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General Introduction

Three topics: nanophotonics, plasmonics, and quantum optics join to form the backbone of this thesis work. Nanophotonics, which combines optics and nanotechnology to study light-matter interaction at the nanometer scale, has attracted high attention due its potential applications in developing optical devices, novel sensors, and photonic circuits. Remarkable development of these photonic devices has lead to a decrease in their size reaching a limit that conventional electronic circuits can not endure. This is where the field of plasmonics intervenes. Plasmonics is a branch of nanophotonics that studies the optical response of metals when interacting with electromagnetic fields. Collective electronic excitations called surface plasmons are formed on the metal leading to a sub-wavelength confinement of the incident field overcoming the diffraction limit. They can either take the form of propagating waves on a metal-dielectric interface denoted as surface plasmon polaritons (SPPs), or localized surface plasmons (LSPs) associated with high electromagnetic field enhancements on metallic nanoparticles. A graph for comparing the operating speeds and critical dimensions of different chip-scale device technologies is shown in Fig. 1.1 where we can see that plasmonics satisfies the missing criteria for both electronics and photonics serving as a promising field for future integrated circuits fabrication. The high confinement of electromagnetic fields has shown to increase the fluorescence decay rate of emitters as well direct their emission into desired directions, in a phenomenon referred to as the Purcell effect. Enhancing the emission of single emitters that generate single photons, or simply single photon sources, occupies an significant part of ongoing research in the field of quantum optics that takes into account the wave-particle duality of light. This field has very important applications such as quantum communication, quantum information processing, quantum cryptography... One of the most efficient ways for converting propagating radiation into confined and enhanced electromagnetic fields is by using plasmonic nanoantennas. They are known to form intense electromagnetic field regions when excited resonantly, which improves the efficiency of the optical excitation that in turn leads to the enhancement of the decay rate of emitters. One of the seminal publications on this subject is the work of Kinkhabwala et al. [START_REF] Kinkhabwala | Large single-molecule fluorescence enhancements produced by a bowtie nanoantenna[END_REF] where they measure the fluorescence enhancement of molecules placed in the gap of gold bowtie nanoantennas. They reported a 1340-fold enhancement in the fluorescence of single molecules with nanoantennas of 100 nm side lengths and a gap varying from 15 nm to 80 nm. This was high enough to identify the contribution of single molecules to the total fluorescence by monitoring the reduction of the signal due to photobleaching. In Another example of the fluorescence enhancement of emitters is the work of Akselrod et al. [START_REF] Akselrod | Probing the mechanisms of large Purcell enhancement in plasmonic nanoantennas[END_REF] who used a film-coupled metal nanocube system with emitters embedded in the dielectric gap region. They succeeded in reaching a 1000-fold enhancement in the spontaneous emission rate while preserving a high quantum efficiency (>0.5) and direction emission (84% collection efficiency). A schematic of the platform is demonstrated in Fig. 1.3a where we can see a polymer film with randomly oriented Ruthenium dye molecules sandwiched between a silver nanocube and a gold film. A comparison between the fluorescence lifetime of the dye molecules on glass and in the 8 nm gap of the coupled system is presented in Fig. 1.3b. We observe that the lifetime dramatically decreases from 600 ns to 0.7 ns upon placing it in the coupled system. The effect of the gap thickness is shown in Fig. 1.3c where we can see that the emission rate increases with a decreasing gap size.

In the systems described above, the interaction between the emitters and the nanoantennas is limited to the fluorescence enhancement where the emission rate is improved. This effect is a characteristic of the weak coupling regime where the decay rate of the emitter is enhanced without affecting its emission frequency. Nevertheless, if the coupling between the emitter and the surrounding environment is strong enough to overcome the losses, a reversible energy exchange occurs between the two entities resulting in energy splitted modes of the combined system (emitter + cav- ity). This energy mode splitting, referred to as the Rabi splitting, is a characteristic identity of the strong coupling regime. In the work of Savasta et al. [START_REF] Savasta | Nanopolaritons: vacuum Rabi splitting with a single quantum dot in the center of a dimer nanoantenna[END_REF], they showed that theoretically, strong coupling can be reached for a single quantum dot placed in the nanometric gap a of dimer nanoantenna. They report that placing a single quantum dot in the vicinity of a metallic nanoparticle will not lead to Rabi splitting due to the high losses. However, the intensity of the confined electromagnetic field in the gap of a dimer nanoantenna is strong enough to reach the strong coupling regime. The system is presented in the schematic of Fig. 1.4a where a quantum dot is placed in the 8 nm gap of a dimer nanoantenna composed of two silver spheres of radius = 7 nm. Fig. 1.4b shows the calculated extinction cross section spectra for different dipole moments, where clear Rabi splitting is observed for high dipole moments. The anti-crossing behavior is shown in Fig. 1.4c where the wavelengths of the two Rabi peaks are plotted as a function of the exciton transition wavelength for a dipole moment of µ/e = 0.5 nm.

As we have seen, plasmonic nanoantennas lead to extraordinary enhancements in the local electric field that can be efficient in both the weak and strong coupling regimes. However, a drawback of these structures remains, which is the high losses at the sub-wavelength scale. To overcome this problem, a hybrid plasmonic effect can excitation occurs best for illumination at the location of the grating (image 2). This leads to a focused spot exactly at the tip as opposed to the case of direct illumination (image 4) where light is focused 5 nm away from the tip, as seen in Fig. 1.5c.

Sub-wavelength confinement and focusing can be also achieved by using combined nanoantennas with ring grating structures. In such configurations, SPPs are generated by the grating and get focused to the center where they couple to LSPs created at the nanoantennas creating high electromagnetic field region. As an example, Pan et. al [START_REF] Pan | Maskless Plasmonic Lithography at 22 nm Resolution[END_REF] used ridged apertures in the center of ring grooves to demonstrate efficient deep sub-wavelength squeezing of light with high electromagnetic confinement and enhancement (Fig. 1.6a). As we see in Fig. 1.6b, this configuration allows accessing a broader range of wavenumbers due to coupling between SPPs focused by the circular-shaped grating and LSPs created at the aperture. In addition, recent work has been done on combining quantum optics and plasmonics by studying the transmission of entangled photons between two metallic gratings upon exciting single waveguided SPPs [START_REF] Martino | Quantum Statistics of Surface Plasmon Polaritons in Metallic Stripe Waveguides[END_REF]. In this configuration, Di Martino et. al showed that single photons, produced by spontaneous parametric down conversion, can be used to excite SPPs via an input grating that are guided along the metallic stripe and couple out upon reaching the output grating, as depicted in Fig. 1.7. To verify the single photon nature of the out-coupled light, the second-order correlation function is measured which confirms the ability to excite single SPPs. An example is given in the inset of Fig. 1.7. This implies that plasmonic structures can efficiently function in the quantum regime and can therefore be used for building operational devices based on quantum plasmonics. Also in the field of quantum plasmonics, it has been demonstrated that integrating single photon sources into plasmonic cavities accelerates their fluorescence emission. An interesting work done by Schietinger et. al showed that the excitation rate and radiative decay rate of a single nitrogen vacancy (NV) center are enhanced by an order of magnitude after placing it in the gap of two gold nanospheres [START_REF] Schietinger | Plasmon-enhanced single photon emission from a nanoassembled metal-diamond hybrid structure at room temperature[END_REF]. The nanoassembly process is done by positioning the two nanoparticles close to the nanodiamond containing an NV center with an AFM tip, as seen in Fig. 1.8a. This leads to a decrease in the emitter's fluorescence lifetime, which is the lowest with two nanoparticles (Fig. 1.8b), while preserving its single photon nature (Fig. 1.8c).

Several groups are working in this particular field of quantum plasmonics, however many subjects are still left untackled. With this background as a motivation in mind, we were inspired to work on coupling an ensemble of emitters as well as single quantum emitters to novel plasmonic cavities aiming at enhancing light-matter interaction at the nanoscale. For that, we thought of using an integrated structure consisting of a nanoantenna placed in the center of a ring grating. The ring grating creates propagating SPPs that couple to LSPs at the nanoantenna gap creating an showing the propagation of single SPPs. Inset: second-order correlation function of the out-coupled light [START_REF] Martino | Quantum Statistics of Surface Plasmon Polaritons in Metallic Stripe Waveguides[END_REF].

intense electromagnetic hotspot that excites the emitters leading to an enhancement in their fluorescence. A brief summary of the work conducted in this PhD thesis is outlined below.

Chapter 2 gives an overview of the theoretical description of plasmonics at the nanoscale. In the first section, the physical properties of bulk plasmons, propagating surface plasmons, and localized surface plasmons are presented. Examples of the means of generating surface plasmons are explained in details. The importance of coupling between SPPs and LSPs for optical confinement is then emphasized by showing different configurations that support this phenomenon such as waveguides, plasmonic nanoantennas, and structures combining both. In the second section, we introduce single photon sources and describe their optical properties. Plasmonemitter coupling is then tackled by explaining the two coupling regimes: weak and strong coupling regimes, where the importance of each is clarified.

In Chapter 3, we describe the technical experimental and simulations methods used throughout this thesis. This chapter serves as a reference guide for the reader facilitating the understanding of the results given in the next chapters. For fabrication, we present electron beam lithography (EBL) where we illustrate the steps followed to fabricate our samples. Optical characterization methods are then described, including the fiber coupling setup, the micro-photoluminescence (µ-PL) setup, and the time-correlated single photon counting (TCSPC) setup. Numerical simulation techniques based on the Finite Difference Time Domain (FDTD) method using Lumerical software are also explained.

Chapter 4 presents the experimental and numerical results obtained for our fabricated plasmonic structures and their coupling to an ensemble of emitters. We start by describing the first plasmonic device consisting of a concentric ring grating acting as an efficient tool for directional launching and detection of SPPs. We demonstrate that this circularly symmetrical plasmonic device provides an efficient interface between free space radiation and SPPs, and offers an excellent platform for the study of hybrid plasmonics in general and of plasmon-emitter couplings in particular, such as those occurring when exciting dye molecules placed inside the ring. In the second section, a numerical parametric characterization study of a double bowtie nanoantenna is given where we study the effect of its geometry on the electric field confinement in the gap. In the last section, the integrated ring grating/bowtie nanoantenna structure is introduced where plasmon-emitter coupling is studied with an ensemble of dye molecules, and the conditions for the weak and strong coupling regimes are explained.

In Chapter 5, we study plasmon-emitter coupling in the plasmonic structures but focusing more on the quantum regime. We present our collaborative work with Prof. Atature's research group at the University of Cambridge, UK and Prof. Becher's research group at the Saarland University, Germany, where we succeeded in placing a single nanodiamond with a single silicon-vacancy center in the gap of our plasmonic structures. Consequently, the experimental results obtained showed a significant increase in the PL intensity.

The last chapter serves as a conclusion of the work presented in this thesis, as well as a statement of the perspectives and future work that will be done, especially after the motivation we got from our obtained results.

Plasmon-Emitter Coupling

Introduction

The discovery of Plasmonics dates back to the Roman times when artists observed vibrant colors by mixing silver and gold colloids with glass. This phenomenon was exploited throughout the centuries and was mainly used in the stained window glasses of churches and cathedrals. The first scientific interpretation of this phenomenon was done by Faraday in the 19th century when he studied the colors of gold particles [START_REF] Wollaston | On cystic oxide, a new species of urinary calculus[END_REF]. A more detailed theory followed in 1908 by the German physicist Gustav Mie in which he explained the optical properties of scattering particles [START_REF] Mie | Contribution to the optical properties of turbid media, in particular of colloidal suspensions of metals[END_REF]. Pines and Bohm were the first to give an exact definition of a plasmon in 1952 [START_REF] Pines | A Collective Description of Electron Interactions: II. Collective vs Individual Particle Aspects of the Interactions[END_REF], followed by the description of surface plasmons given by Ritchie et al. in 1957 [19]. Nowadays, the field of plasmonics is undergoing a significant growth with applications ranging from optical probes in bio-medical research, plasmonic waveguides, to optical devices. On the other hand, in the rapidly evolving field of quantum information and communication, the choice of using quantum objects or photonic qubits has proven to be extremely more efficient than using classical objects [START_REF] Bouwmeester | The physics of quantum information[END_REF][START_REF] Knill | A scheme for efficient quantum computation with linear optics[END_REF]. These applications require the use of single photon sources (SPSs) that are defined as sources adopting a single photon state, i.e. a state with a statistical mean value of one photon and a variance of zero [START_REF] Eisaman | Invited Review Article: Single-photon sources and detectors[END_REF] (photon antibunching). In addition to quantum computing, SPSs are widely used in other fields such as quantum cryptography [START_REF] Brassard | Limitations on practical quantum cryptography[END_REF][START_REF] Wang | Beating the Photon-Number-Splitting Attack in Practical Quantum Cryptography[END_REF], quantum lithography [START_REF] Boto | Quantum interferometric optical lithography: exploiting entanglement to beat the diffraction limit[END_REF][START_REF] Boyd | Recent progress in quantum and nonlinear optical lithography[END_REF][START_REF] Kawabe | Quantum interference fringes beating the diffraction limit[END_REF], single molecule spectroscopy [START_REF] Michalet | Detectors for single-molecule fluorescence imaging and spectroscopy[END_REF], and fluorescence lifetime measurements [START_REF] Felekyan | Full correlation from picoseconds to seconds by time-resolved and time-correlated single photon detection[END_REF]. Coupling single photon sources to surface plasmons has shown to enhance their spontaneous emission leading to important achievements in the field of plasmonic quantum electrodynamics (QED) [START_REF] Gong | Design of plasmon cavities for solid-state cavity quantum electrodynamics applications[END_REF]. This chapter starts with an introduction to plasmonics by discussing the theory of the interaction between electromagnetic fields and metals. Maxwell's equations are employed to explain the theory behind bulk plasmons, localized surface plasmons (LSPs) and propagating surface plasmon polaritons (SPPs). A detailed explanation of the means of exciting SPPs as well as their optical confinement is presented. We also discuss how optical nanoantennas lead to the localization of SPPs at subwavelength scales. We then explain how coupling between SPPs and LSPs benefits from the high energy of propagating SPPs and from the sub-wavelength confinement of LSPs to achieve efficient optical nano-focusing at the nanoscale. The second section starts with a description of the properties of an ideal single photon source, providing some examples of the most used sources in current research. We then Chapter 2

Plasmon-Emitter Coupling explain how the coupling between plasmons and SPSs can affect their spontaneous emission in a regime referred to as the Weak Coupling Regime. Consequently, we demonstrate how the Strong Coupling Regime can be attained when the coupling is strong enough to overcome the losses in the system. The goal of the research presented in this thesis is to explore these regimes for emitters coupled to plasmonic structures.

Plasmonics: Theory and Applications

Nanoplasmonics

As its name implies, the field of Nanoplasmonics studies optical phenomena at the nanoscale in metallic nanostructured systems. The significant property of these systems is their ability to confine electromagnetic fields over dimensions on the order of or smaller than the wavelength. This phenomenon is only possible because of existing modes in the metal called surface plasmons. The interaction of electromagnetic fields with metals, and even metallic nanostructures, can be explained by Maxwell's equations. Depending on the frequency of the incident electromagnetic wave, metals can have different optical properties. Noble metals for instance, can act as perfect conductors at low frequencies (microwave and infrared), but can be highly absorbing at high frequencies (visible and ultraviolet). At resonance, incident electromagnetic waves cause free electrons in metals to get displaced with respect to the lattice ions creating surface plasmons that oscillate at a resonant frequency called the plasma frequency. These plasmon oscillations can exist on metal dielectric interfaces under the form of SPPs, or as LSPs on the surface of metallic nanostructures. In this section, electrodynamics as well as solid state theory are used to describe the optical properties of bulk plasmons, LSPs, and SPPs. Solid state theory is essential to identify the material properties involved in the electrodynamic calculations used. More detailed information concerning these two fields can be found in textbooks [START_REF] Jackson | Electrodynamics. The Earth[END_REF][START_REF] Ashcroft | Solid State Physics[END_REF]. The field of Nanoplasmonics has grabbed the attention of many researchers and opened the possibility for many applications in nanofabrication technology [START_REF] Ozbay | Plasmonics: Merging Photonics and Electronics at Nanoscale Dimensions[END_REF][START_REF] Barnes | Surface plasmon subwavelength optics[END_REF][START_REF] Lal | Nano-optics from sensing to waveguiding[END_REF].

Optical properties of metals: Bulk plasmons

In 1900, Drude introduced a simple classical model to explain the transport properties of electrons in metals based on the kinetic gas theory. This theory was modified by Sommerfeld in 1933 by introducing quantum mechanical Fermi-Dirac statistics and was then called the nearly free electron model. In order to explain the frequency dependent nature of surface plasmons, we use this model which can be applied to the entire electromagnetic spectrum. Plasmons can be considered as a collective oscillation of the free electron density on the surface of a conducting material. The 2.2 Plasmonics: Theory and Applications equation of motion of a free electron gas of charge e and mass m in an electric field E is given by:

m d 2 x dt 2 = -eE (2.1)
For a time-dependent electric field E = E 0 e -iωt , Eq.2.1 has the solution:

x = (e/m)E ω 2 0 -ω 2 -iγω (2.2)
where γ is the damping or relaxation rate.

The polarization P is defined as the dipole moment volume density and expressed as:

P = -nex = - ne 2 m(ω 2 0 -ω 2 -iγω) E, (2.3)
where n is the volume concentration of electrons.

The free electron gas dielectric function is given by:

ε(ω) = 1 + P (ω) ε 0 E(ω) = 1 - ne 2 ε 0 m(ω 2 0 -ω 2 -iγω) (2.4)
And the plasma frequency ω p is defined as:

ω 2 p = ne 2 ε 0 m (2.5)
Combining Eq.2.4 and Eq.2.5, and considering that there is no "spring tension" (ω 0 = 0), the dielectric function can be expressed as:

ε(ω) = 1 - ω 2 p ω 2 + iγω (2.6)
At large frequencies, i.e. ω/γ ≫ 1, 2.6 reduces to:

ε(ω) = 1 - ω 2 p ω 2 (2.7)
Considering the dispersion relation for transverse electromagnetic waves (ω 2 ε = c 2 k 2 ), 2.7 is described as:

ω 2 = ω 2 p + c 2 k 2 (2.8)
Chapter 2

Plasmon-Emitter Coupling This dispersion relation for bulk plasmons is plotted in Fig. 2.1, where we see that for very small wavevectors, the frequency is not zero, but is equal to the bulk plasmon frequency. Below this frequency, no propagation is allowed in the "forbidden frequency gap". Above this frequency, waves propagate with a velocity equal to the slope of the dispersion curve, i.e. the group velocity v g = dw/dk. This value always remains less than the velocity of light.

The Drude model can be extended to include the frequency-dependent contributions from inter-band transitions, and the dielectric function is thus expressed as [START_REF] Vial | Improved analytical fit of gold dispersion: Application to the modeling of extinction spectra with a finite-difference time-domain method[END_REF]:

ε(ω) = 1 - ω 2 p ω 2 + iγω - f n ω 2 n ω 2 -ω 2 n + iγ n ω (2.9)
where the new Lorentz term includes a summation of multiple Lorentz oscillators with damping rates γ n , resonance widths ω n and weighting factors f n .

Localized surface plasmons

After discussing the properties of bulk plasmons, we now focus our attention to a more specific type of plasmons, namely the localized surface plasmons (LSPs). They are also known as surface plasmons on metal nanoparticles because they are a result of stationary resonant oscillations of the surface charge density at the boundaries of metallic nanostructures [START_REF] Awada | Selective Excitation of Plasmon Resonances of Single Au Triangles by Polarization-Dependent Light Excitation[END_REF][START_REF] Deeb | Quantitative Analysis of Localized Surface Plasmons Based on Molecular Probing[END_REF]. Due to their significant optical properties, LSPs are shown to enhance electromagnetic field confinement which has great importance in numerous applications ranging from nanoscale microscopy, molecular sensing, molecular fluorescence, and photovoltaics.

To understand the properties of LSPs, let us consider a spherical metallic nanoparticle of a size in the range of the penetration depth of the electromagnetic field, which defines how deep the radiation can penetrate into the metal (about 25 nm for metals over the visible and IR region). The incident electromagnetic radiation causes the electrons in the nanoparticle to get displaced with respect to the lattice ions and opposite charges are formed at opposite surfaces facing each other, as seen in Fig. 2.2. This induces an attractive force between the charges in addition to a restoring force. The frequency of incident light must match the frequency of the valence electrons in order to fulfill the resonance condition.

The response of the LSPs in the metallic particle to the externally applied field is described by the particle polarizability, which is defined as the tendency of the electrons to get displaced by the incident field [START_REF] Kim | Plasmonics -Principles and Applications[END_REF]. It is expressed as α = p/ε 0 ε m E 0 where p is the electric dipole moment, ε m is the dielectric permittivity of the medium, and E 0 is the incident electric field. This value depends on the frequency as well as the geometry of the metallic particle.

To quantify the amount of energy absorbed by a spherical particle of radius a, as well as the energy scattered into the far-field, we denote the absorption and scattering cross-sections; C abs and C scat respectively which are both dependent on Chapter 2
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C abs ∝ a 3 λ (2.10a) C scat ∝ a 6 λ 4 (2.10b)
A more detailed calculation of the scattering and absorption of electromagnetic radiation by a sphere is calculated by the Mie theory which was developed in 1908 and can be found in several references [START_REF] Mie | Contribution to the optical properties of turbid media, in particular of colloidal suspensions of metals[END_REF][START_REF] Kim | Plasmonics -Principles and Applications[END_REF][START_REF] Maier | Plasmonics: fundamentals and applications[END_REF].

The electric field E in inside and E out outside the spherical nanoparticle are expressed as:

E in = 3ε m ε N P + 2ε m E 0 (2.11a) E out = 3n(n • p) -p 4πε 0 ε m 1 r 3 (2.11b)
where ε N P is the dielectric permittivity of the nanoparticle, and n and r are the unit vector and magnitude of the position vector.

From Eqs. 2.11a and 2.11b, one can conclude that at resonance in α, there is a clear enhancement in both the internal and external (dipolar) fields with respect to the incident electric field applied. Therefore, metallic particles act as efficient optical antennas that convert electromagnetic energy from the far-field into localized energy in the near field. This allows squeezing electromagnetic field oscillations to sub-wavelength dimensions which is the key factor in various applications such as sensing, nanoscale imaging, field-enhanced spectroscopy, medical applications, and optical device fabrication.

More detailed derivations of the theoretical equations of the optical properties of LSPs can be found in several textbooks [START_REF] Bohren | Absorption and Scattering of Light by Small Particles[END_REF][START_REF] Kreibig | Optical Properties of Metal Clusters, ser. Springer Series in Materials Science[END_REF][START_REF] Enoch | Plasmonics: From Basics to Advanced Topics[END_REF][START_REF]Plasmonics: Theory and Applications[END_REF].

Surface plasmon polaritons

As opposed to the localized nature of LSPs, we now discuss the optical properties of propagating electromagnetic waves at metal-dielectric interfaces, i.e. surface plasmon polaritons (SPPs). SPPs are 2-dimensional transverse magnetic (TM) plane waves (p-polarized) propagating along the interface with a field intensity decaying exponentially in the direction normal to the surface. The first experimental observation of SPPs was related to electron energy-loss methods which was described in 1960 by Powell and Swan [START_REF] Powell | Effect of Oxidation on the Characteristic Loss Spectra of Aluminum and Magnesium[END_REF]. Optical excitation of SPPs was later observed by Otto in 1968 [START_REF] Otto | Excitation of nonradiative surface plasma waves in silver by the method of frustrated total reflection[END_REF] and Kretschmann in 1971 [START_REF] Kretschmann | The determination of the optical constants of metals by excitation of surface plasmons[END_REF]. To explain the optical properties of SPPs, let us consider an interface between a metal and a dielectric having dielectric constants ε m and ε d respectively. As seen in Fig. 2.3a, this interface lies in the x-y plane leading to an SPP propagation in the x direction. The electromagnetic fields are TM polarized and decay exponentially along the z direction (Fig. 2.3b). Fig. 2.4 shows an FDTD simulation of SPPs propagating on a gold surface obtained by Lumerical software that will be explained in chap. 3.

The electric and magnetic fields of an SPP wave decaying exponentially in the x and z directions are expressed as:

E = E 0 exp[i(k x x ± k z z -ωt)]
(2.12a)

H = H 0 exp[i(k x x ± k z z -ωt)] (2.12b) Chapter 2
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where k x and k z are the wavevectors in the x and z-directions. k z is imaginary due to the exponential decay of E z . These fields have to fulfill Maxwell's equations as well as the following continuity relations:

E d,x -E m,x = 0 (2.13a) H d,y -H m,y = 0 (2.13b) ε d E d,z -ε m E m,z = 0 (2.13c)
where E d , E m and H d , H m are the electric and magnetic fields in the dielectric and metal respectively, and ε d and ε m are the corresponding complex dielectric functions.

Solving the above equations leads us to the relations:

k z,m ε m = k z,d ε d (2.14a) k 2 x + k 2 z,j = ε j ω 2 c 2 (2.14b)
where j defines the medium (dielectric or metal).

Combining Eqs. 2.14a and 2.14b, we can calculate the SPP dispersion relations:

k 2 x = ε d ε m ε d + ε m ω 2 c 2 (2.15a) k 2 z,j = ε j ε d + ε m ω 2 c 2 (2.15b)
Let us consider that only the metal has a complex permittivity

ε m = ε ′ m + iε ′′ m
, where the imaginary part represents the losses in the material. This causes the wavevector k x to have a complex quantity as well (k x = k ′ x + ik ′′ x ), and Eq.2.15a becomes:

k ′ x = ω c ε d ε ′ m ε d + ε ′ m 1/2 (2.16a) k ′′ x = ω c ε d ε ′ m ε d + ε ′ m 3 2 ε ′′ m 2(ε ′ m ) 2
(2.16b) The SPP dispersion relation 2.16a is plotted in Fig. 2.5. At a low frequency ω,

we have k x = ω c lim εm→-∞ ε d ε ′ m ε d +ε ′ m 1/2
≈ ω c √ ε d , and the SPP curve coincides with the light line. In this case, SPPs behave as if they are in free space and there is no coupling to the electrons in the metal. This is because the metal acts as a superconductor for ε m → -∞ preventing the electric field to penetrate through. At resonance, for a frequency equals to the plasmon frequency ω SP = ωp √ 1+ε d , we have ε m = -ε d . In this case, we obtain k x → ∞. This means that SPPs possess an extremely high wavevector corresponding to a very small wavelength (nanometer range), which explains their very good confinement. We also notice that the SPP curve lies always below the light line. This means that at the same energy ω = ck x , SPP waves have a bigger wavevector than light waves propagating on the surface in the dielectric medium. This prevents the excitation of SPPs by direct illumination, and reciprocally prevents SPPs (which are bound to the surface) to radiate into the far-field. In order to compensate this difference in momentum and couple incident light to SPP modes, one must increase the value of k of incident light. This can be done by several methods such as near field excitation, diffraction on surface features, adding dielectric layers with a larger permittivity, prism coupling, and grating coupling (which is of most interest to us in this work). Those methods will be explained in details in the next section.

Due to Ohmic losses in the metal, SPPs decay with a characteristic propagation length L SP P which is the distance that the SPPs propagate along the x-direction before the power has decayed to 1/e of its original value, and is given by: Chapter 2 Plasmon-Emitter Coupling

L SP P = 1 2k ′′ x (2.17)
In the z-direction, the SPP intensity also decays exponentially into the metal with a characteristic length called the skin depth δ given by:

δ = 1 k z j (2.18)
The values of these two characteristic lengths depend on the material used as well as the wavelength of incident light. The propagation length is typically between 10 µm and 100 µm, whereas the skin depth is in the order of tens of nanometers. As an example, for gold at 633 nm, L SP P = 10 nm and δ = 28 nm. A more detailed explanation of the behavior of surface plasmons on smooth and rough surfaces can be found in several references [START_REF] Anatoly | Nano-optics of surface plasmon polaritons[END_REF][START_REF] Maier | Plasmonics: fundamentals and applications[END_REF][START_REF] Raether | Surface plasmons on smooth surfaces[END_REF].

Optical Excitation of Surface Plasmons

As discussed in the previous section, exciting LSPs can be simply achieved by resonantly illuminating nanostructures with electromagnetic waves. However, SPP excitation is not that straightforward, and needs specific methods to be attained. The momentum of the incident photons must be modified in order to match that of the SPPs at a given photon energy. This can be done by several coupling techniques such as prism coupling (Kretschmann and Otto configurations), grating coupling, near-field excitation, and diffraction on surface features, which will be explained individually below.

Prism coupling

The prism coupling technique is based on the attenuated total reflection (ATR) method, where a high index prism is brought near a metal surface. An evanescent wave is generated at the surface which excites the SPPs via photon tunneling that causes momentum matching. Two configurations are possible for this coupling technique, namely the Otto and the Kretschmann-Raether [START_REF] Otto | Excitation of nonradiative surface plasma waves in silver by the method of frustrated total reflection[END_REF][START_REF] Kretschmann | Radiative decay of non-radiative surface plasmons excited by light[END_REF]. In the Kretschmann configuration (Fig. 2.6a), a metal film is deposited on a dielectric prism (of refractive index n p ). Incident light illuminates the metal film through the prism at an angle of incidence θ bigger than the critical angle so that total internal reflection occurs. As light passes through the prism, its momentum increases by a factor of n p and an evanescent wave is created at the surface which penetrates the metal film and excites the SPPs at the metal-air interface. The SPPs momentum is expressed as: However, when the metal film is thick, the tunneling distance increases, and SPP excitation is no longer possible. In this case, a dielectric layer with a refractive index n d < n p is sandwiched between the prism and the metal layer, in what we call the two-layer Kretschmann geometry . This allows total internal reflection to take place and generate an evanescent wave that penetrates through the dielectric layer and successfully excites SPPs.

k SP P = n p sinθ ω c (2.19)
The second method for prism coupling is the Otto configuration which is shown in Fig. 2.6b. This configuration is helpful in cases where we do not want direct contact with the metal film. In this case, the dielectric layer is replaced by a thin air gap, and evanescent coupling to SPPs is also achieved.

Near-field excitation

A second way for exciting SPPs is by irradiating a surface locally at an exact position with a SNOM fiber tip (Fig. 2.7). After illuminating it with a laser, the tip acts as an SPP point source where circular SPP waves are locally excited and propagate on the surface [START_REF] Hecht | Local Excitation, Scattering, and Interference of Surface Plasmons[END_REF]. The advantage of near-field excitation techniques is the high spacial sub-wavelength resolution that can be used to study SPP scattering at surface defects.

Diffraction on surface features

Diffraction of light on surface features can also be a source of SPP excitation (Fig. 2.8). Incident light on a sub-wavelength surface defect causes the generation of SPPs that propagate on the surface, as well as scattered light back into free space. Depending on the material, shape and size of the features, SPP scattering can offer a great deal of information related to the optical properties of SPPs and to the rough metallic films which can be studied by the Fourier analysis of the diffracted angular spectrum [START_REF] Bozhevolnyi | Direct observation of localized dipolar excitations on rough nanostructured surfaces[END_REF][START_REF] Smolyaninov | Imaging of Surface Plasmon Scattering by Lithographically Created Individual Surface Defects[END_REF][START_REF] Nikitin | Scattering of surface plasmon polaritons by impedance barriers: Dependence on angle of incidence[END_REF].

Grating coupling

Another possible way for coupling incident light to SPPs is via surface gratings. It was first discovered by Wood in 1902 [START_REF] Wood | XLII. On a remarkable case of uneven distribution of light in a diffraction grating spectrum[END_REF] when he studied anomalies in diffraction from metal gratings (Wood's anomaly). As seen in Fig. 2.9, a light beam of wavelength λ is incident on a periodic grating with a period Λ at an angle of incidence θ. The wavevector of the incident beam increases or decreases by an integer number of the grating wavevector as it gets diffracted. This causes momentum matching which in turn leads to the generation of SPPs on the surface. The SPP wavevector k SP P is given by the following relation:

k SP P = ksinθ + mk G (2.20)
where k = 2π/λ is the wavevector of the incident beam, k G = 2π/Λ is the grating effective wavevector, and m is an integer representing the diffraction order. In order for efficient coupling to take place, the incident beam must be polarized perpendicular to the grating grooves, i.e. p-polarized (TM) satisfying the momentum matching condition, or else no SPPs will be generated. An advantage of grating coupling is that SPPs can be excited on both air-metal and substrate-metal interfaces. Reciprocally, gratings can be used to out-couple propagating SPPs allowing them to radiate into the far-field. This justifies our choice for using this technique in the work presented in this thesis.

Optical Confinement of Surface Plasmons

Manipulating light propagation at the nanoscale is a very important aspect in the fields of nanoplasmonics and photonics. Researchers are constantly studying ways to improve the fabrication of micro and nano-optical devices capable of controlling light behavior at the nanoscale. However, the challenge in these devices resides in the confinement of light into sub-wavelength regions which is limited by diffraction. As explained in the previous sections, SPPs act as very good candidates for facing this challenge and achieving sub-wavelength confinement. Several geometries including plasmonic structures for light confinement have been studied such as nanoslit arrays [START_REF] Lopez-Tejeira | Efficient unidirectional nanoslit couplers for surface plasmons[END_REF], metal and dielectric strips and wires [START_REF] Huang | Compact Aperiodic Metallic Groove Arrays for Unidirectional Launching of Surface Plasmons[END_REF][START_REF] Krenn | Surface plasmon polaritons in metal stripes and wires[END_REF], metallic nanowires [START_REF] Sanders | Observation of Plasmon Propagation, Redirection, and Fan-Out in Silver Nanowires[END_REF][START_REF] Weeber | Plasmon polaritons of metallic nanowires for controlling submicron propagation of light[END_REF], metallic nanoparticles [START_REF] Stepanov | Quantitative analysis of surface plasmon interaction with silver nanoparticles[END_REF], carbon nanotubes [START_REF] Hartmann | Launching Propagating Surface Plasmon Polaritons by a Single Carbon Nanotube Dipolar Emitter[END_REF], V-grooves and wedges [START_REF] Bozhevolnyi | Channel Plasmon-Polariton Guiding by Subwavelength Metal Grooves[END_REF][START_REF] Moreno | Guiding and Focusing of Electromagnetic Fields with Wedge Plasmon Polaritons[END_REF][START_REF] Bermudez-Urena | Coupling of individual quantum emitters to channel plasmons[END_REF], and metallic gratings [START_REF] Liu | Dislocated Double-Layer Metal Gratings: An Efficient Unidirectional Coupler[END_REF]. We will now discuss several geometries for SPP waveguiding giving the advantages and disadvantages of each. The confinement and localization of electromagnetic fields in plasmonic nanoantennas is also presented. A combination of both aspects is then discussed in terms of coupling between propagating and localized surface plasmons.

SPP waveguiding

SPP waveguiding and confinement have been thoroughly studied in the last decade where several methods have been successful in confining SPPs into sub-wavelength scales. We will discuss some of these methods where a tradeoff between loss and confinement is considered. The simplest SPP waveguide is that of a thin metal film sandwiched between two symmetric dielectric layers [START_REF] Berini | Plasmon-polariton waves guided by thin lossy metal films of finite width: Bound modes of symmetric structures[END_REF] (Fig. 2.10a). In this configuration, SPPs are generated on the two metal/dielectric interfaces and start to interact with each other when the film thickness is narrow enough. This leads to the creation of coupled modes denoted as long-range SPP modes. The advantage of this configuration is the high propagation length (several centimeters) which is due to the low losses in the thin metal layer. However, the lateral confinement is very weak which extends to the order of the wavelength.

Similar SPP waveguiding can also be done by the use of inverse geometries, such as gaps [START_REF] Delacour | Efficient Directional Coupling between Silicon and Copper Plasmonic Nanoslot Waveguides: toward Metal-Oxide-Silicon Nanophotonics[END_REF][START_REF] Salas-Montiel | Quantitative analysis and nearfield observation of strong coupling between plasmonic nanogap and silicon waveguides[END_REF] and V-grooves [START_REF] Gramotnev | Single-mode subwavelength waveguide with channel plasmon-polaritons in triangular grooves on a metal surface[END_REF], also known as metal/insulator/metal waveguides (Fig. 2.10b). In this geometry, SPP modes are confined on the two dielectric/metal interfaces leading to an increased localization of the electric field. The propagation length can vary depending on the width of the groove but it usually in the order of 100 µm. Therefore, this structure offers good sub-wavelength confinement as well as an acceptable propagation length.

Another useful method for SPP waveguiding is using metallic stripes and nanowires [START_REF] Arnaud | Waveguidecoupled nanowire as an optical antenna[END_REF] (Fig. 2.10c). It has been demonstrated that exciting metallic stripes or nanowires at one end leads to the excitation of SPPs that propagate along the nanowire and get scattered into the far-field at the other end. Nanowires with diameters of about 40 2.2 Plasmonics: Theory and Applications 100 nm were shown to be successful in SPP guiding [START_REF] Ditlbacher | Silver Nanowires as Surface Plasmon Resonators[END_REF]. Strong coupling with the modes of metallic stripes was achieved at visible frequencies for stripes with few micrometer widths [START_REF] Weeber | Near-field observation of surface plasmon polariton propagation on thin metal stripes[END_REF]. This allows the system to have a high lateral confinement below the diffraction limit. On the other hand, Ohmic losses limit the propagation length to values smaller than a micrometer. In our recently published work [START_REF] Geng | Localised excitation of a single photon source by a nanowaveguide[END_REF], we demonstrated that a high-index ZnO nanowire can act as an efficient sub-wavelength waveguide for locally exciting a CdSe/CdS core/shell nanocrystal both below and above its energy bandgap.

SPP waveguiding can also be achieved by the near-field coupling between adjacent metallic nanoparticles in linear chains [START_REF] Maier | Local detection of electromagnetic energy transport below the diffraction limit in metal nanoparticle plasmon waveguides[END_REF][START_REF] Fevrier | Giant Coupling Effect between Metal Nanoparticle Chain and Optical Waveguide[END_REF][START_REF] Apuzzo | Observation of Near-Field Dipolar Interactions Involved in a Metal Nanoparticle Chain Waveguide[END_REF] (Fig. 2.10d). As explained in sec. 2.2.1.2, LSPs are created on the surface of metallic nanoparticles when excited resonantly. Aligning several nanoparticles in arrays with small inter-particle distances leads to the coupling between LSP modes of neighboring particles which are considered as point dipoles. This creates an energy transfer between individual dipoles leading to a guided propagating wave. Similar to the nanowire method, waves are highly confined to the nanoparticle waveguide but exhibit small propagation lengths due to high losses (∼ 1 µm or below, depending on the wavelength and material used).

Plasmonic nanoantennas

Plasmonic nanoantennas have proven to be very successful candidates in tailoring light propagation and confinement at the nanoscale. Electromagnetic antennas are defined as metallic devices used for receiving and transmitting electromagnetic waves. In addition to acting as probing devices, antennas must also serve as directional devices that optimize and accentuate radiation energy in some directions and suppress it in others [START_REF] Balanis | Antenna Theory: Analysis and Design[END_REF]. Optical nanoantennas benefit from their sizes, which are comparable to or smaller than the wavelength of visible light, to overcome the diffraction limit and manipulate electromagnetic fields at the nanoscale [START_REF] Ding | Understanding near/far-field engineering of optical dimer antennas through geometry modification[END_REF]. This allows them to be widely used in many applications such as near-field optical microscopy [START_REF] Keilmann | Near-field microscopy by elastic light scattering from a tip[END_REF], surface enhanced spectroscopy [START_REF] Kneipp | Single Molecule Detection Using Surface-Enhanced Raman Scattering (SERS)[END_REF][START_REF] Martin | High-Resolution Imaging and Spectroscopy of Multipolar Plasmonic Resonances in Aluminum Nanoantennas[END_REF], sensing [START_REF] Larsson | Sensing characteristics of NIR localized surface plasmon resonances in gold nanorings for application as ultrasensitive biosensors[END_REF], medical therapy [START_REF] Maltzahn | Computationally Guided Photothermal Tumor Therapy Using Long-Circulating Gold Nanorod Antennas[END_REF], and optoelectronic devices [START_REF] Novotny | Nano-optics: optical antennas tuned to pitch[END_REF].

When light is incident on metallic nanoantennas, modes of standing waves are created at resonance. This creates an electric field enhancement in their vicinity. A good nanoantenna is characterized by its high collection efficiency (large cross section), and its ability to focus incident electromagnetic light into sub-wavelength areas (large near-field enhancement). To improve their performance, researchers have found that cutting a gap in the center of nanoantennas leads to a higher near-field enhancement while maintaining the same effective cross-section [START_REF] Ghenuche | Spectroscopic Mode Mapping of Resonant Plasmon Nanoantennas[END_REF]. This occurs due to the coupling between the LSP modes of the two parts of the nanoantenna creating a hotspot in the gap. In Fig. 2.11, we show an example of an FDTD simulation result we obtained for a single gold bowtie nanoantenna on a glass substrate demonstrating the field confinement in the gap. The electromagnetic response of a nanoantenna depends on the gap size, material used, geometry and size, as well as the wavelength and polarization of the incident light. The enhanced electromagnetic field in the gap of metallic nanoantennas can be implemented to increase the spontaneous emission rate of emitters placed in the gap, or what is known as the Purcell effect [START_REF] Purcell | Spontaneous emission probabilities at radio frequencies[END_REF], in a regime called the weak coupling regime. However, when the interaction between the emitter and the nanoantenna overcomes all possible losses in the system, we reach what is called the strong coupling regime where both entities now act as one system. In this case, photons are absorbed and re-emitted several times before being radiated out of the system. These two regimes will be discussed in details in the next section.

SPP -LSP coupling

As we have seen so far, both SPPs and LSPs are indispensable components for optical applications at the nanoscale. SPPs are widely used for optical waveguiding but provide low resolution due to their weak spatial confinement. Oppositely, LSPs provide excellent sub-wavelength confinement but induce large losses. Intensive research is being conducted for the purpose of improving the resolution of propagating SPPs. Spatial confinement of less than 10% of the free-space wavelength has been reached using Ag/SiO 2 /Ag slot waveguides [START_REF] Dionne | Plasmon slot waveguides: Towards chip-scale propagation with subwavelength-scale localization[END_REF]. Nanofocusing of SPPs onto the tips of tapered plasmonic waveguides has also been studied to improve the local confinement [START_REF] Ropers | Grating-Coupling of Surface Plasmons onto Metallic Tips: A Nanoconfined Light Source[END_REF][START_REF] Stockman | Nanofocusing of Optical Energy in Tapered Plasmonic Waveguides[END_REF] (as illustrated in Fig. 2.12a). Conformal adiabatic transformations applied on specially designed plasmonic devices have also been considered to spatially confine SPPs [START_REF] Aubry | Plasmonic Light-Harvesting Devices over the Whole Visible Spectrum[END_REF]. In other works, a nanoscale dielectric wedge composed of a thin film of Si of slowly increasing thickness placed on a Ag substrate was successful in confining SPPs to sub-wavelength dimensions [START_REF] Verhagen | Plasmonic Nanofocusing in a Dielectric Wedge[END_REF].

Other approaches for sub-wavelength confinement involve coupling between SPPs and LSPs. C-aperture ridge waveguides showed big potential in achieving high resolution as well as transmission enhancement [START_REF] Chen | Imaging of optical field confinement in ridge waveguides fabricated on very-small-aperture laser[END_REF][START_REF] Matteo | Spectral analysis of strongly enhanced visible light transmission through single C-shaped nanoapertures[END_REF]. Combining diffraction gratings with nanoscale apertures and nanoantennas also causes SPP-LSP coupling leading to highly localized and enhanced electromagnetic fields improving the nanoantenna confinement [START_REF] Zhou | Complementary bowtie aperture for localizing and enhancing optical magnetic field[END_REF][START_REF] Srisungsitthisunti | Improving near-field confinement of a bowtie aperture using surface plasmon polaritons[END_REF][START_REF] Wang | Optical antennas integrated with concentric ring gratings: electric field enhancement and directional radiation[END_REF][START_REF] Kinzel | Extraordinary transmission from high-gain nanoaperture antennas[END_REF]. As shown in Fig. 2.12a and Fig. 2.12b, the hybrid nanoantenna/grating structure leads to higher field enhancements and more collimated radiated beams. This phenomenon of SPP-LSP coupling will be discussed in chap. 4 where experimental and theoretical analysis of the optical confinement of SPPs is shown in structures consisting of nanoantennas placed in the center of ring gratings.
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Interaction with Emitters

Single Photon Sources

What is a single photon source?

A single photon source (SPS) can be simply described as a two-level system under an external pulsed excitation, where only one single photon is emitted following each pulse. The "ideal" SPS is described by the following characteristics:

• Able to produce photons "on demand", at any desired time.

• High quantum efficiency, i.e. all the incident optical or electrical excitation pulses are transformed into single photons.

• Emitted photons are indistinguishable and with a defined polarization.

• A spectral width equal to the Fourier transform of the pulse duration.

• High repetition rate and consequently a short lifetime.

• Operate at room temperature.

Let us consider a SPS, originally in its ground state E 1 (Fig. 2.13), is excited by an external pulse that drives it to its excited state E 2 . It remains in this excited state for an average time called the emitter lifetime τ , and then falls back to its ground state where it rests until the next pulse arrives. This is why the lifetime of the emitter τ must be larger than the duration of the pulse but shorter than the interval between successive pulses.

As mentioned in the introduction, SPSs possess the property of emitting only one photon at a time, or what is referred to as "antibunching". In order to quantify the degree of antibunching, the second-order correlation function is measured, which gives the probability of emitting multiple photons relative to the probability of emitting only one. Experimentally, in most quantum optics setups, the photon beam is split into two equal parts that are oriented to two photodetectors in what is called a Hanbury-Brown Twiss interferometer. One photodetector is used to provide a "start" signal, and the other, which is on a delay, is used to provide a "stop" signal. By measuring the time between "start" and "stop" signals, one can form a histogram of time delay between two photons. The correlation between photons arriving at the two detectors separated by a time T [START_REF] Gerry | Introductory quantum optics[END_REF] is calculated using the formula:

g (2) (T ) = â † (t)â † (t + T )â(t)â(t + T ) â † (t)â(t) 2 (2.21)
where â † and â are the photon creation and annihilation operators respectively. Therefore, the second-order correlation function gives the probability of detecting a second photon at a given time T after a first one is observed. From Eq.2.21, we obtain the following conditions for the second order correlation function used to characterize emitted light (Fig. 2.14):

• Bunched light (thermal light source): 1 ≤ g (2) (T ) ≤ g (2) (0).

• Coherent light (laser): g (2) (T ) = 1 for T = 0.

• Antibunched light: g (2) (0) < g (2) (T ) for T = 0.

• Ideal SPS: g (2) (0) = 0 which refers to the perfect antibunching case where only one photon is emitted at a time.

Types of single photon sources

The first experiment discovering single photon sources dates back to 1977 when Kimble et al. introduced a low density continuous atomic beam which resulted in antibunched photons [START_REF] Kimble | Photon antibunching in resonance fluorescence[END_REF]. Since then, researchers have been studying several types of single photon sources depending on their experimental goals.
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Single atoms and ions are highly used in cavity quantum electrodynamics due to their high quantum efficiency where single photon emission is greatly enhanced and the strong coupling regime can be reached [START_REF] Keller | Continuous generation of single photons with controlled waveform in an ion-trap cavity system[END_REF][START_REF] Hijlkema | A single-photon server with just one atom[END_REF]. On the other hand, they have a limited trapping time [START_REF] Mckeever | Deterministic generation of single photons from one atom trapped in a cavity[END_REF] and an unstable atom-cavity mode coupling [START_REF] Duan | Cavity QED and quantuminformation processing with hot trapped atoms[END_REF] that can lead to decoherence effects.

Single molecules are easier to handle than single atoms. They have known chemical properties, and the samples are easy to prepare. Fluorescence antibunching from single organic molecules has been observed at low temperature [START_REF] Baschã© | Photon antibunching in the fluorescence of a single dye molecule trapped in a solid[END_REF] and room temperature [START_REF] Fleury | Nonclassical photon statistics in single-molecule fluorescence at room temperature[END_REF]. One advantage of using single molecules is achieving linearly polarized fluorescence depending on the orientation of the molecule's dipole moment [START_REF] Lee | A planar dielectric antenna for directional singlephoton emission and near-unity collection efficiency[END_REF][START_REF] Lounis | Single photons on demand from a single molecule at room temperature[END_REF]. However, they are not photostable, and can easily blink and photobleach. In the work presented in this thesis, we used aggregates of dye molecules and aim at using single molecules in the future work since their orientation is important when coupling to SPPs created in the structures (as will be explained in chap. 4).

Semiconductor quantum dots have been widely used as single photon sources and act as "artificial atoms" [START_REF] Michler | Quantum correlation among photons from a single quantum dot at room temperature[END_REF][START_REF] Michler | A quantum dot single-photon turnstile device[END_REF][START_REF] Santori | Triggered single photons from a quantum dot[END_REF][START_REF] Zwiller | Single quantum dots emit single photons at a time: Antibunching experiments[END_REF]. They are usually fabricated by molecular beam epitaxy where the process of self-assembled growth is used to deposit a lower bandgap semiconductor on a higher bandgap one. Their sizes are normally about 1-10 nm. They are photostable and do not photobleach. They have a very high quantum efficiency and oscillator strength, however, the collection efficiency is quite low. This is why various cavity quantum electrodynamics applications use quantum dots to enhance their spontaneous emission rate and thus improve the collection efficiency [START_REF] Solomon | Single-mode spontaneous emission from a single quantum dot in a three-dimensional microcavity[END_REF]. Embedding quantum dots in resonant microcavities (micropillars, microdisks..) has also shown to enhance their emission rate leading to a higher Purcell factor [START_REF] Harmand | InP1-xAsx quantum dots in InP nanowires: A Chapter 7 Bibliography route for single photon emitters[END_REF][START_REF] Arnold | Optical bistability in a quantum dots/micropillar device with a quality factor exceeding 200 000[END_REF][START_REF] Munsch | Continuous-wave versus timeresolved measurements of Purcell factors for quantum dots in semiconductor microcavities[END_REF][START_REF] Gayral | Time-resolved probing of the Purcell effect for InAs quantum boxes in GaAs microdisks[END_REF][START_REF] Moreau | Single-mode-solid-state single photon source based on isolated quantum dots in pillar microcavities[END_REF], and reaching the strong coupling regime [START_REF] Dousse | Scalable implementation of strongly coupled cavity-quantum dot devices[END_REF][START_REF] Loo | Quantum dot-cavity strong-coupling regime measured through coherent reflection spectroscopy in a very high-Q micropillar[END_REF][START_REF] Peter | Exciton-Photon Strong-Coupling Regime for a Single Quantum Dot Embedded in a Microcavity[END_REF]. In addition, most semiconductor quantum dots are functional at cryogenic temperatures. However, several attempts for operating quantum dot heterostructures at room temperatures have been made [START_REF] Kako | A gallium nitride single-photon source operating at 200 K[END_REF][START_REF] Jarjour | Nitride-based quantum dots for single photon source applications[END_REF]. In our work, we used single CdSe/CdS core/shell nanocrystals as target emitters excited by ZnO nanowires [START_REF] Geng | Localised excitation of a single photon source by a nanowaveguide[END_REF], for which we measured the lifetime on glass and gold substrates, as shown in Fig. 2.15.

Color centers in diamond are also strong candidates for single photon emission. They are formed when defects in the diamond lattice are combined with vacancy centers. There are over 500 color centers in diamond among which famous ones include N-vacancy [START_REF] Schietinger | One-by-one coupling of single defect centers in nanodiamonds to high-Q modes of an optical microresonator[END_REF][START_REF] Alleaume | Experimental open-air quan-Bibliography tum key distribution with a single-photon source[END_REF], Si-vacancy [START_REF] Wang | Single photon emission from SiV centres in diamond produced by ion implantation[END_REF][START_REF] Neu | Single photon emission from silicon-vacancy colour centres in chemical vapour deposition nano-diamonds on iridium[END_REF], Ni-N complexes [START_REF] Wu | Nonclassical photon statistics in a single nickel-nitrogen diamond color center photoluminescence at room temperature[END_REF], Xe-vacancy, etc... They are usually photostable and do not photobleach [START_REF] Gruber | Scanning confocal optical microscopy and magnetic resonance on single defect centers[END_REF]. They operate at room temperature [START_REF] Brouri | Photon antibunching in the fluorescence of individual color centers in diamond[END_REF][START_REF] Kurtsiefer | Stable solid-state source of single photons[END_REF] with a narrow zero-phonon line and a fluorescence lifetime in the order of 1-50 ns. Color centers in bulk diamonds suffer from a low quantum efficiency which encourages the use of diamond nanocrystals, or "nanodiamonds" that have a higher quantum efficiency. Several attempts have been made to increase the collection efficiency of color centers by placing them in optical [START_REF] Faraon | Coupling of Nitrogen-Vacancy Centers to Photonic Crystal Cavities in Monocrystalline Diamond[END_REF][START_REF] Barclay | Hybrid Nanocavity Resonant Enhancement of Color Center Emission in Diamond[END_REF][START_REF] Babinec | A diamond nanowire single-photon source[END_REF][START_REF] Sar | Deterministic nanoassembly of a coupled quantum emitter-photonic crystal cavity system[END_REF][START_REF] Hausmann | Coupling of NV centers to photonic crystal nanobeams in diamond[END_REF] and plasmonic cavities [START_REF] Schietinger | Plasmon-enhanced single photon emission from a nanoassembled metal-diamond hybrid structure at room temperature[END_REF][START_REF] Bulu | Plasmonic resonators for enhanced diamond NV-center single photon sources[END_REF][START_REF] Barth | Controlled coupling of NV defect centers to plasmonic and photonic nanostructures[END_REF]. This is exactly what we aim at in our work that is presented in chap. 5, where the spontaneous emission of SiV centers in nanodiamonds is enhanced when integrated in the gap of plasmonic ring grating/bowtie 

Weak Coupling Regime

Spontaneous emission

An emitter in the excited state E 2 decays to the ground state E 1 , via a process called spontaneous emission, emitting a photon of frequency:

ω = E 2 -E 1 (2.22)
Historically speaking, spontaneous emission was first described quantitatively by Einstein when he explained the blackbody radiation [START_REF] Cohen-Tannoudji | Quantum Mechanics[END_REF][START_REF] Loudon | The Quantum Theory of Light[END_REF]. The emitter's emission characteristics were assumed to be related only to the emitter itself and independent of the surrounding environment. This hypothesis was later modified by Purcell [START_REF] Purcell | Spontaneous emission probabilities at radio frequencies[END_REF] who discovered that spontaneous emission is greatly influenced by the surrounding medium.

The theoretical derivation of the radiative transition rate of an excited emitter in free space was first done by Weisskopf and Wigner in 1930 where they applied the QED approach which is explained briefly below. The radiative transition rate in free space from state |1 to state |2 is expressed as:

Γ r0 = 2π 2 2| μ12 • Ê0 |1 2 D 0 (ω) (2.23)
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Plasmon-Emitter Coupling where μ12 and Ê0 are electric dipole and vacuum field operators at the position of the emitter, and D 0 (ω) the free space density of states. D 0 (ω) is calculated by considering the electromagnetic modes in a cube of volume V and is expressed as:

D 0 (ω) = ω 2 V π 2 c 3 (2.24)
In this case, the term D 0 (ω)/V = ω2 /π 2 c 3 is what is referred to as the local density of states (LDOS) in vacuum, defined as the number of available states (modes) at a frequency ω and per unit volume. The radiative decay rate is thus directly proportional to the LDOS available for the decay of the emitter.

The transition matrix element in Eq.2.23 averaged over all directions gives:

2| μ12 • Ê0 |1 2 = 1 3 µ 2 12 E 2 0 (2.25)
where µ 2 12 is the square modulus of the electric dipole moment and E 0 is the vacuum field given by:

E 0 = ω 2ε 0 V (2.26)
Plugging Eqs.2.24, 2.25 and 2.26 into Eq.2.23, we obtain the decay rate of a spontaneous emission of an emitter in free space:

Γ r0 = ω 3 µ 2 12 3πε 0 c 3 (2.27)
Now if the emitter is placed in an environment, a cavity for instance, the spontaneous emission process is affected and consequently the emitter's decay rate. The cavity creates new electromagnetic modes available for the emitter to decay into which modifies the LDOS, and therefore D(ω) in the presence of the cavity can be expressed as:

D(ω) = ∆ω 2πV 1 ∆ω 2 2.3 Interaction with Emitters Γ r = |µ 12 • E| 2 |µ 12 | 2 |E| 2 2µ 2 12 ε 0 Q V (2.29)
where Q = ω c /∆ω is the quality factor and V is the cavity volume.

Purcell factor

The ratio between the modified decay rate of an emitter in a cavity Γ r and its free space decay rate Γ r0 is referred to as the Purcell factor, and is expressed as:

F p = Γ r nΓ r0 = 3 4π 2 λ n 3 Q V (2.30)
where we replaced c/ω by 2πn/λ with n being the index of refraction in the cavity and λ the free space wavelength. This relation is obtained at perfect dipole orientation matching, i.e. when the emitter is aligned with the polarization of the cavity mode (

|µ 12 • E| 2 /|µ 12 | 2 |E| 2 =1
), and for the emitter linewidth narrower than the cavity linewidth. It serves as a quantification of the modification imposed by the cavity on the radiative decay rate of an emitter. If the dipole is randomly oriented, then|µ 12 • E| 2 /|µ 12 | 2 |E| 2 =1/3, leading to a smaller F P by a factor of 3. In addition, this quantity will be modified if the emitter is not placed exactly in the center of the cavity. Studies have been performed on the modification of the emission enhancement of emitters as they are displaced away from the center of the nanoparticle axis [START_REF] Mohammadi | Gold nanorods and nanospheroids for enhancing spontaneous emission[END_REF][START_REF] Rogobete | Design of plasmonic nanoantennae for enhancing spontaneous emission[END_REF]. They show that this displacement can lead to a stronger emission enhancement. However, this was for the case of the emitter's position chosen such that the system preserves its cylindrical symmetry. In a more recent study [START_REF] Gao | Optimizing nano-optical antenna for the enhancement of spontaneous emission[END_REF], the influence of the emitter's position on the Purcell factor and the antenna efficiency (defined below in Eq.2.39) were also discussed for nanoantennas consisting of a pair of gold nano-rods and nano-ellipsoids. They demonstrate that the Purcell factor increases as the emitter is displaced 2 nm from the nanoparticle axis, however, the antenna efficiency decreases, i.e. more power is lost in the metallic nanoparticles.

If F p > 1, the emitter's spontaneous emission is enhanced; otherwise, it is suppressed. Therefore, in order to achieve high spontaneous emission enhancement, the surrounding cavity must confine light into small dimensions (low V) and keep it there for a sufficient amount of time (high Q). Having a cavity that satisfies both these conditions is quite a challenge, and thus a trade-off must be found. Photonic crystal cavities are the best candidates so far since they offer extremely high quality factors that have shown to overcome their low mode volumes which are diffraction limited (V can not go below 0.1(λ 0 /n) 3 where λ 0 is the wavelength of the incident light and n is the refractive index of the medium). Several types of photonic cavities were studied for which different values of Q and V were obtained. Micropillar Chapter 2

Plasmon-Emitter Coupling cavities, for instance, showed Q-factor values on the order of 10 3 -10 4 [START_REF] Reithmaier | Strong coupling in a single quantum dot-semiconductor microcavity system[END_REF][START_REF] Reitzenstein | AlAs/GaAs micropillar cavities with quality factors exceeding 150.000[END_REF] with mode volumes of about 1 µm 3 , resulting in a F p of 61 [START_REF] Press | Photon antibunching from a single quantumdot-microcavity system in the strong coupling regime[END_REF]. Photonic crystals, on the other hand, gave Q-factors exceeding 10 4 [146-150] and reaching 10 9 [START_REF] Tanaka | Design of Photonic Crystal Nanocavity With Q-Factor of 10^{9}[END_REF] with mode volumes of about (λ 0 /n) 3 , resulting in a F p of 58 × 10 6 [START_REF] Tanaka | Design of Photonic Crystal Nanocavity With Q-Factor of 10^{9}[END_REF].

Plasmonic cavities are challenging candidates for Purcell factor enhancement because they are often too leaky. SPP modes require dispersive and absorbing media which induce lots of losses in the system (low Q). However, they overcome that by being excellent in sub-wavelength confinement (low V) and thus lead to an enhanced LDOS. Therefore, a more appropriate approach to quantitatively describe the spontaneous emission enhancement in plasmonic antennas is used, which relies on the Green's tensor formalism. According to Fermi's golden rule, we can describe the coupling a quantum emitter to an environment with a continuum of modes by the 3D local density of states (3D-LDOS) given by [START_REF] Barthes | Purcell factor for a point-like dipolar emitter coupled to a two-dimensional plasmonic waveguide[END_REF]:

ρ u (r, ω) = 2ω πc 2 Im [u • G(r, r)u] (2.31)
where ρ u (r, ω) is the local density of modes projected along u (transition moment direction p = pu), r and ω are the location and emission frequency of the emitter, and G(r, r) is the 3D Green's tensor which is related to the local electric field by:

E(r) = µ 0 ω 2 G(r, r)p (2.32)
The decay rate of the emitter in an absorbing medium is expressed in terms of the local density of states and given by:

Γ = 2πω ε 0 | -→ µ 12 | 2 ρ(r, ω) (2.33)
And therefore, the Purcell factor can be expressed as:

F p = Γ Γ 0 = 6πc ω Im [u • G(r, r)u] (2.34)
Detailed derivations of the Purcell factor, LDOS, and decay rates for emitters coupled to plasmonic waveguides and surface plasmons can be found in the references [START_REF] Barthes | Purcell factor for a point-like dipolar emitter coupled to a two-dimensional plasmonic waveguide[END_REF][START_REF] Barthes | Coupling of a dipolar emitter into one-dimensional surface plasmon[END_REF][START_REF] Colas Des Francs | Integrated plasmonic waveguides: A mode solver based on density of states formulation[END_REF][START_REF] Colas Des Francs | Mie Plasmons: Modes Volumes, Quality Factors, and Coupling Strengths (Purcell Factor) to a Dipolar Emitter[END_REF][START_REF] Sauvan | Theory of the spontaneous optical emission of nanosize photonic and plasmon resonators[END_REF][START_REF] Carminati | Electromagnetic density of states in complex plasmonic systems[END_REF].

Eq.2.30 provides the necessary conditions for obtaining spontaneous emission enhancement, but it can not be used for quantifying the emitter's emission rates [START_REF] Pelton | Modified spontaneous emission in nanophotonic structures[END_REF] since calculating the mode volume for open resonant structures either leads to divergent integrals [START_REF] Kristensen | Generalized effective mode volume for leaky optical cavities[END_REF][START_REF] Koenderink | On the use of Purcell factors for plasmon antennas[END_REF] or to intensive calculation requirements if a complex mode volume is used [START_REF] Sauvan | Theory of the spontaneous optical emission of nanosize photonic and plasmon resonators[END_REF]. This is why alternative theoretical approaches are often used for the quantitative analysis of spontaneous emission in plasmonic cavities such as the Förster resonant energy transfer (FRET) [START_REF] Lakowicz | Principles of Fluorescence Spectroscopy[END_REF] where the coupling between 2.3 Interaction with Emitters emitters and plasmons considers both the radiative and non-radiative channels, as explained below.

In addition to the radiative decay rate, an emitter in free space is characterized by its quantum efficiency η 0 that is defined as the ratio of the radiative decay rate Γ r0 to the total decay rate Γ r0 + Γ nr0 , with Γ nr0 being the emitter's intrinsic non-radiative decay rate accounting for internal losses:

η 0 = Γ r0 Γ r0 + Γ nr0 (2.35)
The emitter's intrinsic lifetime, i.e. the time it stays in the excited state before decaying to the ground state is expressed as:

τ 0 = 1 Γ r0 + Γ nr0 (2.36)
When an emitter is placed in the hotspot of a plasmonic nanoantenna, it witnesses an enhancement in both Γ r0 and Γ nr0 due to the coupling to plasmonic modes and to the absorption and losses in the metal respectively. This in turn leads to a modified quantum efficiency η and lifetime τ that are expressed as:

η = Γ r Γ r + Γ nr + Γ nr0 (2.37) τ = 1 Γ r + Γ nr + Γ nr0 (2.38)
η can also be written in terms of η 0 and F p as follows:

η = η 0 1-η 0 Fp + η 0 ηant (2.39)
where η ant is the antenna efficiency that defines the fraction of the fluorescence that is not dissipated into losses by the nanoantenna, i.e. η ant = Γ r /Γ r +Γ nr [START_REF] Mohammadi | Gold nanorods and nanospheroids for enhancing spontaneous emission[END_REF][START_REF] Mohammadi | Fluorescence Enhancement with the Optical (Bi-) Conical Antenna[END_REF][START_REF] Wientjes | Nanoantenna enhanced emission of light-harvesting complex 2: the role of resonance, polarization, and radiative and non-radiative rates[END_REF]. From Eq.2.39, we can deduce that for a "poor" emitter with η 0 < 1, η increases with the Purcell factor. However, for a "good" emitter with η 0 = 1, η will only decrease due to losses in the metal.

Experimentally speaking, the fluorescence enhancement of the detected signal (I/I 0 ) depends on the local electric field enhancement caused by the nanoantenna, on the emitter's quantum yield, and on the collection efficiency of the setup. Therefore, it can be expressed as [START_REF] Wenger | Fluorescence Enhancement Factors on Optical Antennas: Enlarging the Experimental Values without Changing the Antenna Design[END_REF]:

I I 0 = R exc R exc,0 • η η 0 • C coll C coll,0 (2.40)
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where

R exc = -→ E • µ 12 2
is the excitation rate and C coll is the collection efficiency.

So, in order to maximize fluorescence enhancement, nanostructures must be designed in such a way that their plasmonic resonances match the absorption and emission resonances of the emitter.

The first reported experiment on measuring spontaneous emission enhancement dates back to 1970 when Drexhage reported a F p of 3 for dye molecules separated from metal surfaces [START_REF] Drexhage | Influence of a dielectric interface on fluorescence decay time[END_REF], which was followed by the discovery of surface-enhanced Raman scattering (SERS) for molecules on rough silver surfaces [START_REF] Weeber | Plasmon polaritons of metallic nanowires for controlling submicron propagation of light[END_REF][START_REF] Moskovitz | Surface-enhanced spectroscopy[END_REF][START_REF] Glass | Interaction of metal particles with adsorbed dye molecules: absorption and luminescence[END_REF]. This led to numerous experiments that studied the emission enhancement of emitters in the vicinity of metallic nanostructured surfaces [START_REF] Muravitskaya | Enhanced Raman scattering of ZnO nanocrystals in the vicinity of gold and silver nanostructured surfaces[END_REF][START_REF] Canneson | Strong Purcell effect observed in single thickshell CdSe/CdS nanocrystals coupled to localized surface plasmons[END_REF] and metallic nanoparticles [START_REF] Rumyantseva | Nonresonant Surface-Enhanced Raman Scattering of ZnO Quantum Dots with Au and Ag Nanoparticles[END_REF][START_REF] Zhou | Two-Color Single Hybrid Plasmonic Nanoemitters with Real Time Switchable Dominant Emission Wavelength[END_REF][START_REF] Zhou | Polarization-dependent fluorescence from an anisotropic gold/polymer hybrid nano-emitter[END_REF]. In addition, studies also focused on plasmon-emitter coupling using metallic nanoparticles which were mainly made of silver or gold because of their plasmonic resonances at optical frequencies [START_REF] Dulkeith | Fluorescence quenching of dye molecules near gold nanoparticles: radiative and nonradiative effects[END_REF][START_REF] Maxwell | Self-assembled nanoparticle probes for recognition and detection of biomolecules[END_REF][START_REF] Liu | Hybrid gold/silica/nanocrystalquantum-dot superstructures: synthesis and analysis of semiconductor-metal interactions[END_REF][START_REF] Tovmachenko | Fluorescence Enhancement by Metal-Core/Silica-Shell Nanoparticles[END_REF][START_REF] Schneider | Distance-dependent fluorescence quenching on gold nanoparticles ensheathed with layer-by-layer assembled polyelectrolytes[END_REF][START_REF] Zhou | Selective Functionalization of the Nanogap of a Plasmonic Dimer[END_REF]. As we have seen in sec. 2.2.3.2, metallic nanoantennas create high electromagnetic field confinement which leads to spontaneous emission enhancement of emitters placed in the hotspots [START_REF] Belacel | Controlling Spontaneous Emission with Plasmonic Optical Patch Antennas[END_REF][START_REF] Esteban | Optical Patch Antennas for Single Photon Emission Using Surface Plasmon Resonances[END_REF][START_REF] Gazzano | Evidence for Confined Tamm Plasmon Modes under Metallic Microdisks and Application to the Control of Spontaneous Optical Emission[END_REF][START_REF] Bigourdan | Design of highly efficient metallo-dielectric patch antennas for single-photon emission[END_REF]. This enhancement varies from one system to another depending on the geometry of the nanoantenna and the type of emitters used (antenna shape, gap size, emitters' quantum yield, etc. . . ). Rh600 fluorescent dyes placed in the gap of gold dimer nanoantennas (30-55 nm) witnessed a 3-fold increase in their decay rate [START_REF] Bakker | Nanoantenna array-induced fluorescence enhancement and reduced lifetimes[END_REF]. Dimer antennas have also shown a 5-fold enhancement of the radiative decay rate of Atto-680 dye molecules placed in a 20 nm gap [START_REF] Muskens | Strong Enhancement of the Radiative Decay Rate of Emitters by Single Plasmonic Nanoantennas[END_REF] (Fig. 2.16a). Single bowtie nanoantennas with single NV centers placed in their 10 nm gap lead to a decrease in their lifetime by a factor of 2.1 [START_REF] Schell | Single defect centers in diamond nanocrystals as quantum probes for plasmonic nanostructures[END_REF] (Fig. 2.16b). NV centers in metallic resonators formed by sub-wavelength diamond nanoposts with a silver film lead to a Purcell factor of 6 [START_REF] Choy | Spontaneous emission and collection efficiency enhancement of single emitters in diamond via plasmonic cavities and gratings[END_REF]. Spontaneous emission rate enhancement of about 60 times was observed for Oxazine dye molecules placed in the gap between a ZnO semiconductor nanowire and a thick silver film [START_REF] Sorger | Strongly Enhanced Molecular Fluorescence inside a Nanoscale Waveguide Gap[END_REF] (Fig. 2.16c). Emission rate enhancements exceeding 1000 were observed for dye molecules placed in the gaps between silver films and silver nanowires [START_REF] Russell | Large spontaneous emission enhancement in plasmonic nanocavities[END_REF] or nanocubes [START_REF] Akselrod | Probing the mechanisms of large Purcell enhancement in plasmonic nanoantennas[END_REF]. In similar film-metal nanocube systems, a single colloidal CdSe/ZnS quantum dot exhibited a 4.5-fold fluorescence enhancement [START_REF] Yuan | Modification of Fluorescence Properties in Single Colloidal Quantum Dots by Coupling to Plasmonic Gap Modes[END_REF], and Cy5 fluorophores witnessed an increase in their spontaneous emission rate by a factor of 74 [START_REF] Rose | Control of Radiative Processes Using Tunable Plasmonic Nanopatch Antennas[END_REF] when coupled to a plasmonic gap mode (Fig. 2.16d). It is important to note that the reported enhancement values are affected by experimental setup conditions which are often disregarded such as the setup collection efficiency, excitation intensity, and the enhanced emitter's quantum yield [START_REF] Wenger | Fluorescence Enhancement Factors on Optical Antennas: Enlarging the Experimental Values without Changing the Antenna Design[END_REF]. An example is given in Fig. 2.17 for molecules dispersed on a gold antenna made of a single nanoaperture surrounded by five grooves [START_REF] Wenger | Fluorescence Enhancement Factors on Optical Antennas: Enlarging the Experimental Values without Changing the Antenna Design[END_REF][START_REF] Aouani | Bright Unidirectional Fluorescence Emission of Molecules in a Nanoaperture with Plasmonic Corrugations[END_REF], where we see the effect of these parameters on the emitters fluorescence enhancement.

Alternative derivations of the Purcell effect can be found in the literature [START_REF] Krasnok | An antenna model for the Purcell effect[END_REF][START_REF] Agio | Optical antennas[END_REF] where the impedance formalism is applied in which both the emitter and the nanoantenna at resonance are modeled as oscillators with radiative losses in an electrical circuit. 

Strong Coupling Regime

All what was discussed so far concerning the interaction between emitters and the environment deals with the modification of the spontaneous emission rate without affecting the emission frequency. However, if the coupling between the emitter and the environment (or cavity) is strong enough that it overcomes the losses, the energy levels of the emitter are changed and become inseparably joined with the modes of the environment. This situation is called the strong coupling regime where both the emitter and the environment act as one hybrid system and a state of reversible energy exchange is attained.

Oscillator model: Rabi Splitting

Let us consider the emitter and the cavity as two coupled harmonic oscillators A and B at resonance; i.e. they have the same angular frequency ω = κ/m, with ❦ and m being the oscillator spring constant and mass respectively. Their equations of motions are expressed as [START_REF] Novotny | Strong coupling, energy splitting, and level crossings: A classical perspective[END_REF]:

d 2 x A dt 2 + ω 2 x A + g 2 (x A -x B ) = 0 (2.41a) d 2 x B dt 2 + ω 2 x B + g 2 (x B -x A ) = 0 (2.41b)
where g is the coupling strength between the two oscillators.

The solutions of Eqs. 2.41a and 2.41b take the form:

x i (t) = x 0 i e -ω ± t (2.42)
where ω ± are the new mode frequencies of the coupled oscillator system that are expressed as:

ω 2 + = ω 2 c + g 2 (2.43a) ω 2 -= ω 2 c -g 2 (2.43b)
with ω c being the frequency of one of the moving oscillators (A or B) when the other is fixed.

We notice that we no longer have independent oscillators with independent frequencies, but instead a hybrid system with mode frequencies that depend on the coupling strength between the two oscillators. This behavior is quantified in the graph of Fig. 2.18 where strong coupling is observed between an SPP mode in a metallic film and a polymer of aggregated dye molecules. The dashed lines correspond to the frequencies of two uncoupled oscillators (diagonal line for the SPP mode and horizontal line for the excitonic mode), whereas the solid lines show the frequencies of the new coupled modes. We see that for the coupled hybrid system, a region of avoided crossing is observed at the intersection of the uncoupled modes. This mode splitting or anti-crossing is referred to as the Rabi splitting and its frequency is calculated by:

Ω = ω + -ω - (2.44)
It is a characteristic of the strong coupling regime and is proportional to the coupling strength g. For a damped oscillator system, strong coupling will be reached when the coupling strength overcomes the losses or damping in the system. In other words, the time of energy transfer between the two oscillators is less than their individual relaxation times.

Strong coupling was first studied in the early 1990s for many atoms [START_REF] Raizen | Normal-mode splitting and linewidth averaging for two-state atoms in an optical cavity[END_REF][START_REF] Zhu | Vacuum Rabi splitting as a feature of linear-dispersion theory: Analysis and experimental observations[END_REF][START_REF] Rempe | Optical bistability and photon statistics in cavity quantum electrodynamics[END_REF] as well as a single atom [START_REF] Thompson | Observation of normal-mode splitting for an atom in an optical cavity[END_REF] placed in an optical high-finesse cavity. Inorganic semiconductors in microcavities also showed Rabi splitting at room temperature of the order of 1-10 meV [START_REF] Houdre | Roomtemperature cavity polaritons in a semiconductor microcavity[END_REF][START_REF] Yoshie | Vacuum Rabi splitting with a single quantum dot in a photonic crystal nanocavity[END_REF] as well as organic semiconductors that led to larger splitting of the order 100-300 meV [START_REF] Lidzey | Photon-mediated hybridization of Frenkel excitons in organic semiconductor microcavities[END_REF][START_REF] Lidzey | Strong exciton-photon coupling in an organic semiconductor microcavity[END_REF][START_REF] Hobson | Strong exciton-photon coupling in a low-Q all-metal mirror microcavity[END_REF]. Color centers in diamond also showed signs of strong coupling when coupled to whispering gallery modes of a microspheres [START_REF] Park | Cavity QED with Diamond Nanocrystals and Silica Microspheres[END_REF].

Strong coupling in plasmonic cavities

Strong coupling between emitters and SPPs was first observed for organic molecules (J-aggregates) that have a narrow absorption spectrum [START_REF] Bellessa | Strong Coupling between Surface Plasmons and Excitons in an Organic Semiconductor[END_REF][START_REF] Dintinger | Strong coupling between surface plasmon-polaritons and organic molecules in subwavelength hole arrays[END_REF][START_REF] Sugawara | Strong Coupling between Localized Plasmons and Organic Excitons in Metal Nanovoids[END_REF][START_REF] Wurtz | Molecular Plasmonics with Tunable Exciton-Plasmon Coupling Strength in J-Aggregate Hybridized Au Nanorod Assemblies[END_REF][START_REF] Chovan | Controlling the interactions between polaritons and molecular vibrations in strongly coupled organic semiconductor microcavities[END_REF][START_REF] Fofang | Plexcitonic nanoparticles: Plasmon-exciton coupling in nanoshell-J-aggregate complexes[END_REF][START_REF] Bellessa | Giant Rabi splitting between localized mixed plasmon-exciton states in a two-dimensional array of nanosize metallic disks in an organic semiconductor[END_REF][START_REF] Vasa | Real-time observation of ultrafast Rabi oscillations between excitons and plasmons in metal nanostructures with J-aggregates[END_REF][START_REF] Vasa | Ultrafast Manipulation of Strong Coupling in Metal-Molecular Aggregate Hybrid Nanostructures[END_REF][START_REF] Guebrou | Coherent Emission from a Disordered Organic Semiconductor Induced by Strong Coupling with Surface Plasmons[END_REF][START_REF] Symonds | Particularities of surface plasmon-exciton Bibliography strong coupling with large Rabi splitting[END_REF][START_REF] Zengin | Realizing Strong Light-Matter Interactions between Single-Nanoparticle Plasmons and Molecular Excitons at Ambient Conditions[END_REF]. It was later attained for molecules with a broader absorption spectrum such as Rhodamine Chapter 2

Plasmon-Emitter Coupling 6G [START_REF] Hakala | Vacuum Rabi Splitting and Strong-Coupling Dynamics for Surface-Plasmon Polaritons and Rhodamine 6g Molecules[END_REF][START_REF] Vakevainen | Plasmonic Surface Lattice Resonances at the Strong Coupling Regime[END_REF][START_REF] Cade | Strong coupling of localized plasmons and molecular excitons in nanostructured silver films[END_REF][START_REF] Rodriguez | Surface lattice resonances strongly coupled to Rhodamine 6g excitons: tuning the plasmon-exciton-polariton mass and composition[END_REF][START_REF] Shi | Spatial coherence properties of organic molecules coupled to plasmonic surface lattice resonances in the weak and strong coupling regimes[END_REF], Rhodamine 800 [START_REF] Valmorra | Strong coupling between surface plasmon polariton and laser dye rhodamine 800[END_REF], Sulforhodamine 101 [START_REF] Baieva | Strong coupling between surface plasmon polaritons and Sulforhodamine 101 dye[END_REF], and photochromic molecules [START_REF] Baudrion | Reversible Strong Coupling in Silver Nanoparticle Arrays Using Photochromic Molecules[END_REF]. Plasmonic strong coupling between SPPs and quantum dots was also achieved [START_REF] Gomez | Surface Plasmon Mediated Strong Exciton-Photon Coupling in Semiconductor Nanocrystals[END_REF][START_REF] Gomez | Coherent superposition of exciton states in quantum dots induced by surface plasmons[END_REF]. In Fig. 2.19a, we show an example of Rabi splitting observed for a film of J-aggregate molecules spin coated on a gold nanoslit array [START_REF] Vasa | Ultrafast Manipulation of Strong Coupling in Metal-Molecular Aggregate Hybrid Nanostructures[END_REF], and for a film of CdSe quantum dots on a planar silver film in Fig. 2.19b [START_REF] Gomez | Surface Plasmon Mediated Strong Exciton-Photon Coupling in Semiconductor Nanocrystals[END_REF].

The theory of strong coupling between emitters and plasmonic structures (nanoparticles and nanoantennas) can be found in several references in the literature [START_REF] Savasta | Nanopolaritons: vacuum Rabi splitting with a single quantum dot in the center of a dimer nanoantenna[END_REF][START_REF] Chang | Strong coupling of single emitters to surface plasmons[END_REF][START_REF] Slowik | Strong coupling of optical nanoantennas and atomic systems[END_REF][START_REF] Delga | Quantum Emitters Near a Metal Nanoparticle: Strong Coupling and Quenching[END_REF][START_REF] Delga | Theory of strong coupling between quantum emitters and localized surface plasmons[END_REF]. We will briefly go through some derivations of the classical and quantum approaches that are of interest to us in this work. The full derivation can be found in the reference [START_REF] Torma | Strong coupling between surface plasmon polaritons and emitters: a review[END_REF].

We will start with the classical approach where classical electrodynamics is used to derive the condition needed for strong coupling between an emitter, described as a classical Lorentzian oscillator, and a classical electromagnetic field. The equation of motion of an electron of the emitter (mass m and charge e) oscillating in an electromagnetic field E(x, t) = E 0 e -iωt at a frequency ω 0 is:

m( d 2 x dt 2 + γ dx dt + ω 2 0 x) = -eE(x, t) (2.45)
where γ is the damping rate. The solution is given by:

x = - e m 1 ω 2 0 -ω 2 -iγω E 0 e -iωt (2.

46)

(a) J-aggregate film on gold nanoslit array [START_REF] Vasa | Ultrafast Manipulation of Strong Coupling in Metal-Molecular Aggregate Hybrid Nanostructures[END_REF].

(b) CdSe quantum dots film on planar silver film [START_REF] Gomez | Surface Plasmon Mediated Strong Exciton-Photon Coupling in Semiconductor Nanocrystals[END_REF]. In a medium with many emitters, the average dipole moment per unit volume, i.e. the polarization density P, is expressed as:

P = N V e 2 m 1 ω 2 0 -ω 2 -iγω E (2.47)
where N is the number of emitters.

The electric susceptibility χ(ω) is written in terms of the polarization density P and expressed as:

Chapter 2 Plasmon-Emitter Coupling χ = P ε 0 E = N V e 2 ε 0 m 1 ω 2 0 -ω 2 -iγω (2.48)
Taking into account the permittivity of the material, the dispersion relation from Eq.2.16a can be written as:

k 2 = ω 2 c 2 ε m ε d ε m + ε d (1 + χ(ω)) (2.49)
Reducing the momentum to

k 2 SP P/emit = k 2 (εm+ε d )c 2 εmε d
, the dispersion relation of an SPP-emitter system becomes:

(k SP P/emit -iγ SP P ) 2 = ω 2 (1 + χ(ω)) = ω 2 (1 + N e 2 V ǫ 0 m ω 2 0 -ω 2 -iγω ) (2.50)
where γ SP P is the damping rate of the SPP modes.

The solutions of this dispersion relation at resonance (ω = ω 0 ) are:

ω ± = ω 0 -i γ 4 -i γ SP P 4 ± 1 2 ( N e 2 V ǫ 0 m ) -( γ 2 - γ SP P 2 ) 2 (2.51) 
This leads to the strong coupling condition (for keeping the term in the square root positive):

N e 2 V ǫ 0 m > γ 2 2 + γ 2 SP P 2 (2.52)
This condition implies that the emitter and plasmonic mode linewidths must be smaller than the coupling strength.

The Rabi splitting is thus given by:

Ω = ω + -ω -= N V e √ ǫ 0 m (2.53)
Therefore, the amplitude of the Rabi splitting increases for a high number of emitters (N ) and strong field confinement (small V ). This is why reaching the strong coupling regime in plasmonic cavities with only one emitter (N =1) is quite challenging because very small mode volumes must be achieved.

Let us now consider the semi-classical case where the emitter is a quantum twolevel system with ground state |g and excited state |e interacting with a classical field E(x, t). The energies of the ground and excited states are E g and E e respectively, and ω 0 = (E e -E g )/ . The system is described by the energy Hamiltonian: 58
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H = 1 2 E e (I + σ z ) + 1 2 E g (I -σ z ) + Ω 0 (σ + + σ -) cos(ωt) (2.54)
where σ + = 0 1 0 0 and σ -= 0 0 1 0 are the matrices describing the transitions from the ground to the excited state and the inverse process respectively,

σ z = 1 0 0 -1
is the matrix referring to the energies of the states, I is the unit matrix, and Ω 0 = -d • E/ is the Rabi frequency that is proportional to the dipole moment and the field amplitude. After applying a rotating wave approximation to the Hamiltonian, we obtain the eigenstates of the hybrid system that are a superposition of the ground and excited states in which Rabi oscillations occur:

|2 = 1 √ 2 [|e + |g ] (2.55a) |1 = 1 √ 2 [-|e + |g ] (2.55b)
The polarization density in this case is expressed as:

P = N V d 2 ω 0 -ω + iγ γ 2 + Ω 2 0 + (ω -ω 0 ) 2 E 0 2 e -iωt (2.56) 
After inserting the polarization density into Eq.2.50, we obtain the strong coupling condition in the semi-classical approach to be:

N ω 0 V ǫ 0 d 2 > γ 2 2 + γ 2 SP P 2 (2.57)
with Rabi splitting:

Ω ∝ N V d ω 0 ǫ 0 (2.58)
Therefore, both the classical and quantum approaches lead to the same dependence of the Rabi splitting on the emitter concentration (N/V ). However, quantitatively, the quantum approach leads to a more accurate result since it takes into account the quantum mechanical dipole moment of the emitter.

A fully quantum approach can be also followed where the quantum emitter is placed in a quantized field. Creation and annihilation operators (â † and â ) are integrated in the Hamiltonian and the same theoretical derivations are followed. The so called Jaynes-Cummings Hamiltonian takes the form:

Chapter 2 Plasmon-Emitter Coupling H = 1 2 ω 0 σ z + ωâ † â + (gâσ + + h.c.) (2.59)
where g is proportional to the dipole moment.

This approach leads to the same strong coupling condition and Rabi splitting as in the semi-classical approach [START_REF] Torma | Strong coupling between surface plasmon polaritons and emitters: a review[END_REF]. Other works on the theory of weak and strong coupling can be found in the following references [START_REF] Barthes | Coupling of a dipolar emitter into one-dimensional surface plasmon[END_REF][START_REF] Hummer | Weak and strong coupling regimes in plasmonic QED[END_REF].

Conclusion

In this chapter, we presented a theoretical description of plasmonics at the nanoscale as well as the coupling between emitters and surface plasmons. In the first section, we discussed the physical properties of bulk plasmons, propagating surface plasmons, and localized surface plasmons. We then demonstrated how surface plasmons can be generated and explained a few of those methods in details. We discussed the optical confinement of surface plasmons that can be achieved by using several types of waveguides, plasmonic nanoantennas, and configurations that support SPP-LSP coupling. In the second section, we discussed the properties of single photon sources, as well as their coupling to plasmonic structures. A theoretical derivation of the weak and strong coupling regimes was presented to pinpoint the importance of plasmonemitter coupling.

Experimental and Simulation Methods

Introduction

So far, we have discussed the theoretical background as well as the state of the art that motivated us to work in this topic. We will now move to the practical part involving the technical methods that were used to obtain our results which will be presented later in chap. 4. This chapter serves as a guide explaining all the experimental and simulation techniques used throughout this thesis work. Fabrication techniques using electron beam lithography (EBL) will be discussed in details to illustrate the steps followed to fabricate samples with ring gratings and ring grating/nanoantenna structures that will be described in more details in the following chapters. Optical characterization methods for studying our fabricated samples will be also presented, including the fiber coupling setup used for observing SPP propagation, the micro-photoluminescence (µ-PL) setup used for studying plasmon-emitter coupling and measuring the emitters' PL spectra, and the time-correlated single photon counting (TCSPC) setup used for measuring the emitters' lifetime. We also discuss the numerical simulation techniques based on the Finite Difference Time Domain (FDTD) method using Lumerical software to back up our experimental results.

Fabrication: Electron Beam Lithography (EBL)

The samples fabricated in this work contain ring grating structures and integrated ring grating/nanoantenna structures with dimensions going down to the nanometer scale (grating period, bowtie gap..). This clarifies our choice of using electron beam lithography; a technique of high precision and accuracy that transfers previously determined patterns on a substrate with high resolution. Macro and nanostructures are imprinted by irradiating and chemically modifying a polymer resist with a finely focused electron beam. The difference between the exposed and unexposed positions produces the desired patterns. Despite it being a slow, complicated and expensive technique, EBL has shown to be very efficient because of its high sensitivity, reliability, resolution and reproducibility [START_REF] Pease | Electron beam lithography[END_REF].
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Ring grating structure

In Fig. 3.1, we describe the steps followed during the EBL process to fabricate the ring grating structure.

First, we deposit a layer of polymethyl methyl acrylate (PMMA) on a clean silicon substrate (Fig. 3.1a). PMMA is a positive e-beam resist made of a long chain polymer that gets fragmented upon electron exposure. We spin coat a 30 g/L PMMA solution (dissolved in methyl isobutyl ketone MIBK solvent) using the following parameters: speed=4000 round/min, acceleration=3000 round/min/s and spinning time=40s. This creates a PMMA layer of about 200 nm thickness which works perfectly well with the e-beam exposure. After that, the sample is heated at 160 o C for 15 minutes to obtain a homogeneous PMMA layer on the substrate. Second, we spin coat a layer of conductive polymer (espacer 300Z) over the PMMA layer using the same parameters described above (Fig. 3.1b). This step is done to ensure that no "charging effect" occurs due to the accumulation of charges on the substrate.

Fabrication: Electron Beam Lithography (EBL)

Subsequently, we proceed with the EBL process and start the e-beam exposure (Fig. 3.1c). We use the Raith e-Line electron beam lithography system which is based on the Schottky emission gun. It has a laser-interferometer controlled stage that moves with a 2 nm precision and with a 100 mm by 100 mm travel range. Depending on the aperture size (varying from 7.5 µm to 120 µm), the electron beam current can be controlled. The electron energy varies between 100 eV and 30 keV. This system allows fabricating large structures by dividing them into small writing fields (varying from 500 nm to 2 mm) and then stitching them together to form the final design. This step is quite critical and needs accurate adjustments before the actual e-beam exposure. We start by setting the values of the aperture and the accelerating voltage. The e-beam current is measured by moving it to the position of the Faraday cup (a brass cylinder stub with a hole drilled in its center used for capturing electrons and measuring the current with a picoammeter). Then we set the desired working distance and regulate the brightness and contrast. We proceed by adjusting the e-beam alignment, focus and stigmatism. In order to further fine-tune the stigmatism and focus, we burn a contamination spot in the resist and adjust the parameters for a clearer image. The last step is the writefield alignment where the adjustment of the electromagnetic/electrostatic deflection system inside the column occurs. We then proceed with the scanning of the sample with the required ring grating design and the specific exposure dose.

After the e-beam exposure is done, we immerse the sample in water for 1 minute to remove the conductive layer (Fig. 3.1d). Then, the sample is dipped in a solution of MIBK followed by rinsing with isopropanol (Fig. 3.1e). This process is known as chemical development which aims to remove the exposed areas of the resist leaving us with the desired designed pattern.

The last step is the metal deposition. Using the PLASSYS MEB 4000 evaporator, a 3 nm chromium adhesion layer is deposited, followed by a 150 nm gold layer (Fig. 3.1f & 3.1g). No "lift off" procedure is done here because we intend to have a thick layer of gold covering the whole structure so that SPP propagation is allowed inside the ring. In the evaporation chamber, chromium is heated by e-beam heating while gold pieces are placed in a tungsten crucible and heated by Joule heating. The thickness of the evaporated layer is controlled by a quartz crystal oscillator that monitors the oscillation frequency as the metal is deposited on its surface. The pressure is maintained at 10 -7 torr by a primary vacuum pump and a secondary turbo molecular pump.

Ring grating/nanoantenna structure

For fabricating the integrated ring grating/nanoantenna structure, we apply the same process described in sec. 3.2.1 followed by a couple of additional steps. The desired structure is made of a ring grating comprising a nanoantenna in the center (Fig. 3.2). When the ring is excited at a position on its circumference, SPPs are generated and propagate towards the nanoantenna where they form an electromagnetic hotspot. For that to happen, a layer of gold with a minimum thickness of 50 nm must be present between the two structures. Therefore, after the deposition of a 3 nm chromium adhesion layer, we deposit a 60 nm layer of gold (step 1). This is followed by the "lift-off" procedure where the sample is completely dipped in acetone for two hours (step 2). This removes the PMMA, along with the gold deposited above it, only in areas that were not exposed by the e-beam. The result is a 60 nm thick ring grating and nanoantenna, but with no gold layer in between (step 3). Finally, we deposit another 60 nm gold layer over the whole sample, which results in a ring grating and nanoantenna of 120 nm thickness separated by a 60 nm gold layer suitable for SPP propagation (step 4). SEM images of the described structures are displayed in Fig. 3.3.

Optical Characterization

Fiber coupling setup

In order to test the functionality of our ring grating structures, we built a fiber coupling setup (shown in Fig. 3.4) to excite and collect SPPs. Two standard single mode fibers (9/125 µm core/cladding) are bent in such a way that they are incident at an angle of ~10 degrees on the surface of the sample. They are placed on 3dimentional micrometer positioning stages to accurately control their position as well as their angle of incidence. One fiber is coupled to a laser diode source (λ = 980nm) and is used to excite the ring grating at a certain position on its circumference. This leads to the generation of SPPs that propagate along the ring diameter and couple out upon reaching the opposite side of the ring where the second fiber is placed and linked to a powermeter to collect and measure the transmitted light. The setup is linked from above to a visible camera (IDS U-eye; resolution of 2560 x 1920 pixels) and an infrared camera (Vosskuhler NIR-300PCL; resolution of 320 x 256 pixels), through a 10X, NA=0.26 objective. An example of the visible and infrared images obtained from this setup can be seen in Fig. 3.5 where the big spot on the right corresponds to the laser from the fiber and the tiny spot on the left to the transmitted spot (out-coupled SPP at the grating).

Micro-photoluminescence (µ-PL) setup

Photoluminescence measurements of emitters occupy a significant portion of the results presented in this thesis. For that, we use a home-built confocal microscopy setup of high sensitivity. A schematic of the setup is shown in Fig. 3.6, where a lightemitting diode (LED, M455L2, Thorlabs, λ = 455nm), used for imaging, illuminates the surface of the sample through a 50X, NA=0.95 objective. A continuous wave Chapter 3

Experimental and Simulation Methods (CW) laser is focused on the sample following the same path of the LED. The emitted light is then collected through the same objective and sent to a spectrometer (SR500i, Andor; f = 500 mm; grating: 300 grooves/mm) with a Peltier-cooled CCD camera (Newton, Andor, 1 pixel = 100 x 100 nm region) at T = -80°C. In addition to spectral filtering, spatial filtering is possible due to a pinhole (200 µm diameter) placed in front of the spectrometer which allows us to measure the PL spectrum exclusively in a particular area of ~1 µm. The setup is also linked to the TCSPC lifetime setup that will be explained in the next section. As an example, PL measurements were done on a solution of Rhodamine 6G (Rh6G) dye molecules (C = 0.5 × 10 -4 M ) spin-coated on a silicon substrate and excited by a 543 nm laser. The spectrum is given in Fig. 3.7 which shows a peak at 555 nm corresponding to the maximum emission wavelength of the Rh6G molecules.

Time-correlated single photon counting (TCSPC) setup

Time-resolved fluorescence spectroscopy is an indispensable method for characterizing the decay of an excited emitter. However, because most fluorescent molecules have a very short lifetime (picoseconds to nanoseconds), it is hard to record the time decay profile from only one excitation-emission cycle. In the Time-Correlated Single Photon Counting (TCSPC) method [START_REF] O'connor | Time-correlated single photon counting[END_REF], a pulsed laser is used to create periodic excitations after which many decay profiles are recorded and put together to form one total decay profile. The time difference between the laser pulse excitation Chapter 3
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I(t) = I(0)e -t τ (3.1)
where I(t) is the fluorescence intensity recorded at a time t.

A TCSPC experimental setup was mounted and integrated to the µ-PL setup so that a simultaneous measurement of both the PL and lifetime of emitters can be obtained. A schematic of the TCSPC setup is shown in Fig. 3.9. A pulsed To test the setup, lifetime measurements were performed on the same sample of Rh6G dye molecules with λ em = 555 nm (decay plot given in Fig. 3.10). After fitting the exponential curve, the lifetime obtained was 4.1 ns compatible with what is reported in the literature [START_REF] Penzkofer | Fluorescence quenching of rhodamine 6g in methanol at high concentration[END_REF]. We also measured the lifetime of a solution of Rh6G molecules (C = 10 -11 M ) mixed with 70 nm gold nanoparticles (Fig. 3.11). They have compatible absorption spectra; λ abs = 530 nm for Rh6G, and λ abs = 540 nm for the gold nanoparticles. The spectra obtained show that the lifetime decreased from 3.29 ns for the solution of Rh6G alone to 2.02 ns for the solution of Rh6G and gold nanoparticles, indicating an enhancement in the fluorescence decay rate of the molecules due to the presence of the gold nanoparticles [START_REF] Punj | Gold nanoparticles for enhanced single molecule fluorescence analysis at micromolar concentration[END_REF][START_REF] Chekini | Fluorescence enhancement in large-scale self-assembled gold nanoparticle double arrays[END_REF]. The difference in the lifetime of Rh6G alone from Fig. 3.11 and Fig. 3.11 is because the former is on a silicon substrate while the latter is in solution. The low number of counts in Fig. 3.11 is due to the low concentration of dye molecules in the solution.

Finite Difference Time Domain (FDTD) Simulations

The Finite Difference Time Domain (FDTD) method was first introduced by Yee [START_REF] Yee | Numerical solution of initial boundary value problems involving Maxwells equations in isotropic media[END_REF] in 1996 and has proven to be the simplest and most popular method for solving electromagnetic problems. It is based on the discretion of Maxwell's equations in space and time (i.e. "finite difference") and then solving for fields as a function of time (i.e. "time domain"). Maxwell's scalar curl equations for the magnetic field vector H and the electric field vector E can be written in the three-dimensional rectangular coordinate system (x,y,z) as follows: and

∂H x ∂t = 1 µ x ∂E y ∂z - ∂E z ∂y (3.2a) ∂H y ∂t = 1 µ y ∂E z ∂x - ∂E x ∂z (3.2b) ∂H z ∂t = 1 µ z ∂E x ∂y - ∂E y ∂x (3.2c)
∂E x ∂t = 1 ε ∂H z ∂y - ∂H y ∂z (3.3a) ∂E y ∂t = 1 ε ∂H x ∂z - ∂H z ∂x (3.3b) ∂E z ∂t = 1 ε ∂H y ∂x - ∂H x ∂y (3.3c)
where µ is the magnetic permeability and ε is the electric permittivity.

A vector field P in a uniform spacial rectangular grid is expressed at a specific point in time and space as:

-→ P n i,j,k = P x | n i,j,k • x + P y | n i,j,k • ŷ + P z | n i,j,k • ẑ (3.4)
where the integers i, j, k represent the discrete spacial point and n represents the time point.

The 3-D FDTD method is based on the half interval displacement of the magnetic and electric field vectors in both space (∆x, ∆y, ∆z) and time (∆t). For example, a vector field with half displacement in time and along the x-direction is expressed as:

-→ P n±1/2 i,j,k = -→ P (x + i∆x, y + j∆y, z + k∆z, t + (n ± 1/2)∆t) (3.5a) -→ P n i±1/2,j,k = -→ P (x + (i ± 1/2)∆x, y + j∆y, z + k∆z, t + n∆t) (3.5b) Chapter 3
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The partial derivatives of a certain vector field can be expressed in terms of the differences between those half displacements which are referred to as "central finite differences". For example, the first order spatial and time partial derivatives of a vector field P are expressed respectively as:

∂ -→ P ∂x n i,j,k = -→ P n i+1/2,j,k - -→ P n i-1/2,j,k ∆x (3.6a) ∂ -→ P ∂t n i,j,k = -→ P n+1/2 i,j,k - -→ P n-1/2 i,j,k ∆t (3.6b)
Based on the Yee algorithm, the partial derivatives of the electric and magnetic fields of Maxwell's equations can be expressed in terms of central finite differences. The components of those fields are placed on a Yee grid (as shown in Fig. 3.12) where every E-field is surrounded by 4 H -fields and vice versa, and therefore take the form:

H z n+1 i,j,k = H z n i,j,k - ∆t µ     (E y n+1/2 i+1/2,j,k -E y n+1/2 i-1/2,j,k ) ∆x - (E x n+1/2 i,j+1/2,k -E x n+1/2 i,j-1/2,k ) ∆y     (3.7a) E x n+1 i,j,k = E x n i,j,k + ∆t ε     (H z n+1/2 i,j+1/2,k -H z n+1/2 i,j-1/2,k ) ∆y - (H y n+1/2 i,j,k+1/2 -H y n+1/2 i,j,k-1/2 ) ∆z     (3.7b)
Therefore, the FDTD method solves these above equations by iteration, considering the field components at a certain point in time as a function of the fields at a previous time.

All the simulations presented in this thesis were performed using the "FDTD Solutions" program from Lumerical Solutions Inc. It has a user friendly graphical interface where light sources can be placed to excite the system, and monitors to record the electromagnetic field values. The importance of FDTD simulation methods is their ability to provide a description of the instantaneous fields at any desired position of the studied area. During the simulation, the program also performs Fourier transforms to calculate the Poynting vector, output power, normalized transmission, and far-field measurements as a function of frequency or wavelength. In Fig. 3.13, a screen-shot of a simulation of a gold single bowtie nanoantenna on glass is shown. A plane wave source is used for excitation, and two "frequency domain field and power" 

Conclusion

In this chapter, the experimental techniques used to fabricate and characterize our samples are presented, as well as the numerical simulation methods used. We explained the theoretical principles behind them and showed some results obtained from testing the experimental setups. This chapter acts as a reference for all the technical methods used throughout this thesis.

4 Plasmon-emitter Coupling via Integrated Plasmonic Ring Grating/Nanoantenna Structures

Introduction

As explained in chap. 2, high optical confinement can be reached via successful SPP-LSP coupling at the nanoscale. One way of achieving that is by integrating diffraction gratings with nanoscale apertures or nanoantennas. Nanoantennas have shown to be very good candidates for focusing and enhancing electromagnetic fields in their vicinity. Nevertheless, due to their small size, a significant amount of the incident light is lost either by being scattered, reflected, or not entirely focused on the nanoantenna. On the other hand, plasmonic gratings act as sources for launching and orienting SPPs in a specific desired direction. Integrating a nanoantenna in the center of a concentric plasmonic ring grating creates a highly focused electromagnetic field at its center leading to an increase in the radiative decay rate as well as a collimated radiation of a dipole emitter placed inside [START_REF] Chen | Electric field enhancement and far-field radiation pattern of the nanoantenna with concentric rings[END_REF][START_REF] Min | Localized Raman Enhancement from a Double-Hole Nanostructure in a Metal Film[END_REF][START_REF] Wang | Directional Raman Scattering from Single Molecules in the Feed Gaps of Optical Antennas[END_REF]. In the first section of this chapter, we start by introducing our plasmonic platform composed of a simple ring grating structure [START_REF] Rahbany | A Concentric Plasmonic Platform for the Efficient Excitation of Surface Plasmon Polaritons[END_REF]. We provide a technical description of the structure and present the experimental characterization and numerical simulations carried out in order to study its optical properties. In the second section, we give a numerical parametric characterization study of a double bowtie nanoantenna. We study the effect of some parameters on the electric field confinement in the gap, such as: gap size, thickness, side length, type of material, and tip angle of curvature [START_REF] Rahbany | Integrated plasmonic double bowtie / ring grating structure for enhanced electric field confinement[END_REF].

We compare the electric field enhancement in the gap of a single bowtie antenna to that of a double bowtie. In the last section, we introduce the integrated ring grating/bowtie nanoantenna structure and present some numerical simulations and experimental measurements done to characterize plasmon-emitter coupling with dye molecules. Theoretical explanations of the weak and strong coupling regimes are also presented where we derive the necessary conditions needed for each case.
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Ring Grating Structure

Optical plasmonic focusing has been extensively studied in the field of nanoplasmonics and has very important applications in high resolution imaging, sensing, waveguiding, nanolithography, and sub-wavelength optics. For this purpose, researchers have investigated several plasmonic structures capable of enhancing and confining surface plasmons into sub-wavelength dimensions. Cavities composed of diffraction gratings acting as SPP launchers can be used as efficient nanoscale focusing devices [START_REF] Venugopalan | Focusing dualwavelength surface plasmons to the same focal plane by a far-field plasmonic lens[END_REF][START_REF] Chen | Ultra-broadband unidirectional launching of surface plasmon polaritons by a double-slit structure beyond the diffraction limit[END_REF], confined surface plasmon polariton amplifiers [START_REF] Kena-Cohen | Confined Surface Plasmon-Polariton Amplifiers[END_REF], and fluorescence emission enhancement tools [START_REF] Derom | Single-molecule controlled emission in planar plasmonic cavities[END_REF] (Fig. 4.1a). It has been shown that the plasmonic "Bull's Eye" structure, made of periodic concentric grooves in a metallic substrate, can lead to a strongly enhanced evanescent field focused in its center where propagating surface plasmons constructively interfere [START_REF] Chen | Plasmonic Lens Made of Multiple Concentric Metallic Rings under Radially Polarized Illumination[END_REF]. Controlling the directionality of transmitted light through an aperture surrounded by periodic corrugations was also achieved, which allows overcoming the limitations of low transmittance and high diffraction in the sub-wavelength regime [START_REF] Lezec | Beaming Light from a Subwavelength Aperture[END_REF]. In a similar study, the aperture is replaced by a narrow slit in the center of the Bull's Eye antenna leading to a higher power coupling, narrower radiated beam, and good return losses [START_REF] Beruete | Very Low-Profile Bull's Eye Feeder Antenna[END_REF]. In addition, ring grating structures can be used to control the luminescence directivity of emitters placed in the center. Fluorescence beaming of molecules placed in a nanoaperture surrounded by concentric metallic grooves was studied by directing their emission in a precise direction and with a specific angular width depending on their wavelength [START_REF] Aouani | Plasmonic Antennas for Directional Sorting of Fluorescence Emission[END_REF]. Similar work related to the fluorescence emission of quantum dots placed in a slit surrounded by a ring grating shows that their emission can be manipulated to form perfectly narrow collimated beams [START_REF] Jun | Plasmonic beaming and active control over fluorescent emission[END_REF] (Fig. 4.1b). Ring gratings surrounding diamond nanoposts [START_REF] Choy | Spontaneous emission and collection efficiency enhancement of single emitters in diamond via plasmonic cavities and gratings[END_REF] and circular diamond nanowires [START_REF] Bulu | Plasmonic resonators for enhanced diamond NV-center single photon sources[END_REF] with embedded nitrogen-vacancy (NV) centers were also used to improve the collection efficiency and radiative decay rate of single NV centers. Directing the far-field emission of single NV centers placed in the center of a Bull's Eye grating was also recently investigated in a study that resulted in a high collection efficiency within a low numerical aperture [START_REF] Li | Efficient Photon Collection from a Nitrogen Vacancy Center in a Circular Bullseye Grating[END_REF]. This motivates us to use the ring grating structure described below to study efficient plasmon-emitter coupling at the nanoscale. An interesting property of the device is that the position of excitation determines the direction of propagation of the SPPs, providing a flexible mean of studying their interactions with molecules or dipole-like emitters placed on the surface.

Structure Description

Our ring grating structure consists of periodic concentric rings engraved on a metallic surface, as seen in Fig. 4.2. The fabricated structures consisted of five concentric grooves that, when illuminated by a laser beam, result in the excitation of a SPP wave that propagates radially across the circular structure and decouples into the farfield upon reaching the opposite side of the ring. Such a circular structure provides a useful platform for focusing SPPs in its center where the wave amplitude reaches its maximum [START_REF] Kumar | Launching focused surface plasmon in circular metallic grating[END_REF]. This allows studying SPP properties and their interactions with emitters and absorbers.

If the radius of curvature of the ring is much greater than the diameter of the illuminating beam, the situation can be well approximated by the geometry of a linear grating assumed in the following calculations. We start by considering the generic geometry illustrated in Fig. 4.3. A profile Γ defines the interface between a metal with dielectric constant ε m (ω) and air (ε 0 ), with index of refraction n 0 = 1. We assume that the surface is invariant along z and that the illumination is provided by a monochromatic beam of light propagating on the xy-plane.

Under the assumed conditions, for purely s-or p-polarized incident waves, the state of polarization is retained after interaction with the surface and the two polarization modes may be treated independently. Since our primary interest is the excitation of SPPs, we only consider the case of p-polarization, with (x,y) being the incident plane as illustrated in Fig. 4.3. Since in this case the magnetic field vector is along the z direction, the problem is most naturally solved in terms of this component, which we represent by H z (x, y). We now provide a brief description of the numerical method employed to solve the problem. More details can be found in refs. [START_REF] Valencia | Second-harmonic generation in the scattering of light by two-dimensional particles[END_REF][START_REF] Maradudin | Enhanced backscattering of light from a random grating[END_REF]. We use the Green's integral theorem and consider the total field above the surface as being the sum of the incident and scattered fields. By solving a set of integral equations, we can then deduce the surface field. Once the surface field is found, it is straightforward to calculate the excitation efficiency. For this, let us consider the field associated with an SPP originating at x = 0, with amplitude H 0 , traveling on a flat surface in the direction +x. This field can be expressed in the form:

H (0) (r) = H 0 e ik SP P x-β 0 y y > 0, (4.1a) 
H (m) (r) = H 0 e ik SP P x+βmy y < 0, (4.1b)

for x > 0. r = (x, y) is the position vector and the superscripts (0) and (m) correspond to air and metal respectively.

The decay constant of the field in the two media is given by:

β j = k 0 -ε 2 j ε 0 + ε m (4.2)
Evaluating the component of the Poynting vector that crosses the plane x = 0, and integrating along y, we find that [START_REF] De La Cruz | Compact surface structures for the efficient excitation of surface plasmonpolaritons[END_REF] 

P (j) x = L z c 2 8πω H 2 0 2β ′ j Re k SP P ε j (4.3)
where β ′ j = Re(β j ), L z is a length along the z direction and, again, j refers to air or metal.
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Plasmon-emitter Coupling via Integrated Plasmonic Ring Grating/Nanoantenna Structures Considering now a situation in which the SPP has been excited by the interaction between an illuminating beam and a surface feature, one can define the excitation efficiency as

Ψ = P (0)
x + P (m)

x P inc (4.4) where P inc is the power of the incident beam.

To design a coupling structure, we begin by considering the excitation efficiency that can be achieved with a sub-wavelength rectangular groove ruled on a metal surface. This efficiency is closely related to its electromagnetic resonances [START_REF] De La | Diseno de estructuras plasmonicas[END_REF]. Once a suitable width and depth have been chosen, we consider a sequence of N such groves placed in a regular grid, choosing the period Λ in such a way that the SPPs excited by them interfere constructively, i.e. satisfying Eq.2.20 given in chapter 2. It is convenient to choose a period that is smaller than the wavelength in order to maximize the efficiency and reduce the effects of stray light. In such circumstances, apart from the specular order, the grating produces no propagating orders for small angles of incidence.

We first choose to work with a 980nm laser, so for that wavelength and for a grating period Λ = 800 nm, Eq.2.20 predicts that the coupling condition is reached when θ is about -10°. This is obtained by plugging in the value of the experimentally determined dielectric constant for gold at λ = 980 nm (ε gold = -41.2 + 1.54 i measured by reflection ellipsometry) for calculating the effective index n ef f needed for the SPP wavevector k SP P = (2π/λ)n ef f . The measured value of the dielectric constant agrees with the one given by the CRC Handbook of Chemistry and Physics: ε gold = -38.41 + 1.16 i. Long gratings, however, do not couple efficiently to freely propagating SPPs. This is because, as the coupled SPPs propagate through the grating, they are diffracted by the grating and radiate into air and the metal. From previously performed numerical studies with a variable number of grooves, it was found that there is practically no improvement of the efficiency after five grooves [START_REF] De La Cruz | Compact surface structures for the efficient excitation of surface plasmonpolaritons[END_REF]. Therefore, we choose to design our grating consisting of five grooves.

An efficiency map Ψ(x c , θ), as a function of the position of the beam with respect to the center of the structure x c and the angle of incidence θ, is shown in Fig. 4.4. Those calculations were carried out by Dr. Sergio de la Cruz and Dr. Eugenio R. Méndez from the División de Física Applicada, Centro de Investigación Científica y de Educación Superior de Ensenada, Mexico. They developed a home-made code based on the integral equation approach explained briefly above. The 1/e value of the radius of the focused Gaussian beam is g = 196 nm. The period of the five groove grating is Λ = 820 nm, the depth of the grooves h = 196 nm, and their widths w = 416.5 nm. The center of the grating is placed at x c = 0. The inset of Fig. 4.4 shows a schematic diagram of the grating coupler. The position of a Gaussian illuminating beam is also indicated in that figure . To excite SPPs to the right of the structure, the beam must come downward from right to left (negative angle of incidence). One can see that this compact structure can couple, under the right conditions, about 40 % of the incident power into freely propagating SPPs. It is also observed that the coupling is fairly tolerant to changes in the angle of incidence and the position of the beam. For instance, a change of as much as 5°in either direction from the optimum angle of incidence reduces the coupling efficiency by about 5 %. Changing the position of the incident beam by about 0.5 µm from the optimal x c = 0.7 µm has a similar effect. Fig. 4.5 presents numerical simulations of SPPs propagation within our platform through calculated maps of |H z (x, y)| 2 in the near field of the surface structure, under different conditions of excitation (also performed by Dr. Sergio de la Cruz and Dr. Eugenio R. Méndez). In Fig. 4.5a., we illustrate the excitation of SPPs by an external beam and the subsequent conversion of the excited SPPs into propagating waves. The illumination is provided by a Gaussian beam that makes an angle of incidence θ = -10 • . The rest of the parameters are as in the efficiency map. We note in the figure the Wiener-like interference fringes produced by the interference between the incident and specularly reflected beams, as well as the evanescent nature of the excited SPPs and their interaction with the second grating. This figure illustrates the fact that these short gratings are not only efficient couplers but are also useful to couple out SPPs for their far-field detection. In Fig. 4.5b., we illustrate a case in which the SPPs are excited by a vertical point dipole on the surface. The excited SPPs travel along the surface and radiate upon interaction with the lateral gratings and couple out to the far field. 

Fabrication and Optical Characterization

Ring gratings with periods of 526 nm and 800 nm, that are compatible with the 632.8 nm and 980 nm laser sources, and with diameters varying from 50 to 400 µm, were fabricated on Si substrates. The designs were etched using the EBL process described in sec. 3.2.1 followed by the evaporation of a 150 nm layer of gold. No lift-off was done to ensure that a gold layer is present on the entire surface of the structure in order to allow SPP propagation. Since the gold layer is optically thick, the sample can be assumed to consist of gold only. We observed from simulations that for all values of the gold thickness that are equal or greater than twice the skin depth δ = 25 nm, SPP transmission from the grating is the same.

The optical image of Fig. 4.6 shows ring gratings of diameters ranging from 50 to 300 µm. As we can see, two sets of rings were fabricated; empty rings and rings with rectangular grooves (or slits) ruled across their diameter. These grooves act as SPP beam splitters that cause a portion of the incoming beam to get reflected and the other portion transmitted. SEM images of an empty ring of 302 µm diameter and 816 nm period are shown in Fig. 4.7a and 4.7b. The slight difference (few percent) in the size of the grating grooves and the size of the engraved slits is due to the dose of the electron beam applied (90 µC/cm 2 ). Fig. 4.7c displays SEM images of a ring grating of similar size but with a beam splitter along its diameter.

The structures were studied using an optical set-up (described in sec. 3.3.1) in which an optical fiber is used to illuminate the ring grating from the top (see Fig. 4.8) and excite SPPs that propagate along the ring diameter and decouple out at the opposite end of the circle where the collection fiber is placed. In Fig. 4.9, Lycopodium powder of micron-size dust-like type was spread on the surface of a ring grating of 800 nm period and 100 µm diameter. An incident laser of 980 nm wavelength is used for excitation. The propagating SPPs are scattered by the Lycopodium powder and are shown to propagate radially along the ring diameter until they couple out again at the opposite position on the grating. The powder is used to scatter SPPs to photons in the far-field, thus allowing us to observe their directional propagation. To measure the SPP wavevector, we tried to study our samples under a leakage microscopy setup aiming to image the Fourier plane. However, no signal was observed because the SPPs in our structures are confined to the surface and do not have any leaky modes that can be detected with this method.

The propagation length L of SPPs on a flat surface (given in Eq.2.20) was studied using fabricated samples with empty circles that have diameters ranging from 200µm to 400 µm in 50 µm increments. For this, a small section of the circular grating was illuminated to excite SPPs (9 mW power out of input fiber), and we measured the radiated optical power at the other end of the circle (no Lycopodium powder is spread on the structures here). The results are shown in Fig. 4.10. One observes that the power decreases exponentially as a function of the diameter. An exponential decay function I = I 0 e -x L was used to fit the experimental data and obtain the propagation length of the SPPs. We found that L exp = 69.8 µm. This value is significantly different from the one obtained by simulations using the experimentally measured index (L sim = 166 µm) mostly due to surface roughness that scatters the SPPs at the surface (see Fig. 4.9) and increases absorption, resulting in a decrease in L. The value of the measured output power is obtained after taking into account the losses in the system. Considering the coupling of the input single mode fiber to be 18%, that of the output multi-mode fiber to be 60%, and the losses due to the SPP propagation, we calculate the coupling efficiency Ψ(x c , θ) in our system to be 32%.

The fabricated ring structures can also be used to study the interaction of SPPs with surface structures, such as rectangular grooves ruled across the diameter of the ring. As illustrated in Fig. 4.11a, such grooves constitute, effectively, SPPs beamsplitters. In order to identify the position of the incident laser spot as well as that of the output reflected and transmitted spots, we engraved by EBL additional marks close to the circumference of the ring corresponding to the polar angles every 10°in the plane of the ring grating, as shown in Fig. 4.11b. We then recorded the position of the transmitted and reflected spots as a function of the incident laser spot position. This is achieved by moving the incident laser spot around the circle to excite SPPs at different positions. Those SPPs propagate to the center of the ring where they face the beamsplitter. Consequently, a portion is transmitted and continues its path along the diameter, and the other portion is reflected. The results are shown in Fig. 4.11c, where one observes the expected complementarity between the reflected and transmitted intensities. In other words, the reflected spot position is at π -α inc and the transmitted spot is at π + α inc . Therefore, understanding the propagation properties of surface plasmons in our structure allows us to extend this study to observe plasmon scattering by surface defects that require non-perpendicular excitation. Controlling the direction of propagation of surface plasmons helps us address specific defects present on the surface and acquire valuable information related to their optical properties. This can be useful for important applications in surfaceroughness analysis, biosensing, and photonic nano-device development.

In addition, we studied the effect of the polarization on the SPP coupling efficiency by varying the polarization of the incident light from perpendicular to parallel with respect to the grating grooves. The measured output power as a function of the polarization angle is shown in Fig. 4.12 (for 0.6 mW power out of input fiber). We observe that the maximum coupling efficiency occurs when the incident light is p-polarized, i.e. the electric field is orthogonal to the grating grooves, which corresponds to TM polarization. The curve displays a cos 2 behavior that reaches its minimum value for s-polarized light (TE polarization parallel to the grating grooves). FDTD simulations were carried out with Lumerical software where a plane wave (λ = 980 nm ) is made incident on a gold grating made of five grooves (period = 800 nm). The angle of incidence is varied from parallel to perpendicular to the grating grooves, and the transmitted power of the propagating SPP waves is measured for every angle. The results are also shown in Fig. 4.12 confirming the experimental observation. We point out, however, that for the simulation we added a constant background level observed experimentally even for the TE polarization case. This background is most likely caused by scattered light and is responsible for the slight low contrast observed experimentally.

Finally, in order to illustrate the potential of our plasmonic platform for hybrid plasmonics, we studied the plasmon-emitter coupling by propagating SPPs that excite emitters placed in the center of the ring. We choose to work with Atto-633 dye molecules purchased from the company Atto-Tec which we characterize by measuring the absorption and photoluminescence (PL) spectra as shown in Fig. 4.13. The absorption of a 6.66 mg/L solution of Atto-633 dyes is measured using a Cary 100 UV-Visible absorption spectrophotometer from Varian. The maximum absorption wavelength obtained is at 630 nm. The photoluminescence of such dyes on a glass substrate is measured by using the confocal microscopy system described in sec. 3.3.2. The maximum emission peak was observed at 655 nm. Consequently, in order to achieve SPP-emitter coupling via our structure, a 1 µm drop of Atto-633 dye molecules of C = 0.33 g/L was placed inside a 50 µm ring grating (without beamsplitter) with a period of 525 nm with the help of micromanipulators from Imina Technologies with micrometer size tungsten probe tips (as shown in Fig. The micromanipulator tip was dipped in a solution of Atto-633 dye molecules and then moved precisely to the center of the ring to place the molecules. The ring grating was then illuminated with a 632.8 nm laser which produces SPPs traveling along the ring diameter. As the Atto dyes have a matching absorption wavelength, these SPPs can efficiently excite them.

As observed in the inset of Fig. 4.15, dyes form clusters that are a bit displaced from the exact center of the ring. Sample observation as well as photoluminescence spectroscopy is performed using the same confocal microscope system. A continuouswave laser spot (λ = 632.8 nm) is fixed at the ring grating circumference and the PL spectrum is measured exactly and exclusively at the position of the dyes by spatially selecting the desired detection area using a pinhole placed in front of the spectrometer. We present in Fig. shows a peak at 656 nm confirming that the dyes are successfully excited. The output spot observed on the opposite side of the ring is due to the fact that not all of the incident light is absorbed by the dyes, which have a quantum yield of 64% (Fig. 4.13).

In addition, using the time-correlated single photon counting setup (described in sec. 3.3.3), the lifetime of the Atto-633 dyes (C = 0.33 mg/L) was measured on a glass substrate, on a gold substrate, and inside a 50 µm ring grating. The obtained ratio of their lifetime on glass to that on gold was found to be 2.5 (as seen in Fig. 4.16). Similar studies reported in the literature on the lifetime of ATTO655-SA on glass and on a developed silver-gold nanocomposite (Ag-Au-NC) substrate have found a glass to Ag-Au-NC ratio of ~3.1 [START_REF] Choudhury | Silver-Gold Nanocomposite Substrates for Metal-Enhanced Fluorescence: Ensemble and Single-Molecule Spectroscopic Studies[END_REF]. However, we observed no change in lifetime for dyes in the center of the ring grating compare to unstructured gold surface only. This is expected as the ring size is too big to start acting as a cavity for enhancing the emitters' fluorescence. Only the propagation behavior of SPPs is tackled at this stage.

As already mentioned, the reciprocal case has also been studied, where the emitters act as SPP generators themselves. Here, an external laser source is used to excite the emitters directly in the center of the ring. SPPs are generated from the interaction between the emitters and the gold surface and propagate from the center of the ring reaching the ring grating circumference (Fig. 4.17). Due to the random orientation of the dye molecules in the center and their random distance from the metal surface, SPPs propagate at arbitrary uncontrolled angles from the center and couple out upon reaching the ring grating. The emission of the dyes is composed of radiative emission in the far field, guided emission into SPP modes, observed through the radiation from the ring, and non-radiative emission. As seen in the inset of 4.17b, some dye molecule clusters are not placed exactly in the center of the ring. Thus the circumference is not uniformly illuminated and several bright spots are observed. As seen in Fig. 4.12, SPPs can only be generated along p-polarization but there is also a wavevector filtering caused by the grating when SPPs are generated inside the ring. Indeed, Eq.2.20 imposes that the generated SPPs from the dye clusters have a wavevector perpendicular to the grating grooves in order to couple out at the ring circumference. If the wavevector is not radial then no outcoupling is possible.

From this feature, one can extrapolate the position of the clusters with respect to the ring center. This further reinforces the idea of using our device with single dipoles. We demonstrated that the out-coupled light at the rings originates from the excited emitters by measuring the photoluminescence spectra recorded at several positions on the ring circumference. An example spectrum is shown in 4.17b, which coincides with the fluorescent spectrum of the dye and clearly displays a peak at 657 nm, indicating that the fluorescence of the molecules has indeed excited the SPPs. We note that in the inset of 4.17a, the observed vertical white line is a result of the high intensity of the incident laser spot that saturates the imaging camera and could not be filtered out.

Therefore, our studied ring grating structure can form a very promising device for launching, manipulating and visualizing surface plasmon polaritons, as well as studying emitter-plasmon coupling. 

Bowtie Nanoantenna Structure

Metallic nanoparticles and nanoantennas have captured the interest of researchers in the optical and plasmonic fields. Depending on their geometry and characteristics, they can lead to a dramatic electromagnetic field confinement. Emitters placed in the vicinity of nanoantennas witness a remarkable fluorescence rate and quantum yield enhancement despite the plasmonic non-radiative losses in the system [START_REF] Kinkhabwala | Large single-molecule fluorescence enhancements produced by a bowtie nanoantenna[END_REF][START_REF] Farahani | Single Quantum Dot Coupled to a Scanning Optical Antenna: A Tunable Superemitter[END_REF][START_REF] Aouani | Third-harmonicupconversion enhancement from a single semiconductor nanoparticle coupled to a plasmonic antenna[END_REF].

In particular, bowtie nanoantennas are known to highly localize incident light in the gap when resonantly excited. Double bowtie nanoantennas have shown to be more efficient in local field enhancement as compared to single bowties. Due to their symmetrical geometry, they are polarization independent and can preserve the far-field polarization state of emitted waves [START_REF] Biagioni | Cross Resonant Optical Antenna[END_REF][START_REF] Gao | Cross-Diabolo Nanoantenna for Localizing and Enhancing Magnetic Field With Arbitrary Polarization[END_REF][START_REF] Kumar | Investigation of a turnstile nanoantenna[END_REF]. In this section, we present a numerical study of a gold double bowtie nanoantenna on a gold substrate specifying the effect of its dimensions on the field enhancement which is shown to overcome that of a single bowtie.

Structure Description

We performed FDTD numerical simulations using Lumerical software to simulate the electric field confinement in the gap of single and double bowtie nanoantennas. A schematic of gold nanoantennas on gold substrates is shown in Figs. 

FDTD Simulation Results

We first perform a set of simulations to study the effect of some geometric parameters on the efficiency of a double bowtie nanoantenna. Unlike a single bowtie that is sensitive only to the polarization along its principle axis (C2 rotational symmetry), a double bowtie features a C4 rotational symmetry and therefore focuses both parallel and perpendicular polarizations. For that, a circularly polarized light is chosen to illuminate a gold double bowtie nanoantenna on a gold substrate, which efficiently excites both the horizontal and vertical components of the structure. The incident A "frequency-domain field and power" monitor is placed at a height equal to half the bowtie thickness (s/2) to calculate the electric field in the gap.

To observe the effect of each parameter on the electric field, all conditions are kept fixed while the parameter studied is varied. The results are shown in Fig. 4.20 where the electric field intensity in the gap is recorded as a function of wavelength for the varying parameters. In Fig. 4.20a, we observe that as the gap decreases, the electric field intensity increases and red-shifts to higher wavelengths. This is explained by the fact that as the gap decreases, opposite charges from the bowtie arms face each other, which causes an attractive force that delays their motion [START_REF] Hatab | Free-Standing Optical Gold Bowtie Nanoantenna with Variable Gap Size for Enhanced Raman Spectroscopy[END_REF][START_REF] Liaw | Analysis of a Bowtie Nanoantenna for the Enhancement of Spontaneous Emission[END_REF][START_REF] Dodson | Optimizing Electromagnetic Hotspots in Plasmonic Bowtie Nanoantennae[END_REF]. This leads to a longer period of resonance, and thus a red-shift. In addition, Fig. 4.20b and Fig. 4.20c show that more electric field confinement occurs for double bowties with a higher thickness and side length. This is a well-known phenomenon for metallic nanoparticles, where the coupling strength is proportionally related to the particle size according to the following equation [START_REF] Jain | Plasmonic coupling in noble metal nanostructures[END_REF] C.S.

≈ K • e -d/0.2D (4.5)
where D is the particle size, and K represents the maximum plasmon shift for the particle pair. However, we notice that the resonance wavelength does not depend on the antenna size. This is because in our case, the bowtie on gold cannot be considered as separate nanoparticles, and the coupling of plasmons through the metallic substrate underneath the nanoantenna should be considered. The gold substrate provides a suitable channel for the propagation of the evanescent field which strengthens the interaction between the components of the double bowtie 4.4 Ring Grating / Bowtie Nanoantenna Structure nanoantenna leading to an enhanced electromagnetic field confinement in the gap. We also studied the effect of the bowtie material on the electric field enhancement. We show that aluminum has lower enhancement as compared to silver and gold as seen in Fig. 4.20d. This is because aluminum has a lower conductivity which leads to a lower current density in the structure [START_REF] Grosjean | Diabolo Nanoantenna for Enhancing and Confining the Magnetic Optical Field[END_REF]. The radius of curvature of the bowtie tips affects the field enhancement only and does not cause a shift in wavelength (Fig. 4.20e). We notice that for small gaps (∼ 30 nm), the field enhancement in the gap increases as we go towards pointed edges agreeing with the literature results [START_REF] Liaw | Analysis of a Bowtie Nanoantenna for the Enhancement of Spontaneous Emission[END_REF]. This corresponds to a phenomenon known as the lightning rod effect with field singularity at the tip apex [START_REF] Bladel | Electromagnetic Fields[END_REF]. However, for bigger gaps (∼ 60 nm), this effect is not so powerful (Fig. 4.20f) because the change in the tip geometry is negligible with respect to the gap size.

Next, we compare the electric field intensity (arbitrary units) created in the gap of a single gold bowtie nanoantenna to that of a double bowtie. As seen in Fig. 4.21, the intensity is enhanced 3.2 times for the double bowtie nanoantenna. This is expected because the double bowtie overcomes the polarization sensitivity shortcoming of a single bowtie, i.e. both TE and TM components of the incident light get focused by the nanoantenna.

So far, we have demonstrated that a double bowtie nanoantenna has a higher electric field confinement in its gap compared to a single bowtie nanoantenna, which is expected to give rise to a better fluorescence enhancement of a single emitter placed in the gap. In the following section, we will show that the electric field intensity can be further increased by placing the double bowtie inside a ring grating structure where the excitation of SPPs is achieved.

Ring Grating / Bowtie Nanoantenna Structure

In sec. 4.2, we analyzed experimentally and numerically the directional launching and detection of SPPs using a plasmonic platform consisting of a gold ring grating. SPP-emitter coupling was studied by exciting fluorescent molecules placed in the center of the rings. In sec. 4.3, we presented numerical characterizations of the effect of the double bowtie geometry on the electromagnetic field enhancement in its gap.

In this section, we present the fusion of both structures via two plasmonic devices responsible for nanofocusing and enhancing electromagnetic fields at the nanoscale even further. The first consists of nanoantennas integrated in the center of ring diffraction gratings. SPPs are generated by the ring grating and couple with LSPs at the nanoantennas. The second structure consists of a double cavity containing a ring grating and a nanoantenna. For both structures, the enhanced electromagnetic field in the nanoantenna gap leads to the excitation of dye molecules causing an increase in their photoluminescence spectrum and a decrease in lifetime. Numerical simulations as well as experimental measurements will be presented to characterize each structure.

Structure Description

Nanoantenna in the center of ring grating (structure 1)

The first structure is composed of a gold ring grating made of 5 concentric circular grooves with a nanoantenna placed in its center, as seen in Fig. 4.22. The nanoantennas we choose to study are a nanoprism, a single bowtie and a double bowtie. Upon illuminating the ring grating with a laser source on the circumference, SPPs are generated and propagate to get focused in the center [START_REF] Steele | Resonant and non-resonant generation and focusing of surface plasmons with circular gratings[END_REF]. When the laser source is placed at a position facing a triangle side, SPPs get directed along the two other sides of the triangle and form an electromagnetic hotspot in the nanoantenna gap.

The dimensions of the structure are chosen to satisfy Eq. 2.20, where a 632.8 nm laser source is used to be compatible for exciting Atto-633 dyes placed in the nanoantenna gap that will be performed in the experiments presented in the next section. The incident angle is θ = -10°; the SPP effective index on an air-gold interface at λ = 633 nm is n ef f = 1.0459 + 0.0069i, and the period is a = 526 nm. Considering those parameters, FDTD numerical simulations were performed to measure the electric field intensity in the gap of a gold nanoantenna placed in the center of a ring grating, all on a gold substrate. A linear plane wave polarized perpendicular to the grating grooves (TM polarization) is incident at a certain position on the ring grating circumference. A nanoantenna is placed with the triangle side facing the grating grooves where the incident excitation is, and at 4.125 µm away (as if the triangle is placed exactly in the center of a 10 µm diameter ring). The triangle side length is chosen to be 2µm and its thickness 120nm. A "frequency-domain field and power" monitor is placed on the surface of the grating and nanoantenna, i.e. at a height of 120 nm, to record the electric field intensity along the x-direction and for y being at the position of the nanoantenna gap. As can be seen from Fig. 4.23a, SPPs are generated at the grating and propagate towards the nanoprism where they get focused at the tip forming an electromagnetic hotspot. For a quantitative analysis, we measure the electric field intensity E z (perpendicular to the substrate) along the x-direction and for a given y at the position of the nanoprism tip. The results are given in Fig. 4.23b where the electric field intensity is indeed shown to form a peak at the nanoprism tip [START_REF] Rahbany | Ring grating-nanoprism structure for efficient focusing of surface plasmon polaritons[END_REF].

This motivated us to perform the same simulations but with single and double bowtie nanoantennas instead of the prism. The bowties have the same dimensions as the nanoprism but with a gap size of 100 nm. We compare the electric field intensity formed at the tip of the nanoprism to that in the gaps of single and double bowtie nanoantennas. Since the gap is quite big, the intensity forms two additional peaks at the triangle tips, but the values we record are those in the center of the gap corresponding to the highest peak. The results are displayed in Fig. 4.24 where we observe that as expected, the double bowtie nanoantenna leads to the highest electromagnetic confinement in the gap. The x-axis in this figure refers to the position along the x-direction in the simulations. In the next section, we present some experimental measurements performed on the fabricated structures to backup the simulation results obtained. 

Double cavity (structure 2)

We then perform the same type of simulations but for the cavity structure presented in Fig. 4.25. In this structure, we do not count on the SPP propagation only, however, both the grating and the nanoantenna act as one plasmonic cavity that concentrates the incident field and excites emitters placed in the gap.

A circularly polarized light source is now made incident on a double cavity composed of a ring grating of 5 concentric grooves separated by a period d = 526 nm containing a single or double bowtie nanoantenna of 2 µm side length. The electric field intensity is recorded in the gap of the integrated cavities (example shown in Fig. 4.25b), and compared to that obtained from the nanoantennas alone (Fig. 4.18). The highest intensity is observed for the double cavity with a double bowtie, as seen in Fig. 4.26, with x also being the position along the x-direction in the simulations. It is important to note that the power of the incident electric field is 4 times higher for the simulations of structure 1 than for those of structure 2. This is done to be consistent with the experimental conditions of the incident laser power. By comparing the results of Fig. 4.24 and Fig. 4.26, we notice that the cavity structure leads to a higher intensity in the gap of the single bowtie nanoantenna by a factor of 5.6, and by a factor of 2.79 for the double bowtie nanoantenna. These values will be taken into account in the analysis of the results presented in sec. 4.4.3.

It is also important to note that the bowtie side length and the ring diameter are chosen so that the two structures are as close to each other as possible (5 nm apart) as shown in Fig. 4.27b [START_REF] Rahbany | Integrated plasmonic double bowtie / ring grating structure for enhanced electric field confinement[END_REF]. This is important since the electric field enhancement appears to decrease as the rings move away from the double bowtie. Fig. 4.27a shows the relationship between the maximum electric field intensity in the gap of the integrated structure as a function of the distance x between the ring and the double bowtie arms. For these FDTD simulations, the structure dimensions were considered similar to those in sec. 4.3.2: ring diameter D = 1.835 µm, grating period a = 620nm, distance x = 5nm, and λ = 633nm. The decrease in the intensity could be due to increased losses in the system because the two structures start acting as independent plasmonic nanoantennas instead of a single, more efficient, one.

Fabrication and Optical Characterization

Nanoantenna in the center of ring grating (structure 1)

To test our structures experimentally, we fabricated using EBL (procedure described in sec. 3.2.2; 90 µC/cm 2 e-beam dose), ring gratings with a period of 526 nm containing nanoantennas (nanoprisms, single bowtie nanoantennas, and double bowtie nanoantennas) in their centers. Rings with 5µm, 10µm, 20µm and 30µm diameters, and nanoantennas with 1 µm and 2 µm side lengths and 50 nm, 100 nm and 150 nm gaps were fabricated on silicon substrates. After the EBL process, a 120 nm layer of gold is evaporated and kept on the structures as well as inside the rings to allow A homogeneous layer of Atto-633 dye molecules is spread on the structures. Those molecules act as probes for plasmonic imaging of SPPs as well as candidates for studying plasmon-emitter coupling and enhancing their emission properties. They are studied under a µ-PL microscope system (1 drop of 3.33 mg/L solution spin coated on the sample). In order to test the homogeneity, the PL spectrum is measured at several places on the surface by exciting them with a 633 nm continuous diode laser. This resulted in an identical spectrum for all locations which is plotted in Fig. 4.29 and compared to the theoretical spectrum obtained from the Atto-tec company website. A 10 nm cut is observed in the experimental curve around 633nm due to a notch filter placed at the output to eliminate any light coming from the laser.

To study SPP propagation in our structure, we excite ring gratings with nanoprisms of 1 µm side lengths in the center by placing the laser spot at different positions on the ring circumference (facing nanoprism side, facing nanoprism corner, and at a random position with respect to the nanoprism). We then compare the measured PL spectra on the three corners of the nanoprism for each case. As seen in Fig. 4.30, the best configuration is for the laser spot placed on the circumference of the ring at a position facing the nanoprism side. In this case, SPPs propagating from the grating circumference are guided along the nanoprism sides and get focused at the tip forming an intense electromagnetic hotspot. This can also be seen in the optical image of Fig. 4.31. The bright incident laser spot has a very high intensity that saturates the CCD camera and could not be entirely filtered out.

To measure the SPP propagation length in our structures, we record the PL spectra for dye molecules placed at the nanoprism tips in rings of different diameters: 5 µm, 10 µm, 20 µm and 30 µm, with the laser spot placed facing the nanoprism side. The results are shown in Fig. 4.32 where the PL intensity is plotted for the four different diameters (Fig. 4.32a) and as a function of the distance traveled by SPPs (Fig. 4.32b). The fit of the exponential curve results in the measured experimental value of the propagation length L exp = 19.97µm. The expected value of the propagation length obtained from FDTD numerical simulations is L sim = 17.92 µm with an effective index of SPPs on a gold-air interface: n ef f = 1.0459 + 0.0069i. This result is compatible with our experimentally measured L exp , however it slightly surpasses the values obtained in the literature [START_REF] Novotny | Principles of Nano-Optics[END_REF] (L lit = 10 µm), which indicates that our configuration is successful in launching surface plasmons to a bigger distance away from the grating.

The PL of the dye molecules is then measured at different locations on the prism and compared for the prism tip, corner, side, and center. The laser spot is also placed facing the nanoprism side. The different spectra are plotted in 4.33b where we can see that, as expected, the highest PL spectrum corresponds to the dyes on the prism tip.

The polarization state of the dye emission at the tip was also assessed by placing a polarizer at the output in front of the spectrometer. We excite a ring grating of 10 µm diameter with a nanoprism of 2 µm side length in the center with a laser spot of TM polarization (perpendicular to grating grooves, i.e. along the x-axis).

We then measure the PL spectrum of dyes at the nanoprism tip while varying the angle of the output polarizer. As seen in Figs. [START_REF] Savasta | Nanopolaritons: vacuum Rabi splitting with a single quantum dot in the center of a dimer nanoantenna[END_REF].34a and 4.34b, the maximum PL intensity is obtained when the polarizer is at 0°with respect to the input TM polarization (parallel to --→ E inc along the x-axis). From that, we can conclude that the majority of dye molecules at the tip possess a dipole moment along the x-axis. FDTD simulations also confirm our experimentally obtained results by showing that the dominating electric field at the nanoprism tip is along the x-axis; E x (as shown in Fig. 4.34c). This is done by calculating the components of the electric field (E x , E y , E z ) individually. Therefore, E x excites molecules with a dipole moment oriented along the x-axis, which leads to an emission in the (y,z) plane, as shown in Fig. 4.34d.

We now perform PL and lifetime measurements on dye molecules placed in the gap of single and double bowtie nanoantennas in the center of ring gratings of 10 µm diameters using a 640 nm pulsed laser of 3.07 mW power. The laser spot position is maintained on the ring circumference facing the nanoantenna side. The hotspot created by the propagating SPPs excites the dye molecules placed in the nanoantenna gap for which we measure the PL intensity and lifetime. A comparison between dyes in free space, on a nanoprism tip, and in the gap of single and double bowtie nanoantennas is given in Fig. 4.35. As expected, the highest PL intensity and lowest lifetime correspond to dyes in the gap of double bowtie nanoantennas which result in a decrease in lifetime by a factor of 1.54. These results will be also discussed in sec. 4.4.3.

Double cavity (structure 2)

We then study the second type of structure composed of a double cavity. For that, we fabricated single and double bowtie nanoantennas of 1 µm and 2 µm side lengths surrounded by ring gratings of 526 nm periods. The same EBL process described in the previous section is followed and a homogeneous layer of Atto-633 is also spread on the surface. In Fig. 4.36, we show optical and SEM images of 2 µm sided single and double bowtie nanoantennas with a 100 nm gap, as well as double cavities containing these structures.

For these structures, we excite the dye molecules by placing the laser spot centered on the nanoantenna gap. PL and lifetime spectra are then simultaneously measured. A comparison is done between the emission of dyes in free space, in the gap of single and double bowtie nanoantennas, and in the cavities with single and double bowtie nanoantennas. The laser power used to excite these structures is 785 µW which is 4 times less than what is needed to excite the structures of sec. 4.4.2.1. As seen in Fig. 4.37, cavities containing double bowtie nanoantennas lead to the highest PL intensity and to a lifetime reduction by a factor of 1.47. By comparing the PL spectra measured in Fig. 4.35 and Fig. 4.37, we notice that the intensity is 4.9 times higher for the single bowtie in the cavity, and 2 times higher for the double bowtie 

Plasmon-Emitter Coupling Analysis

Weak coupling regime

As previously explained in sec. 2.3.2, placing emitters in the vicinity of plasmonic structures affects their spontaneous emission by modifying both their fluorescence intensity and lifetime. In order to analyze our results, we go back to Eq.2.40 that quantifies the fluorescence enhancement and displays it in terms of the effective excitation rate R exc , the emitter's quantum yield η, and the collection efficiency C coll . Let us write the excitation rate as

R exc = -→ E • µ 12 2 = |E × µ 12 × cos(α)| 2 = I exc |µ 12 | 2 cos(α) 2 (4.6)
where I exc is the local excitation intensity, and µ 12 the molecule electric dipole moment.

Taking the quantum yield as η = τ • Γ r with τ and Γ r the modified lifetime and radiative decay rate, and averaging over the random orientation of the molecules; cos(α) 2 = 1/2, Eq.2.40 becomes

I I 0 = I exc I exc,0 • τ τ 0 • Γ r Γ r,0 • C coll C coll,0 (4.7) 
From Fig. 4.35 and Fig. 4.37, we summarize the measured lifetime of the dye molecules on a nanoprism tip, in the gap of a single bowtie, and in the gap of a double bowtie, for both structure 1 (Tab. 4.1) and structure 2 (Tab. 4.2).

In order to compare the effect of both structures, we calculate the ratio of the intrinsic lifetime to the lifetime in the structures (τ 0 /τ ) and the ratio of the experimentally measured PL intensities (I/I 0 ), and compare them for single and double bowties in the center of a ring grating as well as in the cavity structure. The results are displayed in Tab. 4.3, where we also included the outcome of Eq.4.7 after plugging in the two ratios.

From the FDTD simulations results, we know that the electric field intensity in the gap of a cavity with a single bowtie is 5.6 times more than that of the single bowtie in center of ring grating; 4.4 Ring Grating / Bowtie Nanoantenna Structure emitting at λ = 657 nm. Taking into account the angle of emission for dipoles of different orientations, we conclude that only 1.5% of the emitted light lies outside the collection zone of our objective. Therefore, neglecting C coll /C coll,0 and plugging in the values of I exc /I exc,0 into the third column of Tab. 4.3, we realize that the radiative decay rate enhancement, Γ r /Γ r0 , is the same for structures 1 and 2. This is because for both structures, the near environment around the emitters is the same (nanoantenna), and the rings, which are considered as the far environment, affect only the PL enhancement (I/I 0 ).

I
In addition, for both structures, we notice that the lifetime is not reduced significantly. This allows us to conclude that the PL enhancement observed experimentally arises only from the increase in the local excitation intensity caused by the structures. Several reasons might have hindered the reduction of lifetime; the nanoantenna gap is quite big (100nm), Atto-633 dyes have a high intrinsic quantum efficiency (64%) which gives a lower chance for observing high radiative decay rate enhancement, emitters might be deviated from the maximum field in the gap, and the dipole moments of the emitters might not be fully aligned with the field. To test this, the next step would be to fabricate the same structures but with a smaller gap size, and to use single emitters with a well-defined orientation, to see if we get a higher Purcell factor and/or a higher change in lifetime.

Additional simulations were also performed to study the electric field enhancement caused by alternative ring grating/nanoantenna designs shown in Fig. 4.38. The first structure is composed of a cavity placed inside a big ring grating, and the second is a nanoantenna with half a ring grating also in the center of a big ring grating. The obtained results were not as good as the ones we got for the original structure with a nanoantenna inside a ring grating. The additional grating did not enhance the field confinement, but on the contrary, lead to more scattering. We also tried exciting the cavity structure at different angles of incidence, however, this also did not lead to any improvement. coupling strength that overcomes the high losses in the system. In the classical approach, where we consider the emitter as a classical Lorentzian oscillator interacting with a classical electromagnetic field, the strong coupling condition as described in Eq.2.52 can be written as
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The damping coefficient γ is calculated from the experimentally measured emitter lifetime τ , whereas the surface plasmon lifetime is calculated as follows [START_REF] Sarid | Modern Introduction to Surface Plasmons: Theory, Mathematica Modeling, and Applications[END_REF] 

τ SP P = 2(ε ′ m ) 2 ωε d ε " m (4.9)
Taking ε m = -11.364 + 0.906i as the dielectric constant of gold at 633 nm, and ε d = 1 for air, and the angular frequency ω = 2πc/λ = 2.9 × 10 15 rad/s, we calculate the SPP lifetime to be τ SP P = 98 f s. 

If we consider the semi-classical approach where a quantum two-level system emitter interacts with a classical field, the strong coupling condition taken from Eq.2.57 is

N ω 0 V ǫ 0 d 2 > 1 2τ 2 + 1 2τ 2 SP P (4.11)
where ω 0 is the frequency of the harmonic oscillator (quantum emitter) and is expressed as

ω 0 = E e -E g = 2π λ • c (4.12)
So, for an inter-band transition at a wavelength of 633nm, Atto-633 dye molecules have a frequency of ω 0 = 2.9 × 10 15 rad/s. Plugging this into Eq.4.11 along with the electron dipole moment d = 3.33 × 10 -30 C.m, the semi-classical strong coupling condition for our structures becomes The two values given in Eqs.4.10 and 4.13 give an idea about the order of magnitude needed for the conditions in each approach. The difference between the two lies in the description of the field-matter interaction. In the classical approach, the oscillator's response to the field is only expressed in terms of the first order linear susceptibility ignoring all higher order susceptibilities. However, in the semi-classical approach, by illustrating the interaction between a two-level system and a classical field, all orders are taken into account, leading to a more exact description. More information can be found in [START_REF] Torma | Strong coupling between surface plasmon polaritons and emitters: a review[END_REF].

In our experiments, the concentration of dye molecules used was 3.33 mg/L corresponding to 3 × 10 18 particles/m 3 which is non-sufficient. Therefore, to reach the strong coupling regime with our plasmonic structures, we must ensure that the concentration of dye molecules in the nanoantenna gap satisfies Eq.4.10. This will be part of the future work that will be done in this project.

Conclusion

In this chapter, we showed that a plasmonic ring grating can be successfully used to launch and direct SPPs, and to study plasmon-emitter coupling at the nanoscale. A theoretical description of the excitation efficiency is presented and numerical simulations were performed to optimize the grating dimensions in order to achieve efficient coupling between the incident light and SPPs. Experimentally, ring gratings were fabricated by electron beam lithography and optically characterized to study the propagation of SPPs. We measured their propagation length, their interaction with grooves placed on the surface, and the effect of the incident polarization on the excitation efficiency. Plasmon-emitter coupling was also studied where propagating SPPs excited an ensemble of dye molecules placed in the center of the ring. The reciprocal case was also observed, where the molecules themselves acted as SPP generators upon direct excitation, and the SPPs were out-coupled when reaching the ring grating circumference.

Consequently, a numerical parametric study of a gold double bowtie nanoantenna on a gold substrate was presented. We studied the effect of the bowtie dimensions on the electrical field enhancement in the gap. Highest enhancement was observed for a small gap size, high thickness and side length, and for triangles with pointed tips. We also showed how a double bowtie nanoantenna lead to a higher field enhancement than the single bowtie due to its C4 rotational symmetry.

Finally, we proposed to use two types of integrated ring grating/nanoantenna structures to improve the localization and intensity of the electromagnetic field. Experimental observations and FDTD numerical simulations demonstrated that structures containing a double bowtie nanoantenna led to the highest PL enhancement. The propagation length was calculated which surpasses what is obtained in the literature so far. We also showed how these structures lead to the enhancement of the 4.5 Conclusion PL and lifetime of emitters placed in their gaps. Theoretical calculations were given to discuss plasmon-emitter coupling in both the weak and strong coupling regimes.

In the next chapter, we will study plasmon emitter coupling in the same plasmonic structures but with single emitters instead of an ensemble, in particular with SiV centers in diamond.

Plasmon-emitter Coupling with

SiV Centers in Diamond

Introduction

As previously discussed in chap. 2, single photons sources are one of the main building blocks of quantum information processing [START_REF] Zoller | Quantum information processing and communication[END_REF]. Due to their ability to transfer quantum information rapidly, they are highly used in quantum cryptography to transfer signals over large distances [START_REF] Gisin | Quantum cryptography[END_REF]. In addition, single photon sources are considered as the fundamental constituents for building a quantum network or a quantum computer which is shown to be extremely faster than the classical computers used nowadays [START_REF] Ladd | Quantum computers[END_REF]. The unit of quantum information, or a qubit, is a superposition of two states that can be, for example, the polarization states of a single photon, the phase state of a single photon, the spin state of a quantum dot, etc... A qubit is thus represented as a linear combination of the two basis states. Therefore, using efficient and bright single photon sources is vital for applications in the field of quantum information science.

Color centers in diamond are being widely used as efficient single photon sources due to their indistinguishability (identical single photons are created with precisely the same wavelength) and photostability at room temperature. This allows them to play an important role in quantum information processing [START_REF] Rittweger | STED microscopy reveals crystal colour centres with nanometric resolution[END_REF][START_REF] Maurer | Far-field optical imaging and manipulation of individual spins with nanoscale resolution[END_REF], super-resolution microscopy [START_REF] Togan | Quantum entanglement between an optical photon and a solid-state spin qubit[END_REF][START_REF] Dutt | Quantum Register Based on Individual Electronic and Nuclear Spin Qubits in Diamond[END_REF], and biological imaging [START_REF] Aharonovich | Diamond-based single-photon emitters[END_REF]. The most prominent color center is the nitrogen-vacancy (NV) center famous for the long coherence time of its electronic spin states [START_REF] Balasubramanian | Ultralong spin coherence time in isotopically engineered diamond[END_REF]. This allows it to be used as a basis for quantum memory [START_REF] Neumann | Multipartite Entanglement Among Single Spins in Diamond[END_REF] and quantum computation [START_REF] Jiang | Distributed quantum computation based on small quantum registers[END_REF]. However, silicon vacancy (SiV) centers in diamond have shown to have several advantages over other types of defects due to their strong narrow fluorescence spectrum at room temperature with low phonon coupling, short lifetime, and almost fully linearly polarized zero phonon line fluorescence [START_REF] Siyushev | Lowtemperature optical characterization of a near-infrared single-photon emitter in nanodiamonds[END_REF][START_REF] Muller | Optical signatures of silicon-vacancy spins in diamond[END_REF]. This distinguishes them from other color centers and allows them to be considered as promising candidates for single photon source applications.

However, reported values of the photoluminescence (PL) and radiative quantum efficiency of SiV centers so far remain low. Consequently, ongoing attempts to increase the collection efficiency of these color centers include coupling them to optical and plasmonic cavities. In this work, we aim to integrate SiV centers in nanodiamonds into the plasmonic ring grating-nanoantenna structures. This project is in Chapter 5

Plasmon-emitter Coupling with SiV Centers in Diamond collaboration with Prof. Mete Atature's research group at the Cavendish Laboratory at the University of Cambridge, UK, and Prof. Christoph Becher's research group at the Saarland University, Germany, which are both experts in the characterization of SiV centers in diamond. In this chapter, we start with introducing the molecular structure of SiV centers and their spectral properties. Then, we present the experimental results we obtained by integrating SiV centers into our plasmonic ring grating/nanoantenna structures.

SiV Centers in Diamond: Theoretical Description

Not only is diamond the most appealing gemstone to the general public, but it also captures the interest of researchers due to its fascinating properties. Diamond has an extraordinarily high bond energy density as well as the greatest number density (number of atoms per unit volume) of any known substance. In addition, defects in the diamond lattice play a very important role in its material properties. In fact, natural diamond is classified according to the types of defects present and their concentration.

Diamond: Overview

The diamond lattice structure is composed of sp 3 -bonded carbon atoms arranged in two face centered cubic (FCC) lattices shifted by a vector (a/4, a/4, a/4), where a = 0.3567 nm is the lattice parameter at room temperature. In other words, half of the tetrahedral sites are occupied by C atoms within the FCC lattice. One cell contains 8 C atoms leading to a number density of 1.76 × 10 29 atoms/m 3 .

In nature, and under high conditions of temperature and pressure (1400-1600°C, 70-80 kbar), graphite transforms into diamond inside the Earth's mantle and is then pushed to the Earth's surface by volcanic eruptions. However, natural diamond is very rare to find and is thus a very expensive material. Therefore, artificial methods for diamond synthesis were developed for industrial and scientific applications. The two main methods are high-pressure-high-temperature (HPHT) and chemical vapor deposition (CVD).

Diamond is a semiconductor with a wide band gap of 5.5 eV making it transparent in a big part of the optical spectrum; from deep UV to far IR. However, the presence of some defects in the lattice allows diamond to emit light in the visible region. These defects can be either vacancies, impurity atoms, or the combination of both. More than 500 impurities, or color centers, have been discovered [START_REF] Zaitsev | Optical Properties of Diamond[END_REF]. Incorporating color centers in diamond can occur either by contamination during growth, or by ion implantation followed by annealing. During ion implantation, accelerated ions are 5.2 SiV Centers in Diamond: Theoretical Description forced into the lattice to introduce impurities. The high energy radiation damages the material by removing some carbon atoms from the lattice, forming vacancies. This is followed by the annealing process which allows the vacancies to migrate and position themselves in the proximity of a defect site that contains, for example, a silicon atom, creating an SiV color center (which is of interest to us in this study).

Optically, diamond has a high index of refraction in the visible region (n = 2.4). Despite it being a useful property for photonic structures that rely on the high difference in refractive indices, it leads to a small critical angle for total internal reflection which causes major problems in extracting the fluorescence of color centers. A solution for this problem would be to use nanodiamonds that have a slightly higher extraction efficiency due to their sub-wavelength dimensions. Nevertheless, researchers are still exploring new configurations to increase the fluorescence emission and collection of color centers in diamond, which is what we aim to do in this work.

Atomic and Spectral Properties of SiV centers

Since nitrogen is the most abundant impurity in diamond, NV color centers (nitrogen atom gets close to a vacancy site) occupy the biggest portion of experimental research on color defects in diamond. On the other hand, SiV centers are not found in natural diamond but need to be artificially grown mostly using CVD which is a recent growth technique. This is why, not until recently, have SiV centers started to compete with other defects with their impressive optical properties. They were first discovered in 1980 by Vavilov et al [START_REF] Vavilov | Investigation of the cathodoluminescence of epitaxial diamond films[END_REF]. They are formed when a silicon atom replaced a carbon atom situated along the [START_REF] Solomon | Single-mode spontaneous emission from a single quantum dot in a three-dimensional microcavity[END_REF] axis in the diamond lattice, and gets close to two vacancy sites (as seen in Fig. 5.1a). The energy level schematic in Fig. 5.1b shows the spectral fine structure of the doublet ground and excited states arising from orbital splitting. At cryogenic temperatures, and when excited resonantly, i.e. at 737 nm or 1.68 eV , an SiV center state decays from the excited to the ground state via 4 allowed optical transitions between same-spin states depicted by the red arrows (A, B, C, D).

In a recent study performed by Hepp et al. (joint work between Saarland University and the University of Cambridge) [START_REF] Hepp | Electronic structure of the silicon vacancy color center in diamond[END_REF], they showed that each single transition line in the electronic fine structure corresponds to a specific polarization of the emitted light. As we see in Fig. 5.2, the two outer lines (A and D) are parallel to each other and perpendicular to the two inner ones (B and C).

At room temperature, SiV centers have a very strong and narrow zero-phonon line (ZPL): F W HM ∼ 4nm at 737nm or 1.68 eV , as compared to NV centers that have a broader emission spectrum at 575-800nm (as seen in Fig. 5.3). In fact, it has been reported that 80% of its emission is concentrated in the ZPL [START_REF] Wang | Single photon emission from SiV centres in diamond produced by ion implantation[END_REF][START_REF] Neu | Single photon emission from silicon-vacancy colour centres in chemical vapour deposition nano-diamonds on iridium[END_REF]. They have a shorter lifetime (∼ 1 ns) than NV centers (∼ 12 ns), and their ZPL fluorescence is almost fully linearly polarized while that of NV centers is only partially polarized. Several studies have been performed to analyze the photon emission of the SiV center, where it has been shown that indistinguishable single photons can be produced with identical polarizations [START_REF] Wang | Single photon emission from SiV centres in diamond produced by ion implantation[END_REF][START_REF] Siyushev | Lowtemperature optical characterization of a near-infrared single-photon emitter in nanodiamonds[END_REF][START_REF] Sipahigil | Indistinguishable photons from separated silicon-vacancy centers in diamond[END_REF]. The temperature dependence of the SiV emission has been also investigated where we notice broadening of the emission lines as we go to higher temperature [START_REF] Neu | Low-temperature investigations of single silicon vacancy colour centres in diamond[END_REF]. In another study, coherent population trapping between Zeeman-split states was investigated on SiVs in arrays of solid immersion lenses [START_REF] Pingault | All-optical formation of coherent dark states of silicon-vacancy spins in diamond[END_REF].

Experiments involving coupling SiV centers to optical cavities have led to an improvement in their radiative quantum efficiency and Purcell factor, as well as a reduction in lifetime [START_REF] Riedrich-Moller | Deterministic Coupling of a Single Silicon-Vacancy Color Center to a Photonic Crystal Cavity in Diamond[END_REF]. Plasmonic coupling was also studied to enhance the emission of SiV centers in microdisk cavities [START_REF] Lee | Coupling of silicon-vacancy centers to a single crystal diamond cavity[END_REF], in the vicinity of nanoparticles [START_REF] Schietinger | Plasmon-enhanced single photon emission from a nanoassembled metal-diamond hybrid structure at room temperature[END_REF][START_REF] Orlanducci | Effects of Au nanoparticles on photoluminescence emission from Sivacancy in diamond[END_REF], in hybrid metal-diamond structures [START_REF] Song | Plasmon-enhanced photoluminescence of Si-V centers in diamond from a nanoassembled metaldiamond hybrid structure[END_REF], and in solid-immersion lenses fabricated over defect centers in bulk diamond [START_REF] Marseglia | Nanofabricated solid immersion lenses registered to single emitters in diamond[END_REF][START_REF] Hadden | Strongly enhanced photon collection from diamond defect centers under microfabricated integrated solid immersion lenses[END_REF][START_REF] Schroder | Ultrabright and efficient single-photon generation based on nitrogen-vacancy centres in nan-Chapter 7 Bibliography odiamonds on a solid immersion lens[END_REF]. In the next section, we present our work on the photoluminescence spectroscopy of SiV centers and on their integration with the plasmonic ring/grating nanoantenna structures which leads to an enhancement in their PL spectrum.

Integrating SiV Centers into Plasmonic Ring Grating/Nanoantenna Structures

The aim of this work is to locate a single nanodiamond containing a single bright SiV center and place it in the gap of the plasmonic ring grating/nanoantenna structures. This is expected to enhance the collection efficiency of the SiV center and increase its fluorescence emission.

Plasmon-emitter Coupling with SiV Centers in Diamond 

Photoluminescence of SiV Centers

The first step in this work was to optically characterize SiV centers in diamond to fully understand their spectral properties. Photoluminescence spectroscopy measurements of nanodiamonds on different samples were performed during my visits to the Saarland University and the University of Cambridge. The results will be displayed below.

First of all, with the help of Sarah Lindner, a PhD student at the Saarland University, we tried to look for the best type of nanodiamonds that can be homogeneously dispersed on a substrate and isolated enough so that only single nanodiamonds can be manipulated at the next stage. In Fig. 5.4a, we show an SEM image of CVDgrown 70 nm nanodiamonds spin-coated on an Iridium substrate. Because of their small size, those nanodiamonds are shown to agglomerate and form clusters on the surface, which makes them unsuitable for single emitter manipulation. We then inspected a sample of 100 nm nanodiamonds CVD-grown from seed particles on an Iridium substrate and stopped when reaching the desired size. As we can see from Fig. 5.4b, we have good single nanodiamonds on the surface, but not very dispersed from each other. This is also not so practical for single emitter manipulation. Therefore, we decided to fabricate samples by depositing a solution of 100 nm nanodiamonds on a substrate to obtain a well-dispersed and isolated layer on the surface. For that, we start by cleaning an Iridium substrate according to the following process: to make the surface hydrophilic so that the nanodiamond solution spreads easily A solution of 100 nm CVD-grown nanodiamonds is then spread on the clean Iridium substrates. The nanodiamonds were milled from a diamond film to the desired crystal size by Prof. Anke Krüger's group at the University of Würzburg. The diamond film was grown by Prof. Oliver Williams' group at Cardiff University. We tried both drop-coating (1 drop of 5 µL + heating the sample on a 60 • C hot plate), and spin-coating (5 drops of 5 µL each). The samples were then placed in the oven for a couple of hours at 450 • C to oxidize the surface and remove any residual graphite and amorphous carbon. From the SEM images of Fig. 5.5, we can see that the drop-coated nanodiamonds also formed clusters on the surface (Fig. 5.5a). However, the spin-coating method was successful in creating well-dispersed and isolated nanodiamonds that could be manipulated easily (Fig. 5.5b). As we can see, crosses were previously engraved on the surface of the sample before the deposition of the solution and serve as references for locating specific nanodiamonds later on.

Next, the samples were tested under a confocal microscopy setup where PL scans were performed to identify the presence of SiV centers in the nanodiamonds. The setup includes a red diode laser (λ ex = 660 nm, P = 1 mW ) that is made incident on the studied sample through a 100X, NA=0.8 objective. The emitted signal is collected through the same objective and directed to a silicon CCD camera (cooled with liquid nitrogen) and a spectrometer (Princeton Instruments Advanced SP2500A). The resolution of the system given by the FWHM of the fluorescence spectrum of a single emitter is measured to be ∼ 400 nm. A Hanbury-Brown Twiss interferometer setup with two avalanche photodiodes is also connected to the setup to measure the emitter's second-order correlation function.

In Fig. 5.6, we show an optical image taken by the CCD camera of the 100 nm nanodiamond sample of Fig. 5.5b. The white spots correspond to nanodiamonds that might or might not contain SiV centers. They appear as bright spots due to the scattering caused by the white light illumination. The two bright lines correspond to two crosses used as markers.

In order to test the presence of SiV centers in the nanodiamonds, PL scans were performed on 50 × 50 µm areas (broad scans). The laser spot scans the surface and the emitted PL is recorded. If a nanodiamond contains an SiV center, it gets excited by the 660 nm laser and emits light at around 737 nm resulting in a bright spot in the PL scan. A long pass filter (λ = 720 nm) is placed at the entrance of the spectrometer to eliminate any signal coming from the laser. A more accurate close PL scan is then performed on a smaller area surrounding each bright spot (5 × 5 µm ). This is to ensure that the observed bright spot is due to SiV centers and not to a cosmic ray or any other lattice defect or impurities. An example of the small PL scan is shown in Fig. 5.8.

To verify the presence of SiV centers in the nanodiamonds even further, PL spectra at room temperature are recorded. If they show an intense peak at 737 nm, we confirm that the emitted PL is due to a single or an ensemble of SiV centers. In Fig. 5.9, we show a few examples of the measured PL spectra. The intense narrow peak in the spectrum of Fig. 5.9a allows us to deduce that the studied nanodiamond contains only one SiV center. A second-order correlation function measurement is needed to further confirm the result. The wider peak in the spectrum of Fig. 5.9b is due to two or three SiV centers emitting at slightly different wavelengths around 737 nm. The multi-peaks observed in the spectra of Fig. 5.9c and Fig. 5.9d might correspond to several SiV centers emitting at different wavelengths because of the presence of strain in the sample, or it might be due to other defects in the lattice.

In addition, photoluminescence spectroscopy at cryogenic temperatures is performed on a sample of highly strained 100 nm nanodiamonds on an Iridium substrate. This was done by Benjamin Pingault, a PhD student at the University of Cambridge. The sample is placed in a helium cooled optical cryostat at T = 4.2 K and excited non-resonantly with a 660nm laser. The PL spectrum in Fig. 5.10 shows the characteristic fine structure of a single SiV center composed of four peaks around 737 nm corresponding to the four optical transitions. Chapter 5
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Manipulation of SiV Centers

We now discuss our attempts to integrate nanodiamonds with SiV centers in the gap of our plasmonic ring grating/nanoantenna structures aiming to increase their collection efficiency.

The first step is structure design and fabrication. Numerical simulations and theoretical calculations are done to optimize the resonance of the structures. We choose to use a 660nm laser source to be able to excite SiV centers in nanodiamonds placed in the nanoantenna gap. Taking the incident angle θ = 0 • and n ef f = 1.0459 + 0.0069i for SPPs on an air-gold interface at λ = 660 nm, we calculate the period d = 631 nm satisfying the dispersion law of Eq.2.20 presented in chap. 2.

The designs were sent for fabrication to David Legrand, an LNIO PhD student under a joint program between the Nanyang Technological University (NTU), Singapore and UTT, who fabricated them at NTU. This could not be done in our laboratory at that time due to the relocation of the fabrication equipment to a new building, that extended for more than 6 months during which all the facilities were not functioning. Samples, similar to the ones presented in the previous chapters but with modified dimensions, were fabricated by EBL. They are made of gold ring gratings of 10 µm and 20 µm diameters, and nanoantennas with 1 µm and 2 µm side lengths, and 50 nm, 100 nm and 150 nm gaps on silicon substrates. The optical image in Fig. 5.11a shows the two types of structures. SEM images of a ring grating of 10 µm diameter containing a double bowtie nanoantenna of 2 µm side length and 100 nm gap, and double cavity with a double bowtie nanoantenna are shown in Fig. 5.11b and Fig. 5.11c. The SEM images were taken by Dr. Alexandre Bouhelier at the Université Bourgogne Franche-Comté, also during the relocation period of the laboratory equipment.

The second step was to place nanodiamonds with SiV centers into the gap of our plasmonic structures. We first thought of dispersing nanodiamonds on the surface and pushing them to the desired location with an AFM tip. For that, a solution containing 100nm nanodiamonds is spin coated on the plasmonic structures (5 drops of 5 µL at a speed of 1500 rpm). This is seen in the optical images of Fig. 5.12 where the black dots represent nanodiamonds that were randomly placed on the surface. Those nanodiamonds may or may not contain SiV centers. To test that, PL scans and spectra were measured.

At the University of Cambridge, and with the help of the PhD students Benjamin Pingault, Camille Stavrakas and Jan Beitner, the samples were tested under a confocal microscopy setup with a piezo-driven three-axis translation stage linked to a nitrogen-cooled silicon CCD camera and a spectrometer. A 532 nm laser was used to excite the nanodiamonds through a 100X, 0.9 NA objective. Consequently, PL scans were performed on the nanodiamonds in order to test the presence of bright SiV centers. In Fig. 5.13, we show broad and close PL scans done on nanodiamonds spread on a 10 µm diameter gold ring grating with a single bowtie nanoantennas in Counting on the Van der Waals forces between the tip and the nanodiamond, the latter successfully sticks to the tip, as seen in Fig. 5.17c. The tip is then moved to the second sample and carefully approached to the gap of the target nanoantenna, as shown in Fig. 5.17d. When the nanodiamond touches the surface, and also due to the existing Van der Waals forces, it gets of the tip and lies precisely in the gap, as demonstrated in Fig. 5.17e (the nanodiamond is the black dot in the gap). It is important to mention that this is not an easy procedure, and requires several trials before reaching the goal. As we can see in Fig. 5.17e, the tip of the upper triangle is a bit damaged because the nanodiamond got off the tip too early at the first trial.

To identify the effect of the nanoantenna on the emission of the SiV centers, PL spectra of the nanodiamond with and without the nanoantenna are measured. This was done under the confocal microscopy setup with a λ ex = 660 nm diode laser excitation. By comparing Fig. 5.18a and Fig. 5.18b, we see that the PL intensity increases as the SiV centers are placed in the nanoantenna gap. A PL spectrum at the nanoantenna gap with no nanodiamond is measured for comparison and to verify the presence of SiV centers. To eliminate any signal from the laser, a λ = 710 nm long pass filter is used. Since the e-beam radiation in the SEM might damage the emitters, it is hard to quantify the PL enhancement by the nanoantenna. We can not specify the ratio of the decrease in luminescence intensity due to the e-beam and the enhancement due to the nanoantenna. The additional peak at a lower wavelength in the PL spectrum of Fig. 5.18b is due to the mode resulting from the resonance of the nanoantenna. This can be seen in the results of the FDTD simulations performed on a gold nanoantenna where the electromagnetic field in the gap shows two resonant peaks, as shown in Fig. 5.19a. To verify this, we convolute the experimental PL spectrum of the nanodiamond (Fig. 5.18a) with that of the nanoantenna obtained by simulations (Fig. 5.19a). This results in the spectrum plotted in Fig. 5.19b, which shows identical peaks as the ones obtained in Fig. 5.18b, confirming our results.

Another attempt for increasing the collection efficiency of color centers in bulk diamond is by placing them in bullseye gratings, as recently demonstrated with NV centers (Fig. 5.20a) [START_REF] Li | Efficient Photon Collection from a Nitrogen Vacancy Center in a Circular Bullseye Grating[END_REF]. At the University of Cambridge, we worked on similar structures but with single SiV centers in bulk diamond surrounded by bullseye Chapter 5

Plasmon-emitter Coupling with SiV Centers in Diamond gratings instead of NV centers, for which we measured the PL spectrum at room temperature. The sample was placed under a confocal microscopy setup linked to a nitrogen-cooled silicon CCD camera and a spectrometer. The nanodiamonds were excited by a 660 nm laser through a 100X, 0.7 NA objective. Fig. 5.20b shows a preliminary measurement of the PL spectrum of a single SiV center at room temperature which reveals the characteristic peak at 737 nm. These results show that the number of counts highly exceeds what is obtained from SiV centers in bulk diamond. Further measurements will be carried out for a more detailed study of the structures.

Conclusion

In this chapter, we discussed the molecular and optical properties of one of the most important defects in diamond; the SiV color center. We presented the work done in collaboration with the Cambridge University and the Saarland University which are two pioneer research groups studying SiV centers in diamond. Photoluminescence spectroscopy measurements were performed on several different samples at room temperature and cryogenic temperatures which allowed the thorough understanding of the optical characteristics of SiV centers. Conclusions were reached concerning the treatment of the nanodiamonds that need to be annealed properly before deposition on the structures, and ways for manipulating them on the surface using AFM tips and by the "pick and place" technique were also investigated. Preliminary steps were done for the integration of SiV centers into our plasmonic structures where a nanodiamond was successfully placed in the nanoantenna gap and showed a significant increase in the PL intensity. This encourages us to go further in this project aiming to enhance the coupling between SiV centers and the plasmonic nanoantenna structures.

Conclusion and Perspectives

The aim of this thesis work is to investigate plasmon-emitter coupling in hybrid plasmonic nanoantenna structures, aiming at enhancing light-matter interaction at the nanoscale. Unlike optical cavities whose mode volumes are diffraction limited, plasmonic cavities offer a unique advantage of efficient sub-wavelength confinement, which can lead to fluorescence enhancement of emitters placed in their vicinity.

We first started by considering a plasmonic platform consisting of a metallic ring diffraction grating responsible for generating and detecting SPPs. Due to its concentric geometry, the ring grating acts as an efficient focusing device as well as a fluorescence enhancement tool. We presented details of the fabrication and experimental results on the excitation and propagation of SPPs. The dependence of the excitation on the angle of incidence and the polarization of incident light were demonstrated. We also determined experimentally the SPP propagation length. In addition, SPPs coupled through the ring grating were used to excite emitters placed at the center of the ring. We also presented work were exciting the emitters directly leads to the launching of SPPs that couple to the grating and re-emit light into the far field. We also presented a numerical characterization study of a gold double bowtie nanoantenna on a gold substrate, where we investigate the effect of its geometrical parameters on the electric field confinement in the gap. We showed that the highest field enhancement occurs for a small gap size, big thickness and side length, and for pointed triangle tips. We also demonstrated how a double bowtie nanoantenna leads to a higher field enhancement as compared to a single bowtie.

Then, we proposed the integrated ring grating/nanoantenna structure as a more efficient focusing device that benefits from the coupling of the propagating SPPs from the grating and the localized LSPs at the nanoantennas to achieve a higher field enhancement. We showed how this structure can lead to an enhanced emission of dye molecules in the gap by measuring their photoluminescence and comparing it for ring gratings containing nanoprisms, single bowtie nanoantennas and double bowtie nanoantennas, where the highest enhancement was observed for the double bowtie nanoantenna. A theoretical analysis of the results was performed where we discussed the Purcell enhancement in the weak coupling regime, as well as the necessary conditions needed to reach the strong coupling regime.

Finally, we presented our work with integrating single photon sources into the plasmonic structures. For that, we successfully used the "pick and place" technique Chapter 6
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to transfer one nanodiamond with SiV centers to the gap of a ring grating/double bowtie nanoantenna. Photoluminescence measurements showed a significant increase in the emission intensity.

As for the perspectives, lots of work can be done to further characterize these structures. For the ring grating structure, the next step would be to place single emitters in the center. After being excited by a light source, single molecules can themselves act as SPP generators. The direction of propagation of the generated SPPs depends on the orientation of the single molecule with respect to the incident light polarization, as well as its position in height with respect to the metal surface. Exciting single emitters with p-polarization with a well-known orientation in the center will allow us to control the SPP propagation and orient it in a specific desired direction within the ring. In addition, the advantage of having a concentric structure is that it could be used to excite emitters from anywhere on its circumference depending on the emitters' spatial orientation and position, which would allow us to control and orient the SPP propagation in a desired direction. Furthermore, focusing and manipulating SPP propagation can be achieved by observing plasmon scattering by surface defects which is a very important aspect in studying the properties of SPPs. Hence, in addition to being a source for SPP launching, we showed that our plasmonic device can be used to study and control plasmon-emitter coupling, making the structure an efficient plasmonic platform and thus opening up new possibilities for studying the interaction of SPPs with single dipoles on substrate.

As for the ring grating/nanoantenna structures with an ensemble of dye molecules, the same characterization can be done but with smaller gap sizes. This enables the possibility to obtain a higher Purcell factor and a more significant change in lifetime. Another attempt would be to increase the concentration of dye molecules in the gap which facilitates reaching the strong coupling regime. An additional study would be to characterize the far-field emission of the structures which enables the control over the direction of emission of the emitters.

For the project involving coupling SiV centers to the plasmonic structures, a thorough set of experiments must be performed to clarify the obtained results and optimize the photoluminescence enhancement. This will involve optimizing and fabricating new gold nanoantennas and carry on the adopted manipulation techniques; "pick and place" technique with the nanomanipulators at the Saarland University, and pushing technique with the AFM at the University of Cambridge, paving the way for further collaboration with the two institutions.

Moreover, additional projects involving SPP excitation and manipulation are currently being investigated. The first project consists of integrating polydots (polymers containing quantum dots) with diffraction gratings and nanowires. Propagating SPPs will be created by the grating and excite quantum dots placed at several positions, and thus addressing defined orientations. The inverse case will be also studied where the grating is used to decouple light from the propagating SPPs generated by the polydots. Combining polydots with nanowires will also allow SPP waveg-uiding through the nanowire leading to an efficient local excitation of the quantum dots. The second project studies the efficient coupling of single photon sources to a glass ion exchanged waveguide that acts as a SPP excitation source. Placing an adiabatic taper of high-index-contrast layer between a plasmonic structure and the ion-exchanged waveguide, leads to a high concentration of the electromagnetic energy with low coupling losses to radiative modes [START_REF] Madrigal | Adiabatic mode coupler on ion-exchanged waveguides for the efficient excitation of surface plasmon modes[END_REF]. Preliminary results obtained by coupling CdSe nanocrystals to such waveguides showed a decrease in their lifetime, which indicates that this configuration can be used as a promising platform for efficient coupling single photon sources with integrated optical structures. Another project under current investigation aims at engineering a hybrid photonic system that combines plasmonic structures and glass waveguides to achieve efficient coupling with single emitters. We will go further with our previously obtained results [START_REF] Geng | Localised excitation of a single photon source by a nanowaveguide[END_REF], where the localized excitation of a single CdSe nanocrystal was achieved via a ZnO nanowire as a subwavelength nanowaveguide, to create a new improved platform where efficient and reversible nanoemitter-photon coupling can be attained.

Résumé en Français

Introduction

La nanophotonique, la plasmonique, et l'optique quantique se rejoignent pour former l'infrastructure de ce travail de thèse. Une des façons les plus efficaces pour convertir le rayonnement dans des champs électromagnétiques confinés est l'utilisation de nanoantennes plasmoniques. Ces dernières sont connues pour former des régions de champ électromagnétique intense en cas d'excitation résonante. Cela peut améliorer l'efficacité de l'excitation optique, qui à son tour conduit à l'amélioration du taux de décroissance d'émetteurs. Parmi les travaux de recherche qui ont abordé ce thème, on peut citer le travail de Kinkhabwala et al. [START_REF] Kinkhabwala | Large single-molecule fluorescence enhancements produced by a bowtie nanoantenna[END_REF] qui ont montré une possible amélioration de 1340 fois dans le renforcement de fluorescence de molécules placées dans un gap des nanoantennes en noeud papillon dorées (Fig. 7.1). Cependant, un des inconvénients de ces structures est l'importante perte à des échelles sub-longueur d'onde. Pour surmonter ce problème, un effet plasmonique hybride peut être employé. Dans ce cas, le couplage entre les plasmons polaritons de surface (SPP) et les plasmons de surface localisés (LSP) dans des structures contenant des nanoantennes combinées avec des réseaux annulaires maintient la focalisation, ainsi que le confinement sub-longueur d'onde. Par exemple, Pan et al. [START_REF] Pan | Maskless Plasmonic Lithography at 22 nm Resolution[END_REF] utilisent des ouvertures dans le centre d'anneaux concentriques troués (apertures in the center of ring grooves) pour démontrer une grande compression de la lumière avec un confinement électromagnétique élevée et améliorée (Fig. nanoantenne. Cela crée un hotspot électromagnétique intense qui excite de son côté les émetteurs conduisant ainsi à une amélioration de leur fluorescence.

Couplage plasmon-émetteur

Ce chapitre commence par une introduction à la plasmonique et une discussion sur la théorie de l'interaction entre les champs électromagnétiques et les métaux. 

Plasmons polaritons de surface (SPP)

Par opposition au critère de localisation des LSP, nous discutons maintenant les propriétés optiques des ondes électromagnétiques qui se propagent aux interfaces métallo-diélectriques: les plasmons polaritons de surface (SPP). Les SPP sont des ondes planes magnétiques transverses (TM) bidimensionnel (polarisées p) qui se propagent à l'interface avec une intensité de champ à décroissance exponentielle dans la direction normale à la surface.

La relation de dispersion des SPP sur une interface métallo-diélectrique est donnée par: En raison des pertes thermique dans le métal, les SPP sont atténués avec une longueur de propagation caractéristique L SP P qui est définis comme étant la distance de propagation des SPP le long de la direction x jusqu'à l'atteinte de 1/e de la valeur initiale de l'énergie. Elle est donnée par:

k ′ x = ω c ε d ε ′ m ε d + ε ′
L SP P = 1 2k ′′ x (7.2) où k "
x est la partie imaginaire du vecteur d'onde. Dans la direction z, l'intensité des SPP disparait aussi de façon exponentielle dans le métal avec une longueur caractéristique appelée profondeur de peau δ donné par:

δ = 1 k z j (7.3)
où k z est le vecteur d'onde dans la direction z.

Les valeurs de ces deux longueurs caractéristiques dépendent du matériau utilisé, ainsi que la longueur d'onde de la lumière incidente. La longueur de propagation est typiquement comprise entre 10 µm et 100 µm , tandis que la profondeur de peau est de l'ordre de quelques dizaines de nanomètres. Par exemple, pour l'or à 633 nm, L SP P = 10 nm et δ = 28 nm.

Excitation optique de plasmons de surface

Comme présenté dans la section précédente, les LSP peuvent être excités simplement par l'éclairage des nanostructures avec des ondes électromagnétiques en résonance. Cependant, l'excitation des SPP n'est pas aussi simple que cela. En effet cette excitation a besoin de différentes méthodes spécifiques. Le vecteur d'onde des photons incidents doit être modifié afin de correspondre à celle des SPP à une énergie de photons donnée. Cela peut se faire par plusieurs techniques de couplage comme le couplage du prisme (configurations Kretschmann et Otto), avec un réseau de diffraction, par excitation en champ proche, et par la diffraction sur des éléments de la surface. Dans la suite, nous discuterons du couplage du réseau de diffraction, qui présente un grand intérêt dans notre travail.

Le faisceau de longueur d'onde λ est incident sur un réseau périodique de période Λ avec un angle d'incidence θ (Fig. 7.4). Le vecteur d'onde du faisceau incident augmente ou diminue par un nombre entier de vecteur d'onde du réseau lors de la diffraction. Cela provoque une correspondance dans des vecteurs d'ondes qui à son tour mène à la génération des SPP sur la surface. Le vecteur d'onde k SP P est donné par la relation suivante: 

k SP P = ksinθ + mk G ( 7 

Confinement optique de plasmons de surface

Les chercheurs étudient constamment des moyens d'améliorer la fabrication des dispositifs micro et nano-optiques capable de contrôler le comportement de la lumière à l'échelle nanométrique. Cependant, le défi dans ces dispositifs réside dans la limitation de confinement de la lumière dans des régions sub-longueur d'onde par la diffraction. Comme expliqué précédemment, les SPP agissent comme des très bons candidats pour faire face à ce défi et pour la réalisation de confinement sublongueur d'onde. Plusieurs géométries y compris des structures plasmoniques ont été étudiées pour le confinement de la lumière. On peut citer parmi elles les "nanoslit arrays" [START_REF] Lopez-Tejeira | Efficient unidirectional nanoslit couplers for surface plasmons[END_REF], les rubans et fils métalliques et diélectriques [START_REF] Huang | Compact Aperiodic Metallic Groove Arrays for Unidirectional Launching of Surface Plasmons[END_REF][START_REF] Krenn | Surface plasmon polaritons in metal stripes and wires[END_REF], les nanofils métalliques [START_REF] Sanders | Observation of Plasmon Propagation, Redirection, and Fan-Out in Silver Nanowires[END_REF][START_REF] Weeber | Plasmon polaritons of metallic nanowires for controlling submicron propagation of light[END_REF], les nanoparticules métalliques [START_REF] Stepanov | Quantitative analysis of surface plasmon interaction with silver nanoparticles[END_REF], les nanotubes de carbone [START_REF] Hartmann | Launching Propagating Surface Plasmon Polaritons by a Single Carbon Nanotube Dipolar Emitter[END_REF], les "V-grooves" [START_REF] Bozhevolnyi | Channel Plasmon-Polariton Guiding by Subwavelength Metal Grooves[END_REF][START_REF] Moreno | Guiding and Focusing of Electromagnetic Fields with Wedge Plasmon Polaritons[END_REF][START_REF] Bermudez-Urena | Coupling of individual quantum emitters to channel plasmons[END_REF], et les réseaux métalliques [START_REF] Liu | Dislocated Double-Layer Metal Gratings: An Efficient Unidirectional Coupler[END_REF].

Interaction avec les émetteurs

Une source de photons uniques peut être simplement décrite comme un système à deux niveaux sous une excitation pulsée externe, où un seul photon est émis après chaque impulsion. La source de photons uniques idéale est décrite par les caractéristiques suivantes:

• Capacité de production des photons sur demande et à tout moment désiré

• Haute efficacité quantique où toutes les impulsions d'excitations optiques ou électriques incidentes sont transformées en photons uniques.

• les photons émis sont indiscernables et avec une polarisation définie.

• un temps de vie court.

Afin de vérifier la nature des sources de photons uniques, une fonction de corrélation du second ordre est mesurée. Cela nous donne la probabilité d'émission de photons multiples par rapport à la probabilité d'émission d'un seul photon. Des exemples de sources de photons uniques comprennent: des atomes et ions, des molécules, des boites quantiques semi-conductrices et des centres colorés du diamant. Dans cette thèse, nous choisissons d'utiliser un ensemble de molécules et des centres colorés du diamant unique.

Purcell a prouvé en 1946 que lorsqu'un émetteur est placé dans une cavité, son émission spontanée est modifiée [START_REF] Purcell | Spontaneous emission probabilities at radio frequencies[END_REF]. Le rapport entre le taux de décroissance modifiée Γ r et le taux de décroissance dans un espace libre Γ r0 est appelé le facteur de Purcell. Il est exprimé en tant que:

F p = Γ r nΓ r0 = 3 4π 2 λ n 3 Q V (7.5)
avec n l'indice de réfraction dans la cavité, λ la longueur d'onde dans l'espace libre, Q le facteur de qualité et V le volume de mode de la cavité. Si F p > 1, l'émission spontanée des émetteurs est renforcée; sinon, elle est inhibée. Tout cela se produit dans le régime de couplage faible. Par ailleurs, si le couplage entre l'émetteur et le milieu (ou cavité) est suffisamment fort pour surmonter les pertes, les niveaux d'énergie de l'émetteur sont modifiés et deviennent inséparablement reliées aux modes de l'environnement. Cette situation est appelée régime de couplage fort. Dans ce cas l'émetteur et l'environnement agissent comme un système hybride et un état d'échange d'énergie réversible est atteint. Cet état est caractérisé par une séparation de mode, ou la séparation de Rabi avec une fréquence:

Ω = ω + -ω - (7.6) 
où ω + et ω -sont les nouvelles fréquences des modes du système d'oscillateur couplé.

Méthodes expérimentales et numériques

Nous allons maintenant passer au chapitre suivant. Dans ce chapitre, nous présenterons les méthodes et les techniques (expérimentales et numériques) utilisées dans notre travail de thèse.

Procédés de fabrication (lithographie électronique)

Vu que nos échantillons contiennent des structures avec des réseaux annulaires et des nanoantennes intégrées ayant des dimensions descendant à l'échelle nanométrique (période du réseau, gap du noeud papillon..), nous allons opter pour le choix de l'utilisation de la lithographie électronique. En effet, cette technique de haute précision permet de transférer les structures préalablement déterminés sur un substrat avec une haute résolution.

Caractérisation optique

• Couplage avec des fibres optiques: Une fibre liée à une diode laser (λ = 980 nm) est utilisé pour exciter le réseau annulaire à une certaine position sur sa circonférence. Cela conduit à la production des SPP qui se propagent le long du diamètre de l'anneau et se découplent vers l'extérieur lorsqu'ils arrivent à l'autre côté de l'anneau. Une seconde fibre est reliée à un photomètre pour recueillir et mesurer la lumière transmise.

• Spectroscopie par micro-photoluminescence (µ-PL): Une configuration du microscope confocal est utilisée pour éclairer la surface de l'échantillon contenant des émetteurs. La lumière émise est alors recueillie et renvoyée dans un spectromètre pour enregistrer les spectres de PL. En plus du filtrage spectral, un filtrage spatial peut être élaboré par l'intermédiaire d'un iris ("pinhole" de 200µm diamètre) placée devant le spectromètre. Cela nous permet de mesurer le spectre PL exclusivement dans une région particulière de ~1 µm.

• Comptage de photons uniques corrélés en temps (TCSPC): Un laser pulsé est utilisé pour créer des excitations périodiques. Ensuite, des nombreux profils de désexcitation sont enregistrés et rassemblés pour former un profil de désexcitation globale. Le nombre de photons sera compté entre l'impulsion laser et le signal émis. Ce mode est désigné comme le mode start-stop. Cette procédure statistique est faite sur des nombreux cycles et les résultats sont tracés dans un histogramme (photon/coup par unité de temps).Ce dernier présente un profil de décroissance exponentielle en fonction du temps qui peut être exploité pour obtenir le temps de vie de fluorescence de l'émetteur excité.

Méthode des différences finies (FDTD)

La méthode des différences finies (FDTD) s'avère être la technique la plus simple et la plus populaire pour résoudre les problèmes électromagnétiques. En effet, cette méthode discrétise les équations de Maxwell en espace et en temps afin de déterminer les champs électromagnétique en fonction du temps, vérifiant ainsi les équations différentielles. Toutes les simulations présentées dans cette thèse ont été effectuées en utilisant les "FDTD Solutions" programme de Lumerical Solutions Inc.

Couplage plasmon-émetteur via des nanoantennes intégrées dans des réseaux annulaires

Le confinement optique intense à l'échelle nanométrique peut être atteint via un couplage efficace entre les SPP et les LSP. Une façon d'y parvenir est l'utilisation des structures contenant des nanoantennes intégrées à des réseaux. Les nanoantennes optiques se révèlent être des très bons candidats pour la focalisation et l'augmentation de champs électromagnétiques dans leur environnement. Néanmoins, en raison de leur petite taille, une grande quantité de lumière incidente sera perdue à cause de la dispersion, réflexion, et la non-focalisation entière sur la nanoantenne. D'autre part, les réseaux plasmoniques agissent comme étant des sources de lancement et d'orientation des SPP dans une direction souhaitée spécifique. Par ailleurs, l'intégration d'une nanoantenne dans le centre d'un réseau annulaire concentrique crée de son côté un champ électromagnétique centralisé conduisant à une augmentation du taux de décroissance radiatif ainsi qu'à un rayonnement collimaté provenant de l'émetteur placé à l'intérieur [START_REF] Chen | Electric field enhancement and far-field radiation pattern of the nanoantenna with concentric rings[END_REF][START_REF] Min | Localized Raman Enhancement from a Double-Hole Nanostructure in a Metal Film[END_REF][START_REF] Wang | Directional Raman Scattering from Single Molecules in the Feed Gaps of Optical Antennas[END_REF].

Dans la première partie, nous commençons par introduire notre plateforme plasmonique composé d'un simple réseau annulaire plasmonique [START_REF] Rahbany | A Concentric Plasmonic Platform for the Efficient Excitation of Surface Plasmon Polaritons[END_REF]. Nous fournissons une description technique de la structure et nous présentons les caractérisations expérimentales et les simulations numériques réalisées afin d'étudier ses propriétés optiques.

Dans la deuxième partie, nous présenterons une étude numérique des caractérisations paramétriques d'une nanoantenne à noeud papillon double (double bowtie nanoantenna). Nous étudions ainsi l'effet de certains paramètres géométriques sur le confinement du champ électrique dans le gap. Parmi ces paramètres: la taille du gap, l'épaisseur, la largueur du triangle, le type de matériau et rayon de courbure de la pointe des triangles [START_REF] Rahbany | Integrated plasmonic double bowtie / ring grating structure for enhanced electric field confinement[END_REF]. Nous comparons ensuite l'amélioration du champ électrique d'une antenne de noeud papillon unique à celui d'un noeud papillon double.

Enfin, nous introduisons la structure intégrée composée d'une nanoantenne noeud papillon placée au centre d'un réseau annulaire, et nous présentons des simulations numériques et des mesures expérimentales afin de caractériser le couplage plasmonémetteur avec des molécules de colorant. Des explications théoriques à propos des régimes de couplage faibles et forts sont également présentées pour tirer les conditions nécessaires requises pour chaque cas.

Structure de réseau annulaire

Notre structure de réseau annulaire est constituée d'anneaux concentriques périodiques gravés sur une surface métallique, comme on le voit dans la Fig. 7.5. Les structures fabriquées sont composées de cinq rainures concentriques. Lorsque ces La longueur de propagation L SP P pour les SPP qui se propage est sur une surface plane est étudiée à travers des échantillons fabriqués avec des anneaux de diamètres allant de 200µm à 400µm avec des incréments de 50µm. Pour cela, une petite section En outre, nous avons étudié l'effet de la polarisation sur l'efficacité de couplage en variant la polarisation de la lumière incidente par rapport aux rainures du réseau. La puissance de sortie mesurée en fonction de l'angle de polarisation est représentée dans la Fig. 7.8. Nous observons que l'efficacité de couplage optimale se produit lorsque la lumière incidente est p-polarisée. Cette configuration correspond à un champ électrique perpendiculaire aux rainures du réseau (polarisation TM). On peut voir aussi que la puissance suit une loi cos 2 en fonction de la polarisation et atteint sa valeur minimal pour une lumière s-polarisée (polarisation TE parallèle aux rainures du réseau). Les simulations numériques FDTD confirment nos résultats obtenus. Afin d'illustrer le potentiel de notre plateforme plasmonique hybride, nous avons étudié le couplage plasmon-émetteur entre des SPP qui se propagent et excitent des émetteurs placés dans le centre de l'anneau. Une goutte de molécules de colorant Atto-633 de concentration C = 0, 33 g/L a été placée à l'intérieur d'un anneau de 50 µm de diamètre et un réseau de période de 525 nm. Cette manipulation a été réalisée par l'intermédiaire de micromanipulateurs à des pointes micrométriques de tungstène fournies par Imina Technologies. L'anneau est ensuite illuminé avec un laser à 632, 8 nm qui produit des SPP se 

Nanoantennes noeud papillon

Dans la suite, nous réalisons des simulations FDTD afin d'étudier l'effet de certains paramètres géométriques sur l'efficacité d'une nanoantenne noeud papillon double en or sur un substrat d'or. La lumière incidente a une longueur d'onde qui varie de 500 nm à 1500 nm, et les dimensions de la nanoantennes sont: largueur du triangle L = 900 nm, épaisseur s = 30 nm, et taille du gap d = 30 nm. La Fig. 7.11 présente les résultats de l'intensité du champ électrique dans le gap en fonction de la longueur d'onde pour les différents paramètres.

Selon ces résultats, nous observons que lorsque la taille du gap diminue, l'intensité du champ électrique augmente et se déplace vers des longueurs d'onde plus élevées [START_REF] Hatab | Free-Standing Optical Gold Bowtie Nanoantenna with Variable Gap Size for Enhanced Raman Spectroscopy[END_REF][START_REF] Liaw | Analysis of a Bowtie Nanoantenna for the Enhancement of Spontaneous Emission[END_REF][START_REF] Dodson | Optimizing Electromagnetic Hotspots in Plasmonic Bowtie Nanoantennae[END_REF] (Fig. 7.11a). En outre, nous constatons que plus les nanoantennes sont épais et large, plus le confinement de champ électrique est élevé [START_REF] Jain | Plasmonic coupling in noble metal nanostructures[END_REF] (Fig. 7.11b et Fig. 7.11c). Cependant, nous remarquons que la longueur d'onde de résonance ne dépend pas de la taille de l'antenne. Ceci peut être expliqué par le fait que la combinaison nanoantennes/substrat d'or ne peut pas être considérée comme des nanoparticules séparées, et le couplage des plasmons à travers le substrat sous les nanoantennes doit être envisagé. Nous avons également étudié l'effet du matériau sur le champ électrique en changeons le matériau à la fois pour la nanoantenne et le substrat. Nous avons arrivé à montrer que l'aluminium présente un renforcement inférieur par rapport à l'argent et l'or en raison de sa faible conductivité qui conduit à une densité de courant plus faible dans la structure [START_REF] Grosjean | Diabolo Nanoantenna for Enhancing and Confining the Magnetic Optical Field[END_REF] (Fig. 7.11d). En plus de cela, le rayon de courbure de la pointe des triangles n'affecte que l'amélioration de champ et ne provoque pas un changement dans la longueur d'onde du pic. Nous remarquons aussi que pour des petits gaps (30 nm), l'intensité du champ électrique augmente lorsque les pointes sont plus pointues. Cela peut concorder avec les résultats de la littérature [START_REF] Liaw | Analysis of a Bowtie Nanoantenna for the Enhancement of Spontaneous Emission[END_REF] (Fig. 7.11e). Cependant, pour des plus grands creux (60 nm), cet effet n'est pas si important parce que le changement dans la géométrie de la pointe est négligeable par rapport à la taille du gap (Fig. 7.11f).

Ensuite, nous comparons l'intensité du champ électrique d'une nanoantenne noeud papillon unique à celle d'une nanoantenne noeud papillon double. Comme on le voit dans la Fig. 7.12, l'intensité est multipliée par 3,2 fois pour la nanoantenne double. Ceci est prévu parce que cette dernière est insensible à la polarisation, et que les deux composantes TE et TM de la lumière incidente seront focalisées. Pour le premier type qui est présenté dans la Fig. 7.13a, une onde plane linéairement polarisée perpendiculaire aux rainures du réseau (TM) impact la circonférence de l'anneau à une certaine position. Une nanoantenne est placée dans le centre de telle manière que le coté du triangle fait face aux rainures du réseau où l'excitation incident sera positionné. Les SPP générés se propagent vers le nanoprisme et se concentrent à la pointe formant un "hotspot" électromagnétique. Après avoir mesuré l'intensité du champ électrique formé à la pointe du nanoprisme, une comparaison avec l'intensité dans le gap d'une nanoantenne noeud papillon unique et double est réalisée. A partir des résultats présentés dans la Fig. 7.13b, nous observons que le noeud papillon double mène au confinement électromagnétique le plus élevé dans le gap. D'un autre côté, par rapport au second type représenté dans la Fig. 7.14a, une source de lumière de polarisation circulaire est incidente sur une cavité double. Dans cette structure, l'excitation des émetteurs n'est pas mise en oeuvre par l'intermédiaire de la propagation des SPP, mais à travers la concentration du champ incident crée Afin de caractériser expérimentalement les structures du premier type, nous avons fabriqué par lithographie électronique des réseaux annulaires de période 526 nm. Ces réseaux contiennent des nanoantennes (nanoprismes ou noeud papillon uniques ou doubles) au centre. Des anneaux à différents diamètres (5 -30 µm) contenant des nanoantennes de largeurs (1 et 2 µm) et gap de taille (50 -150 nm) ont été fabriqués sur des substrats de silicium. Ensuite, une couche de 120 nm d'or est évaporée et maintenue à la fois sur les structures ainsi que à l'intérieur des anneaux pour garantir la propagation des SPP. La Fig. 7.15 présente des images optiques et MEB représentant des anneaux de 10 µm de diamètre contenant des nanoantennes de largeur de 2 µm et de creux de taille 100 nm. La PL des molécules est ensuite mesurée aux différents endroits du prisme ; pointe, coin, côté, et centre. Les différents spectres sont tracés sur la Fig. 7.17 qui illustre que le spectre le plus élevé correspond bien aux colorants se trouvant sur la pointe du prisme.

Nanoantenne au centre d'un réseau annulaire

Une comparaison entre les spectres de PL et les mesures de temps de vie est représentée sur la Fig. 7.18. Cette comparaison est réalisée pour différents emplacement des molécules: l'espace libre, la pointe du nanoprisme et le gap des nanoantennes noeud papillon simples et doubles. On constate que la plus haute intensité de PL correspond aux molécules placées dans le gap d'un noeud papillon double, représentant ainsi une diminution du temps de vie par un facteur de 1,54.

Dans un second lieu, nous étudions le deuxième type de structure à double cavité. Pour cela, nous avons fabriqué des nanoantennes noeud papillon uniques et doubles avec des largeurs de 1 µm et 2 µm entourées par des réseaux annulaires de périodes 526 nm. Les structures fabriquées par lithographie électronique sont ensuite couvertes par une couche homogène de molécules de colorant Atto-633. Dans la Fig. 7.19, on peut voir des images optiques et MEB des nanoantennes noeud papillon uniques et double de largeur 2 µm avec un creux de taille de 100 nm, ainsi que des cavités doubles contenant ces structures. Afin d'analyser ces résultats dans le régime de couplage faible, nous utilisons la formule suivante [START_REF] Wenger | Fluorescence Enhancement Factors on Optical Antennas: Enlarging the Experimental Values without Changing the Antenna Design[END_REF]:

I I 0 = I exc I exc,0 • τ τ 0 • Γ r Γ r,0 • C coll C coll,0 (7.7) 
où le rapport entre l'intensité de fluorescence de l'émetteur dans la cavité et dans l'espace libre (I/I 0 ) est exprimée en termes de rapports de l'intensité de l'excitation locale (I exc /I exc,0 ), le temps de vie des émetteurs (τ /τ 0 ), le taux de décroissance radiative (Γ r /Γ r,0 ) et l'efficacité de collection (C coll /C coll,0 ). Si on considère que l'efficacité de collection n'est pas modifiée (C coll = C coll,0 ), on peut se rendre compte que l'amélioration de taux de décroissance radiatif (Γ r /Γ r,0 ) est la même pour les deux types de structures. Cela peut être expliqué par le fait que le voisinage des émetteurs n'est autre que le même (nanoantennes), et les anneaux, ne sont considérés que comme un voisinage lointain, affectant seulement le renforcement de PL (I/I 0 ). En outre, on constate aussi que le temps de vie ne se réduit pas de manière significative. Cela nous permet de conclure que l'amélioration de PL observée expérimentalement ne provient que de l'augmentation de l'intensité d'excitation locale causée par les structures. D'autre part, l'atteinte du régime de couplage fort avec nos structures nécessite l'accomplissement de la condition suivante [START_REF] Torma | Strong coupling between surface plasmon polaritons and emitters: a review[END_REF]:

N e 2 V ǫ 0 m > 1 2τ 2 + 1 2τ 2 
SP P (7.8) où N/V est la concentration d'émetteurs, e et m sont respectivement la charge de l'électron et sa masse, ε 0 est la constante diélectrique dans l'espace libre, τ est le temps de vie des émetteurs, et τ SP P est le temps de vie des SPP. Considérons τ = 3, 65 ns et τ SP P = 2π/ω" = 5.23 × 10 -13 s, nous obtenons la condition : N/V > 5.75 × 10 20 particules/m 3 . Dans nos expériences, nous n'avons pu atteindre qu'une concentration de molécules de colorant de 3, 33 mg/L correspondant ainsi à 3, 07 × 10 18 particules/m3. Par conséquent, afin d'atteindre le régime de couplage fort avec nos structures plasmoniques, nous devons assurer dans le gap de la nanoantenne une concentration de molécules satisfaisante. Cela fera partie des perspectives de nos travaux.

Couplage avec des centres SiV uniques

Les centres colorés dans le diamant sont largement utilisés comme des sources de photons uniques efficaces en raison de leur indiscernabilité et photostabilité à la température ambiante. Cela leur permet de jouer un rôle important dans différents domaines tel que : le traitement quantique de l'information [START_REF] Rittweger | STED microscopy reveals crystal colour centres with nanometric resolution[END_REF][START_REF] Maurer | Far-field optical imaging and manipulation of individual spins with nanoscale resolution[END_REF], la microscopie à haute résolution [START_REF] Togan | Quantum entanglement between an optical photon and a solid-state spin qubit[END_REF][START_REF] Dutt | Quantum Register Based on Individual Electronic and Nuclear Spin Qubits in Diamond[END_REF], et l'imagerie biologique [START_REF] Aharonovich | Diamond-based single-photon emitters[END_REF]. Les centres SiV (Silicon Vacancy) dans le diamant ont manifesté plusieurs avantages par rapport aux autres types de défauts en raison du caractère étroit du spectre de fluorescence à température ambiante, du court temps de vie, et de la fluorescence à polarisation entièrement linéaire [START_REF] Siyushev | Lowtemperature optical characterization of a near-infrared single-photon emitter in nanodiamonds[END_REF][START_REF] Muller | Optical signatures of silicon-vacancy spins in diamond[END_REF]. Cela les distingue des autres centres colorés et leur permet d'être considérés comme des candidats prometteurs pour des applications de sources de photons uniques. Néanmoins, les valeurs de photoluminescence et de rendement quantique radiatif relatif à ces centres restent faibles. Dans ce contexte, différents travaux de recherche ont été menés pour améliorer l'efficacité de collection de ces centres colorés en couplant ces derniers avec les cavités optiques et plasmoniques. Notre contribution qui sera présenté ultérieurement consiste à intégrer les centres SiV dans des réseaux annulaires avec des nanoantennes. Ce projet est réalisé en collaboration avec le groupe de recherche du Prof. Mete Atature du laboratoire Cavendish de l'Université de Cambridge, Royaume-Uni, et le groupe de recherche du professeur Christoph Becher à l'Université de Saarland, en Allemagne, qui ont largement contribué dans le domaine de la caractérisation des centres SiV dans le diamant.

La méthode de transfert utilisée sera le "pick and place", en effet, à l'aide de nanomanipulateurs, un nanodiamant déjà bien préparé sur un substrat (avec de bonnes propriétés optiques) sera transféré à l'échantillon contenant les structures plasmonique. Le nanomanipulateur équipé d'une pointe de tungstène (rayon = 100 nm aiguisé par un faisceau d'ions focalisé) est incorporé à l'intérieur d'un micro-scope à balayage électronique. Cela nous permettera de visualiser et de manipuler les nanodiamants en même temps. A la suite, un nanodiamant avec des centres SiV lumineux est préalablement choisi et testé par spectroscopie PL sur un substrat d'Iridium. Pendant cette procédure, la pointe est approchée à la surface et entre ensuite en contact avec le nanodiamant souhaité. Comptant sur les forces de Van der Waals entre la pointe et le nanodiamant, ce dernier colle avec succès à la pointe. Ensuite, la pointe est déplacée vers le second échantillon et soigneusement approchée au gap de la nanoantenne ciblé, comme le montre la Fig. 7.21a (image à gauche). Lorsque le nanodiamant touche la surface, il tombe de la pointe à cause des forces de Van der Waals, se situant ainsi parfaitement dans le gap. La Fig. 7.21a (à droite) illustre le résultat de cette procédure (le nanodiamant est le point noir dans l'écart). Dans l'objectif de quantifier l'effet de la nanoantenne sur l'émission des centres SiV, les spectres de PL du nanodiamant avec et sans la nanoantenne sont mesurés. Dans la Fig. 7.21b, nous voyons que l'intensité augmente quand les centres SiV sont placés dans le gap de la nanoantenne.

Conclusion et perspectives

L'objectif de ce travail de thèse est d'étudier le couplage plasmon-émetteur dans les structures plasmoniques hybrides, visant à renforcer l'interaction lumière-matière à l'échelle nanométrique. Contrairement aux cavités optiques dont le volume de modes est limité par la diffraction, les cavités plasmoniques offrent un unique avantage d'efficacité du confinement sub-longueur d'onde. Cela peut conduire à l'amélioration de la fluorescence des émetteurs placés dans le voisinage des cavités.

Pour cela, nous avons d'abord commencé par envisager une plate-forme plasmonique constitué d'un réseau de diffraction métallique annulaire responsable de la génération et la détection des SPPs. Nous avons également présenté une étude de caractérisation numérique d'un nanoantenne noeud papillon double d'or sur un substrat d'or. Pendant cette étude, nous avons étudié l'effet des paramètres géométriques sur le confinement du champ électrique dans le creux. Ensuite, nous avons proposé comme dispositif de focalisation une structure intégrée d'un réseau annulaire avec des nanoantennes afin de garantir une efficacité meilleure. Ce dispositif bénéficie du couplage entre des SPP qui se propagent à partir du réseau et des LSP localisés au niveau des nanoantennes afin de parvenir à une amélioration de champ plus élevé. Pendant cela, nous avons montré par spectroscopie de photoluminescence comment cette structure peut conduire à une émission accrue des molécules de colorants. Enfin, nous avons présenté notre travail sur l'intégration des sources de photons uniques dans les structures plasmoniques. Pour cela, nous avons utilisé avec succès la technique «pick and place » pour transférer un nanodiamant avec des centres SiV au gap d'une nanoantenne. Les mesures de photoluminescence ont montré une augmentation significative de l'intensité d'émission.

Quant aux perspectives, différents travaux peuvent être réalisés afin de mieux Chapter 7

Résumé en Français caractériser ces structures. En effet, concernant la structure du réseau annulaire, il sera bien de s'intéresser à l'emplacement des émetteurs uniques dans le centre. Il est prévisible que l'excitation des émetteurs uniques avec une orientation bien connue dans le centre, permette de contrôler la propagation des SPP et leur orientation dans une direction spécifique dans l'anneau.

En ce qui concerne les structures intégrés d'un réseau annulaire avec des nanoantennes, la même caractérisation peut être effectuée pour des plus petits gaps. Ceci permet la possibilité d'obtenir un plus grand facteur de Purcell et un changement plus important dans le temps de vie. Par ailleurs, on peut augmenter la concentration de molécules de colorant dans le gap afin d'atteindre un régime de couplage fort. 
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Fig. 1 Figure 1 . 1 :

 111 Figure 1.1: Comparison between the critical dimensions and operating speeds of different technologies, demonstrating their strengths and drawbacks [1].

( a )

 a Schematic of molecules randomly spread on a single bowtie antenna. (b) SEM image of a single bowtie antenna. Scale bar = 100 nm. (c) Simulation of the electric field intensity enhancement. (d) Fluorescence enhancement factor as a function of the bowtie gap size.

Figure 1 . 2 :

 12 Figure 1.2: Representation of the fluorescence enhancement results for molecules in the gap of gold bowtie nanoantennas from Kinkhabwala et al. [2].

  Schematic of a polymer film containing Ru dye molecules placed between a gold film and a silver nanocube. (b) Lifetime of the dye molecules on glass and in the 8 nm gap between the nanocube and the gold surface. (c) Measured and simulated lifetime of the dye molecules as a function of the gap thickness.

Figure 1 . 3 :

 13 Figure 1.3: Fluorescence enhancement of dye molecules sandwiched in the gap between a silver nanocube and a gold film from Akselrod et al. [3].

Figure 1 . 4 :

 14 Figure 1.4: Strong coupling between a single quantum dot and a silver dimer nanoantenna from Savasta et al. [4].

4 Figure 1 . 5 :

 415 Figure 1.5: A metallic grating engraved onto a conical taper where nonlocal excitation and focusing of SPPs on the tip occurs [5].

( a )Figure 1 . 6 :

 a16 Figure 1.6: Aperture in the center of ring grooves for high electric field confinement [6].

Figure 1 . 7 :

 17 Figure 1.7: Schematic of a metallic stripe waveguide with input and output gratings showing the propagation of single SPPs. Inset: second-order correlation function of the out-coupled light [7].

( a )

 a AFM pictures of a single nonadiamond alone, close to one gold nanoparticle, and in the middle of two nanoparticles (from left to right respectively). (b) Lifetime measurements of the nanodiamond alone (black), and for the configurations in image A (blue) and B (red).(c) Second-order correlation function for the nanodiamond alone (black) and for the configurations in image A (blue) and B (red).

Figure 1 . 8 :

 18 Figure 1.8: Single NV center in a nanodiamond placed in the gap between two nanoparticles leading to an enhanced emission [8].

Figure 2 . 1 :

 21 Figure 2.1: Dispersion relation for transverse electromagnetic waves in bulk plasmons. The dashed line is the vacuum light line. The notation K ≡ k representing the wavevector in this figure only [9].

Figure 2 . 2 :

 22 Figure 2.2: Electron charge displacement in a metallic nanoparticle interacting with an incident plane wave.

( a )

 a Schematic of propagating SPP waves. (b) Electric fields decaying exponentially in the z-direction with characteristic decay length L and skin depth δ.

Figure 2 . 3 :

 23 Figure 2.3: SPP modes at a metal-dielectric interface.

Figure 2 . 4 :

 24 Figure 2.4: FDTD simulation of the SPP modes at a gold-air interface at λ = 633 nm.

Figure 2 . 5 :

 25 Figure 2.5: Dispersion relation of SPPs at a dielectric-metal interface compared to the dispersion of light in the dielectric medium of dielectric constant ε 1 [10].

Figure 2 . 6 :

 26 Figure 2.6: Schamatic of the two methods of prism coupling of incident light to SPPs.

Figure 2 . 7 :

 27 Figure 2.7: Schematic of near-field excitation of SPPs using a fiber tip.

Figure 2 . 8 :

 28 Figure 2.8: Schematic of the excitation of SPPs by diffraction on surface features.

Figure 2 . 9 :

 29 Figure 2.9: Schematic of the grating coupling of incident light to SPPs.

( a )

 a Thin metal layer sandwiched between two dielectric media. (b) V-groove in a metallic film. (c) Metallic stripe and nanowire on a metallic film. (d) Metallic nanoparticle array with interparticle distance d on a metallic film.

Figure 2 . 10 :

 210 Figure 2.10: Schamatic of SPP waveguiding methods.

Figure 2 . 11 :

 211 Figure 2.11: FDTD simulation of the electric field hotspot created in the 20 nm gap of a gold single bowtie nanoantenna (side length = 130 nm) excited by a plane wave of λ = 600 nm.

( a )

 a Single bowtie in the center of a bullseye grating. a) SEM images of the bowtie alone and with grating, b) corresponding far-field images c) corresponding SNOM images d) ratio of the output power of the antenna/grating structure to the incident power e) enhancement obtained by adding the grating, where the empty symbols are the simulation results and the filled ones are the experimental results both in the near and far field[START_REF] Kinzel | Extraordinary transmission from high-gain nanoaperture antennas[END_REF].(b) Fan-rod nanoantenna in the center of a bullseye grating: Comparison between the electric field intensity in the gap of the antenna alone and in the grating[START_REF] Wang | Optical antennas integrated with concentric ring gratings: electric field enhancement and directional radiation[END_REF].

Figure 2 . 12 :

 212 Figure 2.12: Examples from the literature showing the importance of integrated nanoantenna/ring grating structures for SPP-LSP coupling.

Figure 2 . 13 :

 213 Figure 2.13: Sketch of a two-level system describing a single photon source.

Figure 2 . 14 :

 214 Figure 2.14: Second order correlation function for coherent, bunched, and antibunched light sources.

Figure 2 . 15 :

 215 Figure 2.15: Lifetime of CdSe nanocrystals on glass and gold substrates.

Figure 2 . 16 :

 216 Figure 2.16: Examples of fluorescence enhancement experiments from the literature.

( a )

 a Schematic of the nanoantenna used. (b) Excitation power effect. (c) Quantum yield effect. (d) Collection efficiency effect.

Figure 2 . 17 :

 217 Figure 2.17: Influence of the excitation power, emitter quantum yield, and the collection efficiency on the emitter fluorescence enhancement.

Figure 2 . 18 :

 218 Figure 2.18: Energies of an SPP mode and an excitonic mode as a function of the wavevector showing Rabi splitting as an indicator for the strong coupling regime [11]. The energy of the Rabi splitting is Ω = 180 meV .

Figure 2 . 19 :

 219 Figure 2.19: Examples of strong coupling experiments from the literature.

( a )

 a PMMA deposition (spin coating) (b) Espacer 300Z conductive polymer deposition (c) Electron beam exposure (d) Removing conductive polymer by water (e) Development with MIBK (f) Adhesive Cr layer evaporation (g) Gold evaporation

Figure 3 . 1 :

 31 Figure 3.1: Schematic of the steps followed in the EBL process of the ring grating structure.

Figure 3 . 2 :

 32 Figure 3.2: Schematic of the steps followed in the EBL process of the ring grating/nanoantenna structure. Step 1) Gold deposition. Step 2) Lift off. Step 3) 60 nm thick structures. 4) Gold deposition resulting in 120 nm thick structures separated by a 60 nm gold layer

Figure 3 . 3 :

 33 Figure 3.3: SEM images of the fabricated ring grating and ring grating/nanoantenna structures.

Figure 3 . 4 :

 34 Figure 3.4: Fiber coupling setup: one fiber is used to excite the structures at an angle of 10°and the other to collect the transmitted light.

( a )

 a Optical image captured by a visible camera (b) Optical image captured by an infrared camera

Figure 3 . 5 :

 35 Figure 3.5: Images of a ring grating excited by an incident laser spot through the fiber (big spot) and the transmitted SPP spot (small spot). The red circle in b) is meant for clarifying the position of the ring.

Figure 3 . 6 :

 36 Figure 3.6: Schematic of the µ-PL experimental setup.

Figure 3 . 7 :

 37 Figure 3.7: PL spectrum of Rh6G dye molecules on a silicon substrate.

Figure 3 . 8 :

 38 Figure 3.8: Schematic of the start-stop mode of the TCSPC method with a fluorescence lifetime histogram [12].

Figure 3 . 9 :

 39 Figure 3.9: Schematic of the TCSPC experimental setup.

Figure 3 . 10 :

 310 Figure 3.10: Lifetime spectrum of Rh6G dye molecules on a silicon substrate.

Figure 3 . 11 :

 311 Figure 3.11: Lifetime spectra of a solution of Rh6G dye molecules alone and with gold nanoparticles.

Figure 3 . 12 :

 312 Figure 3.12: Yee grid demonstrating the electric and magnetic field component distribution in FDTD cells [13].

Figure 3 . 13 :

 313 Figure 3.13: Screen-shot of a simulation of a gold single bowtie nanoantenna on glass using Lumerical software.

Figure 3 . 14 :

 314 Figure 3.14: Simulation result of the electric field map of a gold single bowtie nanoantenna (side length = 130 nm, gap = 60 nm) excited by a plane wave of λ = 600 nm using Lumerical software.

( a )

 a Thin gold film surrounded by two Bragg mirrors for fluorescence emission enhancement[START_REF] Derom | Single-molecule controlled emission in planar plasmonic cavities[END_REF]. The schematic of the structure and the experimental setup are shown on the left, and the lifetime enhancement results as a function of cavity size on the right.(b) Slit in a metal film surrounded by a grating for controlling fluorescence emission direction[START_REF] Jun | Plasmonic beaming and active control over fluorescent emission[END_REF].A schematic of the structure and a simulation of the flow of light from an emitter in the slit are shown on the left. On the right, SEM and photoluminescence images of a quantum dot placed in a hole alone (top) and surrounded by a bullseye grating (bottom) showing a more collimated beam for the latter case.
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 4142 Figure 4.1: Examples on works in the literature involving diffraction gratings.

Figure 4 . 3 :

 43 Figure 4.3: Schematic diagram of the geometry considered. A beam of light illuminates the corrugated section of a metallic surface, exciting a SPP that propagates along the flat section. The angle of incidence • is measured from the y-axis in the counterclockwise direction; it thus has a negative value in the figure.

Figure 4 . 4 :

 44 Figure 4.4: Efficiency of excitation of SPPs as a function of the angle of incidence θ and the position of the center of the beam on the surface x c . The inset illustrates the surface profile structure and the position of the incident Gaussian beam on the surface.

Chapter 4 PlasmonFigure 4 . 5 :

 445 Figure 4.5: Calculated near-field magnetic intensity (|H z (x, y)| 2 ) map of: a) the excitation of SPPs through the interaction of a Gaussian beam with a grating coupler, and b) the excitation of SPPs by a y-oriented point dipole on the surface and their subsequent conversion into volume waves upon interaction with the gratings.

Figure 4 . 6 :

 46 Figure 4.6: Optical image of gold ring gratings with and without beam splitters and of diameters ranging from 50 to 300 µm.
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 4 -emitter Coupling via Integrated Plasmonic Ring Grating/Nanoantenna Structures (a) Ring grating of diameter 306 µm. (b) Ring grating of 816 nm period.(c) Ring grating with engraved slit along the diameter which acts as a beam splitter.

Figure 4 . 7 :

 47 Figure 4.7: SEM images of gold ring gratings engraved on a Si substrate.

Figure 4 . 8 :

 48 Figure 4.8: Schematic of the fiber coupling setup: an incident fiber excites the ring at one position and an output fiber collects the transmitted light out-coupled at an opposite position.

Figure 4 . 9 :Figure 4 . 10 :

 49410 Figure 4.9: Optical image showing the SPP propagation along the ring diameter scattered in the far-field by the Lycopodium powder.

( a )

 a Optical image taken with an infrared camera showing the SPPs propagation on a ring with a beamsplitter. (b) Optical image showing marks done on a ring grating with a beam splitter to identify the angular position of the incident, reflected, and transmitted spots. The angle formed between two marks is 10°. (c) Intensity of the reflected and transmitted spot positions as a function of the incident excitation position for a ring with beamsplitter. The angle ❛ between the BS and the measured spot position is chosen as the unit of both axes. λ = 980 nm.

Figure 4 . 11 :Figure 4 . 12 :

 411412 Figure 4.11: Measured complementarity between the reflected and transmitted spots for rings with beam-splitters.

  4.14).

Figure 4 . 13 :

 413 Figure 4.13: Absorption and photoluminescence spectrum of Atto-633 dyes.

Figure 4 . 14 :

 414 Figure 4.14: Optical image of a ring grating with a drop of Atto-633 dyes placed in the center.

Figure 4 . 15 :

 415 Figure 4.15: Atto-633 dyes excited by SPPs generated by the grating; λ ex = 633 nm. Photoluminescence spectrum and top view of the emitted optical intensity.

( a )

 a Lifetime of Atto dyes on a glass substrate. (b) Lifetime of Atto dyes on a gold substrate.

Figure 4 . 16 :

 416 Figure 4.16: Lifetime of Atto-633 dyes measured using a time-correlated single photon counting setup; IRF = 264 ps..
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 4 -emitter Coupling via Integrated Plasmonic Ring Grating/Nanoantenna Structures (a) Schematic of SPPs generated by the dye molecules in the center of the ring (b) Photoluminescence spectrum of an output spot on the ring. Inset: top view of the involved emitted light.

Figure 4 . 17 :

 417 Figure 4.17: SPPs generated by exciting Atto-633 dye molecules directly by the laser; λ ex = 633 nm.

( a )

 a Single bowtie nanoantenna with side length L, thickness s, and gap d. (b) Double bowtie nanoantenna with side length L, thickness s, and gap d. (c) FDTD electric field simulation of a single bowtie nanoantenna; λ ex = 660 nm. (d) FDTD electric field simulation of a double bowtie nanoantenna; λ ex = 660 nm.

Figure 4 . 18 :

 418 Figure 4.18: Schematic of a single and double gold bowtie nanoantenna on a gold substrate.
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 4 -emitter Coupling via Integrated Plasmonic Ring Grating/Nanoantenna Structures (a) Real part of the permittivity of gold. (b) Imaginary part of the permittivity of gold.

Figure 4 . 19 :

 419 Figure 4.19: Complex permittivity of gold obtained by spectroscopic ellipsometry.
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 4 -emitter Coupling via Integrated Plasmonic Ring Grating/Nanoantenna Structures (a) V ariable = d, L = 900 nm, s = 30 nm (b) V ariable = s, L = 900 nm, d = 30 nm (c) V ariable = L, d = 30 nm, s = 30 nm (d) V ariable = material, L = 900 nm, s = 30 nm, d = 30 nm (e) V ariable = tip radius of curvature, L = 900 nm, s = 30 nm, d = 30 nm (f) V ariable = tip radius of curvature, L = 900 nm, s = 30 nm, d = 60 nm

Figure 4 . 20 :

 420 Figure 4.20: Electric field intensity in the gap of a double bowtie as a function of wavelength for varying a) gap size b) thickness c) side length d) material e) tip radius of curvature for 30 nm gap f) tip radius of curvature for 60 nm gap.

Figure 4 . 21 :

 421 Figure 4.21: Electric field intensity as a function of wavelength in the gap of a single and a double bowtie nanoantenna (L = 900 nm, s = 30 nm, d = 30 nm).
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 4422 Figure 4.22: Schematic of a double bowtie nanoantenna placed in the center of a ring grating structure.

Figure 4 .Figure 4 . 24 :

 4424 Figure 4.23: a) Simulation of the electric field intensity for a nanoprism facing a grating showing hotspot at the tip (top view) b) Electric field intensity E z (perpendicular to the substrate) along the x-direction for y at the position of the nanoprism tip.

( a )

 a Schematic of a double cavity with a double bowtie nanoantenna. (b) FDTD electric field simulation of a double cavity.

Figure 4 . 25 :

 425 Figure 4.25: Double cavity with a double bowtie nanoantenna.

Figure 4 . 26 :

 426 Figure 4.26: Electric field intensity as a function of the position along the x-axis (with y being at the position of the nanoantenna gap) for single and double bowtie nanoantennas, and cavities with single and double bowties.

Figure 4 . 27 :

 427 Figure 4.27: Effect of the ring-bowtie distance on the electric field intensity in the double cavity structure.

( a )

 a Optical image of nanoantennas in the center of ring gratings (b) Nanoprism in the center of a ring grating. (c) Single bowtie nanoantenna in the center of a ring grating. (d) Double bowtie nanoantenna in the center of a ring grating.

Figure 4 . 28 :

 428 Figure 4.28: Optical and SEM images of gold nanoantennas in the center of ring gratings engraved on a Si substrate.
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 4429 Figure 4.29: Experimental and theoretical photoluminescence spectra of Atto-633 dyes. The theoretical data is obtained from Atto-tec company website.

Figure 4 . 30 :

 430 Figure 4.30: SPP confinement at the nanoprism tip with respect to different laser positions on the ring circumference: Experimental PL spectra and electromagnetic field intensity simulations measured at the nanoprism corners (positions 1, 2, 3) for the laser placed facing the nanoprism side, corner, and at a random position.

Figure 4 . 31 :

 431 Figure 4.31: Optical image of a hotspot created at the tip of a nanoprism of 1µm side length placed in the center of a ring grating of 10µm diameter. The high intensity of the incident laser spot saturates the CCD camera and could not be filtered out.

Figure 4 . 32 :

 432 Figure 4.32: Propagation length of SPPs on a gold-air interface at λ = 633 nm.

Figure 4 . 33 :

 433 Figure 4.33: Electromagnetic confinement at the nanoprism tip.
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 4 -emitter Coupling via Integrated Plasmonic Ring Grating/Nanoantenna Structures (a) PL spectra of dyes at the nanoprism tip as a function of wavelength for several polarization angles. (b) PL intensity at λ ≈ 660 nm of dyes at the nanoprism tip as a function of the polarizer angle, with 0°being along the x-axis. (c) Schematic of the grating excited by a TM polarized plane wave source resulting in an electric field oriented mostly along the x-axis at the nanoprism tip. (d) Schematic of the dipole emission.

Figure 4 . 34 :

 434 Figure 4.34: Polarization of Atto-633 dyes at nanoprism tip.

Figure 4 . 35 :

 435 Figure 4.35: Photoluminescence and lifetime of Atto-633 dyes on nanoantennas in the center of ring gratings.

Figure 4 . 36 :

 436 Figure 4.36: Optical and SEM images of gold nanoantennas and double cavities engraved on a Si substrate.

  exc | cavity = 5.6 I exc | antenna in ring . As for the double bowtie, I exc | cavity = 2.8 I exc | antenna in ring . The collection efficiency is neglected due to the high numerical aperture of the objective used experimentally (N A = 0.95) leading to a high collection angle (144°). With the help of a homemade Matlab code done by Rohit Prasad, a PhD student at LNIO, we were able to calculate the far-field emission pattern of a dipole placed on a gold substrate Chapter 4 Plasmon-emitter Coupling via Integrated Plasmonic Ring Grating/Nanoantenna Structures (a) PL spectra of dyes measured in the gap of a single bowtie nanoantenna, double bowtie nanoantenna, cavity with single bowtie, and cavity with double bowtie. Five data points were taken from different structures of each type. (b) Highest obtained PL spectra of dyes as a function of wavelength measured in the gap of a single bowtie nanoantenna, double bowtie nanoantenna, cavity with single bowtie, and a cavity with double bowtie. (c) Lifetime of dyes measured outside the structures, at the tip of a nanoprism, in the gap of a single bowtie nanoantenna, double bowtie nanoantenna, cavity with single bowtie, and a cavity with double bowtie.

Figure 4 . 37 :

 437 Figure 4.37: Photoluminescence and lifetime of Atto-633 dyes in the gap of double cavities.

( a )

 a Double cavity placed in the center of a big ring grating. (b) Half of a double cavity placed in the center of a big ring grating.

Figure 4 . 38 :> 1 . 6 ×

 43816 Figure 4.38: Schematic of alternative ring grating/nanoantenna designs.

  Coupling via Integrated Plasmonic Ring Grating/Nanoantenna Structures
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 5 -emitter Coupling with SiV Centers in Diamond (a) Atomic structure of an SiV center; Si atom is in pink, two vacancies are in light gray and the next-neighboring carbon atoms are in blue [289]. (b) Spectral fine structure: Energy levels of an SiV center with the corresponding optical transitions. ZPL: Zero phonon line [286].

Figure 5 . 1 :

 51 Figure 5.1: Theoretical energy scheme of an SiV center in diamond.

Figure 5 . 2 :

 52 Figure 5.2: Polarization of the fine spectral transitions of a) an ensemble of SiV centers at 4K and c) single SiV under a solid immersion lens at 18K. The four peaks correspond to the optical transitions A, B, C and D from left to right respectively [14].

Figure 5 . 3 :

 53 Figure 5.3: Comparison between the emission spectra of NV centers and SiV centers in nanodiamonds at room temperature [15].

(a) 70

 70 nm nanodiamonds spin-coated on substrate.(b) 100 nm nanodiamonds grown from seed particles.

Figure 5 . 4 :

 54 Figure 5.4: SEM images of CVD-grown nanodiamonds on Iridium substrates.

Fig. 5 .

 5 [START_REF] Martino | Quantum Statistics of Surface Plasmon Polaritons in Metallic Stripe Waveguides[END_REF] shows an example of a PL scan where bright spots (highlighted by the red circles) correspond to nanodiamonds that act as potential candidates for hosting SiV centers. Chapter 5 Plasmon-emitter Coupling with SiV Centers in Diamond (a) 100 nm nanodiamonds drop-coated on substrate. (b) 100 nm nanodiamonds spin-coated on substrate.

Figure 5 . 5 :

 55 Figure 5.5: SEM images of 100 nm CVD-grown nanodiamonds drop-coated on Iridium substrates.

Figure 5 . 6 :

 56 Figure 5.6: Optical images of 100 nm CVD-grown nanodiamonds spin-coated on Iridium substrates.

Figure 5 . 7 :Figure 5 . 8 :

 5758 Figure 5.7: Broad PL scan of a 50 × 50 µm area on a sample containing 100 nm CVD-grown nanodiamonds spin-coated on Iridium substrates. Red circles correspond to nanodiamonds that might contain SiV centers.

128 5. 3 Figure 5 . 9 :

 128359 Figure 5.9: PL spectra recorded for several nanodiamonds at room temperature.

Figure 5 . 10 :

 510 Figure 5.10: PL spectrum of a single SiV center in a highly strained 100 nm nanodiamond at T = 4.2 K.

( a )

 a Optical image of ring grating/nanoantenna structures (b) SEM image of a double bowtie nanoantenna in the center of a ring grating (c) SEM image of a double cavity with a double bowtie.

Figure 5 . 11 :

 511 Figure 5.11: Optical and SEM images of the ring grating/nanoantenna structures compatible for exciting SiV centers in nanodiamonds.

Figure 5 . 12 :

 512 Figure 5.12: Optical image of 100nm nanodiamonds spin coated on 10µm diameter gold ring gratings with nanoantennas in the center.

Figure 5 . 14 :

 514 Figure 5.14: PL spectrum of the gold substrate under a 532 nm laser excitation.
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 515516 Figure 5.15: Schematic of the pick and place technique.

134 5. 3

 1343 Integrating SiV Centers into Plasmonic Ring Grating/Nanoantenna Structures (a) Target ring grating/nanoantenna (b) 100 nm nanodiamonds on Iridium substrate (c) Nanodiamond stuck to the tip (d) Tip approaching the nanoantenna (e) Nanodiamond in the nanoantenna gap

Figure 5 . 17 :Figure 5 . 18 :

 517518 Figure 5.17: Pick and Place technique for nanodiamond manipulation 135

( a )

 a FDTD simulation results of the electromagnetic intensity in the gap of a double bowtie nanoantenna as a function of wavelength. (b) Convoluted spectrum of the experimentally obtained PL spectrum of the nanodiamond outside the nanoantenna and the FDTD simulation results of Fig. 5.19a.

Figure 5 . 19 :

 519 Figure 5.19: Effect of the resonance of the nanoantenna on the PL spectrum of the nanodiamond.

( a )

 a Schematic of an array of diamond bullseye gratings with single NV centers[START_REF] Li | Efficient Photon Collection from a Nitrogen Vacancy Center in a Circular Bullseye Grating[END_REF].(b) PL spectrum of a single SiV center in bulk diamondsurrounded by a bullseye grating at room temperature.

Figure 5 . 20 :

 520 Figure 5.20: Color centers in bulk diamond surrounded by a bullseye gratings.

Figure 7 . 1 :

 71 Figure 7.1: Représentation des résultats d'augmentation de la fluorescence de molécules dans le gap des nanoantennes d'or de Kinkhabwala et al. [2]. a) Schéma des molécules réparties au hasard sur une antenne noeud papillon unique. b) Image MEB d'une antenne noeud papillon unique. Barre d'échelle = 100 nm. c) Simulation de l'amélioration d'intensité du champ électrique. d) Facteur d'amélioration de fluorescence en fonction de la taille du gap du noeud papillon.

Figure 7 . 2 :

 72 Figure 7.2: Ouverture dans le centre d'anneaux concentriques troués pour un grand confinement du champ électrique. a) Image MEB d'une lentille plasmonique avec anneaux concentriques et une bague réflectrice extérieure avec une ouverture dans le centre (à gauche), la simulation de l'intensité du champ montrant le fort confinement dans le centre (à droite). b) Graphique montrant la relation de dispersion des plasmons polaritons de surface, montrant le système de focalisation progressive comportant le couplage entre les SPP et les LSP [6].

Figure 7 . 3 :

 73 Figure 7.3: Centre NV unique dans un nanodiamant placé entre deux nanoparticules conduisant à une émission amplifiée. a) Images AFM d'un nanodiamant unique, près d'une nanoparticule d'or, et au milieu de deux nanoparticules (de gauche à droite, respectivement). b) Mesures de temps de vie du nanodiamant unique (noir), pour les configurations de l'image A (bleu) et B (rouge). c) Fonction de corrélation du second ordre pour le nanodiamant unique (noir) et pour les configurations de l'image A (bleu) et B (rouge) [8].
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  est la partie réelle du vecteur d'onde, ω est la fréquence angulaire, et ε d et ε m sont respectivement les constantes diélectriques du milieu diélectrique et du métal.

. 4 )

 4 où k = 2π/λ est le vecteur d'onde du faisceau incident, k g = 2π/Λ est le vecteur d'onde effectif du réseau, et m est un entier représentant l'ordre de diffraction. Pour qu'un couplage efficace prenne place, le faisceau incident doit être polarisé

Figure 7 . 4 :

 74 Figure 7.4: Schéma du réseau de couplage de la lumière incidente pour générer des SPP.

Figure 7 . 5 :Figure 7 . 6 :

 7576 Figure 7.5: Schéma de la structure d'un réseau annulaire éclairé par un faisceau incident avec un angle θ. La propagation des SPP est montrée le long du diamètre de l'anneau.

Figure 7 . 7 :

 77 Figure 7.7: Puissance de sortie en fonction du diamètre de l'anneau mesuré expérimentalement.

Figure 7 . 8 :

 78 Figure 7.8: Puissance de sortie en fonction de la polarisation incidente: expérience et simulation.

Figure 7 . 9 :

 79 Figure 7.9: Spectre de photoluminescence des molécules de colorant Atto-633 excitées par les SPP générés par le réseau, avec une vue de dessus de l'intensité optique émise; λ ex = 633 nm.

Figure 7 . 10 :

 710 Figure 7.10: Spectres de photoluminescence d'un point lumineux sur l'anneau provoquée par des SPP générés par l'excitation des molécules de colorant Atto-633 directement par le laser; λ ex = 633 nm. Encadré: vue de dessus de l'intensité optique émise.

(

  a) V ariable = d, L = 900 nm, s = 30 nm (b) V ariable = s, L = 900 nm, d = 30 nm (c) V ariable = L, d = 30 nm, s = 30 nm (d) V ariable = type du matériau, L = 900 nm, s = 30 nm, d = 30 nm (e) V ariable = rayon de courbure, L = 900 nm, s = 30 nm, d = 30 nm (f) V ariable = rayon de courbure, L = 900 nm, s = 30 nm, d = 60 nm

Figure 7 . 11 :

 711 Figure 7.11: Intensité du champ électrique dans le gap d'une nanoantenne noeud papillon double en fonction de la longueur d'onde pour les variables suivantes: a) taille du gap b) épaisseur c) largeur d) type du matériau e) rayon de courbure de la pointe des triangles avec un gap de 30 nm f) rayon de courbure de la pointe des triangles avec un gap de 60 nm.

Figure 7 . 12 :

 712 Figure 7.12: Comparaison entre l'intensité du champ électrique en fonction de la longueur d'onde dans le gap d'une nanoantenne noeud papillon unique et double (L = 900 nm, s = 30 nm, d = 30 nm).

Figure 7 .

 7 Figure 7.13: a) Schéma d'une nanoantenne intégrée dans le centre d'un réseau de diffraction annulaire, b) L'intensité de champ électrique en fonction de la position suivant l'axe x (avec y à la position de la pointe du nanoprism), pour des réseaux annulaires avec un nanoprsim, une nanoantenne noeud papillon unique, et une nanoantenne double placées au centre.

Figure 7 . 14 :

 714 Figure 7.14: a) Schéma d'une cavité double avec un réseau annulaire et une nanoantenne, b) Intensité du champ électrique en fonction de la position suivant l'axe x (avec y à la position du gap de la nanoantenne), pour des nanoantennes uniques et double isolées et dans des cavités doubles.

Figure 7 . 15 :

 715 Figure 7.15: Images optiques et MEB pour des nanoantennes au milieu de réseaux annulaires.

Figure 7 . 16 :

 716 Figure 7.16: Spectres de PL des molécules de colorant Atto-633 à la pointe des nanoprisms dans des réseaux annulaires avec des diamètres de 5 µm, 10 µm, 20 µm et 30 µm.

Figure 7 . 17 :

 717 Figure 7.17: Spectres de PL des molécules de colorant Atto-633 mesurés à la pointe, au coin, au côté, et au centre du nanoprism.

Figure 7 . 18 :

 718 Figure 7.18: Spectres de PL (a) et mesures de temps de vie (b) pour des molécules placées dans l'espace libre, sur une pointe de nanoprisme, et dans le gap des nanoantennes noeud papillon simples et doubles.

Figure 7 . 19 :Figure 7 . 20 :

 719720 Figure 7.19: Images optiques et MEB pour des nanoantennes isolées et dans des cavités doubles.

  Par exemple, pour le noeud papillon double au centre d'un anneau, on a τ 0 /τ = 1, 54 et I/I 0 = 13, 73. Cela nous donne:Iexc I exc,0 • Γr Γ r,0 • C coll C coll,0 =21, 14. En revanche, pour une cavité double avec un noeud papillon double, on a τ 0 /τ = 1, 47 et I/I 0 = 31, 15. Cela nous donne: Iexc I exc,0 • Γr Γ r,0 • C coll C coll,0 = 45, 79. Depuis les résultats de simulations FDTD, nous savons que l'intensité du champ électrique dans le creux d'une cavité avec un noeud papillon double est 2,8 fois plus importante que celle du noeud papillon double dans le centre d'un anneau.

Figure 7 . 21 :

 721 Figure 7.21: La technique "pick and place" pour la manipulation des nanodiamants. a) Images MEB d'une pointe AFM avec un nanodiamant qui approche d'une nanoantenne noeud papillon (à gauche) et d'un nanodiamant placé dans le gap de la nanoantenne (à droite). b) Spectres PL du nanodiamant sans (à gauche) et avec la nanoantenne (à droite).

D

  'autre coté, le projet de couplage des centres SiV dans les structures plasmoniques nécessite une campagne d'expériences pour préciser les résultats obtenus et optimiser l'amélioration de la photoluminescence. Vers l'optique intégrée à l'échelle nanométrique: couplage plasmon-émetteur dans des structures plasmoniques L'objectif de ce travail de thèse est d'étudier le couplage plasmon-émetteur dans des structures plasmoniques hybrides, visant à renforcer l'interaction lumière-matière à l'échelle nanométrique. Contrairement aux cavités optiques dont le volume de modes est limité par la diffraction, les cavités plasmoniques offrent un unique avantage d'efficacité du confinement sub-longueur d'onde. Cela peut conduire à l'accroissement de la fluorescence des émetteurs placés dans leur voisinage. Pour cela, nous proposons comme dispositif de focalisation une structure intégrée d'un réseau annulaire avec des nanoantennes afin de garantir une meilleure efficacité. Ce dispositif bénéficie du couplage entre des plasmons polaritons de surface (SPP) qui se propagent à partir du réseau et des plasmons localisés de surface (LSP) localisés aux niveaux des nanoantennes afin de parvenir à une augmentation de champ plus élevée. Nous présentons une étude de caractérisation de la plate-forme plasmonique constitué du réseau de diffraction métallique annulaire, d'une nanoantenne en étoile, et la structure intégrée réseau/nanoantenne. Nous montrons comment cette structure peut conduire à une plus grande émission des molécules de colorants ainsi que de centre SiV du diamant. La combinaison du confinement sub-longueur d'onde des LSP et l'énergie élevé des SPP dans notre structure conduit à une focalisation précise qui peut être mis en oeuvre pour étudier le couplage plasmon-émetteur dans les régimes de couplage faibles et growing interest nowadays in the study of strong light-matter interaction at the nanoscale, specifically between plasmons and emitters. Researchers in the fields of plasmonics, nanooptics and nanophotonics are constantly exploring new ways to control and enhance surface plasmon launching, propagation, and localization. Moreover, emitters placed in the vicinity of metallic nanoantennas exhibit a fluorescence rate enhancement due to the increase in the electromagnetic field confinement. However, numerous applications such as optical electronics, nanofabrication and sensing devices require a very high optical resolution which is limited by the diffraction limit. Targeting this problem, we introduce a novel plasmonic structure consisting of nanoantennas integrated in the center of ring diffraction gratings. Propagating surface plasmon polaritons (SPPs) are generated by the ring grating and couple with localized surface plasmons (LSPs) at the nanoantennas exciting emitters placed in the gap. We provide a thorough characterization of the optical properties of the simple ring grating structure, the double bowtie nanoantenna, and the integrated ring grating/nanoantenna structure, and study the coupling with an ensemble of molecules as well as single SiV centers in diamond. The combination of the subwavelength confinement of LSPs and the high energy of SPPs in our structure leads to precise nanofocusing at the nanoscale, which can be implemented to study plasmon-emitter coupling in the weak and strong coupling regimes. Keywords: nanophotonics -quantum optics -integrated optics -plasmons (physics) -photoluminescence -nanoparticles -fluorescence.
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  4.18a and 4.18b where d is the gap size, s is the bowtie thickness, and L is the bowtie side length 4.3 Bowtie Nanoantenna Structure

Table 4 . 1 :

 41 Lifetime of Atto-633 dye molecules for the nanoantenna in the center of ring grating structure.

	Structure 1) Lifetime (ns)
	Outside structures	5.62
	Nanoprism	5.05
	Single bowtie	4.34
	Double bowtie	3.65
	4.4.3.2 Possibility of strong coupling regime	
	Let us now consider the strong coupling condition discussed in sec. 2.3.3. In plas-
	monic cavities, reaching the strong coupling regime is nontrivial and requires high

Table 4 . 2 :

 42 Lifetime of Atto-633 dye molecules for nanoantennas alone and inside the double cavity structure.

	Dyes location	τ 0 /τ I/I 0	Iexc I exc,0 • Γr Γ r0 • C coll C coll,0
	Single bowtie in ring grating	1.29 5.22	6.73
	Double bowtie in ring grating	1.54 13.73	21.14
	Double cavity with single bowtie 1.41 29.01	40.90
	Double cavity with double bowtie 1.47 31.15	45.79

Table 4 . 3 :

 43 Enhancement of the lifetime and PL intensity of Atto-633 dye molecules in the gap of bowties in the center of ring gratings and in the double cavities.

  O 6. 20 minutes in Piranha (sulfuric acid (H 2 SO 4 ) and hydrogen peroxide (H 2 O 2 ))

	5.3 Integrating SiV Centers into Plasmonic Ring Grating/Nanoantenna Structures
	3. 3 minutes in acetone
	4. 3 minutes in isopropanol
	5. 3 minutes in H 2
	1. 3 minutes in H 2 O + cleansing detergent
	2. 3 minutes in isopropanol
	124

1 Plasmons de surface localisés (LSP)

  Dans la première partie, nous présenterons les propriétés physiques des plasmons de surface localisés (LSP) et des plasmons polaritons de surface (SPP). Une explication des moyens d'excitation des SPP ainsi que leur confinement optique est ensuite présenté. Dans la deuxième section, nous décrivons les propriétés d'une source de photons uniques idéale et nous expliquons comment leur couplage avec des plasmons peut affecter leur émission spontanée dans un régime nommé "le régime de couplage faible". Puis, nous démontrons la possibilité d'atteindre "le régime de couplage fort" lorsque le couplage est suffisant pour surmonter les fortes pertes dans le système.Les plasmons de surface localisés sont également connus comme des plasmons de surface sur des nanoparticules métalliques, car ils sont le résultat d'oscillations résonnantes et stationnaires de la densité de charge de surface dans les limites de nanostructures métalliques[START_REF] Awada | Selective Excitation of Plasmon Resonances of Single Au Triangles by Polarization-Dependent Light Excitation[END_REF][START_REF] Deeb | Quantitative Analysis of Localized Surface Plasmons Based on Molecular Probing[END_REF]. En raison de leurs propriétés optiques importantes, les LSP sont connus par leur capacité à améliorer le confinement du champ électromagnétique qui a une grande importance dans de nombreuses applications allant de la microscopie nanométrique, détection moléculaire, fluorescence moléculaire, et photovoltaïque. On considère une nanoparticule métallique sphérique d'une taille de l'ordre de la profondeur de pénétration du champ électromagnétique (environ 25 nm pour des métaux dans la région visible et IR). Le rayonnement électromagnétique incident pousse les électrons à se déplacer dans la nanoparticule par rapport aux ions de réseau, formant ainsi des charges opposées sur des surfaces opposées. Ceci induit une force d'attraction entre les charges et une force de rappel. La fréquence de la lumière incidente doit correspondre à la fréquence des électrons de valence pour satisfaire la condition de résonance. Par conséquent, des particules métalliques agissent comme des antennes optiques qui convertissent l'énergie électromagnétique provenant du champ lointain en énergie localisée dans le champ proche.

	Chapter 7	Résumé en Français
	7.2.	
	Pour résumer, l'objectif de cette thèse est d'explorer ces régimes pour des émetteurs
	couplés à des structures plasmoniques.	

  Le cas inverse correspondant à la considération des émetteurs comme des générateurs SPP a également été étudié. Dans ce cas, la source laser externe est utilisée pour exciter les émetteurs directement dans le centre de l'anneau. Les SPP sont générés à partir de l'interaction entre les émetteurs et la surface d'or et se propagent du centre de l'anneau vers la circonférence. En raison de l'orientation et la distance aléatoires des molécules par rapport à la surface du métal, les SPP se propagent arbitrairement avec un angle incontrôlé par rapport au centre et se découplent dans le champ lointain après avoir atteint le réseau. Comme on le voit dans la Fig.7.10, certaines molécules ne sont pas placées exactement au centre de l'anneau. Ainsi, la circonférence n'est pas uniformément éclairée et plusieurs points lumineux sont observés. Les spectres de PL sont mesurés sur ces points afin de vérifier que la lumière observée correspond bien aux SPP générés par les molécules.

propageant le long du diamètre de l'anneau. Grace à la correspondance entre la longueur d'onde d'absorption des émetteurs et des SPP, les molécules seront efficacement excitées. Le spectre de PL est mesuré exclusivement à la position des colorants présentant une longueur d'onde d'émission de 656 nm, confirmant ainsi le succès de l'excitation (Fig.

7

.9).

+ (ω c -ω)[START_REF] Kinkhabwala | Large single-molecule fluorescence enhancements produced by a bowtie nanoantenna[END_REF] (2.[START_REF] Michalet | Detectors for single-molecule fluorescence imaging and spectroscopy[END_REF] where ω c is the available cavity mode frequency and ∆ω is the spectral width of the LDOS maximum at ω = ω c . Therefore, due to the increase in the LDOS caused by the cavity, the emitter's radiative decay rate is enhanced as well.Plugging Eq.2.28 into Eq.2.23, we obtain the modified decay rate of an emitter placed in a cavity[START_REF] Giannini | Plasmonic Nanoantennas: Fundamentals and Their Use in Controlling the Radiative Properties of Nanoemitters[END_REF]:

(a) (b)

Dans cette section, nous présentons les deux dispositifs plasmoniques qui sont à l'origine de la nano-focalisation et de l'amélioration des champs électromagnétiques à l'échelle nanométrique. Le premier dispositif consiste à intégrer une nanoantenne dans le centre d'un réseau de diffraction annulaire. Les SPP sont générés par le réseau et se couplent avec les LSP aux nanoantennes. Le deuxième dispositif se

Une couche homogène de molécules de colorant Atto-633 est répartie sur les structures, testés ensuite par le microscope confocal de micro-photoluminescence. Afin de mesurer la longueur de propagation des SPP dans nos structures, les spectres de PL sont enregistrés pour des molécules placées aux pointes des nanoprismes dans des anneaux de différents diamètres: 5 µm, 10 µm, 20 µm et 30 µm. Le laser est toujours placé face aux côtés des nanoprismes. A partir des résultats présentés dans

Acknowledgments

its center. Bright spots correspond to nanodiamonds that may potentially contain SiV centers.

In order to test the presence of SiV centers, PL spectra were measured on the corresponding bright spots. The first step was to measure the PL spectrum outside the rings to identify the fluorescence signal of the gold substrate. A PL spectrum under a 532 nm laser excitation is shown in Fig. 5.14. This excitation wavelength matches the energy of the interband transition between the d-bands and the conduction band in the first Brillouin zone of gold, leading to visible PL emission [START_REF] Mooradian | Photoluminescence of metals[END_REF][START_REF] Beversluis | Continuum generation from single gold nanostructures through near-field mediated intraband transitions[END_REF]. Consequently, PL spectra were measured on a big number of nanodiamonds which unfortunately did not show any particular peaks apart from the broad spectrum observed from the gold fluorescence. This could be due to the fact that, during preparation, the nanodiamonds were not heated in order to get oxidized and to remove the graphite and amorphous carbon present on the surface. Another reason might be that the gold fluorescence is very high which overcomes the emission of the SiV centers. This made us think of an alternative way for nanodiamond manipulation which is the "pick and place" technique. This technique allows us to transfer, with the help of nanomanipulators, a nanodiamond that was heated and well-prepared on a separate substrate (i.e. with good optical properties) to the sample containing the plasmonic structures (schematic in Fig. 5.15). Realization of this technique was done by Sarah Lindner and Christoph Pauly, PhD students at the Saarland University. A nanomanipulator with a tungsten tip (radius of curvature =100 nm sharpened by a focused ion beam, from the company Kleindiek Nanotechnik) is incorporated inside an SEM, as seen in Fig. 5.16. This allows us to visualize and manipulate the nanodiamonds at the same time.

The two samples; 100 nm nanodiamonds on Iridium substrate, and the gold ring
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