General introduction

Modern plasmonics is based on the intense and confined electromagnetic fields appearing near metallic nanostructures illuminated at frequencies near their localized surface plasmon resonances. The field of plasmonics is rapidly growing since the end of previous century.

Nowadays it proposes multiple applications for enhancing efficiency of photonic devices.

Among the different metals, aluminum sustains a broad range of surface plasmon resonances from deep UV to near IR due to its properties. Sharp plasmonic resonances can be achieved with aluminum nanostructures in near UV where popular noble metals cannot provide a comparable quality of resonance. Aluminum also has a native oxide protection layer and it is a very economically efficient material due to its low cost and recycling quality.

However, aluminum has high losses in the visible part of spectrum and its interband transitions are placed around 800 nm. This is why aluminum is usually less attractive for visible plasmonics in comparison with noble metals.

This thesis is a contribution to the wide field of aluminum plasmonics. The main goal consists in adapting the plasmonics techniques commonly used with noble metals in order to push them toward the blue and UV region using aluminum. This requires fabrication processes and a specific procedure for the fabrication of complex aluminum nanostructures, with applications in fields like light generation and extraction. A bibliographic summary of the state-of-the-art of the studied field is presented in Chapter 1. Theoretical aspects of general and aluminum plasmonics are described and several applications of aluminum structures for optics are discussed.

In the second Chapter, a strategy to increase the resonance quality based on diffractive coupling in periodic arrays is presented. Plasmonic resonances coupled with diffractive Rayleigh anomalies lead to hybrid modes with sharp resonances. This approach is studied theoretically and with FDTD simulations. Further samples were fabricated and investigations based on achieved data were made.

Chapter 3 proposes an application of the studied arrays of nanoparticles. Aluminum nanostructures are coupled with a wide band gap semiconductor to enhance its emission.

Periodic arrays of Al nanoparticles were fabricated onto a ZnO epitaxial layer. Theoretical concept of the sample contains several aspects of enhancement such as: Purcell effect, antenna effect and waveguiding. Their influence and the results are explained here.

Next Chapter derives from the problematics of Chapter 3: "How to increase the enhancement effect and get more efficient surface coverage without structuring semiconductor substrate?". For this purpose we used a fractal geometry inspired by radiowave technology. The FDTD simulations were performed to design an effective geometry optimized for certain wavelength. After the structures were fabricated with an adapted electron beam lithography process.

Finally, we propose a concept of chiral fractals. Using the complex geometry of fractals, it is possible to push optical chirality of plasmonic structures towards the UV part of the spectrum. This possibility was proved with the FDTD simulations in the second part of Chapter 3. Samples of chiral fractals were fabricated and the existence of circular dichroism in fractal structures was experimentally demonstrated.

Chapter 1

Aluminum plasmonics

The light lives in all places, in all things. You can block it, even try to trap it, but the light will find its way.

The Speaker, Destiny 2

General word

A plasmon is a quanta of oscillations of the free electron gas (i.e. a plasma) in a metal. Its existence can explain several optical properties of metals. Their first applications appeared long before the name plasmon was even coined. Since ancient times, stained glasses were made by the inclusion of small metallic particles in glass. A well-known example is the Lycurgus cup [START_REF] Freestone | The Lycurgus Cup -A Roman nanotechnology[END_REF], a Roman cup dated from the IVth century and made from glass with metallic inclusions. Then, stained glasses were massively used in churches and palaces, like in the Cathedral of Saint-Pierre-et-Saint-Paul of Troyes. The first theory of the "plasma oscillation" was proposed by [D. Pines and D. Bohm, 1952], with an experimental observation using electron energy loss spectroscopy by [START_REF] Powell | Origin of the characteristic electron energy losses in aluminum[END_REF][START_REF] Powell | Origin of the characteristic electron energy losses in aluminum[END_REF][START_REF] Powell | Origin of the characteristic electron energy losses in aluminum[END_REF], using aluminum thin films. From that point on plasmonics started to grow, however it is the rise of nanotechnology that will incredibly boost the field. It can be argue that the starting date of "modern" plasmonics is 1998 with the publication of T.W. [START_REF] Ebbesen | Extraordinary optical transmission through sub-wavelength hole arrays[END_REF]] in Nature about the extraordinary transmission of light through hole arrays. The main change brought by nanotechnology is the ability to manufacture nanostructures with controlled size and shape, such as the nanoholes in Ebbesen work. Nowadays plasmonics is featured in more than 1500 publications per year and thousands of applications. Currently it is one of the major driving forces of the fascinating field of nanooptics, which explores how electromagnetic fields can be confined and manipulated at the nanoscale.

Dielectric permittivity

Optical properties of materials, including metals, are characterized by a variable called dielectric permittivity -(ω). In this chapter we discuss the origin of this dependence.

Maxwell's equations are powerful tools of classic electrodynamics, which can be used to describe the electron gas appearing due of the huge electron density inside metals and negligible difference in energy levels in comparison with kT .

∇ D = ρ f ree ∇ B = 0 ∇ × E = - ∂ B ∂t ∇ × H = j + ∂ D ∂t (1.1)
where E is the electric field, D -the electric induction, B -the magnetic induction and H -the magnetic field. j and ρ are current and charge densities respectively. Those values are connected through electric and magnetic polarization via the constitutive equations, presented for Fourier space for simplification:

D(k, ω) = 0 (k, ω) E(k, ω) + P (k, ω) B(k, ω) = 1 µ 0 µ(k, ω) H(k, ω) + M (k, ω) (1.2) 
and ρ = -∇ P j = ∂ P ∂t (1.3) where µ is the magnetic permeabity and is a dielectric permittivity. Both are generally tensors. In the case of a linear isotropic material with negligible space dispersion those equations take the following form:

D(k, ω) = 0 (ω) E(k, ω) B(k, ω) = µ 0 µ(ω) H(k, ω) (1.4)
Dielectric permittivity is a complex number = Re( ) + i • Im( ) and is directly connected to the complex refractive index:

ñ = √ = n + iχ (1.5)
Parameter χ here is the extinction coefficient connected with absorption in a material. From Eq. 1.5 can be derived:

Im( ) = 2nχ (1.6) This means that the imaginary part of describes the absorption of materials.

Band theory and origin of electron gas

The main reason behind the unique properties of metals lies in their electronic configuration. In a single metal atom, electrons have discrete energy levels known as atomic orbitals.

Usually, metals at standard conditions have less then 4 electrons on the outer orbit. For example, aluminum electronic configuration is 1s 2 2s 2 2p 6 3s 2 3p 1 , which means 3 electrons in the outer orbit.

When two atoms are combined in a molecule, the atomic energy levels split into pairs of molecular energy levels. Accordingly, in a crystal structure the atomic levels split into a huge number of energy levels, creating continuous bands of energy states.

From quantum statistics, we have a Fermi-Dirac distribution that describes energy distribution of identical particles with half-integer spin, like electrons, in a system at thermodynamic equilibrium. ñi = 1 e ( i -µ)/k B T + 1 (1.7) where k is Boltzmann's constant, T is the absolute temperature, i is the energy of the singleparticle state i, and µ is the total chemical potential. The probability that the many-particle system is in the state R, is given by the normalized canonical distribution [START_REF] Reif | Fundamentals of Statistical and Thermal Physics[END_REF]]

P R = e -βE R R E -βE R q' (1.8) 
where β = 1/k B T From this the Fermi level E F can be derived as energy where probability of finding a particle becomes 50 percent:

E F = h2 2m ( 3π 2 N e V ) 2/3
(1.9)

In metals with a given band structure, the Fermi level E F lies inside at least one energy band. In semiconductors and dielectrics E F is located in the band gap. This leads to the fact that inside of the band some energy levels a free, and it allows electrons to move along the material. For example in figure 1.1 presenting band structure of aluminum.

In summary, in metals electrons can freely move from one atom to another. Those electrons form the free electron gas with concentration n 0 inside of the metal.

Unique interaction between metal and light goes from oscillations of the electron gas.

Drude-Sommerfeld theory

P. Drude, 1900 created a very efficient plasma theory to explain the optical properties of metals based on the interaction of light with electron gas. Later on, this theory was supplemented by Lorentz and Sommerfeld, so the now in the literature Drude-Lorentz-Sommerfeld theory can be mentioned [START_REF] Bartlett | Optical properties of nanostructured metal films[END_REF]. In the origin this model uses a definition of free electrons that combines non-uniformity of crystal lattice potential and electron-electron interaction, i.e. band theory in further study, into the effective mass of the electron m * . In this case Drude theory do not works well at the wavelengths of interband transitions in where γ = 1/τ is the frequency of collisions of electrons and τ is a free path time, x is the position, (ẍ is the acceleration, ẋ is the speed, e is the electron charge and E is the electric field. In case of a monochromatic, time-harmonic field E(t) = E 0 e -iωt ) solution becomes:

X(t) = eE m * (ω 2 + iωγ) (1.11)
Shift of the electron gas leads to the polarization: P = -n 0 eX = -n 0 e 2 E m * (ω 2 + iωγ) (1.12) From this equation in combination = 1 + χ, which comes from eq. 1.5 we can derive the dielectric permittivity:

(ω) = 1 - ω 2 p ω 2 + iωγ (1.13)
where ω p = n 0 e 2 /m * -the plasma frequency of free electron gas. At high frequencies,

where ωτ >> 1 imaginary part of can be neglected and ≈ 1 -ω 2 p /ω 2 . But in the area of interband transitions real and imaginary parts become roughly of the same order. As a compensation, in this case, a Drude-Lorentz model can be used as follows:

(ω) = Drude (ω) + Interband (ω) = (1 - ω 2 p ω 2 + iωγ ) + ( G 0 ω 2 0 ω 2 0 -ω 2 -iΓω ) (1.14)
where ω 0 is the central frequency, G 0 is a gain, and Γ the damping factor from Lorenzian model of the interband transitions.

This approximation also works well for macro particles, in classic electrodynamics. But if we decrease the size of the particle to the nanometric scale, free mean path of electrons become comparable with the size of the particle. This also will increase imaginary part of the dielectric permittivity as soon as it is dependent from γ. With a decrease of any dimension below ≈10 nm, quantum effects and separated energy levels start to affect the properties and the model should be much improved. As example of values following 1.1 is provided: Au Ag Al n o (m -3 ) 5.9 * 10 28 5.76 * 10 23 2. [START_REF] Klimov | Nanoplasmonics[END_REF][START_REF] Ordal | Pt, Ag, Ti, and W in the infrared and far infrared[END_REF][START_REF] Gall | Electron mean free path in elemental metals[END_REF] Now assume situation with infinite metal volume. Dispersion law for transversal waves

(div E = 0) will take form:

ω 2 (ω) = c 2 k 2 (1.15)
And in case of Drude dispersion:

(ω) = 1 - ω 2 p ω 2 (1.16)
From those equations, the existence conditions of a wave, the so-called volume plasmon, can be derived:

ω = ω 2 p + c 2 k 2 (1.17)
The dispersion curve of those conditions represented in figure 1.3. 

Surface plasmons

Previously we discussed volume plasmons. This type of plasmon are not localized waves, because their dispersion curve is located higher than the light line, see Fig. 1.3. Much more interesting for nanotechnology, surface plasmons can appear at the interface between a metal and a dielectric. The first mention of such oscillations appeared in works of [START_REF] Zenneck | Uber die Fortpflanzung ebener elektromagnetischer Wellen langs einer ebenen Leiterfl??che und ihre Beziehung zur drahtlosen Telegraphie[END_REF]] and [START_REF] Sommerfeld | Ueber die Ausbreitung der Wellen in der drahtlosen Telegraphie[END_REF], connected with problems in telegraph. To describe the surface plasmon phenomena, we consider a simple metal-dielectric interface, as shown in figure 1.4 In this configuration, solutions of the Maxwell's equations can be written for the metal: 1.18) and for the dielectric side: 

E m = E 0 {1, 0, k sp k zm }exp{i(k sp x -k zm z -ωt} H m = -E 0 m k zm ( ω c ){0, 1, 0}exp{i(k sp x -k zm z -ωt} ( 
E d = E 0 {1, 0, - k sp k zd }exp{i(k sp x + k zm z -ωt} H d = E 0 d k zd ( ω c ){0, 1, 0}exp{i(k sp x + k zm z -ωt} (1.19) 
where

k zm = m (ω)( ω c ) 2 -k 2 sp k zd = d (ω)( ω c ) 2 -k 2
sp (1.20) are the wavevectors orthogonal to the interface in metal and dielectric side correspondingly, and k 2 sp -surface plasmon wavevector. From the continuity of tangential components of electric and magnetic fields, we can write the dispersion equation:

m k zm + d k zd = 0 (1.21)
This equation shows the possibility to have a wave without a source, i.e. it is an electromagnetic mode. In combination with the previous equation, we get:

k sp = ω c m (ω) d (ω) m (ω) + d (ω) (1.22)
And through this it possible to write the components of the wavevector that are orthogonal to the interface:

k 2 z,j = ( ω c ) 2 2 j m + d
, with j = m, d (1.23) Surface plasmons are localized waves along the interface. It means that along the interface k sp wavevector should be real, and k z,j should be imaginary. This implies:

m (ω) d (ω) < 0 m (ω) + d (ω) < 0 (1.24)
Metals like gold, silver or aluminum have a large negative real part of permettivity and relatively small imaginary part. In this case surface plasmons can exist on the interface of those materials.

ω > ω p ω < ω p √ d + 1
(1.25) Figure 1.5 shows the dispersion curve from equation 1.19 if we take Drude's dispersion for the metal m (ω) = 1 -ω 2 p /ω 2 . Two branches corresponding to volume and to surface plasmons as predicted by equation 1.22. Note that due to their nature, surface plasmons propagating along a metal-dielectric interface are sometimes called "propagating surface plasmon" or "delocalized plasmons". Another kind of plasmonic excitation, known as localized surface plasmons, also exists and is described in the next section. 

Localized surface plasmons

Oscillation of electrons in metallic nanoparticles whose size is smaller than the wavelength of the exciting light are called localized surface plasmons. The main difference with volume and surface plasmons lies in the fact that localized surface plasmons can exist only at fixed resonance frequencies, depending on the particle's shape, size and material. Those frequencies are called plasmonic resonances.

There are two main approaches for the theoretical calculation of plasmonic resonances and the associated distribution of electromagnetic fields:

1. The first method is to solve Maxwell's equations, or their integral form, for different frequencies and to find the frequency-dependence of parameters of interest, such as the scattering cross-section. The scattering cross-section is maximum at the plasmonic resonance and plotting the electromagnetic fields at this frequency yields the spatial distribution of the plasmon mode. The main drawback of this method is that it cannot be easily applied to the different materials, even with the same particle form. Moreover, the scattering cross-section is affected by material losses and other things, so it could decrease precision of calculations.

2. The second method, called the effective medium theory [START_REF] Elser | Nanowire metamaterials with extreme optical anisotropy[END_REF]] is based on a important value, already introduced -dielectric permittivity, which depends on frequency. This method is more universal and allows a deeper understanding of the localized plasmons. In this method, a lot of attention is payed to the form of the particle and its influence on the optical properties.

Effective medium theory is well explained in the book of [V. [START_REF] Klimov | Nanoplasmonics[END_REF]. Using nonstandard methods, solutions of Maxwell's equations can be written in the form:

E = E 0 = n e n ( (ω) -1) ( n -(ω))
V +

e n E 0 dV

V + e 2 n dV (1.26) where E 0 is the electric field without the particle, n is the mode index, n and e n are eigenvalue and eigenfunction, respectively, V+ is the volume inside the particle. There is a resonance factor n -(ω). ω n -resonance frequencies, leads to n -(ω) = 0. Width of the resonance is dependent on imaginary parts of n of (ω), but usually Im( n ) << Im( (ω)).

An analytic solution can be derived for particles exhibiting a high degree of symmetry, such as spheres [START_REF] Mie | Beitr??ge zur Optik tr??ber Medien, speziell kolloidaler Metall??sungen[END_REF] or spheroids [START_REF] Yamashita | Electrical Resistivity of Transition Metals. II[END_REF]. Analytic solutions can be found for other forms but they become unnecessarily complicated and numerical solutions are generally used instead.

For particles with sizes d << λ the quasi-static approximation can be used. For example, let us consider the simple case of a homogeneous sphere of radius a, made from a Drude metal, inside a dielectric medium with permittivity m . A static electric field E = E 0 ẑ is applied to the system. A sketch of the system is shown in figure 1.6.

Potentials inside Φ in and outside Φ out can be written as follows, derivation can be found in [START_REF] Maier | Plasmonics: Fundamentals and applications[END_REF] or [Jackson and Fox, 1999]:

Φ in = - 3 m + 2 m E 0 rcosθ Φ out = -E 0 rcosθ + -m + 2 m E 0 a 3 cosθ r 2
(1.27) To simplify those equations an induced dipole moment p is introduced:

p = 4π 0 m a 3 -m + 2 m E 0 (1.28)
And from there a polarizability α, a key feature of those calculations, can be defined as:

α = 4πa 3 -m + 2 m (1.29)
From polarizability α we can see that resonance takes place at (ω) = -2 m . Also from further calculations [START_REF] Lord | Fundamentals and applications of needle trap devices[END_REF] a cross section of scattering C sca and absorption C abs under plane wave illumination can be found as follows:

C sca = k 4 6π |α| 2
C abs = kIm(α) (1.30) where k = 2π/λ.

Aluminum plasmonics

During the last decades, plasmonics has mainly involved the study of gold and silver nanostructures. This is primarily due to their suitable properties in the visible part of the spectrum, i.e. electric permeability has a negative real value and imaginary is relatively small.

But with development of the plasmonics field, the need for new materials became a crucial question due to the high price of noble metals and the limited covered part of spectra.

For a long time aluminum was underestimated for plasmonics purposes, both due to its relatively high losses in the visible region and to its rapid oxidation when exposed to air.

However, as fabrication technologies and know-how increase, aluminum now appears as a great alternative material for plasmonics. Furthermore, aluminum provides an economic advantage because it is cheap and widely available, and compatible with complementary metal-oxide-semiconductor (CMOS) technology.

Basic optical properties of aluminum

As discussed previously, aluminum has a high concentration of free electrons n = 6 • 10 23 m -3 . The plasma frequency ω p directly depends on this concentration. For aluminum, the plasma frequency is ω p = 15 eV. That is ≈ 60% higher than the same values for gold and silver (see table 1.1). So by the formula 1.22 we can assume that aluminum should provide a wider spectral range for surface plasmons than gold or silver. But since pioneering studies back in the middle of the 20th century [START_REF] Ehrenreich | Optical properties of aluminum[END_REF], aluminum has the reputation of being a lossy and unstable material, not suitable for plasmonics. As a consequence, it has not been studied widely as a plasmonic material until recently.

The main problems associated with aluminum can be summarized in a two very important issues:

1. Aluminum exhibits an interband transition around a wavelength of 800 nm, right in the middle of a region of interest for the evolving field of plasmonics. Interband transitions creates high optical losses and also the classical Drude model approximation is not working properly in this region.

2. Aluminum has a high imaginary part of for wavelengths higher than roughly 500 nm and this means high losses in this region. Real and imaginary parts of the dielectric permittivity can be observed in figure 1.7. 

Oxidation of aluminum

Even outside the field of optics, aluminum is well known for its lightweight and resistance to erosion. The second property comes from the fact that top layer of aluminum oxidizes incredibly fast, forming an alumina (Al 2 O 3 ) layer. Alumina is a very robust material with a high melting point. The solid alumina layer also affects any fabrication process -this will be discussed later. Fabricated aluminum nanostructures oxidize right after fabrication by just being in air. However, after forming a 3 nm native layer of alumina, the oxidation process stabilizes and particles can keep the same oxide shell thickness for a long time: from a week to months, depending on the environmental conditions (humidity and temperature) [Langhammer et al., 2008a].

Oxidation is of course detrimental for plasmonic properties. It creates a gap between the surface of the particle and the metal. For some applications this could be critical, for example for Surface Enhanced Raman Spectroscopy (SERS). In figure 1.9 presented simulated dependence of extinction spectra versus the thickness of alumina shell for constant size of the particle [START_REF] Zhang | Reduction of Plasmon Damping in Aluminum Nanoparticles with Rapid Thermal Annealing[END_REF]. As found in this interesting work, there is an obvious decrease of half-width of the resonance peak, i.e. quality factor (Fig 1 .9a), but also both a red and a blue shift are observed (1.9b). The red shift comes from a high refractive index of alumina surrounding the metal core, while the blue shift appears due to the decreasing the size of the core, eventually overcoming the red shift.

The main topic of the work described by F. Zhang is about increasing quality of plasmonic resonances through Rapid Thermal Annealing (RTA). One of the biggest issues with aluminum particles fabrication is their poly-crystalline grain structure. Several methods have been reported [START_REF] Martin | Fabrication of aluminium nanostructures for plasmonics[END_REF] to improve fabrication using either low or high evaporation speeds of the metal, but mono-crystalline aluminum is unachievable with simple methods such as thermal evaporation. Using a RTA post-treatment on aluminum nanoparticles, F. Zhang achieved a bigger grain size with moderate oxide layer growth.

This leads to increased quality factors of the localized surface plasmon resonance (LSPR), as As a conclusion on the oxidation topic, we could say that oxide layer of alumina is not a real issue. Oxidation creates a robust thin native protection layer, which can also can be used as a resonance tuning instrument or nanosized melting form.

Aluminum nanoplasmonics

The basic approach to study the optical properties of aluminum nanotructures is to perform extinction spectroscopy on nanostructures with simple geometries. For example, there is a nice study of aluminum nanodisks and nanorods made by M. [START_REF] Knight | Aluminum for plasmonics[END_REF]. Figure 1.11 reprinted from their article presents the evolution of the plasmonic resonance with increasing sizes. As it can be seen, with the shift of the resonance from UV to visible part of the spectrum, the shape of the resonance changes a lot -from a well-defined peak to a broad lowered peak. This also means that the quality factor is decreasing.

Those results are mainly explained by the increase of the electric permittivity of aluminum in the visible region. The grain structure also affects the resonance, due to the electron scattering at grain boundaries. With increasing particle size, this effect is more pronounced.

Although electron beam lithography is probably the best fabrication method for systematic study, it is still difficult to fabricate aluminum particles with diameter lower than 40-50 nm. With those limitations and depositing the nanoparticles onto a quartz substrate, the lower boundary for the achievable resonance wavelength is around 280-300 nm. To go beyond this limit, completely different chemical methods should be used. For instance, in the work by [START_REF] Maidecchi | Deep ultraviolet plasmon resonance in aluminum nanoparticle arrays[END_REF] particles were fabricated using self-assembly on a silane layer . Another example a quite recent method of chemical fabrication of aluminum nanoparticles with diameter down to 5 nm immersed in ethylene glycol described in patent [START_REF] Plain | Procede thermo acoustique de fabrication de nanoparticules monocristallines d'aluminium[END_REF]. It is important to mention that at such small sizes quantum effects might become important as discussed previously.

The other possibility to decrease the operating wavelength is to consider higher-order plasmonic modes. For example, quadrupolar plasmon resonances, whose resonance frequencies are higher than that of dipole resonances, can be used. Due to the properties of material, quadrupole and higher modes are more easily excited in aluminum when compared to noble metals, but still the associated absorption and scattering cross-sections are generally quite low. Under some circumstances it is possible to enhance the excitation of a quadrupolar resonance. The easiest way to do that is to use oblique illumination. In the work of [START_REF] Martin | High-resolution imaging and spectroscopy of multipolar plasmonic resonances in aluminum nanoantennas[END_REF] multipolar resonances was observed in aluminum nanoparticles with electron energy loss spectroscopy.

In most of the aforementioned works, scientists were trying to push the resonance wavelength toward the ultraviolet region. In this area aluminum has little concurrency from the other metals and shows remarkable optical properties. Moreover, and most importantly, UV-plasmonics opens the way to a huge amount of potential applications that we are going to discuss in the following. 

Applications of aluminum plasmonics

The optical properties of aluminum described in the previous section show a great potential for application in different areas. The most promising way is near-UV and blue plasmonics.

Sensors, light sources, amplifiers in this region can be enormously useful for application and implementation with biology. Many important biomaterials are somehow sensitive to the UV light, and with aluminum this effect can be greatly increased. Moreover aluminum has low toxicity and, due to the protection of the native oxide layer, resistant to the environment.

Light generation

It is known for a while that surface plasmon can be coupled to luminescent materials, whether fluorophores or semiconductors, in order to enhance their emission. This field is known as "metal-enhanced fluorescence". Fluorescent molecules are more important for detection and investigation in biological and medical research [START_REF] Liu | A plasmonic gold nanostar theranostic probe for in vivo tumor imaging and photothermal therapy[END_REF], while semiconductor-metal structures and their derivatives (quantum dots, wires and wells) are mainly oriented toward the fabrication of light sources and detectors [START_REF] Okamoto | Surface-plasmon-enhanced light emitters based on InGaN quantum wells[END_REF].

As a combination of both, there is a topic with a fast growing popularity: theranostics [START_REF] Yu | Targeting strategies for multifunctional nanoparticles in cancer imaging and therapy[END_REF]. The word "Theranostics" is a combination of "Therapy" and "Diagnostics", so as follows from the name this research topic is concentrated on creating heterogeneous particles exhibiting multitask properties.

When a metal is combined with any light-emitting material, there are three main effects that may modify light generation:

1. At the plasmonic resonance, the local electric field intensity is increased in the vicinity of the particle, leading to an increased excitation rate;

2. The so-called Purcell effect makes the particle working as an optical resonator, speeding up relaxation rates in the active material. This yields higher emission rate;

3. Designing the shape of the particle allows one to increase the coupling between the farfield and the near-field, channeling emitted light more efficiently towards the detector or, conversely, concentrating impinging light on the active material. This is the antenna effect.

Aluminum as material for ultraviolet plasmonics shifts all these applications toward the UV region, which is interesting as many molecules can be excited in UV. Usually this emission has a low intensity. As example of such application, the work of J. Eid et al., 2009 can be mentioned. DNA sequencing is a very hot topic, and numerous solutions to perform the sequencing have been proposed. One technique for detection of parts of cut DNA, i.e. nucleotides, is to attach fluorescent markers to them. In [START_REF] Eid | Real-Time DNA Sequencing from Single Polymerase Molecules[END_REF], nanosized apertures milled in a thin aluminum film (called "zero-mode waveguides") were used to enhance the signal emitted by such markers. A visual description of the method is shown in figure 1.12.

Aluminum can be also used for enhancing of luminescence from rare earth materials, which absorb light in UV a emit in the UV-visible. Let us mention for example the work of [START_REF] Abdellaoui | Plasmonic enhancement of Eu:Y2O3 luminescence by Al percolated layer[END_REF], where the coupling between Eu 3+ rare earth emitters and aluminum nanostructures has been investigated.

Concerning applications with semiconductors, an attractive direction is the coupling with wide band-gap semiconductors, such as zinc oxide (ZnO) with band gap E g = 3.37 eV, gallium nitride (GaN) with E g = 3.2 eV and boron nitride with E g = 5.9 eV. An interesting fact is that highly n-or p-doped ZnO and AlZnO semiconductors can have a plasmonic behavior at radio frequencies Boltasseva and Atwater, 2011.

The simplest configuration of an Al-semiconductor structure consists of an aluminum film with a layer of semiconductor on its top (or reversed). In this configuration, the semiconductor can be a quantum well [START_REF] Okamoto | Surface-plasmon-enhanced light emitters based on InGaN quantum wells[END_REF][START_REF] Gao | Surface-plasmon-enhanced deep-UV light emitting diodes based on AlGaN multi-quantum wells[END_REF] or the bulk material [START_REF] Chou | Efficient blue lightemitting diodes leading to bright and energy-saving white light sources[END_REF]. In this case the Al layer works as a mirror, amplifying the excitation light, and also enhances the emission. The reported values of the experimental enhancement factor in those articles is more than 2 times. The next level is structuring the metal surface [START_REF] Norek | Plasmonic enhancement of UV emission from ZnO thin films induced by Al nano-concave arrays[END_REF] or changing it to the particle patterns. This will be discussed more precisely in chapter 3.

Using smaller structures to increase light confinement, we can obtain even more localized effects with higher impact. For example, the group of Q. [START_REF] Zhang | A room temperature low-threshold ultraviolet plasmonic nanolaser[END_REF] showed a GaN nanolaser and [START_REF] Chou | Efficient blue lightemitting diodes leading to bright and energy-saving white light sources[END_REF]] demonstrated a ZnO nanolaser. Both projects were based on a configuration where a semiconductor nanowire lies onto either an aluminum [START_REF] Zhang | A room temperature low-threshold ultraviolet plasmonic nanolaser[END_REF] or a silver surface [START_REF] Chou | Efficient blue lightemitting diodes leading to bright and energy-saving white light sources[END_REF]. This creates a huge local electric field and Purcell effect from the interface metal-semiconductor as shown in figure 1.13. In both works lasing from nanowires was achieved due to plasmonic enhancement. 

Raman spectroscopy

Enhanced Raman spectroscopy is a powerful tool for material study through phonon signature. Raman scattering, the core feature of this method, is an inelastic (Stokes) scattering where the energy lost by the photon is transferred to phonons. Raman scattering happens along with elastic (Rayleight) scattering, but with an extremely low intensity in comparison. In order to enhance the signal, surface plasmons in metals are widely used in different configurations. The two main directions of development in this field are:

1. Surface Enhanced Raman Spectroscopy (SERS) relies on rough metallic films or nanostructures to intensify the Raman signal. Under the incident light excitation, the local electric field around the particles is increased, increasing in turn the Raman scattering (as the Raman scattering cross-section is roughly proportional to the fourth power of the electric field). This technique allows the probing of large surfaces as well as single molecule located in a hot spot between particles [START_REF] Vlckova | Single molecule SERS: Perspectives of analytical applications[END_REF]. A sketch is shown in Fig. 1.14a;

2. In Tip Enhanced Raman Spectroscopy (TERS), a metallic (or metal-covered) sharp tip is used. It is needed to create a local increase of the Raman signal at its apex. Combined with a conductive surface, it allows one to perform scanning tunnelling microscopy (STM) at the same time. The sharpness of the tip also provides the possibility to measure the local Raman signal, hence creating a map of the Raman signal with nanoscale resolution [START_REF] Sheremet | Nanoscale imaging and identification of a four-component carbon sample[END_REF]. Schematics can be seen in Fig. 1.14b. The native oxide layer around aluminum nanostructures decreases the effectiveness of SERS but still, in the blue-UV region there is no better metal to use. In [START_REF] Taguchi | Deep-UV tip-enhanced Raman scattering[END_REF], the authors presented results for both methods: SERS using an 10-nm-thick aluminum film on a quartz substrate, and TERS using a silicone tip covered with 25 nm of aluminum.

The study was performed in deep-UV region (λ = 266 nm). Results are shown in figure 1.15, demonstrating a significant enhancement factor of 4-6 times in both configurations.

Especially in comparison with a 20 nm silver film these are very promising results. An artificial color generation process using plasmonic structures called "plasmonic colour printing" was first mentioned in the work of [START_REF] Kumar | Printing colour at the optical diffraction limit[END_REF]. For this purpose, several materials were used including aluminum, which have a very broad allowed zone for plasmonic resonance wavelength. Aluminum metasurfaces has been used for creating a clear Red-Green-Blue palette for pixel application [START_REF] Olson | Vivid, full-color aluminum plasmonic pixels[END_REF]. In the cited work, the authors showed pixels formed by periodic arrays of Al nanostructures yielding vivid colors. This progress was achieved by exploiting far-field diffractive coupling combined with Fano interference. Results of their work are presented in figure 1.17. Another approach is to create a plasmonic structure for the exact color needed, for example by analyzing transmission spectra. The simplest way is to chose three wavelengths to represent the RGB palette and then to superimpose transmission at those positions. A more advanced method is to integrate the whole spectra as a superposition of all colors in visible range. Those methods combined with FDTD simulations can be used for designing structures for color printing.

A famous example of such work is an "art" realized by [START_REF] Tan | Plasmonic color palettes for photorealistic printing with aluminum nanostructures[END_REF]. They created a broad plasmonic color palette using "units", or pixels, containing four aluminum nanodisks with different heights, diameters and distances between them. To demonstrate the capability of their plasmonic palette to reproduce natural colors, they created a microsized reproduction of Claude Monet's painting "Impression, soleil levant". In figure 1.18 a comparison between the micropainting and the original image is shown, as well as a typical unit used of color generation. The agreement between the original painting and its plasmonic rendering is remarkable. 

Non-linear optics and thermoplasmonics

Non-linear effects in optics are very important for many applications such as ultrafast optical switching and all-optical signal processing. Metal nanostructures can be used to generate such non-linearities, with potential applications in many topics [START_REF] Boardman | Nonlinear plasmonics[END_REF]. The second-order non-linear optical susceptibility χ (2) , which is responsible for second order non-linear effects, of aluminum thin films has been measured by D. Krause et al.

They used a Ti-sapphire laser emitting at a central wavelength of 810 nm with a 50 fs pulse duration [START_REF] Krause | Optical surface second harmonic measurements of Isotropic thin-film metals: Gold, silver, copper, aluminum, and tantalum[END_REF]. The measured value is almost 10 times higher than for gold or silver. However, the measured second harmonic generation (SHG) signal is higher for silver films than for aluminum films. The authors explain this apparent discrepancy by the fact the fundamental pumping wavelength falls into the interband transition region, yielding a deteriorated transmission factor of the pump through the Al film. In any case, aluminum is an interesting material for non-linear plasmonic studies.

Aluminum is also suitable for non-linear photoluminescence (nPL) and heat generation.

Plasmonic structures have been systematically probed by nonlinear photoluminescence microscopy, and a comparison between gold and aluminum has been made [START_REF] Castro-Lopez | Polarized multiphoton emission from resonant Al , Ag and Au nanoantennas[END_REF]. The results are however difficult to interpret due a possible role played by the thin conductive oxide at the interface between the metal and the substrate [START_REF] Schwab | Linear and nonlinear optical characterization of aluminum nanoantennas[END_REF]. Another study of non-linear effects in aluminum using nPL microscopy is described in the article of [P. [START_REF] Wiecha | Local field enhancement and thermoplasmonics in multimodal aluminum structures[END_REF], made in collaboration with our group. Both the nPL response and the heat generation rely on the amplitude of the local electric field in the metal.

The emitted photoluminescence can be described by the phenomenological relation:

I nP L (R 0 , ω) = ν 2 (ω) V |E(R 0 , r, ω)| 4 dr (1.31)
where R 0 and ω are the position and the frequency of the excitation. The prefactor ν is an effective frequency dependent non-linear coefficient and V is the volume of the metallic particle. Finally, E is the total electric field in the metal at the position r In [START_REF] Wiecha | Local field enhancement and thermoplasmonics in multimodal aluminum structures[END_REF] it was showed that the complex electric field distributions associated to high order plasmonic resonances in planar metal cavities, may be imaged by nonlinear photoluminescence microscopy around the aluminum interband transitions. Moreover, a numerical Green dyadic method was successfully used to predict the thermoplasmonic properties. Simulations showed that aluminum can yield a thermoplasmonic response larger than gold in the infrared spectral range due to its interband transitions lying near 800 nm.

Finally, it is possible to study third-order non-linear effects, such as third harmonic generation (THG). Melentiev and collaborators [START_REF] Melentiev | Single nano-hole as a new effective nonlinear element for third-harmonic generation[END_REF] studied THG in nanostructures (nanoholes and nanoslits) milled in aluminum films for an excitation wavelength in the infrared (λ = 1500 nm). From the measurement of the THG intensity, they were able to estimate the value of the third order linear coefficient χ (3) , which was found to be 3 orders of magnitude higher than in gold.

Conclusion

In this first chapter, we presented a basic introduction to plasmonics and more specifically to the growing field of aluminum plasmonics. We discovered that aluminum has very interesting properties, turning it into a appealing alternative plasmonic material. Aluminum could possibly replace noble metals for some applications, especially in the near-UV and blue region. However, its high losses in the visible part of the spectrum and the interband transitions around 800 nm are still a huge barrier, impeding further development. In the next chapter, we will discuss possibilities of improvement of aluminum nanostructures, in order to obtain higher quality resonances to build effective devices.

Chapter 2

Lattice modes in periodic arrays of Al nanoparticles

Noble metals such as silver and gold provide sharper resonances in the visible and nearinfrared spectrum than the so-called "poor" metals, such as aluminum. However, as discussed in the previous chapter aluminum is potentially the best material for UV plasmonics.

There are a lot of investigations and successful applications of it for different wavelengths from the deep UV to the blue region of spectrum. It was also shown previously that aluminum can sustain plasmonic resonances from UV to IR thanks to its high plasma frequency ω p = 15 eV. But in the visible and infrared part of the spectrum it exhibits relatively high losses, that can be derived from the imaginary part of electric permeability Im( ), as shown in figure 1.7b in the previous chapter. The quality of a resonance is usually quantified with the help of a figure of merit known as the quality factor (or Q-factor) Q = ω/∆ω, where ω is the position of resonance and ∆ω is its full width at half maximum. This quality factor is a very important value for different applications.

In this chapter, I will discuss a strategy to improve the quality factor of plasmonic resonances in aluminum particles. This strategy is based on the diffractive coupling between the individual plasmonic resonances of nanoparticles arranged into periodic arrays. First, I will present the theory behind this diffractive coupling, then I will show some numerical simulations and finally I will present the experimental results I obtained.

Linewidth engineering

There are several possible solutions to improve the quality factor of localised surface plasmon resonances (LSPR). First of all, an obvious way is to use better quality materials: higher purity, higher crystallinity, in other words: less defects. This leads to the increase of the quality factor of the resonance. We saw in the previous chapter that a thermal treatment was able to increase the quality factor of aluminum nanocylinders thanks to the increase of the size of grains in the material [START_REF] Zhang | Reduction of Plasmon Damping in Aluminum Nanoparticles with Rapid Thermal Annealing[END_REF]. More generally, it has been previously shown that the plasmomic properties were improving the crystallinity of the metal [START_REF] Laroche | Crystalline structure's influence on the nearfield optical properties of single plasmonic nanowires[END_REF]. But in any case, the intrinsic optical properties of the material are always a limitation, even in the ideal case of a Drude metal.

Chapter 2. Lattice modes in periodic arrays of Al nanoparticles

The other possibility is to use different geometries. Through symmetry breaking in the particle's shape, it is possible to tune the resonances. In figure 2.1 you can see comparison between different forms of the roughly the same size (about 100 nm). The level of damping of the plasmonic resonance can also be controlled. For instance, the surface plasmon resonances sustained by gold nanorods are significantly sharper than those of nanospheres [START_REF] Sonnichsen | Drastic reduction of plasmon damping in gold nanorods[END_REF]. It is also possible to couple the resonant modes with other objects, such as particle-particle coupling, or coupling between a particle and a pattern (array of particles). It is the latter solution we chose to explore here.
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T r i a n g l e S p h e r e C y l i n d e r FIGURE 2.1: Transmission spectra obtained with FDTD simulation using Lumerical FDTD Solutions software (homogeneous environment n = 1): Aluminum sphere 100 nm radius, Aluminum cylinder height 50 nm and radius 100 nm, Aluminum triangle with sides 100 nm and height 50 nm.

Theory of Rayleigh anomalies

The quality factor of LSPR can be improved in geometries where plasmonic particles are arranged in a periodic array (particle-pattern). Due to diffractive effects, an electromagnetic coupling between scatterers takes place, leading to the emergence of so-called lattice modes [START_REF] Ross | Optical Properties of One-, Two-, and Three-Dimensional Arrays of Plasmonic Nanostructures[END_REF] Later this phenomena was explained by Lord Rayleigh. He proposed that the "anomalies" were in fact light scattered tangentially to the grating surface [START_REF] Rayleigh | III. Note on the remarkable case of diffraction spectra described by Prof. Wood[END_REF]. The position of the anomalies could hence be predicted using the well-known grating formula [Maystre, 2012]:

sin(θ m ) = sin(θ) + mλ D (2.1)
where θ is the angle of incidence, θ m is the angle of diffraction, D is period of the grating, λ the wavelength and m is the diffraction order n = ±1, ±2, .... It can be observed that for some conditions, the angle of diffraction becomes θ m = ±90 • , corresponding to a grazing wave:

mλ D = -sin(θ) ± 1 (2.2)
In this case the lattice modes we introduced before can be understood as a Fano-type process involving a broad resonance (the LSPR) and a discrete photonic state associated with the light scattered in the plane of the array at the Rayleigh anomaly position [START_REF] Giannini | Fano resonances in nanoscale plasmonic systems: A parameterfree modeling approach[END_REF]. In this situation, two hybrid states appear, described by [START_REF] Fano | The Theory of Anomalous Diffraction Gratings and of Quasi-Stationary Waves on Metallic Surfaces (Sommerfeld's Waves)[END_REF] 1. Wood anomaly -a diffuse anomaly extends for a wavelength interval from the first one to the higher wavelengths.

2. Rayleigh anomaly -a sharp anomaly with defined wavelengths governed by the grating formula.

The lattice mode is a hybrid state, located close to the Rayleigh anomaly position. It combines properties of both origins: an enhanced scattering cross section, based on the LSP contribution, and a high quality factor. From equation 2.2 we could derive the position wavelength of Rayleigh anomaly:

λ RA = D -sin(θ) ± 1 m (2.3)
This equation is valid in the case of one-dimensional gratings, for example arrays of parallel lines, freely standing in vacuum or air. In the case of nanostructures fabricated in the laboratory, the grating will be placed onto a substrate with a different refractive index.

Moreover, two-dimensional gratings will be considered. In the following, we are going to consider the more general configuration of a 2D square grating with period P , located on the interface between two media with refractive indexes n 1 and n 2 . We assume that the incident light makes an angle of incidence θ i with the normal to the plane of the grating and is located in the 

±k d sin θ d cos θ p -k i sin θ i = m 2π D ±k d sin θ d sin θ p = p 2π D (2.4)
where m and p are integer indexes describing the diffraction orders. We know that Rayleigh anomaly appears when θ d = ±π/2. In this case, the equations take the following form:

±k d cos θ p -k i sin θ i = m 2π D ±k d cos θ p = p 2π D (2.5)
Now we substitute k = 2πn/λ:

±n 2 2π λ cos θ p -n 1 2π λ sin θ i = m 2π D ±n 2 2π λ cos θ p = p 2π D (2.6)
And from this, the position of the Rayleigh anomalies is given by:

λ RA = D n 2 2 (m 2 + p 2 ) -n 2 1 p 2 sin 2 (θ i ) ± mn 1 sin(θ i ) m 2 + p 2 (2.7)
where m and p are integers corresponding to the diffracted order of the anomaly. From this equation can be noticed that m and p, i.e. orthogonal directions, does not play the same roles, as the symmetry of the grating is broken by the incident light. However, at normal incidence, where sin(θ i ) = 0 formula 2.7 becomes:

λ RA = D n 2 2 (m 2 + p 2 ) m 2 + p 2 (2.8)
In this case a degeneracy between m and p directions is observed, because (±1, 0) and (0, ±1) are the same.

FDTD simulations

In order to investigate the influence of Rayleigh anomalies, we performed finite difference time domain (FDTD) simulations of different gratings. For this purpose were used two commercially available softwares: OptiFDTD from Optiwave [Optiwave] and FDTD Solutions from Lumerical Solutions [Lumerical]. In 2015, the first year of my thesis, Lumerical FDTD Solutions provided larger functionality and faster calculations among those two, so all future simulations were performed using only with this package.

First, we performed FDTD simulations using simple structures. Figure 2.4 shows a schematic of the model extracted from Lumerical package. A metallic particle is placed on top of a silica substrate. The plane wave source, linearly polarized, was placed above the particle and the transmission monitor was placed below, inside the substrate. For boundary conditions, in the Z-direction a perfect matching layer was used, in the X-and Y-directions periodic boundary conditions were set in order to simulate a grating. Back on figure 2.5, with a small period of 200 nm, the influence of Rayleigh anomalies is weak and the inter-particle distance is large enough to neglect near-field coupling, quality factor of the LSPR is Q air-glass ≈ 3 for air-glass system. But in the area of strong coupling quality factor could reach values of Q glass ≈ 13. This is more than a 4 times improvement!

Experimental methods

In order to experimentally investigate the influence of Rayleigh anomalies on the plasmonic resonances in periodic arrays, we produced several samples with aluminum particles and different sizes.

Fabrication

In order to get well-shaped aluminum nanoparticles Electron Beam Lithography (EBL) was used as a fabrication method. The schematics of this procedure can be found in figure 2.7.

E-beam lithography is a fabrication method where a pattern is written on the surface of a sensitive film (resist) by a focused beam of electrons produced by an electronic microscope.

After exposure, the solubility of the resist is changed, allowing development of the exposed areas (in the case of a positive resist) or the unexposed areas (in the case of a negative resist).

The principle is the same as photolithography, the only difference being the use of an electron beam instead of light. This enables an increase of the resolution thanks to the higher energy of electrons in comparison with photons. As substrates, we used quartz coverslips (Agar scientific). They were covered with layers of poly(methyl methacrylate) (PMMA) solved in methyl isobutyl ketone (MIBK), a common solvant for PMMA, with concentration 30g/l. Polymer was deposed by spin-coating on the substrate with the following parameters: speed 3000 rpm, acceleration 4000 rpm/s, time 30 s. Those settings should provide a 200 nm layer of polymer. Spin-coating was followed by baking on a hot plate during 15 min at 170 • C. Since neither glass nor PMMA layer are conductive materials, under the irradiation with the electron beam electrical charges will be stored inside. This would lead to the well-known "charging" effect, creating interferences with the electron microscope and drastically decreasing the resolution of the process. To avoid this, samples were additionally covered with a thin (5 nm spin-coated with same parameters as PMMA) layer of conductive polymer (Espacer 300Z) and baked for 1 min at 90 • C.

Then, the samples were irradiated with an electron beam microscope. A setup consisting of a Hitachi S3500 microscope fitted with an EBL control unit "NanoPattern Generation System" (NPGS) was used for this study. The operating parameters were: voltage 10 kV, beam current 10 pA and dose range 400 -600 µC/cm 2 . Pattern designs were prepared in advance through the NPGS module. The writing process is automatic and takes from several minutes to several hours depending on the size of the pattern.

After exposure, the next stage is to develop the resist. Development of PMMA was performed using a 1:3 solution of MIBK and isopropyl alcohol (IPA). The samples were first immersed in water during 30 s to rinse the conductive polymer. Process continues with 60 s in MIBK+IPA and finished with IPA to passivize development process. After this step, the preliminary results of the lithography process can be observed with an optical microscope.

Then a 50-nm-thick aluminum film is deposited on the samples, using a thermal evaporator Plassys ME300. Next, the sample is immersed into an acetone bath to remove the rest of resist, before being finally cleaned with toluene.

As a result, patterns of aluminum nanoparticles with different shapes were obtained.

The schematics of the samples and some scanning electron microscope (SEM) and atomic force microscope images are presented in figure 2.8. After fabrication aluminum samples were covered with another 200 nm layer of PMMA to prevent oxidation and create homogeneous refractive index environment.

Optical measurements

The optical measurements were performed in the laboratory of our collaborators at King's College London. Their extinction spectroscopy setup provides an angle resolution combined with a wide operating wavelength range from UV to near-IR. As a light source, a lamp Avalight-DHS (Avantes), is slightly focused onto the sample, which can be rotated by a controllable angle θ with regards to the incident beam and angle step of 2 degrees. The light transmitted by the sample is collected using a microscope objective lens (MPlan UV 50× , Mitutoyo) confocally coupled to an optical fiber (solarization-resistant fused silica fiber, core diameter 100 µm) to define a collection area corresponding to the sample size. Finally, the output of the fiber is sent toward a spectrometer (IsoPlane SCT320, Princeton Instruments) equipped with a cooled camera (ProEM 1600 2 , Princeton Instruments). Schematics of the setup can be found in figure 2.9. As a consequence, this setup allows us to retrieve the dispersion curves of the plasmonic resonances supported by the array. In the following, the dispersion curves are plotted as functions of angle and wavelength. shows a broad and relatively flat dispersion branch corresponding to the plasmon resonance of this branch, while for S-polarization, an interaction with the (1,0) glass/air Rayleigh anomaly appears. The most important difference between P -and S-polarizations concerns the (+1,0) glass/air anomaly . In S-polarization, the anomaly has a detrimental effect on the plasmon branch, while in P -polarization the anomaly seems to be uncoupled with LSPR.

Therefore, (0, ±1) mode showing coupling in P -polarisation rather than in S. This effect can be explained qualitatively by considering how a single nanoparticle scatters light. If we assume the nanoparticle scatters light like a dipole, then its far-field radiation will be perpendicular to the induced polarization, which is along the polarization of the incident electric field. In other words, as each nanoparticle scatters light in a direction perpendicular to the incident polarization, it will preferentially couple with grazing diffractive orders along that direction. It is also important to mention that even when the sample is covered with PMMA layer on top to obtain homogeneous refractive index (n = 1.5), we still observe the presence of Rayleigh anomalies in air. It is likely due to the finite thickness of the PMMA layer and the presence of air inclusions, formed around particles [START_REF] Khlopin | Lattice modes and plasmonic linewidth engineering in gold and aluminum nanoparticle arrays[END_REF].

The obtained quality factors can be compared to the quality factor obtained for isolated Al nanoparticles, which is generally Q ≈ 2 -4 in the visible range [START_REF] Martin | High-resolution imaging and spectroscopy of multipolar plasmonic resonances in aluminum nanoantennas[END_REF].

Hence, the linewidth engineering from lattice modes enables Q-factors to be reached that are comparable to isolated gold nanoparticles in the visible, i.e. best observed value Q = 7.3 at normal incidence. With angle illumination intensity of the peak decreases and it keeps the quality factor at the same or level values in comparison with normal incidence. It is also interesting to compare Figs. 2.10b and 2.10c. In the latter, the anomaly is very close to the LSP spectral position, leading to a sharp resonance at normal incidence where the intensity dramatically decreases when the angle of incidence increases. In contrast, in Fig. 2.10b, the normal incidence linewidth is higher (due to the higher frequency mismatch between the LSP and the anomaly), but as the angle is increased, the resonance sharpens without being too detrimental to the lattice mode intensity. Consequently, if sharp lattice modes at normal incidence are sought then the Rayleigh anomaly should be designed to appear as close as possible to the LSP resonance. But if angular tolerance is required, then a minimal spectral mismatch should be introduced between the anomaly and the LSP. Moreover, in Fig. 2.10f, a small resonance is observed in blue region, which is expected to be quadripolar.

As widely discussed in the previous chapter aluminum can provide a resonance from the deep-UV. Also, in the blue and UV parts of the spectrum it provides better plasmonic properties in comparison with gold and silver [START_REF] West | Searching for better plasmonic materials[END_REF]. So the next studied sample was aluminum cylinders exhibiting a small diameter d = 60 nm. This size is a good trade-off between fabrication limitations and requirement of small particle size. The period of the grating is D = 260 nm. This sample was not covered with PMMA after fabrication in order to avoid red-shift of the resonance coming from increased refractive index of environment. Figure 2.11 shows a dispersion curve for this sample. A clear interaction between the LSP resonance around λ = 420 nm and the scattered light near the (1,0) Rayleigh anomaly is observed, leading to hybridization and the appearance of a sharper resonance. Under normal incidence, we obtain Q ≈ 8 (and more for angle illumination), a value that should be compared to Q ≈ 4 obtained for isolated aluminum particles. In Fig. 2.11 presented an extinction spectrum for the same sample at normal incidence. Quality factor in this case is Q ≈ 13. This experiment was performed using a freshly made sample, while the dispersion curve was made after several weeks. Oxidation of the aluminum particles appearing during this time can explain the discrepancy in the position of resonance as discussed in the previous chapter. 

Conclusion

In this chapter, we performed simulations and experiments to understand the coupling process between localized surface plasmons and Rayleigh anomalies in dependence of material, environment, angle of incidence and polarization of the incident light. Using all of those parameters we achieved a highly tunable tool for plasmonic linewidth engineering.

The achieved quality factors Q in aluminum arrays show an increase of 5-10 times in comparison with isolated particles. FDTD simulations showed that under ideal conditions, this increase could reach 30 times. Quality factors for aluminum particles reached values comparable with non-tuned gold particles in the visible range. However, due to the higher losses and polycrystalline structure [START_REF] Martin | Fabrication of aluminium nanostructures for plasmonics[END_REF] our experimental results can be further improved to get closer to the predicted theoretical values. For instance, using the thermal annealing process mentioned in first chapter [START_REF] Zhang | Reduction of Plasmon Damping in Aluminum Nanoparticles with Rapid Thermal Annealing[END_REF].

Globally, Rayleigh anomalies do not depend on the form factor, this method of linewidth tuning is universal and can be applied to different nanostructures and metasurfaces. Altogether, we believe our results open a way for possible applications. For example SERS application of aluminum particles can be highly improved with addition of linewidth engineering by lattice modes.

In the next chapter will be demonstrated how aluminum nanoparticle arrays can be used to enhance the luminescence from wide bandgap semiconductors, such as ZnO. The lattice mode can be finely tuned to match the exciton frequency (hence enhancing the emission rate), while the array can enhance light extraction from the active layer.

Chapter 3

Aluminum plasmonics for light emission

In this Chapter I will discuss one of the applications of aluminum plasmonic structures -coupling with semiconductors to enhance light generation. The chapter is outlined as follows. Firstly, I will briefly review the properties of active materials for blue and ultraviolet light emission. Then, I will present the design of a aluminum plasmonics enhanced zinc oxide light source, and discuss the obtained experimental results. Finally I will draw some perspectives for future directions.

Wide band-gap semiconductors

Aluminum plasmonics can be applied to the whole visible spectrum apart from a small region around the interband transition (around 800 nm), but its full potential appears in the ultraviolet region. In this case, to efficiently couple with active materials, wide band-gap semiconductors should be used. The most efficient wide band-gap luminescent materials are Gallium nitride (GaN), Silicium carbide (SiC), Boron nitride (BN) and Zinc oxide (ZnO) and others. In the following, we discuss the properties of these materials.

Gallium Nitride

Gallium nitride is a III-V direct band-gap semiconductor widely used in optoelectronics (among other nitrides) thanks to its high stability and high temperature resistance, surpassing SiC [START_REF] Morkoç | Large-band-gap SiC, III-V nitride, and II-VI ZnSe-based semiconductor device technologies[END_REF]. This material is very important for applications in heterojunctions with other materials like Indium (In x Ga 1-x N ) or Aluminum (Al x Ga 1-x N ), because these crystals have a relatively small lattice mismatch. They found a lot of applications as blue emitters (LED and lasers) and in photodetection [START_REF] Di Carlo | Studies of optical emission in the high intensity pumping regime of top-down ZnO nanostructures and thin films grown on c-sapphire substrates by pulsed laser deposition[END_REF]. GaN diodes in the blue and UV are now widely available.

The main method to produce high quality layers of monocrystalline GaN is molecu- Combined with doping using Mg and Zn [START_REF] Amano | P-type conduction in Mg-doped GaN treated with low-energy electron beam irradiation (LEEBI)[END_REF], they were able to create an effective light emitting diode.

After this breakthrough, blue and UV light sources were widely studied and a lot of applications were developed. Several works concentrated on quantum wells made of InGaN [START_REF] Tateishi | Highly enhanced green emission from InGaN quantum wells due to surface plasmon resonance on aluminum films[END_REF] or AlGaN [START_REF] Gao | Surface-plasmon-enhanced deep-UV light emitting diodes based on AlGaN multi-quantum wells[END_REF]. In both cases, an aluminum film was used to enhance light emission. Using the surface plasmon sustained by the aluminum film, the authors achieved an enhancement of the incoming light intensity up to 50 times. Some A great example of high-end engineering and science was demonstrated in the work of [START_REF] Lu | Plasmonic Nanolaser Using Epitaxially Grown Silver Film[END_REF]. Using an aluminum film to generate a confined surface plasmon mode, they built a nanolaser based on an InGaN nanowire as the active gain material. This configuration is close to the nanolaser presented in Chapter 1 (also using GaN) but here the nanowire consists of a core-shell structure with a GaN shell and an InGaN core. A schematics of this concept is presented in figure 3.4. With this structure, the authors observed laser emission at an operating wavelength of 510 nm.

Boron nitride

Boron nitride is also a III-nitride wide band-gap semiconductor. It exists in multiple structure types that are similar to the structures of carbon []:

1. a-BN -amorphous form. Non-crystalline arrangement. Similar to amorphous carbon. 5. There are other forms of this material, like rhombohedral, but they are rare materials with a high difficulty of production.

In optoelectronics, the h-BN structure is mainly used. It has a high thermal conductivity and it is easier to produce monocrystalline layers than with aluminum nitride. Since seminal Previously, we mentioned the similarity with carbon structures. Actually this similarity leads to the creation of 2D and 1D-materials out of boron nitride in analogy with carbon nanomaterials [START_REF] Bourrellier | Nanometric Resolved Luminescence in h-BN Flakes: Excitons and Stacking Order[END_REF]. There are monolayers of h-BN (similarly to graphene) and also h-BN nanotubes. h-BN nanostructures emerged recently for optoelectronic applications in the deep UV region [START_REF] Jaffrennou | Cathodoluminescence imaging and spectroscopy on a single multiwall boron nitride nanotube[END_REF][START_REF] Jaffrennou | Near-band-edge recombinations in multiwalled boron nitride nanotubes: Cathodoluminescence and photoluminescence spectroscopy measurements[END_REF][START_REF] Watanabe | Far-ultraviolet plane-emission handheld device based on hexagonal boron nitride[END_REF][START_REF] Arenal | Electron energy loss spectroscopy measurement of the optical gaps on individual boron nitride single-walled and multiwalled nanotubes[END_REF]. Low-dimensional BN systems sustain very interesting properties: high mechanical stiffness and high thermal conductivity, strong deep ultraviolet emission, thermal and chemical stability. It is therefore clear that h-BN nanostructures are promising for the development of robust, stable and efficient future nanodevices operating in the deep ultraviolet. Their plasmonic engineering is very attractive due to the possibility to couple them with a metallic nanostructures in order to tune their excitonic properties. Thanks to its transparency in the visible and high resistivity, ZnO is widely used in nanotechnology as a mask for lithography. In polycrystalline form, it usually appears as a white powder and is used as an additive in numerous materials and products including plastics, ceramics, pigments, batteries and many others. A very important point for the applications, ZnO is also a non-toxic and antibacterial material.

Zinc oxide

The band-gap of zinc oxide is direct and 3.4 eV wide. This should provide emission of photoluminescence around a wavelength of 380 nm (excitonic peak). However, in reality there is also a very broad emission in the visible. The wide range of emission in the visible area is associated with defects in the ZnO crystalline structure: point defects (such as vacancies and interstitial defects), linear defects (such as dislocations) and planar defects (surface).

These defects appear in the crystal during the production cycle. The luminescence emission from these defects covers several wavelengths in the visible part of spectrum, as it can be seen in figure 3.7 .

Zinc oxide nanostructures provide a number of interesting properties: excellent temperature/radiation resistance, and tunable resistivity. In combination with its large exciton binding energy ( ≈60 meV) at room temperature, ZnO becomes a perfect candidate for a variety of applications such as low-threshold excitonic lasers in UV region [Nomenyo et al., 2014].

In the literature, several works about coupling of ZnO with plasmonic structures have already been reported. Several configurations can be realized:

1. The aluminum film (or Al nanostructures) can be located under a zinc oxide layer, i.e. between substrate and ZnO layer. For example, in the work of [START_REF] You | Effects of the morphology of ZnO/Ag interface on the surfaceplasmon-enhanced emission of ZnO films[END_REF] a silver film was placed under the ZnO layer. They reported a total enhancement of photoluminescence reaching a factor of 45 at λ = 380 nm with a silver film thickness of 120 nm. Another example is the work of Norek, Łuka, and Włodarski, 2016, where a hexagonal lattice of aluminum particles was used. In this configuration the quality of the metal layer is critical and usually an epitaxial deposition is required. The roughness of a thermally evaporated aluminum layer can lead to an increased quantity of defects inside the ZnO layer, increasing the losses and broadening the emission spectrum. Moreover, the high refractive index of ZnO in the ultraviolet range (in average 2.4) causes a redshift of plasmonic resonance wavelength. As a consequence, smaller particles are needed to match the ZnO emission wavelength.

2. Metal nanoparticles can be placed on the top of the zinc oxide film. In this configuration there is no risk of deteriorating the crystallinity of ZnO, but the production of these structures strongly relies on the smoothness of the ZnO surface -if it not the metallic film or particles will not have reproducible shape and quality. Hence, using an epitaxial layer of zinc oxide is the best option. An example is the work of [START_REF] Cheng | Localized surface plasmon enhanced photoluminescence from ZnO films: Extraction direction and emitting layer thickness[END_REF], where a 40-nm-thick silver layer is on the top of a ZnO film. A huge drawback of this configuration is that the metal (silver or aluminum) is exposed to air and hence not protected from oxidation.

3. An efficient configuration for coupling is to use a nanowire of ZnO on top of the Al layer [START_REF] Chou | Efficient blue lightemitting diodes leading to bright and energy-saving white light sources[END_REF]. This is analogous to the GaN nanolaser structure showed before in Fig. 3.4. In our laboratory, colleagues have a strong expertise of fabrication and characterization of ZnO structures [Nomenyo et al., 2014[START_REF] Gokarna | Highly crystalline urchin-like structures made of ultra-thin zinc oxide nanowires[END_REF]][Divay et al., 2008]. Different nanostructures can be produced using our colleagues facilities: Thin films [Nanovation], nanodisks [Nomenyo et al., 2014], nanopillars [Nomenyo, 2014], urchin-like structures [START_REF] Gokarna | Highly crystalline urchin-like structures made of ultra-thin zinc oxide nanowires[END_REF] and others. This provides a good platform for studies of the coupling between wide band-gap semiconductors and aluminum.

Design of the structure

To study aluminum plasmonics for the emission enhancement from a wide band-gap semiconductor, the zinc oxide was chosen due to its availability in our laboratory. It exhibits very promising properties and already proven coupling compatibility. Besides, the strong expertise from the colleagues is a huge advantage.

Theory of enhancement

As previously discussed in Chapter 1, apart from the dependence of emission intensity on the incoming excitation, the electromagnetic environment surrounding the emitter plays a major role. In 1946, E.M. Purcell published a short note where he described a phenomenon called nowadays "Purcell effect" [START_REF] Stephens | Proceedings of the American Physical Society[END_REF]. In his original note, Purcell described the enhancement of an emitter's spontaneous emission rate by a cavity but more generally, the Purcell effect stems from the modification of the local density of optical states (LDOS) around the emitter.

Generally speaking, emission appears due to the relaxation from an exited state to the ground state. As well presented in [Colas des [START_REF] Colas Des Francs | Plasmonic Purcell factor and coupling efficiency to surface plasmons. Implications for addressing and controlling optical nanosources[END_REF], one can introduce a "cooperativity parameter," describing the efficiency of light-matter interaction. Inside a cavity made in an homogeneous medium of optical index n 1 , the cooperativity parameter can be written for a single atom as:

C = g 2 2k cav n 1 Γ 0 (3.1)
where g is the coupling rate between the atom and the cavity mode, k cav is the cavity losses and Γ 0 refers to the atom decay rate in vacuum. In this case, the Purcell factor F p represents the effect of the cavity:

F p = Γ cav n 1 Γ 0 = 2C (3.2)
where Γ cav is the modification of the decay rate due to the optical cavity. The above equation can be written in the more well-known form [START_REF] Stephens | Proceedings of the American Physical Society[END_REF] :

F p = 3 4π 2 ( λ em n 1 ) 3 Q V (3.3)
where Q is the quality factor of the cavity, V is a modal volume involved in the coupling and λ em is the emission wavelength of the atom. G. Colas des Francs et al. made an excellent work to adapt Purcell factor for the plasmonics. Metal nanoparticles excited at their plasmonic resonance create a local change in the photonic density of states, in a similar fashion to optical cavities. In summary, the Purcell factor for metallic particles near the plasmonic resonance is proportional to the F p ∝ Q/V . For surface plasmons, the quality factor is estimated from the resonance spectrum profile:

Q = 2π E cav E des = λ res ∆λ (3.4)
where E cav and E des are the energies stored in the cavity and dissipated per cycle, respectively. Here λ res is the resonance peak wavelength and ∆λ is its full width at half maximum.

The modal volume can be expressed as:

V = E 2 n (r)dV max( E 2 n (r) (3.5)
where E n (r) is the electric field intensity at position r, and is the dielectric constant of the material. In this case the expression E 2 n (r) simply calculates the optical energy density.

Let us recall that Purcell effect is not the only possibility to get more light. The prescence of a metal structure can also create a light redistribution, changing the radiation pattern (antenna effect). As discussed in the first chapter, at the plasmonic resonance the scattering cross-section reaches a maximum. This effect, for example, can be applied to solar cells: metal particles are used to scatter light and increase the light path inside the cell [START_REF] Catchpole | Plasmonic solar cells[END_REF].

Concept of the sample

Complex plasmonic geometries comprising particles made out of different metals and/or shapes can be designed in order to allow a simultaneous enhancement at excitation and the emission wavelengths. A more detailed description of such systems are described, for instance, in [F. [START_REF] Laux | Single Emitter Fluorescence Enhancement with Surface Lattice Resonances[END_REF].

In our case, the chosen way is waveguiding. The refractive index of ZnO in the UV region (excitation-emission range) has a relatively high value of n ≈ 2, 4 ± 0, 2. This allows ZnO to work as a waveguide at those wavelengths, as experimentally demonstrated in [START_REF] Aad | Efficient Pump Photon Recycling via Gain-Assisted Waveguiding Energy Transfer[END_REF]. (see also Fig. 3.9) We attempted to fabricate all these three structures, but unfortunately we encountered an issue with both the 2D and 1.5D structures. The fabrication was done using e-beam lithography and lift-off method, with PMMA as a positive resist. Due to the small contact surface of non-exposed polymer after e-beam irradiation, during the development process the polymer can slip away from its position, leading a badly imprinted structure. A better solution to produce such structures would be to use reactive ion etching on an evaporated aluminum surface.

In this concept, we decided to use the Rayleigh anomaly to excitation wavelength and Purcell effect to emission wavelength. For the excitation a 325 nm He-Cd laser was used.

Emission is expected around 380 nm. As described in the previous chapter, the resonance wavelength of the lattice modes linearly depends on the refractive index n 2 :

λ RA = D n 2 2 (m 2 + p 2 ) m 2 + p 2 (3.6)
As soon as we are interested in waveguiding inside the ZnO layer, λ RA should be equal to the 325 nm. According to equation 3.6, the center-to-center distance in the lattice should be 165 nm in order to obtain a first order Rayleigh anomaly at this position and provide coupling of the excitation light into the waveguide where it will be absorbed.

The second step is to tune the plasmonic resonance of individual aluminum nanoparticles in order to match the emission wavelength. As the refractive index of ZnO is high, it redshifts the resonance and we have to decrease the size of the nanoparticles. FDTD simulations of the basic cylinders were performed with the model. The refractive indices of aluminum and alumina were taken from [START_REF] Palik | Handbook of Optical Constants of Solids[END_REF] In this simple numerical model, the 150-nm-thick ZnO layer was not modelled as an active material but as simple dielectric with a purely real refractive index set to 2.4. This system sits onto a sapphire substrate. The boundary conditions are periodic in the XY plane and PML in the Z-direction.

The results of the optimization demonstrated that cylindrical particles with a diameter of 40 nm and a height of 50 nm can be used for enhancement. Let us underline that such nanoparticle sizes correspond to small particles, at the limit of what can possibly be made using standard procedures of e-beam lithography.

To 

Experimental results

To experimentally validate the proposed design, we fabricated a sample based on the previously described concept. In this section we will discuss the fabrication procedure and results from the measurements.

Fabrication of the sample

To realize the sample, we used an epitaxial layer of zinc oxide. Molecular beam epitaxy is a method of deposition of thin films with high crystalline quality. ZnO was grown in our collaborator's company Nanovation [Nanovation]. The thickness of the layer is 150 nm, and it is grown on a sapphire substrate. The 150-nm-thickess is high enough to provide waveguiding in a monocrystalline layer. The next step is electron beam lithography. The surface of epitaxial ZnO is smooth enough to perform the lithography directly on it. The substrate was spincoated with a 150-nm-thick Poly(methyl methacrylate) layer. As ZnO is a semiconductor, there is no need of a conductive polymer. The main parameters of the ebeam lithography are summarized in the following table 3.1. Moreover, the use of ZnO as a substrate allows to perform a better alignment of the e-beam microscope. Hence, fabrication of small structures (40 nm in diameter) should be possible. 

Optical analysis

Photoluminescence measurements were performed on an optical setup made in our laboratory. It is based on a continuous wave He-Cd laser (Coherent) emitting at a wavelength of 325 nm with a 10 mW power. The probing spot is very small and for the best alignment conditions its diameter is about 1 µm. In comparison with the pattern size (30 µm) this is relatively small. Detection and spectral analysis are performed by spectrometer (Princeton Instruments Advanced SP2500A). A schematics of the setup is shown in figure 3.13.

The first measurement was made on the cylindrical Al particles. As presented in figure 3.14a, where the red line cooresponds to the PL emission with particles and the black line to the PL emission of the pristine ZnO sample, there is an obvious enhancement of the signal. The spectra are presented here without any normalization of the signal and the observed enhancement is not that large -50% for the best conditions, as can be seen in fig. 3.14b. Note that in this case the plasmonic resonance was perfectly aligned with the emission wavelength. The position of the plasmonic resonance was computed using FDTD as the difference between transmission spectra with and without particles. matching of the resonance with emission wavelength leads to the increase in the outcome light with Purcell and antenna effects described before. Issues will be discussed later.

A side result concerns elliptical aluminum particles (fig. 3.15). On the raw data it is hard to see any enhancement, rather a small and wide bump around 390-395 nm. But in figure 3.15b, where an enhancement ratio is shown, it becomes clear that enhancement is there and it almost as high as for cylinders. The only difference is that due to the bigger size of the aluminum structures it redshifted. The enhancement spectrum of elliptical nanoparticles shows a good correspondence also with plasmonic response calculated via FDTD simulations and presented in figure 3.15c. In that case the plasmonic resonance is redshifted in comparison emission wavelength the Purcell and antenna effects becomes less effective at 380 nm (also local field intensity drops down) leading to the small effect on the peak. Those effects become more valuable at ≈395 nm where the plasmonic resonance is placed, but with a lack of light it becomes harder to detect.

Discussion and outlook

The experimental results show a moderate enhancement of the luminescence by the aluminum nanostructures. Its value for the best conditions is only 1.5. This result is clearly lower than our expectations and deserves explanation. First of all,the Purcell and antenna effects are localized around the particles. In other words, the plasmonic modal volume from where enhancement effects could be observed is relatively small. On the other hand, we have a quite thick layer of zinc oxide (150 nm) when compared to the penetration depth of the localized surface plasmon field (a few tens of nm). This means that most of the active material is not coupled to metal particles. The spatial distribution of the electric field, obtained from FDTD simulations, can be seen in figure 3.16. To compensate the influence of the uncoupled volume, a normalization can be performed. The coupled and uncoupled volumes are estimated by field profiles obtained from simulations and expected to be in the same order as the particle volume. With these parameters, the normalized enhancement factor peak value is around 10. This value is closer to our initial expectations.

The second issue is connected with the second concept: waveguiding. Our experimental setup cannot provide measurements of photoluminescence from the edge of the sample.

In our hypothesis, there is an increase of the side emission due to waveguiding within the layer of ZnO, that is not measured in the obtained spectra (measured from the top). Such an edge-emission has been observed during the experiments, as light can be seen with the naked eye emerging from the side of the sample when the exciting spot is located onto a patterned area. In contrast, almost no side emission was observed when the excitation spot was located on pristine ZnO.

Surely for the realization of a practical device, the most important figure of merit is the total amount of luminescence, without any normalization trick. To obtain useful results without normalization of data, there are several possible ways:

1. The most obvious solution is decrease the thickness of the ZnO layer. But with decrease of thickness waveguiding would be less effective.

2. Also it is possible to etch the ZnO layer, in order to put the metallic nanoparticles inside the active material layer. This would greatly increase the modal volume. Unfortunately, ZnO is used to create lithography masks as it is very robust to etching. This will definitely leads to a lower quality of fabricated particles, as well as the creation of defects inside the ZnO crystalline structure, decreasing its efficiency. 3. An improvement of the setup to measure the edge emission is necessary. As well as inverse case with side illumination, where aluminum array would uncouple light from the waveguide.

4. The structure used in this experiment is a basic lattice of cylinders. Our fabrication technology allows us to produce more complex metasurfaces, which potentially will show higher enhancements with the use of the same substrate.

General conclusion

Energy efficiency now appears as a necessity for all future technologies. As future nanophotonics devices should heavily rely on ultra-compact light sources, these new light sources should also be designed to be energy-efficient. This implies the need to extract more light from the active material constituting the light source. In conventional lasers, the downlimit of the active medium is typically half the operating wavelength, leading to a minimum device size of a few hundreds of nm. In order to break this limit it has been shown that coupling the laser active medium (semiconductor alloys) with metallic nanostructures allows for the confinement of the optical energy into surface plasmons. (raw) and around 30 (volume-normalized). Continuation of this work carries a great potential in structuring both of the materials. For example complex metasurfaces, that will be discussed later in this thesis. Structuring the ZnO [Nomenyo et al., 2014], or the use of ZnO nanostructures such as pillars, is also a very interesting direction. Advancing in the fabrication methods will allow to produce complex hybrid nanoobjects, such as a nanopillar onto a particle or vice-versa (see figure 3.17). With this structure, it should be possible to create a nanocavity inside of the pillar with the aluminum particle working as a amplifier and a mirror. Chapter 4

Fractal plasmonics

The relatively low efficiency of the plasmonic photoluminescence enhancement observed in Chapter 3 is a general problem when dealing with bulk or thin film emitters. This limitation can hinder further development of an application prototype, such as a highly efficient UV diode that can be used for many industry purposes like lighting, medical treatment and diagnosis.

In order to find a solution for this problem, I adopted a solution inspired from radiowave technology: fractal antennas. In this chapter I will describe a study of using specific fractal form nanoparticles for plasmonics. After a brief introduction on fractal structures and a state of the art of their use in plasmonics, I will present the numerical simulations I used to design aluminum nanostructures for field enhancement. Then, I will show the structures I produced using an adapted e-beam lithography process. Finally, I will present a new concept of chiral fractal structures, created by introducing a rotation angle inside the fractal.

Introduction

As already shown, the surface plasmon resonance in metals, including aluminum, is very sensitive to the geometrical properties of the structure including particle dimensions, surface, volume and, most importantly, shape. This is why scientists from plasmonics developed new types of structures that were suitable for precise tasks, such as the "bow-tie" structure [START_REF] Şendur | Near-field radiation of bow-tie antennas and apertures at optical frequencies[END_REF] to generate intense hot-spots where light is confined, or matrices of rotated nanorods to create a metasurface working like a lens [START_REF] Kildishev | Planar Photonics with Metasurfaces[END_REF]. Creating an efficient form factor for emission enhancement of thin films is the purpose of this study.

The fractal-like shape is a common feature in natural and artificial objects (figure 4.1). A popular (and delicious) natural fractal is the Romanesco cauliflower (fig. 4.1a). Similarly, the common cauliflower is also fractal-like, however the structure is not as neat as the previous one. Most mobile phones use fractals for antennas (fig. 4.1b), a compact design that can be confined in a small volume and provide more space for other components. In the virtual world, fractal are even more popular, starting from screen wallpapers for computers to sophisticated algorithms -for example behind some of the cryptocurrencies lies a fractal system of transactions [START_REF] Popov | The Tangle[END_REF]. As it might be expected, fractals have attracted attention in nanoscience and especially in the field of plasmonics. There are many types of different fractals, opening a huge field for plasmonic engineering. Some of the fractal shapes are more popular in other sciences and mathematically described. For now, several noticeable works are published that have focused on studies of fractal-like films and clusters [START_REF] Dong | Simultaneous SEF and SERRS from silver fractal-like nanostructure[END_REF][START_REF] Hou | Ag-nanoparticle-decorated Au-fractal patterns on bowl-like-dimple arrays on Al foil as an effective SERS substrate for the rapid detection of PCBs[END_REF],

the Sierpinski nanocarpet [START_REF] Volpe | Fractal plasmonics: subdiffraction focusing and broadband spectral response by a Sierpinski nanocarpet[END_REF], the Vicsek fractal [START_REF] Wen | Subwavelength Photonic Band Gaps from Planar Fractals[END_REF], and trapezoidal log-periodic geometries. [Aouani et al., 2013][Navarro-Cia and[START_REF] Navarro-Cia | Broad-band near-infrared plasmonic nanoantennas for higher harmonic generation[END_REF].

Fractal structure

A fractal is a set of objects possessing a propriety of self-similarity. A first mathematical concept appeared in the XVII century using the term of recursion. However the first official mention of the name "fractal" is dated 1975, the year of the first edition of the book by Benoit [START_REF] Mandelbrot | The Fractal Geometry of Nature[END_REF]. Mandelbrot used fractal approximation to calculate the length of the Great Britain coast. Fractals can exist in whatever dimensional space and can have absolutely different representations, but some fractals can be visualized. For example, in figure 4.2 are presented several fractals.

Due to their structures, fractals can have dimensions that differs from the topological dimensions, (2D for surface or 3D for volume) and even with non-integer values. For example, fractal 4.2d can be characterized as a 4-dimensional (to account for the number of branches) lying within the 2 topological dimensions of a surface. That is why those kind of structures are so appealing for application in antennas. While keeping the same used volume or surface, a fractal antenna can exhibit a higher efficiency via, for instance, an increased total antenna perimeter.

In mathematics and computer science, the term of a fractal is usually connected with the term of graph -a set of a "vertexes" and "edges". The fractal on the picture 4.2d is actually a graph. Graph theory is a important domain of mathematics describing those structures, their properties and structuring applications. Among those categories exists a subset called "trees" -a connected graph with no loops.

The Cayley graph is one of the most well-known mathematic fractal structures. It is a graph defined by the Cayley theorem [START_REF] Cayley | A theorem on groups[END_REF]. Let G be a group and S be a generating set. The Cayley graph Γ = Γ(G, S) is a colored directed graph constructed as follows:

(Cayley)

• Each element g ∈ G is assigned a vertex: the vertex set V (Γ) of Γ is identified with G.

• Each generator s ∈ S is assigned a color c s .

• For any g ∈ G,s ∈ S the vertices corresponding to the elements g and g * s are joined by a directed edge of color c s . Thus the edge set E(Γ) consists of pairs of the form (g, g * s), with s and S providing the color.

In geometric group theory, the set S is usually assumed to be finite, symmetric (i.e. S = S -1 ) and not containing the identity element of the group. In this case, the uncolored Cayley graph is an ordinary graph: its edges are not oriented and it does not contain loops (singleelement cycles) and it is so called Cayley tree. 

State of the art

We already mentioned that fractals are well-known in radiowave technology. There also exist several attempts to adapt fractal antennas for to the visible and near-infrared range.

The previously mentioned articles are mainly focused on studies of fractal films and clusters, as well as special types like the Sierpinski nanocarpet or the Vicsek fractal. In their work, S. [START_REF] Gottheim | Fractal nanoparticle plasmonics: The cayley tree[END_REF] published an investigation of one of the basic fractal structure, the Cayley tree. To be precise, it should be mentioned that some of the other fractals can be described as Cayley trees with a different set of generation rules. For instance, the Sierpinski carpet would be built from triangles instead of rods.

S. Gottheim and coworkers produced gold nanofractals with different sizes and geometries. Optical characterization was performed in the infrared spectra and compared with numerical simulations. The main results from this work are presented in figure 4.4. From their simulated electric field maps, they found that the plasmon excitation is mainly confined in the termination of the branches. From this the authors inferred that the charges concentrate on the tips and the degeneracy of this distribution creates several plasmonic modes within the multigeneration Cayley trees [START_REF] Gottheim | Fractal nanoparticle plasmonics: The cayley tree[END_REF]. A schematic of the charge distribution is shown in figure 4.5. This yields a simple description of the existing plasmon modes in Cayley tree structures: fractals with one generation exhibit one main plasmonic resonance, with two generations, two peaks, and so on (see figure 4.4).

Another interesting concept for fractal plasmonics is the Sierpinsky carpet [START_REF] Sierpinski | Sur une courbe cantorienne qui contient une image biunivoque et continue de toute courbe donnée[END_REF]. This structure, generated on a base of triangles (figure 4.6a) combines properties of bow-tie structures with fractal effects. For example, the work of S. [START_REF] Cakmakyapan | Validation of electromagnetic field enhancement in nearinfrared through Sierpinski fractal nanoantennas[END_REF] presenting an excellent study of those structures.

The authors found that with the increase of the number of generations, i. 

Surface enhancement

In the previous Chapter, we observed that the spatial extension of the enhanced electromagnetic field around the aluminium nanoparticles (the plasmonic modal volume) with respect to the volume of the epitaxial zinc oxide layer was not sufficient to obtain a significant enhancement of the emitted photoluminescence. As a consequence, it appears a question of how to maximize the effectiveness of a plasmonic structure that is confined within a surface.

There are two approaches to solve this issue. The first one is to generate better "hot spots"

exhibiting extremely high values of field enhancement using, for example, dimer structures such as bow-tie antennas. The problem is that these plasmonic hot spots are also extremely confined, therefore the plasmonic enhancement will only affect a small region of the active material. The second approach is to increase the area of enhancement.

As already known from the previous chapter, Purcell effect enhancement of photoluminescence is proportional to the local optical density of states, which is dependent from the electric field E. On the other hand nanoantenna effect is also dependent of local electric field enhancement.

The goal is to find an optimal shape of the particles to acquire a maximum of plasmonenhanced photoluminescence. Assuming that penetration depth of the enhanced local electric field is the same, the total enhancement could be estimated by the average electric field (or square root of intensity √ I E ) per unit surface. 

Figure of merit for evaluating fractal structures

Previously we found a figure of merit in the electric field. This will be our base point for the optimization and design of the fractal structures, and their further fabrication process. To decrease the fabrication time while increasing the studied range of parameters, we performed preliminary simulations using FDTD. The chosen patterns were subsequently fabricated by electron beam lithography.

FDTD simulations

FDTD simulations of different structures were performed. The FDTD model used for this study consist of that following: aluminum particles are placed onto a quartz substrate, illumination source (TFSF) is placed in the air and the square field monitor (580×580 nm 2 ) is situated 2 nm under the interface in a substrate. An uniform mesh is placed around particle and monitor in order to obtain a uniform matrix of field intensity. All boundary conditions were set to perfect matched layers (PML) in order to measure single particle response without the inference of collective resonances such as lattice modes. The monitor is fitted with an additional script calculating the average electric field over all cells as a square root of intensity. In this case the uniformity of the mesh is important, in order to have the same weight for all calculated cells. Particles are made from aluminum of 50 nm height and with 3 nm layer oxide at the all interfaces with air. Data for materials are taken from [START_REF] Palik | Handbook of Optical Constants of Solids[END_REF].

In order to have a reference and to quantify the advantage brought by the fractal geometry, we are using cylinder particles and an empty substrate. This yields the following list of geometries to optimize:

• Cylinder particle;

• Optimized square array of nine cylinders, close by the quantity of aluminum;

• Cayley tree;

• Pristine substrate.

All optimization algorithms were made for the precise wavelengths of 325 nm (excitation wavelength of ZnO), 380 nm (the emission wavelength of ZnO or quantum dots) and 530 nm (a common excitation wavelength in visible), which all have interest for applications with aluminum. To ensure that all fractals work at the best conditions, an optimization script was used with variation of every dimension in XY plane, i.e. radius for cylinders, length and width for fractals. Results of those simulations are presented in the following table.

Difference in "a" and "b" is polarization: "a" goes for polarization along one of the branches, "b" along another symmetry axis (red arrow shows polarization on schematics).

Results of FDTD simulations are shown in table 4.1 and pictures -optimized structures

showing the highest E av at the reference wavelengths. Let us underline that we also performed tests for 4D3G and higher order fractals, but we observed no significant increase in the average field in comparison with the increased complexity of fabrication. Big cylinder is a cylinder with approximately same quantity of aluminum as the fractals. Optimized cylinder is one that giving maximum value of E av .

We assume that our optimization script also investigates the case of dimers, because of the wide range of allowed period in the case of an array. The results confirm that generating hotspots with high values of local field enhancement yields a loss in terms of area coverage. As we can see from the table, fractals provide an average field at the same level as an optimized array of cylinders, which is obviously based on the lattice modes described in Chapter 2. However, fractals could also be enhanced by lattice modes, since Rayleigh anomalies do not depend on the geometry of particles but only on the array parameters. For the case of a single cylinder, the fractal structure transcends it completely.

Normalized electric field intensity maps for the most efficient fractals are presented in figure 4.7. Those positions do not always correspond to the resonance position, which generally yields the excitation of hot spots at the edges. As it can be seen, the field intensity is rather distributed along the fractal, providing a good areal coverage.

The next step is to fabricate real Cayley trees in aluminum. Because of the complexity, small feature size and high material density of those structures the standard lithography process should be optimized to achieve a satisfactory result. 

Sample production

The Cayley tree structure is a complex geometry figure and more advanced nanofabrication methods are needed. First of all, we used another e-beam microscope (Raith e-Line e-beam microscope) instead of Hitachi NPGS module for the e-beam writing. It is a recent e-beam lithography setup providing a high precision for large scale patterns. Thanks to the import feature of mask models fractals were easily generated outside of the setup with different parameters. Moreover it allowed the creation of random patterns, the advantages and disadvantages of which will be discussed later.

First attempts were performed with almost the same conditions as for samples from the previous chapters. The quartz substrate (cover slip Agar scientific 200 µm thick) was covered with PMMA dissolved in MIBK with concentration 30g/L, spin-coated at 4000 rpm and baked on a 170 • C hot plate for 12 minutes. To avoid charging effect, a thin layer of conductive polymer (Espacer 300Z) was deposited on the top of PMMA. Variation of dose was performed from 250 to 600 µC/cm 2 . After lithography and development of PMMA, a 50 nm layer of aluminum was evaporated followed by lift off process in acetone. the other hand, structures with higher doses are over-imprinted. Those results show that the acceptable dose window is lying between 350 and 400 µC/cm 2 , and is less than 50 µC/cm 2 wide. Such a small window of acceptance leads to an increased difficulty to get reproducible results due to the unavoidable procedure fluctuations, such as PMMA and conductive polymer thickness, evaporated metal roughness and others.

The use of a 50-nm-thick aluminum layer allows for a decrease of the necessary thickness of the PMMA layer. This leads to an enhanced contrast for lithography. Higher contrast allows lower writing doses to be used and increases the size of the sensitivity window. To achieve the desirable 100 nm thickness of polymer, the concentration of PMMA solution was decreased first to 15 g/L with 2500 or 2000 rpm speed for spin-coating. However, the decrease of the rotation speed creates an uneven polymer film thickness that critically affects reproducibility. To prevent this problem, a 20 g/L solution was prepared and spin-coated at the speed 4000 rpm. The baking time on the hot plate was increased up to 17 min to create a more solid polymer film. Thanks to these improvements, and after several iterations, the quality of the fabricated structures was significantly ameliorated. In figure 4.9, a successful sample is presented. Imprinting fractals with more than two generations, three for example in figure 4.9e,f, appeared to be a complicated task due to the non-uniform dose distribution. This nonuniformity appears due to the large size of the structure and proximity effect, i.e. influence of electron-substrate and electron-polymer interactions, when the exposure dose distribution is wider that the scanning pattern. In this case with increasing center to border distance dose falls and it leads to the rounded corners of the last generation. To avoid overlapping of branches, 3rd generation have a small length, less than 70 nm. With the width of 50 nm, the rounded corners of a rectangle became a small circle head. As a solution another resist could be used for fabrication.

Aluminum oxidizes quickly in air. A 3-nm-thick native oxide layer appears almost immediately around the particle and then it stabilizes in time, with a thickness increase of 1-3 nm per month under normal conditions. In the case of Cayley tree structures or other fractal structures, the surface to volume ratio is increased. As a consequence, the role played by oxidation is even more critical in the formation of plasmonic resonance and their stability.

Therefore, optical measurements were performed as fast as possible just after the fabrication.

Optical measurements

As clearly explained in the work of [START_REF] Gottheim | Fractal nanoparticle plasmonics: The cayley tree[END_REF], plasmonic resonances for fractals result from the charge distribution on the edges of the last generations. In the article, well-defined resonances were observed on the extinction spectra, thanks to the use of rather large gold structures and low losses in gold. For aluminum Cayley trees, the resonant wavelengths are expected to be closer to each other and to partially overlap due to the lower quality factor. Through FDTD simulations, the parameters of aluminum fractals were optimized for different wavelengths (325 nm, 380 nm and 530 nm).

60x60 µm patterns were produced. As the size of the probing spot is around 30 µm in diameter on our optical setup, this allows representative spectra to be obtained even in presence of small fabrication defects. Patterns were realized in two forms: square lattices and pseudo-random distribution. The lattices have orthogonal base vectors with the same length of 1 µm. The expected position of the first orders of Rayleigh anomaly are located in the infrared part of the spectra and the influence of higher order can be neglected in the range of interest. But to avoid any diffraction effects, even if influence of high orders of Rayleigh anomalies is weak, we created a pseudo-random pattern. Every particle has "nest" coordinates, which are placed the same way as in lattice model -1 µm square lattice. But also every fractal has a displacement vector with a random length in the range 0 to 0.2 µm in a random direction. This destroys collective resonances that might appear in a periodic structure. But in contrast to a completely random displacement, the pseudo-random method helps to keep neighboring structures away from overlapping by keeping the center-to-center distance not smaller than 0.6 µm.

Studied sample contains fractals, theoretically optimized for 325 nm (see Table 4.1), with different configurations. The height was kept at the same value of 50 nm. Creating fractal particles with electron beam lithography with more than three generations as well as with more than four dimensions becomes a complicated task due to the small distances between branches. As explained above, FDTD simulations showed there was almost no interest in those structures in comparison with 3D and 4D. Already the last one, 4D3G fractals, pattern was unsuccessful.

Optical measurements were performed within the UV-range using homemade micro- Absorbance spectra are obtained from transmission data by the formula:

A = -log I I 0 (4.1)
where I 0 is the incoming light intensity and I is the transmitted one.

Resulting spectra shows a small intensity resonance due to the large center-to-center (or average center-to-center for random pattern) distance between structures. In comparison with the cylinder arrays from Chapter 3, the quantity of aluminum per unit area is decreased almost twice. This dramatically decreases the signal to noise ratio. Because of this issue, we had to introduce a "boxcar" in the spectrometer settings to sum the detected intensity between neighbouring pixels of the CCD array detector. This explains the "steplike" appearance of some spectra in the following figures. In figures 4.11, 4.13 and 4.14 you can see comparison experimental data and FDTD data. The simulations have been carried

out using a geometrical model close to the measured size and form of the fractals. 

Hot cells

The Cayley tree structures described in this chapter sometimes contain parts looking like "not complete" geometrical figures, or geometrical figures with a gap left. There are squares and hexagons as shown in figure 4.15. Those can be called "split figures" in analogy with the so-called split rings. Under certain conditions, these split figures are able to generate very interesting field profiles sensitive to the incident light parameters.

The studied Cayley trees always have one or two different types of symmetry axis in the fractal plane: one among one the branches for odd number of dimensions and one between two branches for even number of dimensions. If the polarization axis is aligned with the incident light among the second symmetry axis for 4D fractal it will cross two opposite splits. This configuration leads to the electric field profile confined within a split figure, in this case a square. In figure 4.16 is represented electric field intensity profile for two orthogonal polarizations. The operating wavelength is not at resonance of the whole fractal.

Only split squares, or "cells" 2 and 3 in one case and 1 and 4 in opposite are involved. By switching polarization between 45 • and -45 • it is possible to choose which cells are activated.

Presented images in figure 4.16 are results of FDTD simulations for 4D2G structure with l 1 = 120 nm and l 2 = 80 nm with obtained field profile at 380 nm wavelength. Two orthogonal polarized light were applied in case 4.16a and 4.16b as shown by red arrows in the figure. The maximum intensity of the electrical field is 7 and the average field intensity inside the cell is ≈ 2.

To sum up, we are capable to switch on and off a "nano-pixel" inside the fractal structure, using a simple remote optical command (the polarization state of the exciting light). Possible applications of this system are polarization sensitive detectors or emitters. In order to experimentally validate this finding, several methods are possible. The most simple among them are:

1. Scanning near field microscopy can be used to probe local modes under polarized illumination. The drawback of this method lies in the presence of the scanning probe, that might disturb the electromagnetic distribution.

2. Sensitive polymer described in works of R. Bachelot [START_REF] Bachelot | Near field imaging of complex metal nanostructures based on the use of azobenzene nanomotors[END_REF]. Under illumination, molecular nanomotors, based on azobenzene derivatives grafted to a polymer chain, can induce a mass migration [START_REF] Hubert | Near-field polarization effects in molecular-motion-induced photochemical imaging[END_REF]. This movement can be detected with atomic force microscope (AFM), yielding a map of the exciting light intensity. The open question is if the predicted field intensity enhancement inside the cell will be sufficient to trigger the mass migration. 

Conclusion

In this section an investigation of the concept of fractal plasmonic structure was performed.

After a study of existing experience in optics and also radio technology a Cayley tree geometry was chosen for further work. By the FDTD simulations the most efficient fractal structures were determined, using an average electric field per unit surface as a figure of merit.

The process of fabrication for producing complex fractal structures with relatively small size using e-beam lithography was improved. Even after this procedure of fabrication is not ideal and has poor reproducibility. Simple optical measurements performed with fabricated structures and they show a good correspondence with FDTD simulations.

However, experiments with optically active material were not performed. In this case there is a perspective work to prove effectiveness of fractal structures for coupling with light emitters. 

Chiral plasmonics with fractal structures

In the previous section, we discussed a pseudo-random pattern as a solution against Rayleigh anomalies. In addition, we discussed the idea of randomly orientate the fractals in the pattern. Through this, the idea to rotate the branches appeared.

Fractals exhibit a huge variety of forms and sizes. Chiral plasmonic structures previously reported in the literature, such as spirals or gammadions, can also be described as fractals.

In this section will be discussed possible application of aluminum Cayley trees to the field of chiral plasmonics.

Chirality

The first definition of chirality was proposed by Lord Kelvin in 1893: "I call any geometrical figure, or group of points, 'chiral', and say that it has chirality if its image in a plane mirror, ideally realized, cannot be brought to coincide with itself" [START_REF] Kelvin | The molecular tactics of a crystal[END_REF]. Chirality is a wide spread characteristic over different aspects of the natural world. Usually, chirality is connected with organic objects: chirality of carbon structures and chirality of organic molecules. Optical measurements based on circularly polarized light is a common technique of measurements for chiral structures. Symmetry of the light-matter interactions dictates the rules for optical chiral properties of molecules, structures and other things: circularly polarized light scatters in-equivalently with different orientations. An example of technique based on this phenomena is chiral rotational spectroscopy [START_REF] Cameron | Chiral rotational spectroscopy[END_REF] of molecules. It is a powerful recognition tool because many molecules have an unique chirality and can be distinguished through those experiments. A well-known example of chiral molecules are sugars: sucrose, dextrose, glucose and others -all of them have different chirality that can be determined using simple optical measurements.

(a) (b) (c) (d)
But chiral structures can be made out of any material, because it is a pure geometrical property, and then it can be combined with other optical effects. In recent years, chiral plasmonic nanostructures have gained substantial interest [START_REF] Schäferling | Tailoring enhanced optical chirality: Design principles for chiral plasmonic nanostructures[END_REF][START_REF] Mastroianni | Pyramidal and chiral groupings of gold nanocrystals assembled using DNA scaffolds[END_REF][START_REF] Fan | Plasmonic circular dichroism of chiral metal nanoparticle assemblies[END_REF][START_REF] Guerrero-Martínez | From individual to collective chirality in metal nanoparticles[END_REF]. Chiral plasmonic structures can have a large variation of the forms and obtain chiral sensitivity as high as molecules. By virtue of recent fabrication techniques like electron beam lithography new complex chiral structures can be produced. Also it is possible to produce not only planar but layered and even 3D structures like examples in figure 4.17. On the other hand To quantify chiral properties, several methods and characterizing metrics exists. The most common value is the circular dichroism CD. It is a macroscopic (far-field) characteristic defined by the difference in absorbance for right-and left-handed circular polarization of incident light:

CD = ∆A = A LHP -A RHP (4.2)
A normalized value is also used:

CD N = A LHP -A RHP A LHP + A RHP (4.3)
Sometimes a circular dichroism measured in degrees can be found in the literature [START_REF] Greenfield | Using circular dichroism spectra to estimate protein secondary structure[END_REF]. This value in degrees is called ellipticity θ and comes from light ellipticity of light:

tanθ = E RHP -E LHP E RHP + E LHP (4.4)
where E RHP and E HP are the magnitudes of the electric field vectors of the right-circularly and left-circularly polarized light, respectively. Electric field magnitudes can be changed to the square root of intensity I:

tanθ = I 1/2 RHP -I 1/2 LHP I 1/2 RHP + I 1/2 LHP (4.5)
Dichroism is a small effect in magnitude, so it is possible to use some mathematical approximations and with Beer's law ellipticity can be written as:

θ • = ∆A( ln10 4 )( 180 π ) ≈ 32.982CD (4.6)
So it means that value in degrees is linearly connected with circular dichroism value mentioned before.

As explained above, circular dichroism is a macroscopic quantity obtained from farfield measurements. To quantify the chirality inside nanostructures, a near-field quantity accounting for local chirality effects is required. Such a quantity has been defined quite recently and be called the Optical Chirality (or optical chirality density). It represents local enhancement effects appearing in plasmonic nanostructures and can be used to enhance the signal for detection of chiral molecules [START_REF] Govorov | Chiral nanoparticle assemblies: circular dichroism, plasmonic interactions, and exciton effects[END_REF]. Optical chirality can be written in the following form:

C( r) = 1 2 [ 0 E( r) • ∇ × E( r) + 1 µ 0 B( r) • ∇ × B( r)] (4.7)
where E and B are electric and magnetic fields, respectively. In the case of time-harmonic monochromatic fields, a simpler version can be written [START_REF] Tang | Optical chirality and its interaction with matter[END_REF]:

C( r) = - 0 ω 2 Im[ E * ( r) • B( r)] (4.8) 
where E and B are the complex field amplitudes. In order to obtain more practical numbers, it is convenient to normalize this value using the chirality of a circularly polarized wave as a reference. This defines the Optical Chirality Enhancement, which is represented by the formula:

Ĉ( r) = C ± |C ± CP L | (4.9)
where ± goes for Right-and Left-handed polarizations and C ± CP L goes for chirality without nanostructure. For unpolarized light Ĉ is equal 0 and for circularly polarized light Ĉ = 1.

Fields with Ĉ > 1 are called "super-chiral fields". These super-chiral fields stem for local effects, and as a consequence are confined to the near-field. Near chiral nanostructures, such as the one shown in figure 4.18 taken from [START_REF] Schäferling | Tailoring enhanced optical chirality: Design principles for chiral plasmonic nanostructures[END_REF], the optical chiral enhancement can reach values around 10 for 2D chiral nanostructures, and even higher values (around 100) for 3D plasmonic chiral particles, such as an helix. Most of the works mentioned above are oriented toward the visible and infrared parts of the spectrum, due to material and size limitations. As aluminum fractal nanostructures have proven their potential for UV and blue plasmonics, in the following we are going to explore the opportunity to extend optical chiral enhancement toward the blue region.

FDTD simulations

Preliminary studies were performed by FDTD simulations using the Lumerical FDTD software. This software allow the simulation of a circular polarization by using two orthogonal linearly-polarized light sources with a 90 • phase difference. Through this method righthanded (RH) and left-handed (LH) polarizations were obtained.

Studied aluminum particles were placed onto an interface between air and a SiO 2 substrate. Concerning the boundary conditions, both Periodic and Perfect matched layer (PML) boundary conditions were used. Illumination comes at normal incidence from the air side.

Monitors were placed under the particle in glass 2 nm below for near field monitor and 400 nm below for transmission monitor.

The Cayley tree structures described in the previous section are non-chiral structures because their mirrored image can be superimposed to the original. To check that and to validate our numerical model, two simulations were performed with RH and LH polarizations.

For this simulation Periodic boundary conditions were chosen for X and Y directions. Z direction (light propagation) was set PML. In figure 4.19 are plotted the absorption spectra for both polarization, and the difference between them -i.e. the circular dichroism as defined above. And as expected for a non-chiral structure, there is no difference between the RH and LH absorption spectra and the CD is equal to zero for all wavelengths. gammadions, a well-known chiral structure [START_REF] Schäferling | Tailoring enhanced optical chirality: Design principles for chiral plasmonic nanostructures[END_REF], is also a Cayley tree where the second generation is similar to the first and rotated by 90 • . Note that there is an issue of overlapping within fractals starting with 3 generations (more than 3 is anyway complicated to fabricate) for large rotation angles.
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IGURE 4.20: Sketch of different Cayley trees with added rotation (a).

As mentioned before, simulations were performed with both periodic and non-periodic boundary conditions. Both of them have disadvantages:

• Periodic boundary conditions (PBC) should show the the same result as experiment with periodic structures with correction to idealization of materials in simulation. But periodicity creates Rayleigh anomalies that disturbs the spectra by interfering with the plasmonic resonances. So to obtain far-field characteristics, like circular dichroism, PBC were used.

• Single particle simulation with PML boundaries giving should represent in transmission spectra monitor almost the same spectrum as random pattern. But not only farfield data but also a part of near-field will be detected. This can lead to the difference from the experiment results. To observe near-field effects without disturbance from lattice modes, PML boundaries were used.

For the simulations we used 3 dimensional fractals with 2 generations in order to avoid any overlapping of the branches. The rotation angle was changed from 0 • to 60 

Right-handed Left-handed Circular Dichroism 

Optical measurements

Samples for experimental measurements were fabricated using e-beam lithography on a quartz substrate. To generate patterns of chiral fractals, a routine was written and can be found in Annex 1. The difference with non-chiral structures pattern lies in a rotation of generations and in random patterns particles. They have not only a random displacement but also random rotation of the whole particle, while keeping chirality constant. in figure 4.24 are shown some results of this fabrication.

As it can be seen in figure 4.24, the fabrication of chiral structures requires a change in the effective dose due to the proximity effect. This affects especially particles with a rotation angle higher than 40 • . For those patterns a dose study was performed, but we did not managed to achieve good results due to the high number of involved parameters, within a complicated form factor with small feature sizes.

Optical setups working in UV and Visible regions were modified to perform chirality measurements. A broadband quarter-wave plate (Thorlabs AQWP05M-340) was installed after a linear polarizer (Thorlabs GLB10), and rotated by 45 • with respect to the polarization direction in order to create circularly polarized light in the UV setup described in previous section (Fig. 4.10). For the visible range, we used Thorlabs WPH05M-980 as a quarter-wave plate in pair with polarizer Thorlabs LPVISC100-MP2 and halogen lamp. This configuration leads to several issues with optical measurements, creating a slightly elliptical polarization rather than a circular one:

• Not ideal alignment. Any disturbance, even small, in the system creates imperfect circular polarization.

• Limited operating ranges of the polarization optics. On the setup different polarizers and quarter-wave plates were used to cover the whole spectrum, but those components can not be ideal everywhere. Our supplies has a gap of reliability from 500 to 700 nm, where the polarization circularity deteriorates. In principle, both issues should decrease the observed circular dichroism, but cannot increase it. This means that the detection of any dichroism could be appraised as a proof of existence of chirality within plasmonic structures -even if the magnitude of the effect might be underestimated.

As a first experiment, chirality measurements have been performed only in the ultraviolet. In Fig. 4.25 the corresponding results are presented. We clearly observe circular dichroism in the spectra, with a maximum around λ = 350 nm, i.e. fabricated fractals showed chiral properties. The second peak corresponds to the longer wavelength >600 mn (out of range for the setup) and has a different sign as predicted due to the second direction of branches. However, when we tried to reproduce this result one week after the first experiment, the chiral response was almost lost. To explain this, we assume that aluminum oxidation occurred and destroyed a chiral effect within this week. As already evoked above, as fractal structures have a larger surface exposed to air than a non-fractal structure of similar dimension, they might experience higher oxidation rates. Moreover, due to the small feature size and fine details in the fractal geometry, the effect of any oxidation could significantly decrease the quality of plasmonic resonances and hence the optical chiral enhancement in the near-field. As a consequence, all further measurements were made with freshly made During the experiments we observed an issue of reproducibility of fractal structures.

Some structures, fabricated with the same methods, showed chirality much lower than expected or did not at all. Repeated optical experiments of the samples with realignment of the optical setup have yielded the same result, suggesting that the issue is linked with the structures themselves. However, a subsequent analysis of the patterns with an electron beam microscope did not reveal any visible structural problems with those particles. We believe that the problem might be linked with the grain structure of evaporated aluminum, which is difficult to control.

Fractals with 4 branches showed significantly lower values of circular dichroism than fractals with 3 branches. This could be also caused by fabrication issues due to the increased material density per unit surface. Furthermore, 4D fractals are limited in rotation angle and second generation, due to overlapping. Maximum achieved value is 0.02 OD at 700 nm wavelength for the structure 4D2G with 20 • rotation and l 1 = 100 nm, l 2 = 80 nm, w = 50 nm, as shown in Fig. 4.28. 

Discussion and application of chiral aluminum fractals

Even if some problems and open questions remain, the achieved results unambiguously demonstrate the potential of fractal structures for chiral optical applications. At the moment of writing of this thesis, the problem of reproducibility of fabrication and measurements is the most critical. Any further study should focus on improving the fabrication process.

Below I suggest several ideas to improve fabrication.

• Using another resist exhibiting a higher contrast than PMMA should provide much better edge writing. For this purpose, a polymer (AR-P 6200.09 from All Resist) was bought, but it requires a huge adaptation of the process to achieve the expected results.

• Gradient dose writing should compensate for proximity effects. E-line setup from Raith provides advanced tools for e-beam lithography, for example gradient writing.

Though this, it should be possible to increase the electron dose while moving from the center to the edges of the fractals. This will provide a clearer shape of the third generation, and even possibility to fabricate the fourth generation with the same sizes.

• Homogeneous index around particles. It can be achieved by etching the glass with Reactive Ion Etching (RIE) and/or covering the sample with a thin layer of SiO 2 . This will prevent oxidation of aluminum and also create a uniformity in environment.

This project also involved an important part in terms of understanding the theory. To find a dependence between the geometry of the fractal and their properties can be done not 

General conclusion

The main goal of this thesis was to develop efficient methods of using aluminum plasmonics for optical applications, such as the coupling with wide band gap semiconductors. As described in Chapter 1, the use of aluminum for plasmonics has several advantages: aluminum is a low-cost material able to sustain plasmonic resonances in a broad range from UV to IR and has a native oxide protection film. Some disadvantages were discussed as well, mainly the high losses in the visible spectrum (see Fig. 1.7), explained by the high imaginary part of dielectric permittivity and interband transitions around 800 nm. However, aluminum plasmonics is a rapidly growing field with plenty of potential applications in light generation, theranostics and non-linear optics.

To solve the problem of low quality factor of plasmonic resonances in the visible range, we proposed a method based on the use of lattice modes. A successful study was performed with all aspects: theoretical explanation, FDTD simulation and experimental investigation.

With one of the samples, an array of cylinders with diameter 60 nm and period 260 nm, we experimentally achieved a quality factor Q≈13. This is 5-10 times higher than for isolated particles.

The result of the first chapter provides us with a possibility of applying efficiently aluminum plasmonic structures to enhance light emission from wide band gap semiconductors. As an optically active material, zinc oxide was chosen by virtue of expertise in our lab. There are already several works based on the coupling of aluminum with zinc oxide, but usually they are based on geometry, where ZnO placed onto Al surface or metasurface.

In our case, we developed a concept of the aluminum structures onto ZnO surface with FDTD simulations which was later realized. Experiments presented in Chapter 3 proved the suitability of this concept and showed enhancement of photoluminescence in 1.5 times in comparison with pristine ZnO epitaxial layer.

The problem encountered in Chapter 3, i.e. the lack of penetration depth of plasmonic effects, has pushed us forward to look for the more effective surface design. Based on the experience of the radio technology we adapted fractal structures to the optical range of spectra.

Among the fractals, the simple structure of Cayley trees was used to compare the advantage brought by fractals in comparison with basic cylinders. FDTD simulations of aluminum Cayley trees and cylinders showed that without presence of collective effects fractal structure overcome cylinders in term of average electric field per unit surface. This could lead to the higher enhancement of optically active materials.

During the fractal structure investigation we proposed a model of chiral fractal. By combining chiral geometry with fractals we showed the possibility to realize optical chirality in the blue and near-UV parts of the spectrum. Also, a high customizability of fractals allows to sustain several plasmonic resonances and chiral properties within the same structure. Theoretical study with FDTD simulations proved the presence of circular dichroism and of local optical chirality enhancement in described aluminum fractals. The experiments performed on fabricated chiral fractals showed the presence of dichroism in blue region and higher wavelengths.

Concerning the perspectives of this thesis, there is still plenty of work to be done. Fractals, as a complex geometry, provides high customization for different applications:

• The use of aluminum fractals in combination with wide band gap semiconductor should provide an enhancement of luminescence. An energy effective light source or detector could be based on fractal geometry.

• Also, fractal can be used to increase luminescence of quantum dots or phosphorous molecules.

• Nevertheless, aluminum fractals can be used for SERS.

With the complex geometry comes a complex fabrication process. We observed that this procedure needs an improvement to get higher reproducibility. With the use of advanced resists, it should be possible to obtain high quality fractals with sharp edges. This is especially important for the chiral fractals where geometry plays a crucial role.

Further investigation of chiral fractals can be applied in a field of molecule detection, where chirality helps to distinguish the components. Moreover, light sources with tunable circular polarization can be created based on those structures. 

B.1.1 Plasmonique à base d'aluminium

De part ses propriétés physiques (notamment une fréquence plasma de l'ordre de 15 eV , l'aluminium à la particularité d'avoir des propriétés plasmoniques balayant une très large gamme d'énergie, de l'infrarouge à l'ultraviolet profond. De plus, bien que ce métal présente des pertes considérables dans le visible comparativement à l'or ou l'argent, celles-ci, dues aux transitions interbandes particulière de l'aluminium, restent relativement centrées autour de 800 nm, et deviennent faibles dans l'UV [START_REF] Gérard | Aluminium plasmonics[END_REF]. On rappelle que les matériaux "classiques" utilisés depuis quelques décennies dans le domaine de la plasmonique que sont l'or et l'argent ont des propriétés plasmoniques allant de l'infrarouge jusqu'à l'UV proche (380 nm argent) ou le vert (environ 540 nm, or). Ces limitations sont dues aux transitions interbandes de ces métaux nobles. Les résonances plasmoniques supportées par les nano-structures d'aluminium restent aujourd'hui assez peu utilisées. Or, depuis quelques années se produit ce qui a été nommé l' "Aluminum Rush" (ruée vers l'aluminium) dans la communauté de la nano-optique/plasmonique, et le nombre d'articles sur le sujet ne cesse de croître. L'aluminium en tant que matériau plasmonique a de nombreuses applications potentielles: par exemple, la détection de systèmes organiques et biologiques [START_REF] Gryczynski | Ultraviolet surface plasmon-coupled emission using thin aluminum films[END_REF] qui présentent de fortes absorptions dans l'UV, la photocatalyse [START_REF] Honda | Plasmon-enhanced UV photocatalysis[END_REF], le couplage avec des semi-conducteurs à large bande interdite pour l'émission de lumière UV [START_REF] Zhang | A room temperature low-threshold ultraviolet plasmonic nanolaser[END_REF], ou encore la purification de l'eau. En outre, l'aluminium est un matériau relativement bon marché et manipulable, ce qui ouvre plus de possibilités pour la fabrication et la production de masse. Il s'agit de plus d'un métal assez stable, grâce à la formation d'une couche d'oxyde natif auto-limitante (alumine) qui protège la surface métallique d'une oxydation plus profonde et des contaminants extérieurs [Langhammer et al., 2008b].

Les propriétés optiques de l'aluminium peuvent être expliquées en considérant la figure revue [START_REF] Gérard | Aluminium plasmonics[END_REF] et [START_REF] Martin | Fabrication of aluminium nanostructures for plasmonics[END_REF] données dans les références ciaprès. Les fractales possèdant une géométrie complexe, leurs propriétés plasmoniques peuvent être optimisées en vue de différentes applications :

B.2 Modes de réseau

1. L'utilisation de fractales d'aluminium couplées avec un semi-conducteur à large bande interdite devrait permettre de polariser circulairement et de contrôler la luminescence de ce dernier. Les applications potentielles en nano-optique/photonique sont dès lors très nombreuses.

2. En outre, les structures fractales peut être utilisées pour augmenter la luminescence d'émetteurs quantiques ou de molécules fluorescentes diverses.

3. De plus, les fractales d'aluminium peuvent être utilisées pour le SERS, de l'ultraviolet à l'infrarouge.

Il est important de noter que la géométrie complexe des fractales impose un processus de fabrication complexe. Cette procédure nécessite encore des améliorations pour obtenir une
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 11 FIGURE 1.1: Aluminum band strucuture. Extracted from[START_REF] Levinson | Experimental band structure of aluminum[END_REF] 
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 12 FIGURE 1.2: Drude model electrons (shown here in blue) constantly bounce between heavier, stationary crystal ions (shown in red). Extracted from Wikimedia.
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 13 FIGURE 1.3: Dispersion curve for volume plasmon. Extracted from White, 2007.
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 1 FIGURE 1.4: Metal-dielectric interface geometry.
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 15 FIGURE 1.5: Dispersion curve for volume and surface plasmon. Extracted from White, 2007.
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 16 FIGURE 1.6: Sketch of a homogeneous sphere placed into an electrostatic field. Extracted from Maier, 2007.
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 17 FIGURE 1.7: Real and imaginary parts of the electric permittivity of aluminum. Extracted from Gérard and Gray, 2015. Data was taken from work of Palik[START_REF] Palik | Handbook of Optical Constants of Solids[END_REF][START_REF] Rakić | Algorithm for the determination of intrinsic optical constants of metal films: application to aluminum[END_REF] 
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 1 FIGURE 1.8: Quality factors for localized surface plasmon resonances (Q LSP R ) is shown in panel (a), and surface plasmon polaritons quality factor (Q SP P ) is shown in panel (b). Extracted from West et al., 2010.
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 19 FIGURE 1.9: Extinction spectra calculated with FDTD for a square array of Al nanoparticles with diameter d = 100 nm and thickness h = 40 nm for different ratios between the volume of Al core and the volume of oxide layer (from oxide thickness L = 0 nm, no oxidation, to L = 30 nm). (b) Corresponding extinction spectra for several oxide thicknesses. Extracted from Zhang et al., 2017
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 1 FIGURE 1.10: Column (left), for each box: extinction spectra of Al nanoparticles with fixed diameter after successive RTA treatments with increasing temperature. Column (right): evolution of the peak wavelength and line width with RTA treatment. Extracted from Zhang et al., 2017
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 1 FIGURE 1.11: Tuning of the LSP resonance of Al nanodisks fabricated using ebeam lithography. (a) Experimental scattering spectra of individual nanodisks with varying diameters. (D = 70, 80, 100, 120, 130, 150, 180 nm) (b) SEM images of the corresponding nanodisk structures. Scale bar is 100 nm. (c) Finite difference time domain (FDTD) simulations of the scattering spectra, assuming a 3 nm surface oxide and a SiO2 substrate. Extracted from Knight et al., 2014
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 1 FIGURE 1.12: Experimental geometry. A single molecule of DNA polymerase is immobilized at the bottom of a Zero-Mode aluminum waveguide (ZMW), which is illuminated from below by laser light. The ZMW nanostructure provides excitation confinement in the zeptoliter (10 -21 liter) regime, enabling detection of individual phospholinked nucleotide substrates against the bulk solution background as they are incorporated into the DNA strand by the polymerase. Extracted from Eid et al., 2009.
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 1 FIGURE 1.13: Robust ultraviolet ZnO nanolaser that can operate at room temperature by using silver to dramatically shrink the mode volume. Extracted from[START_REF] Chou | Efficient blue lightemitting diodes leading to bright and energy-saving white light sources[END_REF] 

FIGURE 1 .

 1 FIGURE 1.14: (top)Conceptual illustration of SERS. Extracted from Surface Enhanced Raman Specrtoscopy. (bottom)Conceptual illustration of TERS. Extracted from Pettinger, 2010.
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 1 FIGURE 1.15: Resonance Raman spectra of crystal violet aqueous solution placed on (A) 10-nm-thick aluminum film, (B) 20-nm-thick aluminum film, (C) quartz substrate, and (D) 20-nm-thick silver film. Excitation laser wavelengthwas 266 nm; excitation power, 350 µW; and exposure time, 300 s. The inset in the left figure shows the UV-vis absorption spectrum of the crystal violet aqueous solution. (E) Calculated vibrational wavenumber of crystal violet by density functional theory (DFT). Extracted from Taguchi et al., 2009
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 1 FIGURE 1.16: Photo of a metasurface containing periodic aluminum nanostructures acquired with dark field microscope.
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 1 FIGURE 1.17: (a) Schematics of fabricated pixel nanostructures.(b-d)SEM images of fabricated structures.Photograph of three 1.5mmx1.5mm pixels as viewed outside the microscope. Extracted from Olson et al., 2014.

FIGURE 1 .

 1 FIGURE 1.18: Structural colors from Al nanoparticles reproduce Monet's Impression, soleil levant. (A) Original image. (B) Reproduction using the "limited plasmonic palette" (variation of the nanoparticles diameter). (C) Reproduction using the "extented plasmonic palette" (variation of the nanoparticles diameter and spacing). (D) Higher magnification image of the previous panel. (E) SEM image of the plasmonic pixels. Extracted from Tan et al., 2014
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 1 FIGURE 1.19: (a) SEM image of a hexagonal structure with 600 nm long sides. (b-e) nPL maps acquired with incident polarization oriented at (b) 0 degrees, (c) 30 deg, (d) 60 deg and (e) 90 deg. Polarization is indicated by the white arrows.(f-i) Corresponding simulated nPL maps. (j) SEM image of a hexagonal structure with 900 nm long sides. (k-n) nPL maps acquired with polarizations similar to (b-e). (o-r) Corresponding simulated nPL maps. The scale bars are 300 nm. Extracted from Wiecha et al., 2017
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 22 FIGURE 2.2: Spectra of a continuous light source obtained by Wood. The vertical axis is angle of incidence and horizontal is wavelength. The wavelength in nanometers is obtained by multiplying by a factor 10 the numbers shown at the top of the figure. Extracted from Maystre, 2012.
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 23 FIGURE 2.3: Demonstration of Rayleigh anomaly.
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 242 FIGURE 2.4: Model of FDTD simulation extracted from the software. (a) a metal nanodisk, (b) a metal nanorod.
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 2 FIGURE 2.6: Normalized electric field modulus maps for different lattice periods. The insets on the top of each of the columns are line cuts of Fig. 2.3, showing the extinction E x = 1 -T versus wavelength for three different periods: D = 250 nm (left column), D = 300 nm (center column), and D = 350 nm (right column). The arrows indicate the wavelengths where the field maps were calculated.
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 27 FIGURE 2.7: Schematics of fabrication process with Electron-beam lithography procedure.
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 2 FIGURE 2.8: a) Schematic of the considered geometry: an array of metal nanoparticles deposited onto a dielectric substrate of refractive index n 1 . The superstrate can be air or a dielectric with refractive index n 2 . (b) Scanning electron microscopy image of an array of aluminum nanodisks with D = 300 nm, d = 120 nm, and h = 50 nm. Extracted from Khlopin et al., 2017.

FIGURE 2 .

 2 FIGURE 2.9: A schematic diagram showing the key components of the optical setup used to collect ultraviolet spectra. Extracted from Wardley, 2016.

FIGURE 2 .

 2 FIGURE 2.10: (a) Experimental dispersion curves of PMMA-covered aluminum nanodisk arrays for (a)-(c) s-polarization and (d)-(f ) p-polarization. The diameter of the nanoparticles is d = 120nm. The period of the array is (a), (d) D = 250nm; (b, e) D = 300nm; and (c), (f) D = 350nm. White lines represent the position of the glass/glass n = 1.5 (solid lines) or glass/air n = 1 (dotted lines) Rayleigh anomalies that were computed using Eq. 2.7.Extracted from[START_REF] Khlopin | Lattice modes and plasmonic linewidth engineering in gold and aluminum nanoparticle arrays[END_REF] 

FIGURE 2 .

 2 FIGURE 2.11: (Left) Experimental dispersion curve of d = 60 nm aluminum nanodisk arrays in the ultraviolet for S-polarization. The period of the array is D = 260 nm White lines represent the position of the glass/glass (solid lines) or glass/air (dotted lines), and Rayleigh anomalies were computed using Eq. 2.7. Extracted from Khlopin et al., 2017.; (Right) Extinction spectrum of the same aluminum particles under normal incidence, measured just after fabrication.

  lar beam epitaxy (MBE). GaN exists in three different crystal structures: wurzite 2H type, metastable zinc-blende 3C and, very rarely, salt mine type. All of them are shown in figure 3.1. Gallium nitride has a direct band-gap of 3.4 eV. Its band structure is shown in figure 3.2.

FIGURE 3 . 1 :

 31 FIGURE 3.1: Crystalline structures of GaN. (a) Wurtzite structure; (b) Blende structure; (c) Salt Mine structure. Extracted from Shi, 1998.

  FIGURE 3.3: (a) Sample structure of the InGaN/GaN QWs with Al films. ; Enhanced PL spectra from InGaN/GaN QWs with Al films, which have GaN spacer layers of (b) 40 nm and (c) 150 nm. The PL peak intensity of the uncoated InGaN/GaN QW was normalized to unity. Extracted from Tateishi et al., 2015.

  FIGURE 3.4: (A) Schematic of the device: a single InGaN/GaN core-shell nanorod onto a SiO 2 -covered epitaxial Ag film (28 nm thick) (B) SEM images of InGaN/GaN core-shell nanorods. The left-hand SEM image shows the actual nanorod on epitaxial Ag film that was used for all lasing measurements. (C) Scanning transmission electron microscopy (STEM) and transmission electron microscopy (TEM) structural analyses of a single-crystalline InGaN/GaN core-shell nanorod. Extracted from Lu et al., 2012.

  Zinc oxide is a direct band gap semiconductor, II-VI binary material strongly absorbing in the UV and transparent in the visible and near infrared. It crystallizes in three types of lattices: rocksalt, zinc blende and wurtzite (all of them are shown in figure3.6). At ambient conditions, wurtzite structure is the most stable and common.

FIGURE 3

 3 FIGURE 3.6: ZnO wurtzite crystal lattice. Extracted from Nomenyo, 2014.

FIGURE 3

 3 FIGURE 3.7: Schematics of energy levels of defects in ZnO. Extracted from Nomenyo, 2014.

  4. There are a lot of other possible combinations of Al nanostructures with ZnO nanostructures, for example work of[START_REF] Purahmad | Photoluminescence characterization of ZnO nanowires decorated with metallic nanoparticles[END_REF]. But most of them are more complicated in terms of fabrication. Some of them will be described later in this Chapter in a "Conclusion and Perspectives".

  FIGURE 3.8: Some examples of hexagon lattice of aluminum nanoparticles under ZnO layer. Extracted from Norek, Łuka, and Włodarski, 2016.

FIGURE 3 . 9 :

 39 FIGURE 3.9: Artistic depiction of the gain-assisted waveguiding energy transfer (G-WET) process for ultrathin film optimized excitation as illustrated for a (polymer) luminescent thin film and an active (ZnO) layer. (a) Case of the passive substrate; (b) Case of the active layer. Extracted from Aad et al., 2014.

FIGURE 3 .

 3 FIGURE 3.10: Schematics of the sample concept: aluminum nanoparticles located on top of the ZnO layer.

  sum up, a basic concept of the sample has been developed and optimized. Its main characteristics are: relatively thick zinc oxide film on top of the quartz or sapphire substrate, aluminum cylinder particles with diameter 40 nm and height of 50 nm on top of the ZnO layer. A 3D picture of our design is shown in figure 3.11. A possible issue remains, as our model neglected light absorption inside the ZnO layer (the imaginary part of its dielectric permittivity was set to zero). Active bulk materials are difficult to model and it is hard to predict the possible impact of the absorption on the enhancement factor. Hence, the experiment is required to see what kind of enhancement factor can be achieved.

FIGURE 3 .

 3 FIGURE 3.11: A schematic representation of the sample.

  beam lithography parameters used for fabrication.In figure3.12 are shown representative SEM images of the fabricated particles. To avoid any contamination of the sample, electronic microscopy was performed after the optical study. The shown pattern has a high-quality particles with diameter of 40 nm. Also we observed an unexpected issue in the lithography process leading to elliptical particles in one of the patterns. The large axis of the ellipse is rotated by 45 • from the lattice axis and is 60-nm-wide, while the width of small axis is 40 nm.

FIGURE 3 .

 3 FIGURE 3.12: SEM image of aluminum nanocylinders d=40 nm fabricated on top of the ZnO layer.

FIGURE 3 .

 3 FIGURE 3.13: Schematics of micro-PhotoLuminescence setup. Extracted from Rahbany, 2016.

FIGURE 3 .

 3 FIGURE 3.14: (a)Spectra of photoluminescence of the ZnO with cylindrical aluminum particles. Black line -intensity of emission with particles I p , red line -without particles I o ; (b)Enhancement ratio R e = I p /I o ; (c) Extinction spectra simulated with FDTD.

FIGURE 3 .

 3 FIGURE 3.15: (a)Spectra of photoluminescence of the ZnO with ellipsoidal aluminum particles. Black line -intensity of emission with particles I p , red line -without particles I o ; (b)Enhancement ratio R e = I p /I o ; (c) Extinction spectra simulated with FDTD.

  FIGURE 3.16: Field map obtained with FDTD simulations. performed for (left) λ = 325 nm and (right λ = 380 nm)

FIGURE 3 .

 3 FIGURE 3.18: Proposed structure aiming at combining UV plasmonic resonances in aluminum nanoantennas with excitons in h-BN nanostructures.Aluminum nanorod placed onto h-BN flake with a spacer layer in between. With aluminum nanorod multimodal plasmonic resonances[START_REF] Martin | High-resolution imaging and spectroscopy of multipolar plasmonic resonances in aluminum nanoantennas[END_REF] can be used to enhance emission from boron nitride.

FIGURE 4 . 1 :

 41 FIGURE 4.1: (a)Romanesco coliflower. Extracted from Wikimedia (b)Mobile phone antenna. Extracted from Fractal antenna experiment. (c) Graphic image of Madelbrot fractal. Extracted from Wikimedia (d) IOTA Tangle. Extracted from Popov, 2017.

  FIGURE 4.2: (a)2D topological fractal build of circles. Extracted from Wikimedia (b)2D topological Sierpinski fractal. Extracted from Wikimedia (c) 3D topological Mandelbulb fractal . Extracted from Sub.Blue; (d) 2D topological Vicsec fractal. Extracted from Wikimedia

  FIGURE 4.3: (a)Part of a Cayley graph of the Heisenberg group (The coloring is only for visual aid). Extracted from Ref Wikimedia (b)The Cayley graph of the free group on two generators a and b. Extracted from Wikimedia (c)Bethe lattice -a subclass of Cayley trees. Numbers represent generetions. Extracted from Wikimedia (d) Finite Cayley tree. Extracted from Khorrami and Aghamohammadi, 2014.

FIGURE 4

 4 FIGURE 4.4: Scanning electron micrograph (SEM) images of 50 × 50 µm 2D arrays of (a) first-, (b) second-, and (c) third-order Cayley trees with the individual structures shown as insets. The periodicity of the first-order Cayley tree (a) is 500 nm in both directions, while the (b) second-and (c) third-order Cayley trees have 1 mum periodicity. The array scale bars are 2 µm; inset scale bars are 300 nm. (d f) Experimental Fourier transform infrared transmission spectra (solid lines) of the first-, second-, and third-order Cayley tree structures under nonpolarized light excitation with corresponding finite element method simulated transmission spectra (dashed lines) reveal an increase in the number of resonances as the fractal geometry is iterated. Each newly emerging resonance occurs at an energy lower than those seen previously. Extracted from Gottheim et al., 2015.

  e. smaller triangles combined together, only a slight redshift of plasmonic resonance was observed, as shown in figure 4.6b. In contrast, a striking difference in the spatial distribution of the the electric field intensity is observed on the maps of the electric field intensity (fig. 4.6c) for the different generations. Thanks to the multiple hot spots, where the electric field is enhanced and localized, it is possible to apply such structures for nano-and micro-size antennas, and for SERS.

FIGURE 4

 4 FIGURE 4.5: Schematic of formation of the multipeak plasmonic spectra. This principle to generate plasmonic modes is based on the assumption of changes located only on the tips. Mode 1 with the corresponding degeneracy d 1 (N) is the dipolar interarm oscillation of charge. Mode 2 is the interbranch oscillation. Mode 3 on the fractal N = 3 is more like a "global" plasmon. In this and other analogous more extended plasmon modes, the charge oscillates between the complex branches shown with dashed ovals (lower right corner of the figure). Extracted from Gottheim et al., 2015.

  FIGURE 4.6: Schematics (above) and SEM (below) images of Bowtie, Fractal-1, and Fractal-2 structures. g = 65 nm, r = 400 nm, y = 420 nm. Scale bar is 100nm;(b) Transmission spectra of the antenna arrays from experiment and simulations;(c) Electric field distributions at the Stokes shifted wavelength, 895 nm for Bowtie and two Fractals. The maximum of the color bar is set to the same value for comparison. Extracted from Cakmakyapan et al., 2014.

l 1

 1 = 150 nm l 2 = 120 nm w = 49 nm E av = 1.56l 1 = 120 nm l 2 = 60 nm w = 60 nm E av = 1.16 l = 120 nm l 2 = 60 nm w = 32 nm E av = 1

  FIGURE 4.7: Normalized electric field intensity maps |E/E 0 | 2 for some positions from the table: (a)3D3G-a at λ = 325 nm; (b)3D3G-b at λ = 380 nm; (c) 4D2G-a at λ = 530 nm.

  FIGURE 4.8: First unsuccessful fabricated sample.

Figure 4 .

 4 Figure 4.8 represents our first attempt to produce the graph structure. The samples with a lower dose contained 90% of non-imprinted structures due to insufficient exposure. On

  FIGURE 4.9: SEM images of fabricated aluminum nanofractals. (a,b) 3D2G; (c,d) 3D3G; (e,f) 4D3G; (g,h)4D2G.

1. 3

 3 Dimensions and 2 Generations with lengths: l 1 = 120 nm, l 2 = 120 nm, w = 60 (3D2G); 2. 3 Dimensions and 3 Generations with lengths: l 1 = 100 nm, l 2 = 100 nm, l 3 = 100 nm, w = 60 (3D3G); 3. 4 Dimensions and 2 Generations with lengths: l 1 = 150 nm, l 2 = 120 nm, w = 49 (4D2G); 4. 4 Dimensions and 3 Generations with lengths: l 1 = 95 nm, l 2 = 86 nm, l 3 = 92 nm, w = 31 (4D3G);

  scope setup at normal incidence without light polarization. A schematic representation is shown in figure 4.10.

  FIGURE 4.10: A schematic representation of the homemade UV microscope setup. Deuterium lamp is used a light source. Probing spot size is defined by fiber diameter.

  FIGURE 4.11: (a) SEM image of 3D2G fractal. (b) Absorbance spectrum of showed particles and simulated absorbance spectrum for comparison. Simulations performed for the real size of the structures measured with SEM: l 1 = 120 nm, l 2 = 90 nm, w = 60. (c,d) Field map generated with FDTD simulations for the peak wavelength with two polarization along symmetry axis at λ =530 nm.

FIGURE 4 .

 4 FIGURE 4.12: Normilized electric field profile for 3D2G fractal l 1 = 120 nm, l 2 = 90 nm, w = 60 at λ = 267 nm.

  FIGURE 4.13: (a) SEM image of 3D3G fractal. (b) Absorbance spectrum of showed particles and simulated absorbance spectrum for comparison under non polarized illumination. Simulations performed for the real size of the structures measured with SEM: l 1 = 105 nm, l 2 = 100 nm, l 3 = 80 nm, w = 60.(c,d) Field map generated with FDTD simulations for the peak wavelength with two polarization along symmetry axis at λ =547 nm.

  FIGURE 4.14: (a) SEM image of 4D2G fractal. (b) Absorbance spectrum of showed particles and simulated absorbance spectrum for comparison. Simulations performed for the real size of the structures measured with SEM: l 1 = 160 nm, l 2 = 90 nm, w = 50.(c,d) Field map generated with FDTD simulations for the peak wavelength with two polarization along symmetry axis at λ =626 nm.

FIGURE 4 .

 4 FIGURE 4.15: (a) Split ring, (b) Split square, (c) Split triangle, (d) split hexagon.

Chapter 4 .

 4 Fractal plasmonics plasmonics provided confined and highly enhanced electromagnetic fields. In combination with the chiral form can provide local chiral effects around the nanostructures.

FIGURE 4 .

 4 FIGURE 4.17: (a)3D chiral strucutre. Extracted from Schäferling et al., 2012; (b) Layered chiral structure; (c-d) Pairing arrangements of nanoslits. Only the arrangement on the right will exhibit chiral electromagnetic eigenmodes.Extracted from[START_REF] Hendry | Chiral electromagnetic fields generated by arrays of nanoslits[END_REF] 

FIGURE 4 .

 4 FIGURE 4.18: Optical chirality enhancement by a planar gammadion structure illuminated with (a) LCP and (b) RCP computed at a wavelength of 2.01µm. The structure exhibits similar shapes for the regions with enhanced chirality for both polarizations; only the values differ (as best seen in the twodimensional slice views). Extracted from Schäferling et al., 2012.

  o r b a n c e ( a . u . ) W a v e l e g t h ( n m ) R i g h t -h a n d e d L e f t -h a n d e d C i r c u l a r D i c h r o i s m

FIGURE 4 .

 4 FIGURE 4.19: Results of FDTD simulations for 3D2G fractal without rotation. l 1 = 120 nm, l 2 = 100 nm and w = 50

FIGURE 4 .

 4 FIGURE 4.21: Results of FDTD simulations for 3D2G fractal without rotation. l 1 = 120 nm, l 2 = 100 nm and w = 50: (a)θ = 20 • ; (b)θ = 40 • ; (c)θ = 60 • .

FIGURE 4 .

 4 FIGURE 4.22: Graphic explanation of two chiral signs. Top view of the Cayley tree. Red color corresponds to the left-handed chirality and blue -the righthanded.

  FIGURE 4.23: Optical chiral enhancement obtained from FDTD simulations for 3D2G fractal with l 1 = 120 nm, l 2 = 100 nm, w = 50 nm, h = 40 nm and rotation θ = 20 • . The maps were computed for λ = 450 nm.

  FIGURE 4.24: SEM images of (a-d,h)Unsuccessful fabrication attempt of chiral structures; (e-g)Successful fabrication attempt of chiral structures

FIGURE 4 .

 4 FIGURE 4.25: Absorbance spectra and calculated circular dicroism for patterns of 3D2G fractals with 20 • rotation and l 1 = 100 nm, l 2 = 120 nm, w = 50 nm. (a) Lattice pattern (b) Randomly distributed pattern

  FIGURE 4.26: Absorbance spectra and calculated circular dichroism for pattern of 3D2G fractals with 20 • rotation and l 1 = 100 nm, l 2 = 120 nm, w = 50 nm. (a)Spectrum obtained in UV part; (b)Spectrum obtained in visible part;(c) SEM picture of the structure.

  FIGURE 4.27: Absorbance spectra and calculated circular dichroism for pattern of 3D3G fractals with 20 • rotation and l 1 = 100 nm, l 2 = 150 nm, l 3 = 80 nm, w = 50 nm. (a)Spectrum obtained in UV part; (b)Spectrum obtained in visible part; (c) SEM picture of the structure.

  FIGURE 4.28: Absorbance spectra and calculated circular dichroism for pattern of 4D2G fractals with 20 • rotation and l 1 = 100 nm, l 2 = 80 nm, w = 50 nm. (a)Spectrum obtained in UV part; (b)Spectrum obtained in visible part;(c) SEM picture of the structure.

B. 1 ,

 1 qui montre les parties réelle et imaginaire de sa fonction diélectrique, pour les gammes UV, visible et proche infrarouge. Sur la figure B.1 sont également tracées les mêmes données pour l'or et l'argent, à titre de comparaison. Tout d'abord, en dehors de la zone spectrale centrée autour de λ = 800 nm (associée aux transitions inter-bandes), l'aluminium présente un comportement très "Drude". En regardant la partie réelle de la fonction diélectrique (B.1 (a)), il apparaît que l'aluminium conserve une valeur négative de 1 (c'est-à-dire présente un

FIGURE B. 1 :

 1 FIGURE B.1: Partie réelle (a) et partie imaginaire (b) des fonctions diélectriques pour l'aluminium, l'or et l'argent. Les données proviennent du travail de Palik[START_REF] Palik | Handbook of Optical Constants of Solids[END_REF][START_REF] Rakić | Algorithm for the determination of intrinsic optical constants of metal films: application to aluminum[END_REF] 

  FIGURE B.6: (a) Schéma d'un réseau de nanoparticules métalliques déposées sur un substrat diélectrique d'indice de réfraction n 1 . Le superstrat peut être de l'air ou un diélectrique d'indice de réfraction n 2 . (b) Image AFM d'un réseau carré de nanodisques d'aluminium avec D = 480 nm, d = 160 nm et h = 50 nm. (c) Image de microscopie électronique à balayage d'un réseau de nanodisques en aluminium avec D = 300 nm, d = 120 nm, et h = 50 nm.

FIGURE B. 7 :

 7 FIGURE B.7: Courbes expérimentales de dispersion mesurées sur des réseaux de nanodisques en aluminium recouverts de PMMA pour la polarisation s (a) -(c) et la polarisation p (d) -(f) p. Le diamètre des nanoparticules est de 120 nm. La période du réseau est D = 250 nm (a,d); 300 nm (b,e); et (c,f) D 350 nm. Les lignes blanches représentent la position des anomalies de Rayliegh calculées dans la thèse pour les interfaces verre / verre (lignes pleines) ou verre / air (lignes pointillées). Extrait de Khlopin et al., 2017.

  FIGURE B.10: (a) Schéma de l'échantillon. (b) Image MEB des nanostructures en aluminium.

  FIGURE B.11: Schéma du banc de micro-photoluminescence utilisé au laboratoire. Extrait de Rahbany, 2016.

  FIGURE B.13: (a) Image MEB d'une structure fractale en aluminium avec 3 générations successives de branches (l 1 = 105 nm, l 2 = 100 nm, l 3 = 80 nm, w (largeur) = 60). (b) Spectres d'extinction expérimentaux (noir) et calculés par FDTD (rouge). (c) Cartographie du champ proche électrique calculé par FDTD pour la longueur d'onde optimale (610 nm, maximum de la résonance) pour deux polarisations de la lumière incidente le long des axes principaux de symétrie.

  FIGURE B.15: (a) Spectres d'extinction obtenus sur un réseau contenant des structures chirales d'aluminium avec la géométrie décrite sur la figure précédente. Rouge : polarisation incidente circulaire droite; noir: polarisation incidente circulaire gauche; bleu: dichroisme circulaire calculé. (b) Mêmes mesures dans la visible. (c) Image MEB du réseau de structures chirales.

  

  

TABLE 1 .

 1 

	1 * 10 29

1: Drude parameters for gold, silver and aluminum. Extracted from

1.3.3 Color generation

  

	The most ancient application of plasmonics is the fabrication of stained glass. Glass mas-
	ters mixed melted noble metals such as gold and silver with liquid glass to create different
	transmission/reflection, in other words, colors. Mixing with special (secret at the time) tech-
	nologies creates a lot of metal nanoparticles and clusters inside the glass. Due to the plas-
	mon resonance sustained by the particles, they scatter light with resonances in the visible
	region, creating a colored glass. Plasmonic structures of every kind sustain offer possibili-
	ties for color generation. With some of the structures it is possible to achieve well-defined
	colors, suitable for the creation of a color palette, like RGB. As an illustration, a dark field
	microscopy image of S-shaped aluminum nanostructures, which I made during this PhD,
	are shown in figure 1.16. An intense and very vivid blue color is observed.

TABLE 4 .

 4 1: Results of optimization via Lumerical FDTD solutions. Listed structures provide maximum E av at certain wavelength.

  En particulier, l'approche est basée sur le couplage entre une couche semiconductrice à large bande interdite de ZnO (oxyde de Zinc), et des nanostructures plasmoniques en aluminium. Le couplage entre les propriétés excitoniques du ZnO et les propriétés plasmoniques des nanostructures d'aluminium, toutes deux situées dans le proche ultraviolet sont étudiées. Ce type de couplage laisse entrevoir des applications telles que les sources laser ultra-compactes dans l'UV pour l'éclairage ou pour le biomédical. Enfin le quatrième et dernier chapitre s'intéresse aux structures plasmoniques fractales et/ou chirales à base d'aluminium. Dans cette partie, la possibilité d'obtenir des résonances à la fois dans le visible et l'ultraviolet sur une même nanostructure est étudiée théoriquement et expérimentalement. De plus, nous montrons expérimentalement et numériquement la possibilité d'obtenir des structures d'aluminium supportant à la fois une chiralité droite et gauche, dans les région du visible à l'ultraviolet proche. A nouveau, de nombreuses applications sont envisageables, telles que la détection en champ proche de molécules chirales ou encore le contrôle de la polarisation de la lumière émise par des couche minces d'émetteurs.

	randomCoor.syswrite ("1 100.0 1\n")
	listX.each_index {|i| randomCoor.syswrite (listX[i
	].to_s + " " + listY[i].to_s + "\n")}
	randomCoor.syswrite ("#\n")
	listX.clear
	listY.clear
	end
	end
	B.1 Introduction
	Les nanostructures métalliques sont les éléments de base de la nanoplasmonique et des
	applications sous-jacentes en nano-optique. Depuis plusieurs décennies, la plasmonique
	a été étudiée presque exclusivement dans la région du visible et de l'infrarouge en util-
	isant des nanostructures faites de métaux nobles, à savoir l'or et l'argent, qui possèdent des
	propriétés plasmoniques du proche infrarouge jusqu'au visible. Malgré cela, les applica-
	tions émergentes nécessiteront l'extension de la nanoplasmonique vers des énergies plus
	élevées, en particulier dans l'ultraviolet. Par conséquent, les métaux alternatifs, souvent
	mentionnés comme métaux pauvres dans la littérature, apparaissent comme une solution
	Those sources could be in-afin d'atteindre cet objectif. Parmi tous ces métaux, l'aluminium est l'un des matériaux les
	teresting in 3D screen industries. Concerning screens, it is also very important to mention plus attrayants pour étendre la nanoplasmonique au domaine de l'ultraviolet. L'aluminium
	a "hot cell" model proposed in Chapter 4. Cayley trees with four branches can work as an est un métal bon marché, très abondant sur Terre, compatible avec l'optoélectronique et pos-
	optical switch remotely controlled by polarization. sède des propriétés plasmoniques sur une large gamme d'énergies, de l'infrarouge jusqu'à
	Generally speaking, aluminum plasmonics is a developing field. UV optics have impor-l'ultraviolet profond. Les applications de la plasmonique à base d'aluminium sont nom-
	tant applications, for example in medicine. Aluminum shows the best compatibility within breuses: Raman exalté dans l'ultraviolet, marqueurs biologiques (la plupart des molécules
	this spectral range. In future years, aluminum plasmonics would be an important field with fluorescent lorsqu'elles sont excitées dans l'UV, comme l'ADN), source laser UV ultra com-
	different efficient applications. pactes pour la purification de l'eau, pour en nommer seulement une partie. Dans un premier
	temps et au travers du premier chapitre, une revue des recherches actuelles centrées sur la
	fabrication et la caractérisation optique et structurales de nanostructures d'aluminium est
	présentée, ainsi que des potentielles applications. Dans le second chapitre, nous nous in-
	téresserons aux modes de réseaux, qui apparaissent dans les réseaux de nanostructures par-
	faitement ordonnées. Nous verrons que grâce à ces modes particuliers, les résonances plas-
	moniques supportées par les réseaux de nanostructures d'aluminium peuvent être améliorées
	significativement en terme de facteur de qualité. Dans le chapitre 3, la possibilité de coupler
	les nanostructures plasmoniques d'aluminium avec des couches d'émetteurs semi-conducteurs
	est étudiée.

  Les nanoparticules métalliques disposées en réseaux supportent à la fois des plasmons de surface localisés (LSP) dans le champ proche de chaque nanoparticule, et ont à la fois un comportement de réseau diffractif. Ce dernier effet est lié à la période du réseau ou encore la distance interparticulaire. En sélectionnant judiceusement à la fois la période du réseau et la taille des nanoparticules, il est possible de générer des modes de réseau qui sont formés par l'interférence des LSP et de l'anomalie de réseau ou anomalie de Rayleigh, qui correspond aux modes diffractifs. Ces modes hybrides ont une forme spectrale particulière de type Fano avec une largeur à mi-hauteur (ou FWHM pour Full Width at Half Maximum) réduite par rapport aux mêmes LSP non couplés aux modes de réseau. Dans ce chapitre, nous

	étudions les modes de réseau supportés par les réseaux de nanoparticules d'aluminium
	dans le visible et l'UV, expérimentalement et théoriquement. Les courbes de dispersion
	mesurées et simulées permettent d'analyser en détail le couplage LSP avec les anomalies de
	Rayleigh dans le réseau. Un réseau de nanodisques d'aluminium étudié dans ce chapitre est
	présenté sur la figure B.6.

Nous montrons dans la suite que lorsque la position spectrale de l'anomalie de Rayleigh (dépendant de la période du réseau) est légèrement décalée vers le bleu par rapport à la résonance LSP, le facteur de qualité du mode réseau est significativement amélioré. Nous
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Appendix A

Script for fractals

The code was implemented using Ruby language.

As an output, it generates two ASCII tables giving the coordinates of fractals both ordered in a square lattice and randomly distributed. Each fractal is defined its vertices. 

Résumé

Dans ce chapitre sera présenté un résumé de l'ensemble de la thèse en langue française.