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Abstract

The growing demand for faster information transfer and processing requires highly-

efficient devices with compact form factors. This can be realised by designing and developing

nanoscale optical components that can be integrated into optical circuits. The functionality

of such devices can be enhanced by using building blocks smaller than the wavelength of

light and with carefully designed geometrical parameters to reach high concentrations of

electromagnetic fields inside them. Such building blocks can also act like light sources, which

can resonantly confine the light and re-emit it in a desired way. In this thesis I divide such

building blocks into two classes: quantum and classical light sources. Classical light sources

include nanoantennas, metamaterials and metasurfaces that are based on photoluminescence

and nonlinear light generation, whereas quantum light sources are single-photon sources that

may be based on cold atoms and ions, quantum dots, or defects in 2D materials or diamonds.

In the past, much work has been done with plasmonic building blocks to increase the

performance of nanoscale light sources, however, plasmonic resonances are accompanied by

large dissipative losses. Recent developments of high-index dielectric nanoparticles suggest

an alternative mechanism of light localisation via multipole resonances that can generate

magnetic responses. The engineering of mode interference through, for example, adjustments

to the resonators’ shapes, or near-field manipulations between them, bring many novel effects.

The subject of this thesis is nanoscale quantum and classical light sources based on such

dielectric materials. The study of these systems provides knowledge of electromagnetic

responses in order to control different types of sources for future applications.

Chapter 1 provides an introduction to the different types of resonances and a review of

concepts used in controlling quantum and classical light sources. This is followed by a review

of the pioneering works on methods to enhance optical effects for different subwavelength

structures. The chapter summarises the motivation and scope of the thesis.
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viii ABSTRACT

Chapter 2 describes the experimental methods used in the research, including the design

and fabrication of nanostructures, and linear and nonlinear optical characterisation tech-

niques. The chapter reports on functional optical components that I designed, fabricated and

characterised for the research in this thesis.

Chapter 3 focuses on observations of high-order harmonics in metasurfaces and resonators.

It is shown that bound states in the continuum and Mie resonances lead to a dramatic

enhancement of the efficiency of high-harmonic generation. The odd harmonics from the 3rd

to 11th have been demonstrated from dielectric metasurfaces. The high-order harmonics up

to the 7th have been observed from an individual subwavelength resonator.

Chapter 4 explores photoluminescence from subwavelength dielectric resonators. The

photoluminescence from resonators is identified as five-photon luminescence enabled by the

interplay of Mie-type resonant modes. By using the designed and fabricated metasurface-

based beam deflector, the photonic Rashba effect is observed, where the photons are splitted

into two diffraction orders with left and right circular polarisation.

Chapter 5 presents a study of spontaneous emission in quantum sources into free space,

including theoretical analysis and experimental observations of the enhancement of the

spontaneous emission rate of nitrogen-vacancy (NV) centres in diamond particles using

nanoantennas. It has been shown that spherical silicon nanoantennas supporting resonances

are able to reduce the lifetime of single NV centres by 2 times, whereas the cylindrical ones

can lead to an increased number of counts.

Chapter 6 concludes the thesis and provides an outlook on how the presented research can

be extended and how it can make an original contribution to the field of study.
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CHAPTER 1

Theoretical Background in Functional Photonic Devices

1.1 Introduction

The vision of the potential of components and devices at the subwavelength scale has motiv-

ated research for decades. One of the earliest examples comes from Hiroyuki Sakaki who in

1980 theoretically proposed an ultra�ne wire which would drastically suppress the scattering

of charge carriers and lead to superior transport properties [1]. The revolutionary events

associated with the invention of the laser [2], semiconductor optical devices [3–5], and new

fabrication techniques [6] allowed the realisation of such wavelength-scale devices including

photonic devices. Low-dimensional photonic devices are associated with recent developments

connecting optics and electronics, such as electro-optics, quantum electronics, non-linear

optics, waveguide technology, semiconductor detectors, and light modulators [7]. Over the

last few years, there has been an advancement on an ambitiously large scale in pushing the

dimensions of photonic devices to wavelength-scale sizes and beyond diffraction limits [8–

13]. The �eld of nanophotonics is actively focusing on such tasks together with ef�ciently

concentrating optical �elds and enhancing light-matter interactions [14–18]. This �eld has a

wide range of potential applications which rely on ef�cient light-matter interactions, such as

high-density and speed optical data storage [19–22], quantum information processing [23,

24], optical switching [25–28], and sensing [29–32].

The solution to achieving a high concentration of light and extending the functionality of

photonic devices is the use of building blocks smaller than the wavelength, subwavelength

resonators or light sources. The building blocks of photonic devices can be both classical and

quantum (Figure 1.1). Light control of classical light sources, which are described by classical

1



2 1 THEORETICAL BACKGROUND IN FUNCTIONAL PHOTONIC DEVICES

wave propagation, including wavefront control e.g. phase, amplitude, and polarisation, and

nonlinear frequency conversion (Figure 1.1a-f). At the same time, control of quantum light

sources, which are determined by quantum energies of photons, is essential for single-photon

emitters applications (Figure 1.1g-l).

FIGURE 1.1: Illustrative examples of photonic building blocks: classical (a-f)
and quantum (g-l) light sources, which are based on subwavelength resonators
(a-c, g-i) and metasurfaces (d-f, j-l) building blocks. Reprinted with permis-
sion from (a) Ref. [33], Copyright 2018, the Springer Nature, (b) Ref. [34],
Copyright 2015, the Springer Nature, (c) Ref. [35], Copyright 2015, ACS,
(d) Ref. [36], Copyright 2018, the Springer Nature, (e) Ref. [37], Copy-
right 2018, ACS, (f) Ref. [38], Copyright 2020, The AAAS, (g) Ref. [39],
Copyright 2016, APS (h) Ref. [40], Copyright 2016, ACS, (i) Ref. [41],
Copyright 2019, the Springer Nature, (j) Ref. [42], Copyright 2018, Optica
Publishing Group, (k) Ref. [43], Copyright 2020, The AAAS, (l) Ref. [44],
Copyright 2020, Wiley.

Much research on classical and quantum building blocks is focused on visible and near-

infrared (near-IR) spectral ranges. This spectral range is determined to a great extent by the

properties of the materials which are utilised in photonic devices. Traditionally, nanophotonics

has been associated with plasmonic materials such as metals. Plasmonic building blocks

are used to increase the performance of wavelength-scale light sources by employing the

so-called 'hot-spot' in metallic nanostructures, which are characterised by surface plasmons

and large enhancements of the electric �eld [45–47]. Regardless of such high electromagnetic

�eld con�nement, the use of plasmonic structures is accompanied by dissipative losses that
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result in short propagation distances or low-quality factors and lifetimes. There have been

various attempts to overcome this obstacle and partially compensate for, or overcome losses,

for example, incorporating an active media into metal systems [48, 49] and hybrid systems

consisting of plasmonic-dielectric building blocks [50–54].

Another promising solution, which has made remarkable progress is the use of dielectric

materials which possess lower non-radiative (ohmic) losses than plasmonic materials [55–

59]. The term 'dielectric' encompasses materials with high-refractive index such as ger-

manium (Ge) [60], silicon (Si) [61, 62], aluminium gallium arsenide (AlGaAs) [63], gal-

lium arsenide (GaAs) [64], gallium phosphide (GaP) [65, 66], and indium phosphide (InP).

The power of such dielectric materials for photonic devices is their compatibility with

metal–oxide–semiconductor fabrication, which makes them suitable for on-chip photonic

integrated circuits [67, 68]. While dielectric nanophotonics comprises a broad range of struc-

tures, this thesis is limited to such structures as metamaterials, metasurfaces, or meta-atoms

and nanoantennas [69–72]. Metamaterials and metasurfaces comprise arrays of meta-atoms,

which behave like atoms in conventional materials to control light-matter interactions. These

structures encompass a wide range of potential applications of modern photonics, some

of which are growing rapidly. Such applications include nanoimaging [73, 74], nonlinear

signal conversion [75–77], topological photonics [78–80], single-photon sources [81–83], and

levitated optomechanics [84, 85].

The discovery of electric and magnetic Mie resonances allowed the active implementation of

resonant subwavelength meta-atoms and the effective control of light [86–89]. Additionally

to the employment of individual Mie resonances, there are various possibilities using the

multipolar resonances, for instance, the combination and overlap of Mie resonances, which

can result in such resonances as Fano, anapole, and bound states in the continuum (BIC). The

right employment and engineering of these resonances can lead to high-performance photonic

devices with various novel functionalities. The latest advances based on these resonances are

discussed and demonstrated throughout this chapter.
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1.2 Resonant Nanophotonics

Light localisation and resonance phenomena are ubiquitous in nature, particularly in quantum

mechanics and photonics. Some examples are the binding of electrons to molecules, sound

con�nement in musical instruments, shattering a glass with one's voice, and magnetic reson-

ance imaging (MRI) machines. An electromagnetic wave can be perfectly localised in a small

cavity or an optical resonator, where the light can stay for a long time.

A cavity would con�ne light without losses and have a resonance at a precise wavelength.

However real cavities have some deviations from such conditions. Such deviations are

characterised by the quality (Q) factor de�ned as the ratio of stored and lost energies by a

cavity [90].

The ef�cient control and localisation of light with dielectric resonators are of particular

interest since they can be used to engineer modes and enhance electromagnetic �elds by

employing such mechanisms as electric and magnetic Mie resonances, Fano resonances, BIC,

and others.

Mie Resonances

One of the most robust tools for creating highly ef�cient photonic devices is the employment

of the Mie resonances of dielectric subwavelength particles. The Mie theory is a solution

to Maxwell's equations for the diffraction of an incident electromagnetic plane wave by a

homogeneous spherical particle [86]. By applying this theory, the scattering ef�ciency� s is

expressed as the ratio of scattering and geometrical cross sections [56, 91]:

� s =
2

q2
m

1X

l=1

(2l + 1)( ja2
l j + jb2

l j): (1.1)

Here,l denotes the mode order, wherel = 1 refers to a dipolar mode,l = 2 to a quadrupole

mode, etc, andal andal are electric and magnetic Mie coef�cients [56, 91]:

al =
np 	 l (npx)	 0

l (nmx) � nm 	 0
l (npx)	 l (nmx)

np � l (npx)	 0
l (nmx) � nm � 0

l (npx)	 l (nmx)
; (1.2)
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bl =
np 	 l (nmx)	 0

l (npx) � nm 	 l (npx)	 0
l (nmx)

np 	 l (nmx)� 0
l (npx) � nm � l (npx)	 0

l (nmx)
: (1.3)

Here,	 and� are expressed through the spherical Bessel and Neuman functions [91],np and

nm are the refractive indices of the particle and surrounding media, andx is a size parameter,

which is based on the ratio of the geometric size of the particle to the wavelength of the

incident light:

x = 2�R=� (1.4)

whereR is the radius,n is the refractive index, and� is the free-space wavelength of the

light. This theory describes many phenomena in optics, like Raleigh scattering (X � 1)

and geometric scattering (X � 1), when the wavelength is comparable with the geometrical

size of the particle (X � 1) [55, 72]. In the latter case, several resonances are produced

when2R � �=n [91, 92]. In order to achieve strong electric and magnetic resonances, a

large refractive index is required for the particle's material. Along with the greater ability to

concentrate the electromagnetic �eld with a large refractive index, theQ-factor is increased.

The dependence of the scattering of a dielectric sphere on frequency shows that the �rst

resonance is a magnetic dipole and the second is an electric dipole and their position depends

very much on the geometry. The schematic of Mie resonances is shown in Figures 1.2a-f,

where the contour arrows along with colour illustrate the electric and magnetic �elds in a

cutting plane through the centre of the structures, where these �elds are excited. The intensity

of electric �elds is illustrated as blue (E i ), and magnetic �elds as red (H i ), which demonstrates

the difference in the electromagnetic energy concentration for electric and magnetic resonance

modes, which could be in either close proximity or inside the particle, accordingly. In the

case of a magnetic dipole resonance, the incoming light is coupled to a mode characterised by

a circular displacement current of the electric �eld, which microscopically originates from

the polarisation of the molecules and atoms in the dielectric material (Figure 1.2b). Such a

resonance is possible because of the penetration of electromagnetic �elds inside the particle,

which can be traced numerically [55, 72, 93, 94]. Magnetic resonance can be of equal strength



6 1 THEORETICAL BACKGROUND IN FUNCTIONAL PHOTONIC DEVICES

to that of electric dipole resonances because of the high contrast between the refractive indices

of air and the dielectric structure [88, 95]. The magnetic dipole mode is distinguished from

the electric one by the way of localising the induced current inside the dielectric structure

by the oscillating electromagnetic �elds of the incoming wave, where electric dipole mode

is associated with a linear displacement current (Figure 1.2a) [56]. Other than electric and

magnetic dipoles, dielectric nanoparticles can support high-order resonances such as electric

and magnetic quadrupoles (Figure 1.2d-f). These resonances are not �xed, which means

that their spectral position can be controlled by changing the geometrical parameters of

nanoparticles and the conditions of the surrounding medium [55, 96].

FIGURE 1.2: Schematic representation of Mie resonances (a-f) and the Kerker
effect (g-i). The black contour arrows illustrate the electric and magnetic �elds
in a cutting plane through the centre of the structures, where these �elds are
excited. The intensity of electric �elds is illustrated as blue (E i ) in (a,d),
magnetic �elds as red (H i ) in (b,e), and their interference as purple in (g,h).
Blue and red arrows indicate dipoles' directions in (a,b,e,g,h). (c,f,i) Typical
scattering spectra of electric (ED) and magnetic dipoles (MD) in (c), electric
(EQ), magnetic quadrupoles (MQ) in (f), and the interference of ED and MD
in (i) resulting in Kerker effect. The schematics are redrawn from numerically
generated electromagnetic �elds and scattering cross-section graphs.

Generally, the resonances of arbitrarily shaped particles are calculated using generalised

multipole techniques with numerical methods [97]. This gives the freedom to engineer

dielectric structures with the designed resonance properties.

Kerker Effect
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The interference of Mie resonances can lead to various effects in both near- and far-�eld

zones. One such effect is the Kerker effect, which results from the coincidence of electric and

magnetic dipoles. Such dipole coincidence compensates for the radiation from one side and

can create unidirectional scattering, which makes this concept an extremely useful one for

many applications.

Figures 1.2g,h demonstrate a difference in orientation between electric and magnetic dipoles,

where blue and red arrows indicating electric and magnetic dipoles are crossed. The electric

�eld of the electric dipole is oriented parallel, while the magnetic �eld is anti-parallel, and

vice-versa for the magnetic dipole. Therefore if the electric and magnetic dipoles are at the

same wavelength and equal amplitudes (i.e. coef�cientsal andbl from equations 1.2 and 1.3

are equal), their overlap will result in constructive emission in one direction and destructive

in the opposite one [88]. Such a superimposed source is called a Huygens source [61, 98].

The minimum scattering in the backward direction is known as the �rst Kerker condition

(Figure 1.2g), while the destructive interference of scattering in the forward direction is

de�ned as the second Kerker condition (Figure 1.2h) [99]. Both conditions can be realised for

the same nanostructure, but at different wavelengths, and in different directions where the

scattered emission is observed [100]. The Kerker effect has also been observed with increased

multipolar order, for example with a combination of electric dipoles and quadrupoles, as

well as transverse the Kerker effect, which creates scattering in the transverse direction, with

four interfering multipoles [101] or electric dipoles and magnetic quadrupoles [102]. The

latter work demonstrated invisibility in the near-infrared spectral region by employing the

transverse Kerker effect.

Fano Resonances

Another interference effect in dielectric nanostructures is Fano interference, or Fano reson-

ance [103]. To achieve such resonances, the complexity of the design increases, since the

Fano interference effect is achieved from the modes of the different constitutes forming a

nanostructure. The interference of these modes is recognised as an asymmetrical line shape

of the scattering spectrum (Figure 1.3c). The narrow shape of the Fano resonance makes it a

promising concept for various sensing applications [104–106].
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FIGURE 1.3: Schematic representation of Fano resonances (a-c) and bound
states in the continuum (d,e). (a,b,d) The intensity of electric (blue) (E i ) and
magnetic (red) (H i ) �elds in a cutting plane through the centre of the structures,
where the �elds are excited. (a,b) demonstrate spherical structures, and (d)
cylindrical-like structures. (d) Schematic scattering-cross section versus the
geometrical parameter of a particle and the incident wavelength, where the
Mie-like mode is on the left upper side, and Fabry-Perot-like mode on the left
bottom side. The schematics are adapted from both numerical simulations and
from Ref. [107], Copyright 2019, Society of Photo-Optical Instrumentation
Engineers (SPIE) and Ref. [108], Copyright 2016, the Springer Nature

Figures 1.3a,b schematically demonstrate arrays of symmetric trimers which are packed so

densely that the coupling between neighboring particles causes a symmetry breaking which

is illustrated in the scattering cross-section plot in Figure 1.3c. In analogy with electric

and magnetic dipole modes, the electric Fano resonance is characterised by concentrating

electromagnetic �elds in the proximity of the structure, see the intensity of electric �eld (blue)

in Figure 1.3a, and the magnetic Fano resonance by concentrating electromagnetic �elds in

the middle of the structure, see the intensity of magnetic �eld (red) in Figure 1.3b, which is

associated with a loop-type magnetic �eld distribution [109]. Oligomer nanostructures are

another canonical system for studying the Fano resonances, which often comprises a ring of

several disks with a disk inside the ring [87, 110, 111]. The ring can contain a various number

of nanoparticles of different shapes, and be with and without central nanoparticle [112–114].

The resonant mode of the central nanoparticle disturbs the symmetry of the non-resonant
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mode of the ring of nanoparticles ensuring their coupling and resulting in the asymmetric

line-shape spectrum. Such a sharp spectral line enables the control and switches response of

dielectric nanostructures with high tuning contrast [115].

Bound States in the Continuum

Another concept for realising large light con�nement and local �eld enhancementvia non-

radiating optical states is bound states in the continuum (BIC) [108, 116, 117]. BIC is

an exception from the classical description of resonance. If the traditional description of

a resonance considers a wave state inside the continuous spectrum leaking and radiating

out to an in�nite distance, BIC is mathematically described as a perfectly con�ned wave

without radiation and in�nite Q factor (Figure 1.3e). Experimentally BIC is realised as a

quasi-BIC mode when the Q factor and resonance widths become �nite. There were a lot of

works that demonstrated that BIC can be observed from dielectric subwavelength structures

which are composed of asymmetric meta-atoms. They demonstrate a sharp resonance in the

spectrum that originates from a `collapse' of the Fano resonance. This can originate from

the interference of different modes, for example, the combination of a Mie-like mode and

a Fabry-Perot-like mode as shown in Figure 1.3d [107, 118]. The overlap of these modes,

which are characterised by the distributions of the electromagnetic �eld intensities shown in

Figure 1.3d, results in in-plane asymmetry breaking of the interference between these leaky

modes which results in a quasi-BIC. The resulting quasi-BIC can be seen in the scattering

cross-section, which is schematically plotted in Figure 1.3c. Apart from Fano resonances,

BICs have been associated with trapped modes and metamaterial-induced transparency.

Quasi-BICs can enhance the electromagnetic �elds in photonic subwavelength structures and

are employed in a great number of applications including biosensing [74], imaging [119],

lasing, and nonlinear processes [120]. Quasi-BICs have also been demonstrated in sub-

wavelength resonators by employing the approach of parameter tuning or tuning the aspect

ratio of the resonator [121, 122]. The quasi-BIC regime in a subwavelength resonator enables

strong interactions of the resonator's modes in the axial and radial directions in the vicinity of

an avoided cross-resonance, which can result in a supercavity mode with a narrow linewidth.
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Such an effect has been measured experimentally in cylindrical AlGaAs resonators demon-

strating high Q-factor modes [75, 123], and predicted theoretically in other resonators with

various geometries [124–127]. Parameter tuning along with broken symmetry of meta-atoms

have also been employed with metasurfaces [128–130]. For example, an InGaAsP metasur-

face was designed with a nanophotonic cavity for lasing by using a strong coupling of two

leaky mods, which resulted in destructive interference [131].

Dielectric subwavelength structures also support other complex electromagnetic modes, such

as anapole modes. Anapole modes are characterised by the overlap of electric dipole and

toroidal modes. Such a speci�c con�guration produces an equivalent radiation pattern with

opposite phases and generates a pronounced dip in the spectrum, with non-vanishing near

�eld [132–134]. Anapole modes are employed for various applications such as lasing [135],

harmonic generation [136, 137], Raman scattering [138], and absorption engineering [139].

Since I didn't make any contributions to developing the theory of Mie resonances, Kerker

effect, Fano resonances, and BICs, I do not go into further detail. The reader interested in the

comprehensive overview of these modes can look at the following reviews [56, 108, 115, 140,

141].

1.2.1 Dielectric Subwavelength Resonators

Dielectric nanoantennas or subwavelength resonators are an example of subwavelength

dielectric structures. Such resonators refer to photonic devices which ef�ciently control

electromagnetic �elds. The ability to localise electromagnetic �elds in different spectral

ranges makes them great candidates for classical and quantum light sources in the form

of dielectric nanoparticles, quantum dots, molecules, and colour centres in diamonds. As

mentioned earlier, optical subwavelength resonators are able to con�ne �elds into a volume

that is smaller than the incident wavelength. Subwavelength resonators have been applied in

high-resolution sensors [34, 119, 142–146], near-�eld microscopy [147], photovoltaics [148,

149], and quantum communication [150–152].



1.2 RESONANT NANOPHOTONICS 11

One of the useful characteristics of subwavelength resonators is the ability to control light

directivity, which was discussed earlier as the Kerker condition. The tuning of two dipoles

at the same resonant frequency can lead to directional emission. By arranging more dipoles,

enhanced directivity properties can be engineered. For example, Yagi Uda nanoantenna in

dielectric photonics was realised in a combination with a plasmonic feed element [153] in an

optical spectral range, and purely dielectric Yagi Uda nanoantennas were also investigated

theoretically [111, 154]. Directivity is of high importance for quantum sources. There

are a number of works demonstrating directivity theoretically [155, 156], however, only a

handful of experimental works demonstrate directivity effects for dielectric structures in the

optical spectral range, among them Hafnium dioxide nanoantennas for directing emission

from colloidal semiconductor quantum dots [157] (Figure 1.4a), or a silicon nanoantenna

for the control of directivity from 2D materials [158]. The measured angular intensity

distribution at the bottom of Figure 1.4a shows highly directional emission from a dielectric

nanoantenna. Such a nanoantenna is composed of colloidal semiconductor quantum dots

which are deposited in the feed gap of the Hafnium dioxide nanostructure (see the SEM image

of it in the middle of Figure 1.4a). The emission directionality was measured by Fourier

imaging, which is schematically demonstrated at the top of Figure 1.4a, where the intensity

distribution is collected in the back-focal plane of the objective, and the angular distribution

of the collected light is determined by the sine-condition.

Together with directivity and far-�eld manipulation, nanoantennas are great tools for the

enhancement of near �elds, which is bene�cial for sensing applications [161]. For instance,

Si nanoparticles have been demonstrated to give rise to photoluminescence enhancement of

dye molecules (Figure 1.4b). In [159], the authors demonstrated the placement of organic

dyes Rhodamine B (RhB at the top of Figure 1.4b) next to silicon particles (Si at the top

of Figure 1.4b) leads to the enhancement of photoluminescence. The photoluminescence

enhancement factor is plotted as a function of the scattering intensity at the excitation

wavelength (see the bottom of Figure 1.4b) taking into account the size of silicon particles

from SEM images (the middle of Figure 1.4b). The results demonstrate that the enhancement

factor can reach up to 200 due to the excitation of Mie-resonances inside silicon nanoantennas.
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FIGURE 1.4: Light control with subwavelength resonators. (a) Illustration of
directive nanoantenna which is based on hafnium dioxide Yagi-Uda nanoan-
tenna and a quantum dot (top), SEM image of it (middle), and measured
angular intensity distribution (bottom). (b) Illustration of Si nanoantennas and
dye particles coupling (top), TEM images of Si nanoantennas (middle), and
photoluminescence (PL) enhancement spectrum (bottom). (c) Illustration of
azimuthally-polarised excitation of a cylindrical resonator for second harmonic
generation (SHG) generation (top), SEM image of a cylindrical nanoantenna
(middle), measured SHG for different pump polarisations. (d) Illustration of
the emitter-cavity system which includes 4H type colour centre inside silicon
carbide (SiC) (top), SEM image of this system (middle), and measured lifetime,
when the cavity was on and off-resonance. Reprinted with permission from
(a) Ref. [157], Copyright 2017, ACS, (b) Ref. [159], Copyright 2017, Wiley,
(c) Ref. [75], Copyright 2020, The AAAS, (d) Ref. [160], Copyright 2019,
The Springer Nature.

The resonant nature of subwavelength resonators makes them prominent candidates for

nonlinear effect enhancement [35, 66, 162–165]. The enhancement of second harmonic

generation was achieved in AlGaAs resonators by employing a quasi-BIC mode and the

interference of Mie resonances [75, 123]. The ef�cient excitation of the quasi-BIC in [75]

was achieved using an azimuthally-polarised laser beam, that couples to the BIC mode inside

a cylindrical resonator (see the schematic of the effect at the top of Figure 1.4c). The SEM

of the fabricated AlGaAs resonator is shown in the middle of Figure 1.4c, which has a

635-nm height and diameters varying from 890 to 980 nm. The most resonant nanoantenna
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with a diameter of 930 nm demonstrated that the azimuthal pump polarisation induces a

high-intensity second harmonic generation compared to radial and linear pump polarisations,

which con�rms the high-spatial selectivity of the quasi-BIC.

Many effects of quantum light sources can be enhanced with dielectric resonators, like

the spontaneous emission rate or Purcell factor, or the excitation rate through the strong

enhancement of local electromagnetic �elds which would lead to a similar increase in the

radiative decay rate, although it is experimentally challenging to introduce an emitter in the

near �eld of a nanoantenna [166]. That might be the reason why there are few experimental

works on the enhancement of the spontaneous emission rate of quantum emitters in the vicinity

of dielectric resonators, compared to theoretical ones [167–171]. The authors of [160] have

demonstrated a photonic platform, where the integration of a silicon cavity colour centre as a

quantum emitter together with a dielectric resonator as a cavity allowed an enhancement of

the quality factor and spontaneous emission rate (Figure 1.4d). The schematic of this structure

is illustrated at the top of Figure 1.4d, where a silicon carbide (SiC) resonator is placed on

top of a thin layer of oxidised SiC on a glass substrate (SiO2). The SEM image of such a

fabricated structure is shown in the middle of Figure 1.4d, the integrated colour centre is

drawn on top of SEM as a yellow circle with an arrow. By placing such a quantum emitter

into a resonator the light interaction is enhanced by dipole-photon interaction which leads

to a lifetime reduction from 6.66 ns (off-resonance at the bottom of Figure 1.4d) to 2.45 ns

(on-resonance at the bottom of Figure 1.4d). Such a demonstration opens up possibilities in

enabling the integration of colour centre-based photonic devices as an industry-compatible

fabrication platform for quantum applications.

1.2.2 Dielectric Metasurfaces

The development of the theory of the Kerker condition described above initiated the devel-

opment and advancement of dielectric metasurfaces [172, 173]. Optical metasurfaces are

two-dimensional arrays of subwavelength scatters that modify the incident beam of light in

various ways. In the context of metasurfaces, subwavelength resonators are usually called as

meta-atoms. Conventional optical devices require light to propagate across an optically thick
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component in order to modify the propagating beam of light, for example, for refraction, dif-

fraction, or material birefringence. Metasurfaces, in contrast, utilise subwavelength geometry

to control and enhance light-matter interactions even in very small components.

Dielectric metasurfaces offer outstanding functionality for the control of optical waves at

the subwavelength scale. By engineering the resonances, geometry and locations of the

meta-atoms, the scattered and emitted light from the metasurfaces can have different phases,

amplitudes, polarisations, and frequencies. Such structured light can be created by metasur-

faces through directivity enhancement [174], highly-ef�cient wavefront control [175–177],

photoluminescence [178, 179], and nonlinear and quantum effect enhancement.

The interplay of resonances is able to control the phase and polarisation of the transmitted

light through a photonic device. A designed metasurface in [180] is based on a hexagonal unit

cell with elliptical silicon meta-atoms that act as hexagonal pixels by changing the polarisation

of incoming light. As a result the metasurfaces transform the incoming light into radially-

and azimuthally-polarised light with high transmission (Figure 1.5a). High-order nonlinearity

was achieved in a resonant GaP metasurface by localising light inside it [164]. The even

and odd harmonics up to the ninth were observed (Figure 1.5b). All of these enhancement

effects could be transferred to quantum light sources, for example, the enhancement of

spontaneous emission rate or photoluminescence of a 2D material by dielectric metasurfaces.

Photoluminescence enhancement of 2D materials has been observed by coupling them to

silicon metasurfaces (Figure 1.5c) [174]. By controlling the metasurfaces' resonances with

a quadruple contribution, the authors were able to tune the resonance spectral position to

the emission wavelength of the 2D material. The magnetic mode of a silicon metasurface

facilitated the enhancement of the spontaneous emission rate of a single-walled carbon

nanotube in [182], where the placement of the tube on top of the metasurface decreased the

lifetime, compared to the nanotube placed on a bare substrate (Figure 1.5d).
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FIGURE 1.5: (a) Schematic of light transformation from linear to azimuthally
and radially by passing through a metasurface (top), SEM image of the fabric-
ated metasurface (middle), Measured intensity pro�les without (left bottom),
and with linear polariser (right bottom). (b) Illustration of a nonlinear GaP
metasurface, which is pumped by mid-IR laser beam (top), SEM images of the
metasurface (left middle), and a meta-atom of the metasurface (right middle),
measured harmonic generation spectrum from fourth (4H) to ninth (9H) har-
monics. (c) Illustration of 2D materials and metasurfaces system (top), optical
microscope image of the metasurface with �akes of MoS2 (molybdenum di-
sul�de) monolayer on top (left middle), SEM image of the cross-section of
�akes on top of silicon cylinders (right middle), and the photoluminescence
enhancement by tuning the spectral position of the resonance depending on
the meta-atoms diameters (D). (d) Illustration of carbon nonotube as a single
photon emitter on top of a dielectric metasurface (top), SEM image of the fab-
ricated silicon metasurface (middle), lifetime measurements, where the black
curve corresponds to the nanotube placed on a glass substrate, and the red one
on the metasurface (bottom). Reprinted with permission from (a) Ref. [180],
Copyright 2015, The Springer Nature, (b) Ref. [181], Copyright 2021, The
Springer Nature, (c) Ref. [174], Copyright 2019, ACS, (d) Ref. [182], Copy-
right 2017, ACS.

1.3 Classical Light Control with Dielectric Nanophotonics

The ef�cient control of light demands the precise manipulation of electric and magnetic

components. In the classical regime, high-index dielectric nanostructures are used for such

purposes in the form of nanoantennas or metasurfaces. Here classical light control refers to

the ability to structure the wavefront of light, for instance, the alteration of the amplitude,
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phase, and polarisation, as well as frequency conversion, including harmonic generation and

frequency up- and down-conversion.

Transmission

There has been remarkable progress in control over the transmission, re�ection, and absorption

amplitudes of metasurface-based photonic systems. These properties determine the overall

ef�ciency of the device. Some optimised dielectric metasurfaces reached a re�ection ef�ciency

of 99% [183–186], an absorption ef�ciency of over 80% [187, 188], and a transmission

ef�ciency of 90 % [189, 190]. Such metasurfaces with high transmission ef�ciency could be

employed in the spatial multiplexing of data in optical communication applications, especially

considering the ability of metasurfaces to operate in broad spectral ranges and thus cover

several �ber communication bands. By employing the generalised Huygens' principle,

the authors in [191] were able to achieve high transmission ef�ciency with engineered

mode pro�les for multiplexing applications. The same principle was employed for complex

holograms with high transmission [190] or high directivity, and light bending [192–194].

Another compelling property is non-reciprocal transmission when the contributions of electric

and magnetic dipoles are different depending on which side of the metasurface is excited

with a laser beam. High-transmission dielectric metasurfaces can be engineered with many

other interesting properties, including polarisation control and nonlinear effects, which are

discussed below.

Polarisation Control

Meta-atoms of metasurfaces are able to alter the polarisation of light, which opens up many

opportunities for wavefront control. One of the approaches to change the polarisation of

the light passing through a metasurface isvia a geometric phase, which indicates the vector

wave nature of oscillating electromagnetic �elds. Such a geometric phase approach can

be described through the Poincaré sphere, which is a representation of all the fundamental

polarisation states of light (Figure 1.6a) [195]. The polarisation states are mapped onto the

sphere through Stokes parameters [196]. For instance, right circularly-polarised light is at

the northern pole of the sphere, left circularly-polarised is at the southern, and ellipses in the
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northern and southern hemispheres are right- and left-hand polarised. Linearly-polarised states

are represented along the vertical and horizontal equators of the sphere. Stokes parameters

can be measured experimentally with polarisers and rotatable quarter-wave plates, where four

Stokes parameters can be obtained from the following six measurements:
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whereS0 is the total light intensity,S1 is the difference between the intensities of the horizontal

and vertical linear polarisations,S2 is the difference between the polarisations at -45� and

+45� angles,S3 is the difference between the left and right circular polarisations, and� is a

wavenumber.

In order to change the polarisation state, it is necessary to control the amplitude and phase

of two orthogonal linearly-polarised components of the incoming light. This can be realised

with conventional bulky beam converters which are based on birefringent materials. Ultrathin

metasurface-based components can substitute such bulky beam converters for the purposes

of photonic devices miniaturisation and functionality extension [199]. By carefully engin-

eering the metasurfaces, it is possible to make each meta-atom produce different phases and

amplitudes for re�ected and transmitted light. The geometrical parameters of meta-atoms

determine the scattering coef�cients. In the case, where the phase difference�� = � xx � � yy

equals� , the metasurface functions as a half-wave plate converting the incident linearly-

polarised light into either a vertical or horizontal polarisation. When the phase difference

is �= 2, the device is a quarter-wave plate, which converts the incident linear beam into

circularly-polarised light. There has been a number of works realising such metasurfaces

based on geometrical phase concepts [56, 200].

In addition to polarisation conversion, metasurface-based components can be designed to

introduce beam-steering and focusing. Beam steering or beam de�ecting can be achieved
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FIGURE 1.6: (a) Representations of classical and (b) high-order Poincaré
spheres.jD

�
; jH

�
; jL

�
jR

�
are diagonal, horizontal, left circular, and right

circular polarisation basis, accordingly. Near-�eld distribution patterns for
experimentally measured spin angular momentum beams with� =-1 (c), and
+1 (d). Reprinted with permission from (a,b) Ref. [197], Copyright 2011, APS,
(c,d) Ref. [198], Copyright 2012, APS.

through a geometric phase or a Pancharatnam–Berry phase of the metasurface. The idea of

engineering such a phase is that the meta-atoms are spatially rotated to an angle� with respect

to thex-axis in an array of the metasurface. The rotational angle� can be determined from

the Jones matrix, which is expressed as:

M (� ) = R(� � )

2

4M xx 0

0 M yy

3

5 R(� ); (1.6)
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