (Fs) with a cut-off wavelength of 600 nm
(Thorlabs, FESH0600). The remaining nonlinear emissions were collected by a lens (L2) and
sent to a CCD camera (StarlightXpress SXVR-H9) or coupled by a lens (L3) to an optical
fiber connected to a spectrometer (Ocean Optics 65000). Note that only a portion of the
generated nonlinear emissions are collected by the NA of the objective lens, which has a
maximum collection angle of ~ 30°. An schematic of the optical system described above is

shown in Figure 6.6, together with its more important optical elements.

6.3.2.2 Nonlinear emission of metasurface

In the present section, the nonlinear spectra generated by the GaAs metasurface is presented,
analysed and discussed. Through all the measurements shown in this section, the imaging
system (encoding the image of the target) was placed in the optical system. However, the
practical use of the imaging system was prevented by placing the target outside the optical

path of the signal beam. The imaging system is only used in the last part of this chapter.

The SFG intensity of the metasurface was measured by independently tuning the wavelength
of the signal and pump beam around the resonances of interest (see red and orange dots
in Figure 6.5b and c). First, the wavelength of the signal beam was fixed at 1510 nm and

the wavelength of the pump was tuned from 830 to 880 nm, as shown in Figure 6.7a. Both
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FIGURE 6.6: Schematic of optical system used to study the nonlinear emis-
sions from the GaAs metasurface. A Ti:Sapphire laser pumps an optical
parametric oscillator (OPO) cavity. At the output of the OPO cavity, two
beams with the same polarisation and repetition rate, but different wavelength
are used as the signal and pump excitation beams. The polarisation of the
signal and pump beams is controlled by half-wave plates (HWP). The signal
beam encodes the information of a target (through the imaging system). The
pump pulse is temporally synchronised to the signal pulse by an optical delay
line. The signal and pump beams are spatially combined by a dichroic mirror
(DM) and focused by a lens (L 1) at the same position on the GaAs metasurface.
The nonlinear emissions generated by the GaAs metasurface, together with
the transmitted excitation beams are collected by an objective lens with a NA
of 0.5. At the back aperture of the objective lens, two short-pass filters (Fs) are
used to filter-out the transmitted excitation beams. The remaining nonlinear
emissions are either focused (by the lens L2) in the CCD of a visible camera,
or coupled (by the lens L3 and a 3D stage not shown in this figure) to an optical
fibre connected to a spectrometer. In the schematic, the pump and signal beam
are not spatially overlapped only for visualisation purposes.

beams were linearly polarised along the horizontal direction. The spectrum in Figure 6.7a
shows the emission of the SFG from 534 to 554 nm, with a maximum efficiency at 546 nm,
corresponding to an excitation pump beam at 860 nm. After exhibiting a maximum at 549
nm, the SFG intensity decreases with the increase of the pump wavelength. The use of a
pump beam with a wavelength longer than 880 nm is limited by our laser system. The weak
peak observed around 570 nm is generated by a third-order nonlinear process, details of this
third-order nonlinear process are discussed later on in this section. Next, the wavelength
of the signal beam was tuned from 1470 to 1570 nm, while maintaining the pump beam
fixed at 860 nm (see Figure 6.7b). The wavelength of the pump beam was chosen according

to the maximum SFG observed in Figure 6.7a. Figure 6.7b shows the SFG emission from
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FIGURE 6.7: Normalised SFG spectra of GaAs metasurface, measured when
tuning the wavelength of (a) the pump beam from 830 to 880 nm (signal beam
wavelength fixed at 1510 nm) and (b) the signal beam from 1470 to 1510 nm
(pump beam wavelength fixed at 860 nm).

541 to 554 nm, with a maximum at 549 nm, corresponding to a signal beam at 1530 nm.
After the maximum at 549 nm, the SFG intensity gradually decreases with the increase of
signal wavelength. Through all these measurements, the average power of the pump and
signal beams, measured right before the metasurface, was kept constant at 18 and 14 mW,
respectively. The power was controlled by a continuously variable neutral density filter placed
in the optical path of each beam. The temporal overlap between the pump and signal pulses
has a small dependence with the wavelength of the excitation beams, consequently the optical
delay line was adjusted in each measurement to obtain the maximum SFG. As can be seen in
Figures 6.7a and b, the optimized SFG intensity takes place when the metasurface is excited
by a pump beam at 860 nm and a signal beam at 1530 nm. This behavior is explained by the
near-field enhancement of the excitation beams, when the metasurface is resonantly excited

(see Figure 6.5b and c) at these excitation wavelengths.

According to the previous results, the nonlinear response of the GaAs metasurface was studied
under the excitation of signal and pump beams at the optimised wavelengths (pump at 860 nm
and signal at 1530 nm) using an average power of 10 mW in each beam, measured before
the metasurface. The visible nonlinear spectrum of the metasurface is shown in Figure 6.8a,

characterised by two strong nonlinear emissions centred at 430 and 550 nm. The emission at
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430 nm is originated by the SHG of the pump (2w, ), while the 550 nm emission is originated
by the SFG process (ws + w,). The wavelengths of the SHG and SFG are smaller than the
periodicity of the metasurface (P = 750 nm), thus diffraction of the nonlinear emissions is
expected. The diffraction of the SHG and SFG emissions was corroborated by performing
Fourier plane imaging. In both cases, strong zero and first diffraction orders were observed,
while the collection of higher diffraction orders was prevented by the NA of the objective
(see Figure 6.6). In the spectra shown in Figure 6.8a, the optical system was aligned to the
maximum SFG intensity e.g. by aligning the position of the collecting objective and the
coupling of the optical fiber to the SFG wavelength. The intensities of the SHG,,, and SFG,
and their intensity ratio, are slightly different when the optical system is maximised to the
SHGa,,, wavelength. In Figure 6.8a, the higher intensity of the SHG,,,,, as compared to
the SFG intensity, is unexpected due to the absorption of the material. Above the band gap
of GaAs (1.42 eV, 873 nm), the absorption coefficient increases as the incident wavelength
decreases. In addition, the calculations indicate stronger field enhancement of the incident
signal beam, as compared to the pump beam (see Figure 6.2a and b). The higher intensity of
the SHG (w), +w,) can be attributed to the full spatial overlap of the pump field with itself (see
Figure 6.2a). Whereas, in the case of SFG (w, + w,,) the spatial overlap between the signal
and pump beams (see Figure 6.2a and b) is not complete, thereby generating a weaker SFG
intensity. It is worth noting that the SFG intensity is also dependent on the spatial overlap
between the excitation and SFG fields (see Figure 6.2c). Further studies can be performed
to investigate the relative intensities of the nonlinear emissions. However, these studies are

outside the scope of our work.

To verify the origin of the strong nonlinear emissions observed in Figure 6.8a, the power of
the pump beam was gradually incremented from 2 to 20 mW with a 2 mW step, while the
power of the signal beam was kept constant. The intensities of the parametric emissions were
recorded and analysed in a log-log plot, as shown in Figure 6.8b. The dependency of the
SHGs,,, intensity was linearly fitted to the power of the pump beam, the linear fitting indicated
a slope of 2.11 £ 0.11, typical of a second-harmonic process. Similarly, the dependency of
the SFG intensity was linearly fitted to the power of the pump, the linear fitting indicated a

slope of 1.13 £ 0.01, typical of a sum-frequency process.
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Besides the strong nonlinear emissions observed in Figure 6.8a, three additional nonlinear
emissions of low intensity were recorded; their spectral positions are indicated by a start to
facilitate its recognition. The first one is generated around 400 nm, close to the SHG,,,, the
second one is generated around 600 nm close to the cut-off wavelength of the short-pass
filter used in experiments (see details in the description of optical system), therefore it has
an attenuated intensity. A third nonlinear emission is generated around 765 nm. The origin
of each nonlinear emission is explained below. The nonlinear emission centred at 405 nm is
originated by a FWM process (2w, + w,). To verify its origin, the emission spectrum was
measured for various signal beam wavelengths. The corresponding spectra are shown in the
left panel of Figure 6.8c, where the nonlinear emission is tuned from 396 to 410 nm when
the signal beam wavelength varies from 1470 to 1570 nm. The spectral position of every
peak in the left panel of Figure 6.8c corroborates the FWM origin of the emission centred
around 405 nm. This emission creates a small shoulder on the left side of the SHGa,,, peak
and therefore an asymmetry on it, as observed in Figure 6.8a. Another weak emission centred
at 597 nm is observed in Figure 6.8a, due to another FWM process (2w, — w;). The physical
origin of the corresponding FWM process was verified by measuring its spectrum for various
signal beam wavelengths, as shown in the right panel of Figure 6.8c. In this Figure, four
nonlinear emission are tuned from 590 to 596 nm, when the signal beam wavelength varies
from 1570 to 1510 nm, in agreement to the expected FWM spectral positions. When the
metasurface is excited by shorter wavelengths, 1490 and 1470 nm, the FWM i1s generated
at wavelengths longer than 596 nm. These emissions are, however, completely blocked by
the short-pass filter used in the optical system (cut-off wavelength of 600 nm). The spectra
shown in Figure 6.8c were taken with a constant average power of 18 and 14 mW in the pump
and signal beams, respectively. The intensities in Figure 6.8c are not shown as they are not
comparable with the experimental conditions of Figure 6.8a. Finally, the longest nonlinear
wavelength shown in Figure 6.8a corresponds to a peak centred at 765 nm, generated by
the SHG of the signal beam (2w;). The SHG,,,, spectrum was measured by removing the
shortpass filter used in the optical system and turning off the pump beam. The spectrum
obtained under these experimental conditions, with a single peak centred at 765 nm, was

plotted together with the other nonlinear emissions generated by the GaAs metasurface, as
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shown in Figure 6.8a. In summary, five parametric nonlinear emissions are generated by the
GaAs metasurface. Two strong emissions were generated in the visible spectrum through
a second-order nonlinear process, while three additional emissions of low intensity were
generated by second- and third-order nonlinear processes, as shown by the diagram levels
of Figure 6.8d. A previous study reported the generation of diverse nonlinear processes
in GaAs metasurfaces e.g. third- and forth- harmonic generation, six-wave mixing and
photoluminescence (//4). The richness of the nonlinear processes remains as an interesting
study, however in this thesis we aim to employ the enhancement of the SFG process for its

potential applications in infrared imaging.
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FIGURE 6.8: (a) Normalised nonlinear spectrum of GaAs metasurface. Two
strong emissions centred at 430 and 550 nm are generated by the SHGy,,
(of the pump) and SFG, respectively. In addition to the two strong nonlinear
emissions observed, three more emissions of low intensity are generated by
the metasurface. Its spectral position, 405, 597 and 765 nm, are indicated by
a star. (b) Intensity dependencies of SHGy,,, and SFG on the pump power,
shown in a log-log plot. The SHG,,, intensity depends quadratically on the
pump power, while the SFG intensity depends linearly. (c) The tuning of the
signal beam wavelength, between 1470 and 1570 nm, corroborates the FWM
origin of the nonlinear emissions centred at 405 and 597 nm. In the right panel,
the FWM process corresponds to 2w, + w,. In the left panel the FWM process
corresponds to 2w, — w;. (d) Diagram levels of the up-converted nonlinear
emissions generated by the GaAs metasurface.
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The SHGg,,, is produced by the mixing of one frequency, one pulse, therefore the temporal
synchronisation of the pump and signal pulses is not required for this process, as illustrated in
the top of Figure 6.9a. In contrast to SHG,,,,, the SFG is a frequency-mixing process that
requires temporal synchronisation of pump and signal pulses, as illustrated in the bottom
of Figure 6.9a. To temporally synchronise the pump and signal pulses, first is necessary to
understand the pulse propagation of both beams. As previously explained (see Section 6.3.2.1),
the output of a Ti:Sapphire laser was divided into two beams to obtain a pump and a signal
beam. One of the two Ti:Sapphire laser beams enters the OPO cavity travelling back and
forward inside the resonator cavity, around 167 cm more than its pair beam, to generate a
tunable near-infrared output beam at the output of the OPO cavity. In this thesis the output
beam from the OPO cavity is named signal beam. According to the configuration described,
the signal and pump beam have different optical paths, producing a time delay (At) between
the signal and pump pulses. The temporal synchronisation of the pulses at the metasurface
plane was achieved by matching the optical path length of both beams. The pump beam
travelled a long distance, as shown in Figure 6.6, to compensate for the additional distance
traveled by the signal beam inside the OPO cavity, thus matching the optical paths of both
excitation beams at the metasurface plane. The optical delay line shown in Figure 6.6 finely
adjusts the path length of the pump beam, allowing for precise control of the time delay
between the pump and signal pulses. The spectra of the up-converted nonlinear emissions
generated by the GaAs metasurface was measured as a function of the time delay, as illustrated
in Figure 6.9b. The SHG,,,, is observed at any time delay, while the strongest SFG emission
is observed at zero time delay. As the time delay increases from zero to 1333 fs, the SFG
intensity continuously drops until becoming negligible. According to the data presented in
Figure 6.9b, the temporal duration of the SFG emission was measured by plotting the SFG
intensity as a function of the time delay, as shown in Figure 6.9c. The measured temporal
duration of the SFG emission was 267 fs. This value is comparable to the temporal duration
of the convoluted pump and signal pulsed beams (217 fs), the differences among the two
values can be explained by dispersive effects. Short exposures times are required in the study
of ultra-dynamic mechanisms, therefore the SFG emission could be used as a probe in the

analysis of ultra-dynamic phenomena.
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FIGURE 6.9: (a) Schematic of the nonlinear emissions generated by the

metasurface at different time delays (At) between the pump and signal pulses.

The SHG of the pump centred at 430 nm is observed at any time delay (top of

figure). When the time delay is zero an additional strong nonlinear emission is

generated by the GaAs metasurfaces - the SFG centred at 550 nm (bottom of

figure). (b) Measured nonlinear spectrum generated by the metasurface as a

function of the time delay between the pump and signal pulses. The SFG is

only generated when the two pulses are temporally synchronised, while the

strongest spectral emission centred at 430 nm is generated at all time delays.

(c) Normalised SFG intensity as a function of the time delay, indicating the

SFG emission has a duration of 267 fs.
When light propagates through a medium, its velocity is governed by the refractive index
of the corresponding medium. Every time the signal or pump beam propagates through an
optical component such as a lens, optical density filter or half-wave plate, the velocity of the
beams changes, inducing different time delays between both pulses. For this reason and to
simplify the measurements, all the optical components shown in Figure 6.6 remained in the
optical system at all times, including the imaging system which is only employed to perform

infrared imaging, as presented in the next section.

6.4 Near-infrared imaging in GaAs metasurface

In this section, I present the results obtained by imaging the nonlinear emissions generated by
the GaAs metasurface. In particular, I demonstrate infrared imaging of a target, encoded in
the signal beam, through the up-conversion of both excitation beams using resonant GaAs

metasurfaces.

An imaging system was used to transfer the information of the target into the signal beam (see

Figure 6.6). The imaging system consists of a Keplerian telescope that projects the real image
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FIGURE 6.10: (a) Schematic of the imaging system used to encode the image
of a target in the signal beam. The system consists of a lens (L) and an
objective lens (5x magnification) placed in a confocal configuration. The
target is positioned at the focal distance of the lens. (b) Images of the target
acquired with an infrared camera, using only signal beam illumination. The
images of the target correspond to a portion of a Siemens star. In the right
panel, the target and metasurface were imaged on the same plane. The size of
the imaged metasurface is 30 x 30 pm.

of the target onto the metasurface plane, as explained below. A resolution target (Thorlabs,
R1L3S5P) was placed at the focal distance of a plano-convex lens (f=100 mm), the position
of the target across the xy plane was controlled by a translation mount (Thorlabs, XYF1/M).
After the target, a 5X objective lens (Mitutoyo Plan Apo NIR Infinity) with a NA of 0.14 was
used to collect the signal beam. The objective lens was fixed at its working distance (WD)
from the target resulting in a confocal configuration, as shown in Figure 6.10a. Through
this imaging system, a collimated signal beam containing the real image of the target was
obtained. The collimated signal beam was then focused onto the metasurface plane by a lens
(see L1 in Figure 6.6) projecting the image of the target onto this plane, as shown in the left
panel of Figure 6.10b. The right panel of Figure 6.10a shows the images of the target and the
GaAs metasurface on the same plane. The two images in Figure 6.10b were acquired with
an infrared camera (Xenics, XS-1.7-320), using only the signal beam to illuminate both the

target and metasurface.

When an infrared image of the target (signal beam) and a pump beam illuminate the GaAs
metasurfaces, the infrared image is transformed to the visible spectrum, through the SFG
process. This process is schematically represented in Figure 6.11a, where the infrared image

of a Siemens star is transformed to the visible. This process defines the operating principle of
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FIGURE 6.11: Concept schematic of infrared imaging. (a) An infrared signal
beam, encoding the image of a target, and a pump beam illuminate the GaAs
metasurface simultaneously. At the output of the metasurface a visible image
of the target is obtained through the SFG emission. In the measurements, a
Siemens star was used as the target image. (b) Schematic of infrared imaging
using a GaAs metasurface: an infrared image of the target (in the signal beam)
illuminates the GaAs metasurface, at the output of the metasurface a visible
image of the target (in the SFG) is obtained. The infrared and visible images
were acquired with an InGaAs and CMOS cameras, respectively.

an infrared imaging device: detect an infrared image and transform it to a visible one. In our
case, a nonlinear optical process (SFG) transforms the infrared image to the visible using a

GaAs metasurface, as illustrated in Figure 6.11b.

Figure 6.12 shows four SFG images of a 30 x 30 um GaAs metasurface, captured by a CCD
camera. The images correspond to different positions of the target (see Figures 6.12b-d),
including the case when the target is fully removed from the path of the signal beam (see
Figure 6.12a). The inhomogeneities observed in Figure 6.12a are due to fabrication defects in
the metasurface, as well as inhomogeneities in the pump beam. These inhomogeneities were
introduced by the additional 1.6 m distance travelled by the pump beam, with respect to the
signal beam (see Figure 6.6), required to temporally synchronize both pulses. Nevertheless,
when the target is inserted into the path of the signal beam, the spatial features of the target
are preserved in the up-converted images, as shown in Figure 6.12b-d. In the measurements,
an additional optical filter was used to filter out the SHG,,,. The section of the Siemens
star used to obtain the SFG images is shown in the right panel of Figure 6.12. Ideally, since

the SFG is a coherent parametric process, all the spatial information in the SWIR image
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FIGURE 6.12: (a) SFG emission from GaAs metasurface and (b-d) three SFG
images of the target when it is moved across the signal beam in the xy plane.
The section of the Siemens star used in these measurements is shown in the
right panel.

should be preserved to the visible. However, in the case of a metasurface the different spatial
features of the target are being converted by hundreds of independent nanoantennas, which
are spatially distributed within the metasurface. Therefore, any fabrication imperfections of
the nanoantennas could introduce additional noise into the up-converted image (in contrast to
conventional schemes). Thus, metasurfaces require good fabricated quality and uniformity
to obtain clear images from the target in the visible spectrum. The visible images shown
in Figure 6.12 completely disappeared when the pump and signal beam were temporally
desynchronised (using the optical delay line), corroborating they are only originated by the

SFG process.

6.5 Discussion

As it is the case for many other applications of GaAs metarufaces, infrared imaging requires
high nonlinear conversion efficiencies. In this section, different factors influencing the

conversion efficiency of the SFG process are discussed.
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In general, the efficiency of nonlinear processes is enhanced by increasing the power of the
incident beams. The use of high powers in plasmonic metasurfaces is limited by their low
damage thresholds, while semiconductors metasurfaces have higher damage threshold when
excited below its band gap. In our studies, the power of the incident beams was increased
to enhance the conversion efficiency of the SFG process. While increasing the power of the
pump and signal beam, the GaAs metasurface reached its saturation point. At this point, the
SFG intensity started to continuously decrease and after a few seconds it became steady at
low intensity levels. After observing this behaviour, the metasurface was removed from the
optical system and placed in an optical microscope. Structural changes were observed in
the excited metasurface, such as disordered arrangement of the GaAs disk nanoantennas,
otherwise periodically arranged, and changes in the colour of the metasurface observed by the
optical microscope; these changes were associated to the melting of the BCB layer. To avoid
this, the damage threshold of the pump and signal beam were separately determined. First,
a non-damaged metasurface was illuminated by the signal beam and the SHG,,,, intensity
was recorded while increasing the power of the signal beam. Then, another non-damaged
metasurface was illuminated by the pump beam and the SHG,,,, intensity was recorded
while increasing the power of the pump beam. The damage threshold of the pump beam was
determined to be lower than the one from the signal beam, indicating stronger absorption of
the pump beam due to its proximity to the GaAs band gap. All the measurements presented

in this chapter were performed far from the damage thresholds of the GaAs metasurface.

The size of the incidents beams, at the metasurface plane, are relevant to the SFG conversion
efficiency and to the size of the target image. At the metasurface plane, the spot size of the
pump and signal beams are usually different from each other. In our case, the spot size of
the pump beam was smaller than the one from the signal beam. Thus, the SFG conversion
efficiency is limited by the smallest spot size i.e. by the pump beam, since the portion of
the signal beam that does not spatially overlap with the pump beam will not contribute to
the SFG process. The spot size of the pump beam does not only limit the efficiency of the
SFG process, but also the size of the infrared target imaged (see Figure 6.10b). Thus, even
when bigger metasurfaces were available to perform infrared imaging (see Section 6.2.3),

the smallest available metasurface of 30 x 30 xm was used through all the measurements
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presented in this chapter. In future works, careful attention will be given to the spot size of
the incident beams. Enlarged and equal spot sizes of the pump and signal beam are desirable

for infrared imaging applications.

Another strategy to increase the SFG efficiency is the excitation of anapole or Fano states.
As earlier discussed in this thesis (Section 1.4.2), when an anapole state is excited within
individual dielectric nanoantennas increased conversion efficiencies of nonlinear processes
are observed (52, 53). In dielectric metasurfaces, the excitation of anapole or Fano states is
characterised by sharp resonances with high quality factors (88, 113, 156) which increases
the nonlinear conversion efficiencies (88, 113). Also the excitation of bound states in the
continuum (BIC), characterised by infinitely large quality factors, would enhance the nonlin-
ear conversion efficiencies in nanoantennas. The excitation of quasi-BIC resonances have
demonstrated enhanced SHG in AlGaAs nanoantennas (/57). To increase the SFG conver-
sion efficiency, future designs can explore GaAs metasurfaces supporting anapole, Fano or

quasi-BIC resonances.

The spatial overlap of the incident modes with the nonlinearly generated modes can also
improve the nonlinear conversion efficiencies in nanostructures. This approach has been
already reported for enhanced SHG in nanoantennas (44) and metasurfaces (/58), due to
the spatial overlap between the fundamental and second-harmonic modes. Thus, the spatial
overlap between the pump and signal modes with the SFG mode can further enhance the SFG

conversion efficiency.

Finally, in view of the possible applications of GaAs metasurfaces to perform infrared
imaging, it is desirable to design GaAs metasurfaces whose interference of nonlinear modes
induces strong forward directionality or zero-backward intensity (also known as ‘first Kerker’
condition) of the SFG. In the linear regime, forward directionality in GaAs-based metasurfaces

has been already demonstrated (/59).
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6.6 Conclusions

In this chapter enhanced SHG and SFG were demonstrated in GaAs metasurfaces, through
the excitation of electric and magnetic modes at the pump and signal wavelengths. More
interestingly, up-conversion of an infrared image to visible wavelengths was demonstrated,
via SFG, using resonant GaAs metasurfaces and the aid of an intense pump beam. The
experiments performed in this chapter show the potential applications of GaAs metasurfaces
for night-vision, infrared bioimaging and sensor devices. The up-conversion of infrared
images to green wavelengths, shown here, is especially beneficial for night-vision applications,
since the maximum response of the eye is centred around the green wavelengths. However,
further improvements are necessary for the applicability of GaAs metasurfaces, including
improvements in the nonlinear conversion efficiencies. Several approaches to increase the

SFG conversion efficiencies were discussed here, while many others remain to be explored.



CHAPTER 7

Conclusion and Outlook

The study of nonlinear processes in nanoantennas has been mainly focused in plasmonic and
dielectric centrosymmetric materials. GaAs is a non-centrosymmetric material that had been
previously used to investigate SHG in several structures including waveguides, microdisks,
microrings and photonic crystals. Only recently, the favourable optical properties of GaAs
have been recognised for the design of nonlinear nanoantennas. Some of these properties
includes its strong quadratic nonlinearity, high refractive index and wide transparency window
in the near-infrared. This thesis presents the study and control of nonlinear emissions
generated by GaAs nanoantennas. To control the properties of the nonlinear emission several
strategies were employed throughout this thesis, including the excitation of electric and
magnetic resonances by performing geometric tuning. While this technique has been widely
explored in plasmonic and other dielectric nanoantennas, in this thesis I present a unique
strategy to control the properties of the nonlinear emissions: the design and employment of

nanoantennas grown along different crystallographic orientations.

I demonstrated a new nonlinear microscopy technique based on SHG and THG microscopy
of (100)-AlGaAs nanoantennas using CVBs. The SHG scanning maps obtained displayed
four-lobe intensity patterns, where the intensity minima are aligned with the crystalline
axes of the nanoantenna. The non-destructive technique was therefore, able to determine
the crystalline orientation of individual AlGaAs nanoantennas. Also THG scanning maps
were obtained, showing uniform doughnut-shaped intensity patterns. In nanostructures,
polarisation-dependent measurements are traditionally performed with linearly polarised
excitation beams, where the polarisation angle of the excitation beam is rotated in every

measurement. As shown in this thesis, CVBs contain all the polarisation states of a linearly

129
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polarised beam in a single beam, thus facilitating polarisation-dependent measurements. The
introduced nonlinear microscopy technique is only limited by the homogeneity and fine
alignment of the incident CVBs. Additionally, the study of SHG and THG intensity as a
function of the nanoantenna size proved the generation of resonantly enhanced harmonic
processes, driven by the presence of electric- and magnetic-anapole assisted states which are
excited by the offset CVB illumination. The resonant behaviour of the harmonic processes

was preserved despite the absorption regime of the GaAs at the harmonic frequencies.

I studied the SHG radiation patterns and polarisation states of (100)-AlGaAs nanoantennas
and showed that nonlinear conversion efficiencies of the order of 10~ can be achieved in
these nanoantennas, such high efficiencies are promising for applications of nonlinear devices
at the nanoscale. In particular, nonlinear nanoscale light sources emitting vector beams with
designed polarisation states, e.g., radial polarisation were demonstrated. In addition, I showed
nonlinear optical magnetism in the AlGaAs nanoantennas and demonstrated continuous
control in the transition between electric and magnetic nonlinear emissions by tuning the
polarisation angle of the excitation beam. The electric and magnetic nonlinear emissions
exhibited orthogonal polarisation patterns. This orthogonality allowed us to experimentally

differentiate the induced character of the nonlinear emission, from electric to magnetic one.

The influence of GaAs nanoantennas grown along different crystallographic orientations in
their nonlinear response was investigated. First, I presented the SHG of (111)-GaAs nanoan-
tennas and demonstrated SHG emitted around the normal direction. While the SHG radiation
patterns from these nanoantennas are dependent on the polarisation angle of the incident
beam, the SHG conversion efficiencies are independent on the polarisation angle. Then, I
presented the forward and backward SHG of (110)-GaAs nanoantennas, demonstrating con-
trol over the SHG directionality by changing the size of the nanoantennas or the polarisation
angle of the incident beam. Most importantly, I presented unidirectional normal SHG in
(110)-GaAs nanoantennas. The switching between all-forward and all-backward SHG was
achieved all-optically, i.e. without introducing any physical change to the system. Finally, a

comparison among the SHG from GaAs nanoantennas grown along different crystallographic
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orientations was performed. This comparison showed the unique capabilities of (110)-GaAs

nanoantennas to control the properties of the SHG.

I demonstrated enhanced SHG and SFG in (110)-GaAs metasurfaces, through the excitation
of electric and magnetic modes at the pump and signal wavelengths. More interestingly, the
conversion of an infrared invisible image to the visible spectrum was demonstrated via SFG,
using GaAs metasurfaces and assisted illumination of a pump beam. The results obtained
open up new opportunities for the applications of GaAs metasurfaces in night-vision goggles,
infrared bioimaging and sensor devices. The obtained conversion of infrared images to green
visible wavelengths is especially beneficial for night-vision applications, since the maximum
response of the eye is centred around green wavelengths. However, further improvements
are necessary for the applicability of GaAs metasurfaces, including the enhancement of
the nonlinear conversion efficiency. Several approaches to increase the SFG conversion

efficiencies were already discussed here, while many others remain to be explored.

Indeed, the conversion efficiency of nonlinear processes is a decisive factor for the application
of nanoantennas in optical devices. During the research presented in this thesis, I observed
several factors influencing the conversion efficiencies of second-order nonlinear processes
in GaAs-based naonantennas. As presented in the introduction chapter, a common approach
to increase the conversion efficiency of nonlinear processes is to produce field enhancement
at the fundamental and nonlinear frequencies, driven by the excitation of Mie resonances.
This approach was used in chapter 4, where a high SHG conversion efficiency was observed
in nanoantennas presenting a double-resonant behaviour, at the fundamental and second-
harmonic frequencies (see Figures 4.2 and 4.5). On the other hand, the excitation of specific
states such as the anapole state have previously showed increased conversion efficiency of
nonlinear processes (52). In chapter 3, I demonstrated enhancement of SHG and THG in
AlGaAs nanoantennas by the presence of assisted-anapole states (see Figures 3.12 and 3.13)
excited by offset CVB illumination. Meanwhile in chapter 5, the enhanced SHG is explained
by the presence of anapole states (see Figures 5.3 and Figure 5.4) excited by linearly polarised
beams. High conversion efficiencies are usually translated to high collection efficiencies.

However, when the nonlinear emissions are generated at broad angles (see Figures 3.14 and
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4.7), the collection efficiencies can significantly decrease compared to the total efficiencies.
In this thesis, this limitation is solved by the use of (111)-GaAs nanoantennas (see Figure 5.5)
and (110)-GaAs nanoantennas (see Figure 5.9), emitting SHG around the normal direction and
therefore facilitating its collection. On the other hand, in chapter 6 I discussed the role of the
spatial-overlap, between the excitation and nonlinear field, in the conversion efficiency of SFG
(see Figure 6.2). Thus, in this thesis I presented several strategies to enhance the conversion
efficiency of nonlinear processes, showing GaAs-based nanoantennas are promising platforms
for multiple nanoscale applications requiring the manipulation and efficient generation of new

frequencies.

7.1 Outlook

The study of nonlinear generation in GaAs nanoantennas by the excitation of Mie resonances
is still in its infancy, and many strategies remain to be explored to achieve functional GaAs
nanoantennas. For example, the generation of new frequencies has been mainly explored
in individual nanoantennnas (/06, 109) and metasurfaces (//0, 112) having a simple and
symmetric nanoantenna geometry - disk. Meanwhile, the design of broken symmetry nanoan-
tennas in GaAs metasurfaces has been only recently reported (/73). The broken symmetry
design produced a sharp resonance at the fundamental frequency, thus increasing the SHG
efficiency in the metasurface. However, the use of more complicated and not symmetric
nanoantenna’s geometries such as ellipses, triangles and many others have remained unex-
plored. The employment of such geometries would allow major control in the excitation and
interference of Mie resonances and consequently would increase the possibilities to engineer
the nonlinear response of GaAs nanoantennas. The use of designed geometries, combined
with non-conventional excitation beams can further increase the control over the properties of
the nonlinear emission such as its polarisation, phase and directionality. Another approach
that allows to break the symmetry of disk nanoantennas is to tune the incidence angle of
the fundamental beam. These studies have been previously performed in (100)-AlGaAs
nanoantennas (/50), where high polarisation and angular sensitivity of the nonlinear emission

was obtained. Similar studies in GaAs-based nanoantennas having different crystallographic
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orientations have remain unexplored. On the other hand, the transparency window of AlGaAs
alloys can be modified by properly tuning the band gap of the material. The band gap of
AlGaAs alloys increases with the Al composition, allowing a transparent behaviour of the
material towards the visible spectrum. While a wider band gap enables to shift the trans-
parency window of AlGaAs alloys, other important properties of the material including its
refractive index and nonlinear susceptibilities are simultaneously affected by the presence
of Al in the alloy. To understand the potential applications of GaAs-based nanoantennas at
visible wavelengths, it would be important to analyse the generation of nonlinear emissions in

AlGaAs alloys having different Al composition.

Fundamental studies in the nonlinear response of GaAs nanoantennas will continue to grow
in the coming years, many of them driven by the quest of new applications. Therefore, 1
expect to see an increased number of scientific groups employing GaAs nanoantennas to
achieve functional metasurfaces with efficient frequency conversions. Indeed, several studies
in GaAs-based metasurfaces have been focused in the enhancement of SHG conversion
efficiencies (110, 113, 157); while the potential applications of GaAs metasurfaces have just
begin to be explored, demonstrating ultrathin frequency mixers (//4), ultrafast all-optical
band gap tuning (/60), and directional lasing (/61). Although these applications can be further
investigated, I envisage many other potential applications of GaAs metasurfaces such as the
realisation of ultrathin nonlinear mirrors, where the fundamental beam and the harmonic
emission propagate in opposite directions. GaAs metasurfaces could also be employed in
devices used to measure the spectral phase of ultrashort laser pulses, substituting the bulky
optical components of such devices including lenses, prisms and nonlinear crystals. GaAs
metasurfaces could be used to perform infrared imaging, as it has been shown in this thesis.
By increasing the efficiency of the up-conversion process in GaAs metasurfaces, infrared
imaging could be performed using continuous wave laser diodes, thus substituting many of
the bulky electrical components required in current night-vision goggles for ultrathin optical
metasurfaces. While all these applications rely in classic nonlinear optics, the potential
applications of GaAs metasurfaces can be extended to quantum nonlinear optics. For example,

GaAs metasurfaces can be employed as quantum photon sources, enabling compact and
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practical platforms for the development of quantum information processing and quantum

communications.

As previously mentioned, GaAs has been widely used to study bulk second-order nonlinear
effects in several structures, particularly in the transparency window of the material (from
around 900 nm to 16 pm) where the absorption of the excitation beams and the nonlinear
emissions can be avoided. GaAs together with other III-V semiconductors materials have very
high second-order nonlinearities, however applications of these materials in the nonlinear
regime have been hindered due to their limited conversion efficiencies. The conversion
efficiencies of III-V semiconductors have been restricted due to the challenges to achieve
the phase-matching condition, explained by the lack of birefringence of these materials. In
metasurfaces, the nonlinear conversion efficiencies are not limited by the phase-matching
condition, thus making III-V semiconductor metasurfaces an ideal and attractive platform for
nonlinear applications. In particular, the use of III-V semiconductor materials with a wide
band gap offers new avenues for applications in the visible and ultraviolet spectrum, where the
use of GaAs is limited by its absorption. For example, GaN and GaP are I1I-V semiconductors
with a wide band gap, thus their use in metasurfaces could allow the realisation of light

sources in the visible and ultraviolet spectrum.
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APPENDIX A

A1l Focal fields.

Typically, the back-aperture of a microscope objective is a couple of millimeters in diameter.
In order to make use of the full NA of the objective lens, the incident field E;,,. has to fill
or overfill the back-aperture. Thus, because of the large diameter of the incident beam it is
reasonable to treat it in the paraxial approximation. Under this approximation and considering
that the objective lens have a good antireflection coating, so we can neglect the Fresnel
transmission coefficients, the apodization function and several integrals are defined to express

the focal fields of the radially and azimuthally polarised beams in a contracted manner.

The apodization function can be viewed as a pupil filter and it is expressed as:

1 sin20

fuw(0) = efs sromas, (A.1)
While the integrals are defined as:
omaz
L = / fu(cos0)2sin0.Jy(kpsing)e™=<os? g (A.2)
0
9771/0,:(7 .
I, = / fu(cos0)/2sin20(1 + 3cos).J, (kpsind)e 0 dp (A.3)
0
Omax ,
Iy = / fu(cos0)2sin0(1 — cosh).Jy (kpsind)e**<°*0 49 (A4)
0

Notice, that these integrals are functions of the coordinates (p,z), i.e. I;;=I;;(p,z). Thus, for

each field point we have to numerically evaluate these integrals (/27).
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FIGURE A.1: Illustration of the polarisation ellipse with its polarisation para-
meters: ellipticity angle y and polarisation-inclination angle . E, and E
are the main polarisation ellipse axes (solid blue lines), x and y define the
laboratory coordinate system and E is the oscillating electric field vector of
the optical signal.

A2 Stokes Polarimetry

The Stokes parameters provide a full description of the polarisation state of an optical signal
in terms of its total intensity /;,;, degree of polarisation p, polarisation inclination angle 1),
and ellipticity angle x. The polarisation inclination angle ¢/ and the ellipticity angle y are
visualised in the polarisation ellipse, illustrated in Figure A.1. The shape of the polarisation
ellipse is governed by the magnitude of the horizontal and vertical components of the electric
field vector E and the relative phase between them. The polarisation inclination angle v is
the angle between the main polarisation axis £, and the x-axis of the laboratory coordinate
system, while tan() is defined as the ratio between the two axes of the polarisation ellipse,

E,and E).

Experimentally, the Stokes parameters can be obtained by measuring the optical signal being
transmitted through polarisation-sensitive optical devices. These optical devices, usually a
quarter wave plate and a linear polariser, separate the optical signal in its different polarisation
components: right-hand (R) and left-hand (L) circular polarisations, horizontal (/) and
vertical (V') linear polarisations, and two diagonal (D, and D,) linear polarisations, that are

orthogonal to each other. The six polarisation states provide the components of the Stokes
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vector S, defined as:

I
S = @ ) (A.5)
U
_V_
where
I=H+V=D,+D,=L+R,
Q:H_V7
(A.6)
U= D, — Dy,
V =L - R.

I refers to the total intensity, ) is the difference in intensity between light with linear
polarisation in the direction 1= 0° and light with linear polarisation in the direction 1= 90°.
U has an analogous interpretation with the difference in intensity for linearly polarised light
with ¢ =45,° compared to that for )= 135°. V is the difference in intensity of light with

right-handed circular polarisation, over the light with left-handed circular polarisation.

The polarisation degree p, polarisation inclination angle v, and ellipticity angle x of the

optical signal can be calculated through the components of the Stokes vector, according to:

VETT T

I )
P = %arctan(Q + iU), (A7)

1 Vv
= —arctan| ——— | -
XT3 <\/U2 T v2>
A3 Fourier imaging
Fourier imaging or back focal plane (BFP) imaging is based on the ability of a lens to create

a Fourier transform of the incident field at the BFP of the lens. This property allows us

to measure the far-field emission or radiation pattern of scattering particles. The angular
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FIGURE A.2: Focusing of the plane waves associated with the harmonic
Fourier components of the input function f (x,y) into points in the focal plane.
The amplitude of the plane wave with direction (6,, 6,)=(Av,, A\v) is pro-
portional to the Fourier transform F(v,,v,) and it is focused in the point

(x)=(0sf, 0y ))=(A [, Afry) (162).

radiation pattern is an important characteristic of a resonant particle, since specific resonant

modes are often characterised by distinct radiation patterns.

A thin spherical lens transforms a plane wave into a paraboloidal wave, and focuses it to a
point at the lens BFP. This is a general property of a lens: when a plane wave arrives at small
angles 6,=\/v,, and 0,=\/v,, the resulting paraboloidal wave is focused at the BFP of the
lens to a point (6, f, 0, f), where f is the focal length of the lens. In this way, every plane
wave component of an optical field travelling at an angle (¢, 0,) will be mapped to a single
point (0, f, 0, f), after being transmitted through a lens. In other words, considering f (x,y) as
the complex amplitude of an incident optical field in the z=0 plane, every component of the
incident field is focused by the lens to a point (x, y), where x=0,, f=\/v, and y=0, f=\/v,, as
illustrated in Figure A.2. At the output (back) focal plane, the complex amplitude of f(x,y)
is proportional to its Fourier transform F(v,,1,), evaluated at v,=x/\f and v,=y/\f, such

that (162):
g(z,y) (Aif %f) (A.8)

Thus, the field distribution at the BFP of the lens is proportional to the 2D Fourier transform
of the incident field, corresponding to the Fraunhofer diffraction pattern or far-field radiation

pattern. Traditionally, the BFP imaging technique employs an objective lens with a high NA
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to collect the emission of the scattering object and increase the information obtained from the
k-space. The NA of the objective lens is given by NA=nsinf, n being the refractive index of
the surrounding medium and 6 being the maximum half-angle of the light cone collected by
the objective lens. Therefore, the use of high NA objective lenses is desirable since it allows
to increase the collection angle of the light and consequently the information retrieved from

the k-space.
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