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Plasmonic cavities and optical nanosources
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Optical microcavities exhibit high resonance quality, so that, they are of key interest for the design of low-threshold lasers or for achieving strong coupling regime. But, such systems support modes whose the volume remain diffraction limited. In this manuscript, we are interested in their plasmonic counterparts because they support confined modes at the subwavelength scale. First, we study an in-plane plasmonic cavity which is the transposition of 1D optical cavity to surface wave. We characterize the cavity by measuring the fluorescence lifetime of dye molecules deposited inside. Then, we are interested in 3-dimension mode confinement achieved by spherical metal nanoparticles. We discuss on the definition of the mode volume used in cavity quantum electrodynamic and based on the calculation of energy confinement around the particle. We also simulate the fluorescence enhancement of rare-earth ions embedded inside core-shell plasmonic particles. Finally, we disturb the photodynamic emission of a single-photon source by putting the extremity of a plasmonic tip nearby the emitter.

Introduction

The control of fluorescence emission has been widely studied for decades for improving Lasers and light-emitting diode (LED). Such improvement is possible by coupling emissive materials to an optical cavity. This allows to enhance the spontaneous emission as well as increase its directionnality. Optical cavities confine the light thanks to mirrors. This increases the duration of interaction between the emissive materials and the optical modes since it propagates back-and-forth. Microtechnologies and nanotechnologies have paving the way for improving optical cavities for reducing lasing threshold. And, several research groups have found much wider applications. For example, an optical microcavity allows to control the photodynamic of a single photon emitter (as a dye molecule, a quantum dot or a nitrogen vacancy in nano-diamond...) which is key interest for application domains as quantum information.

The key parameters of cavities are their resonance quality and their ability to confine light (modal volume). Optical cavities typically exhibit high quality factors. Nevertheless, bulk-mode cavities are diffraction limited so that their modal volume cannot be below the wavelength scale. On the other hand, noble metal nanostructures have a weak quality factor due to their ohmic losses, but support surface plasmon that have the characteristic to be confined at the nanoscale.

In this thesis manuscript, we study the possibilities that are provided by plasmonic structures for controlling the spontaneous emission. In Chapter 1, we briefly review the key parameters depicting the cavity effects. Then, we introduce the properties of surface plasmon (SPP) supported by a flat metallic film or by metal nanoparticles. We present a brief state of the art of their applications for metal enhanced spectroscopy.

In Chapter 2, we study an in-plane plasmonic cavity that confines surface waves on a metal film (delocalized surface plasmon). We numerically and experimentally characterize the SPP mirror as well as control of spontaneous emission in a planar plasmonic cavity.

INTRODUCTION

able by coupling emitters with LSP modes. We first consider Rhodamine 6G dye molecules coupled to a metal particle, and then, the results obtained are compared to the case of rare-earth plasmonic core-shell particles.

Finally in Chapter 5, preliminary experiments are performed for modifying the emission of a single photon emitter by using a deterministic approach: we control a plasmonic tip in order to put it nearby the emitter. In particular, we measure the photodynamics of the emitter placed in the junction between the tip-end and a glass substrate.

Chapter 1 In this thesis, we investigate fluorescence modification and control near a plasmonic nanostructure. In addition to surface enhanced fluorescence description and measurement, we discuss of the analogy with cavity quantum electrodynamics description (Purcell factor). It is noteworthy that the original article of E. Purcell also discussed spontaneous emission near a micrometer metallic particle (see Fig. 1.1). We expect from this analogy to permit optimization of the light-matter interaction at the nanoscale. Original nanooptical devices would profit from this concept (plasmon nanolaser, nanooptical logical gates, sensing at the nanoscale,...).

Cavity and metal enhanced fluorescence

In this chapter, we describe briefly the main concepts involved in the cavity-emitter coupling (section 1.1) and surface enhanced spectroscopy (section 1.2).

Fluorescence control in optical microcavities

In 1946, E. Purcell proposed to decrease the relaxation time of a nuclear magnetic moment by coupling to a resonant electric circuit (see Fig. 1.1) [Purcell 1946]. More precisely, he demonstrated that the spontaneous emission (invert of the relaxation time) is governed by the quality factor (Q) and modal volume (V ) of the resonator.

The Purcell factor F p = γ/γ 0 ∝ Q/V quantifies the enhancement of the spontaneous emission rate γ compared to its free space value γ 0 . Oppositely, Yablonovitch proposed in 1987 to inhibit spontaneous emission in a photonic crystal since no mode is supported in the band gap [Yablonovitch 1987]. His work was notably motivated by elimination of unwanted spontaneous emission in semiconductor lasers or solar cells. He also discussed the possibility to improve laser emission by restricting the spontaneous emission to a chosen electromagnetic mode. This has opened the way to fluorescence control in optical microcavities with applications as bio-chemical sensing, photovoltaic systems, quantum cryptography, light nanosources... (for a review, see [Benson 2006] and [Bär 2010]).

Figure 1.1: Original article of E. Purcell discussing the modification of spontaneous emission of a (magnetic) dipole emitter coupled to a resonator. Reprinted excerpt with permission from E. M. Purcell, Physical Review 69, p.681, 1946. Copyright (1946) by the American Physical Society.

Purcell factor

Here, we propose a phenomenological derivation of the spontaneous decay rate modification by the cavity in order to grasp the main features of the Purcell factor.

The modification of the decay rate can be described either within classical Lorentz model of an oscillating dipole or within full quantum description with the Fermi's golden rule.

In both cases, this leads to the following expression for the rate modification in a cavity:

γ(r) γ 0 = ρ i (r, ω em ) ρ 0 i (ω em ) , (1.1)
where γ is the decay rate at position r in the cavity and γ 0 its free space value. ω em is the emission angular frequency. In this expression, ρ(r, ω em ) is the local density of states (LDOS) of the cavity at the emitter position r. ρ i is the partial LDOS (P-LDOS) according to the dipole orientation (i = x, y, z).

The free space LDOS is (units s • m -3 )

ρ 0 (ω em ) = ω 2 em π 2 c 3 , (1.2) 
when considering a specific orientation, the partial LDOS is ρ 0 i = ρ 0 /3. Finally, the LDOS is a key parameter to describe spontaneous emission in a cavity. For a lossless cavity, the LDOS ρ(r, ω) can be expressed as

ρ(r, ω) = n |E n (r, ω)| 2 δ(ω -ω n ), (1.3)
where E n is the normalized electric field related to n th mode at the resonance angular frequency ω n . For a given orientation i, the p-LDOS expresses

ρ i (r, ω) = n |E i n (r, ω)| 2 δ(ω -ω n ), (1.4)
where E i n is the field i th component of E n .

In the following, we phenomenologically describe the spectral and spatial shapes of the LDOS in order to propose a simple expression for the decay rate modification.

Spectral shape of the LDOS In case of a lossy cavity, the profile of the mode resonance is assumed to be Lorentzian. Therefore, the dirac function in Eq. 1.4 is replaced by the Lorentzian 1 :

L(ω) = 1 π Γ n /2 (ω -ω n ) 2 + Γ 2 n /4
, (1.5)

1 Since the dirac function obeys δ(ωω n ) = lim Γn→0 L(ω), we recover the lossless case Eq. 1.4 for an ideal cavity.

where τ n = 1/Γ n is the n th mode lifetime. Defining the resonance quality factor Q n = ω n τ n , we can rewrite

L(ω) = 2 Q n πω n 1 1 + 4 ( ω-ωn ωn ) 2 Q 2 n .
(1.6)

Spatial shape of the LDOS The electric field is normalized in a such way that

|E n | 2 dr = 1.
(1.7)

Therefore, E n can be defined as a function of the electric field associated to the n th mode E n :

E n = E n |E n | 2 dr .
(1.8)

Finally, we assume a dipole emitting at ω n and located at the n th mode antinode r n where the field is maximum [E n (r n ) = M ax(E n )]. This corresponds to the maximum emission rate,

γ n (r n , ω n ) γ 0 = 2 Q n π ω 0 |E i n (r n )| 2 |E n | 2 dr 3π 2 c 3 ω 2 0
(1.9) and γ n (r n , ω n )

γ 0 = 3 4π 2 Q n V n λ 3 n (1.10)
where we have used λ n = 2πc/ω n . We have also defined the mode effective volume

V n = |E n | 2 dr M ax(|E i n (r n )| 2 ) (1.11)
that characterizes the electric field confinement.

Mode volume expression

Mode confinement is usually defined thanks to energy confinement instead of the electric field confinement. This leads to

V n = 1 2 [ε 0 ε|E(r)| 2 + µ 0 µ|H(r)| 2 ]dr M ax[ε 0 ε|E| 2 ] .
(1.12)

In a non dispersive medium, the electric and magnetic energy are equal and the effective volume is expressed as a function of the electric field only. The case for a dispersive and absorbing medium is more difficult. In chapter 3, we will discuss the definition of the modal volume for a lossy mode, namely a localized plasmon.

Discussion

The Purcell factor leads to a simple description of light-matter interaction in a cavity. A very interesting point is that it describes the interaction as a function of the cavity mode properties only, independently of the emitter properties. In particular, the highest interaction is achieved for high Q n /V n ratio.

This leads to strong effort in order to improve the quality factor of optical microcavity. That is, an increase of the mode lifetime in order to maximize the duration of the interaction. As we will see, it is however at the price of large mode volume. Indeed, the mode volume is diffraction limited, that means that the effective volume V ef f ∼ (λ/n) 3 . On the contrary, we will demonstrate in this thesis that surface plasmon polarition (SPP) present modal volume below the diffraction limit paving the way towards light-matter interaction at the nanoscale.

Finally, a full treatment of the Purcell factor in a medium of optical index n 1 leads to

F p = γ n 1 γ 0 = 3 4π 2 λ n 1 3 Q n V n (1.13)
and is achieved under the following assumptions:

• γ refers to the coupling to a given mode of the cavity;

• The cavity mode is a bound mode (so that the mode volume can be defined);

• Emission occurs at the cavity resonance;

• The emitter is located at the mode anti-node and oriented along the field polarization;

Generalization of the Purcell factor definition in plasmonic cavities is a challenging task since

• SPP are oftently leaky;

• SPP modes are sustained by dispersive and absorbing medium for which energy definition needs some care;

• in the near field zone, of interest in this work, the electric-field is not linearly polarized so that the dipole moment is not aligned along the electric field.

We will discuss these points in details in chapter 3.

Coupling efficiency (β factor)

So far, we have considered the ideal case of the coupling between an emitter and an individual cavity mode. In reality, the emitter can couple to the other cavity modes, including leaky ones. The coupling efficiency into the mode of interest is the so-called β-factor:

β = γ n γ = γ n γ n + γ other . (1.14)
In case of single mode cavity, we distinguish the coupling rate to the cavity mode γ n = γ cav and leaky modes γ other = γ leak . In general, the leaky rate remains of the order of the initial radiative rate γ 0 so that β ≃ γ cav /(γ cav + γ 0 ) ≃ F p /(1 + F p ). A Purcell factor F p ∼ 10 corresponds to a coupling efficiency β ∼ 90%. In addition to high emission efficiency, high β-factor is also a key parameter to achieve low threshold laser [Yokoyama 1992]. The mode volume V m are in units of λ 3 . The characteristics are provided from the following references. Upper row: micropillar [Gérard 1998], microdisk [Gayral 1999], add/drop filter [Djordjev 2002[START_REF] Rabiei | [END_REF], photonic crystal cavity [START_REF] Srinivasan | [END_REF]]. Lower row: Fabry-Perot bulk optical cavity [Hood 2000, Buck 2003], microsphere [Vernooy 1998], microtoroid [Armani 2003], type II photonic crystal [Song 2005]. Adapted by permission from Macmillan Publishers Ltd: Nature (Ref. We report in table 1.1 the most recent performances. Optical cavities can enhance drastically the emission (F p > 100) thanks to their high quality factor 2 . Nevertheless, the resonance quality improvements are often achieved at the expense of the mode volume which is diffraction limited. Hence, light matter interaction at the nanoscale necessitates a different paradigm.

Optical microcavities

Plasmonic nanostructures, that could present strongly subwavelength mode volume are promising in this perspective. It is however at the price of bad quality factor due to important losses as we will discuss in details in the next chapters. [ Santori 2002] 40, 000 0.9(λ/n) 3 3, 500 [Srinivasan 2004] 650, 000 1.2(λ/n) 3 40, 000 [Song 2005] > 10 6

1.2(λ/n) 3 63, 000 [Tanabe 2007, Asano 2006] > 10 9

1.3(λ/n) 

Metal enhanced spectroscopies

In this section, we briefly summarize the properties of propagating and localized plasmons. We then present a brief state of the art of metal enhanced fluorescence. For a review, the reader is referred to [START_REF] Fort | Surface enhanced fluorescence[END_REF]]. 1.2.1 Surface plasmon polariton: description

Delocalized Surface Plasmon mode

A plasmon is a collective oscillation of a free electron gas coupled to an electromagnetic wave [Raether 1988]. Let us consider the simple case of an interface separating two semi-infinite media as illustrated in Figure 1.3. ε D and ε M (ω) are the dielectric functions of the dielectric and the metallic medium, respectively. The SPP mode results from coupling a Transverse Magnetic (TM) polarized wave (of wavenumber k 0 ) to a surface charge density.

The complex constant of propagation of the SPP is

kspp = ε D ε M (ω) ε D + ε M (ω) k 0 . (1.15)
The mode propagation constant is then k spp = Re( kspp ) whereas its propagation length is

L spp = 1 2 Im( kspp)
. In the visible and near-infrared, L spp ranges from few to tens of µm. Note that the mode penetration depth in air is rather low δ ∼ 100 nm due to the high k spp value. This transverse confinement is notably at the origin of surface plasmon resonance (SPR) to improve sensing sensibility. 

Localized Surface Plasmon

Let us consider an incident wave illuminating a metal nanoparticle. The electric field induces oscillations of the free electron cloud of the metal (Figure 1.4a). Such mode is called Localized Surface Plasmon Polariton (LSP). The main property of this mode is to be confined at the sub-wavelength scale. This feature involves also a strong enhancement of the field which is scattered by the particle, as depicted on Figure 1.4b: a huge density of electric field intensity occurs near the metal surface.

Hence, MNPs are able to convert propagating modes (far field) into a near field mode. That is the reason why such systems are exploited as nanooptical antenna [Bharadwaj 2009].

It is possible to describe the main optical properties of LSP by considering spherical MNPs within the quasi-static approximation. For sphere radius R negligible with respect to the incident wavelength λ 0 , the n th mode polarisability writes

α n = n(ε M -ε B ) (n + 1)ε B + nε M R 2n+1 .
(1.16) ε M and ε B are the dielectric function of the metallic sphere and the background medium respectively. The n th order polarisability characterizes the optical response of the sphere to an external excitation. In presence of an electric field, the MNP is polarised so that it supports an induced dipole p = 4πε 0 ε B α 1 E 0 and, if the incident field varies on the particle dimension, quadrupolar (n = 2) or higher mode that obeys

p (n) = 4πε 0 (2n -1)!! α n ∇ n-1 E 0 .
(1.17)

Chapter 1. Cavity and metal enhanced fluorescence

The mode resonance occurs at the pole of α n that is:

Re {ε M (λ n )} = - n + 1 n ε B . (1.18)
As depicted in Figure 1.5, the higher the order n is, the higher the resonance frequency is, with strong accumulation of high order modes in a limited spectral range. 

Fluorescence near a metallic film

In 1970, K.H. Drexhage reported the coupling between a metallic mirror and an emissive layer [Drexhage 1970]. His results showed influences of the mirror on the fluorescence lifetime at micrometer scale distances. He observed also that emission lifetime decreased dramatically at a close proximity (nanoscale) to the flat metal surface due to non-radiative energy transfer to the metal film [Barnes 1998, Worthing 2001, Moal 2007, Lakowicz 2004].

Fluorescence enhancement near a flat metal film The emission lifetime decrease of an emitter at a close proximity to a metal surface is mainly due to huge absorption by the metal, that leads to fluorescence quenching. Nevertheless, figure 1.6 shows that emission is enhanced at specific distances from the metal surface. This is of great interest for e.g. improving DNA chip [Le Moal 2009] or biosensing [Moal 2007].

Fluorescence enhancement is mainly due to the enhancement of the excitation field [START_REF] Fort | Surface enhanced fluorescence[END_REF]]. Additionally, it has been demonstrated that the proximity of metal surface can reduce the blinking of the fluorescence emission [Stefani 2007]. Surface plasmon coupled emission Figure 1.7b depicts the angular resonance θ SP of surface plasmon supported by a flat metal film (black dotted curve). The curve is acquired using the Kretschmann-Raether set-up shown in Fig. 1.7a. Reciprocally, surface plasmon can also be excited by emitting fluorescent materials placed above the film. Lakowicz and coworkers pointed out in 2004 the directionality of surface plasmon coupled emission (SPCE) [Lakowicz 2004, Gryczynski 2004a, Gryczynski 2004b]. It is illustrated by the solid line on Fig. 1.7b which corresponds to leakage radiation of the excited SPP. SPCE allows direct and easy characterization of the propagating plasmon since it is measured in the k-space (propagation constant) [Grandidier 2010[START_REF] Drezet | Leakage radiation microscopy of surface plasmon polaritons[END_REF]]. We will use in chapter 2, SPCE microscopy to characterize a plasmonic mirror.

Surface enhanced spectroscopies

The coupling between an emitter and a plasmonic structure could lead to strong increase of the excitation field and of the emission rate. This leads to enhance the fluorescence signal with applications ranging from sensing to single photon source improvement. We briefly introduce the main achievement for surface enhanced spectroscopies. 

Surface Enhanced Raman

Metal enhanced fluorescence

The figure 1.9 represents the emission rate of a single dye molecule coupled to a single gold nanoparticle (GNP) [Anger 2006, 1.2. Metal enhanced spectroscopies Kühn 2006]. We observe a typical quenching for small separation distance due to non radiative energy transfer from the excited molecule to the MNP. It is in competition with the field enhancement near the particle surface so that a maximum fluorescence enhancement occurs for d ≈ 5 nm. This demonstrates the capability to control single molecule emission [Girard 1995, Colas des Francs 2008, Eghlidi 2009, Rolly 2011, Busson 2012a].

Figure 1.9: Fluorescence intensity as a function of the distance between a dye molecule and a gold nanoparticle. Reprinted figure with permission from P. Anger et al., Physical Review Letter 96, 113002, 2006. Copyright (2006) by the American Physical Society.

Single Photon source emission Since single molecule emission can be controlled by coupling to a nearby MNP, several groups investigate the possibility to accelerate single photon source [Akimov 2007, Schietinger 2009[START_REF] Celebrano | Efficient coupling of single photons to single plasmons[END_REF], Marty 2010, Busson 2012b]. As an example, Fig. 1.10 describes a recent work done in the group of Schietinger.

A Nitrogen-Vacancy (NV) in a nanodiamond is used as the color center. The fluorescence intensity decay presented in 1.10(d) shows that the emitter exhibits a fluorescence lifetime that decreases by coupling to the MNP.

The Figure 1.10(e,f) are second order auto correlation functions g 2 (∆t) where ∆t is the lag time between two consecutive photon events. g 2 (∆t) describes the probability to emit a second photon at time ∆t after a first emission. At zero lag time g 2 (0) = 1 -1/N < 0.5 which means there is N = 1 emitter inside the diamond. The reduction of the dip width demonstrates an acceleration of the single photon emission. Surface Plasmon laser One of the most challenging applications of LSPs is the design of a SPASER (surface plasmon amplification by stimulated emission of radiation) or plasmon nanolaser [START_REF] Bergman | [END_REF]]. In this system (Fig. 1.11), the laser optical cavity feedback is replaced by a plasmonic nanoparticle [START_REF] Noginov | Demonstration of a spaser-based nanolaser[END_REF], Garcia-Vidal 2009, Stockman 2010]. The metal core is surrounded by a gain medium (the dielectric shell is doped with fluorescent molecules). When the gain compensates the SPP losses, the system behaves as a coherent optical nanosources [Protsenko 2005[START_REF] Noginov | Demonstration of a spaser-based nanolaser[END_REF][START_REF] Lu | [END_REF]].

Conclusion

Optical microcavities provide high quality factors so that they can reach high Purcell factors. On the other hand, their plasmonic counterparts provide a subwavelength mode volume for achieving high Purcell factors. Surface plasmons are strongly confined modes so that a simple flat film enables fluorescence enhancement.

In the following chapters, we discuss the characteristics of two kinds of plasmonic structures for fluorescence enhancement. The first is a direct transposition of 1D photonic crystal concept to surface plasmon. The second structure is a metal nanoparticle which naturally supports localized surface plasmons, extending the concept of plasmonic cavity to open systems. Optical microcavities support strongly confined modes into which the spontaneous emission of a quantum emitter is mainly redirected. Optical microcavities rely on 3D-confinement of bulk modes to improve light-matter interaction [Vahala 2003]. However, this necessitates to realize for instance complex 3D photonic band gap crystal and leads to challenging nanofabrication processes. Furthermore, as reported in Chapter 1, the mode confinement is diffraction limited. Another possibility is to confine surface waves such as surface plasmon polariton (SPP).

Delocalized surface plasmons are naturally confined at the metal surface so that a planar constraint is sufficient to achieve full 3D mode confinement. In this context, we are interested in planar plasmonic cavities since it is a direct transposition of Fabry-Perot optical microcavities to surface waves.

The studied in-plane plasmonic cavity consists of two SPP distributed Bragg reflectors (DBR) deposited on a flat metal film [Descrovi 2005, Weeber 2007b, Weeber 2007a, Wang 2008, Gong 2009].

The SPP confinement in a planar cavity has been demonstrated by near-field optical microscopy [Weeber 2007b, Weeber 2007a, Wang 2008], and cathodoluminescence [START_REF] Kuttge | Fabry-Pérot resonators for surface plasmon polaritons probed by cathodoluminescence[END_REF]]. In addition, the capabilities of SPP cavities for improving solid state Chapter 2. Single molecule fluorescence control in in-plane plasmonic cavity optical sources has been demonstrated [Winter 2008, Gong 2009].

In this chapter, we are interested in the control of single emitter fluorescence in a coplanar plasmonic cavity. To this aim, we first discuss in section 2.1 the effect of a single SPP Bragg reflector on the propagation of a locally excited plasmon. We notably characterize the efficiency of the mirror at the emission wavelength.

In section 2.2, we numerically and experimentally investigate fluorescence decay rate of dye molecules randomly dispersed within a SPP cavity. We measure their fluorescence lifetime as a function of the cavity size and the molecule position inside the cavity. We show that the dye photodynamic is governed by the surface modes confined in the plasmonic cavity, in direct analogy with the emission control obtained by the confinement of bulk mode in one-dimensional (1D) Fabry-Perot cavity.

2.1 Surface plasmon coupled emission near a distributed SPP Bragg reflector (DBR)

2.1.1 Surface plasmon coupled emission of fluorescent nanobeads Then 50 nm of gold were thermally evaporated to form the ridges. Once polymer resist (PMMA) was lifted off, an additional gold film is deposited onto the gold grating. As a result, the SPP Bragg mirror consists of six gold lines grating (period Λ, width W = 90 nm and height h = 50 nm) above a 50 nm thick gold film. We spin-coated an aqueous suspension of fluorescent polystyrene (PS) particles (F S02F, BangLaboratories, Inc, mean diameter 60 nm) onto the sample. The nanobeads have an emission wavelength λ em = 690 nm (see the spectrum in the inset of Fig. 2.1).

We first imaged the randomly deposited nanoparticles by confocal scanning microscopy with a high numerical aperture (N A = 1.49, 100×, oil immersion objective) in order to locate fluorescent beads of interest. SPCE is then analyzed by leakage radiation microscopy (LRM) in the Fourier plane as described in Ref. [Grandidier 2010].

For a fluorescent bead located on a bare gold surface, the SPCE is displayed in Fig. 2.2(a). It shows a well-defined effective index n SP P = k SP P /k 0 = 1.03 ± 0.01, in agreement with the calculated one (n SP P = k SP P /k 0 = 1.034). This first result indicates that the fluorescent bead constituted of randomly oriented dye molecules acts as a local isotropic SPP source convenient for investigating the properties of the Bragg mirrors. The recorded signal is different when the bead is located in front of the Bragg mirror as shown in Fig. 2.2(b). Indeed, SPP wavevectors oriented towards the mirror are suppressed whereas the addition of the direct and reflected SPP waves leads to a brighter lobe in the opposite direction. We confirm that this SPCE distribution originates from reflection on the mirror with the simple model illustrated on Fig. To this aim, the isotropic SPCE from the fluorescent nanobead is described by a transverse magnetic (TM) field

H(ρ) = H 0 e ik SP P ρ e -ρ/2L SP P / √ ρ e θ (2.1)
where L SP P = 10.5 µm is the SPP propagation length calculated at λ = 690 nm. The plane mirror is modeled considering a secondary source, at the position ρ S symmetric of the primary source with respect to the mirror plane. We assume an average reflection coefficient [González 2006] r = 0.2. The reflected field expresses H r (ρ) = r H 0 e ik SP P R S e -R S /2L This confirms that the plasmonic mirror efficiently reflects the SPP launched by the fluorescent nanobead. Fourier-plane imaging also reveals that the mirror is efficient for incident angle φ ≤ 40 • (see the dark angular sector zone A in Fig. 2.2b), in agreement with a previous study [START_REF] Gonzàlez | Analysis of the angular acceptance of surface plasmon Bragg mirrors[END_REF]].

Mirror efficiency

We now investigate the effect of the grating period Λ. We also consider a perfect mirror (r = 1) to clearly see the interference oscillations.

for a SPP propagating at normal incidence. For incident angle φ on the mirror, the optimal Bragg mirror period should be [González 2006]

Λ = λ SP P 2 cos(φ) , (2.3)
that varies from Λ(φ = ±40 • ) = 435 nm to Λ(φ = 0) = 333 nm. However for an incident angle φ = 0, the amplitude of the wave impinging on the mirror decreases as e -d/[cos(φ)L SP P ] so that the main contribution to the reflected signal originates 2.1. Surface plasmon coupled emission near a distributed SPP Bragg reflector (DBR) 25 from normal incidence.

We also plot in fig. 2.4(b) the A/B ratio as a function of the bead distance to the mirror. We observe that the extinction ratio decreases with the distance due to the finite SPP propagation length. The ratio A/B does not significantly change for distances d ≤ 5 µm between the bead and the grating, justifying that Fig. 2.4(a) is a measure of the mirror efficiency.

We plot in Fig. 2.4(b) the ratio A/B calculated using the simple model described above and achieve a good agreement with the measured data. We also consider a perfect mirror to clearly see the signal modulation. We check that the period of the small oscillations is λ SP P /2 = 333 nm, due to interference between the forward and backward SPPs. We observe a large dispersion of the measured ratio A/B in Figs. 2.4(a) and 2.4(b) that may be explained by scattering on the gold ridges that is not taken into account in our simple model. The interference signature is also visible by close inspection of the image in the Fourier plane as observed in Fig. 2.5. Indeed, the optical path between the source and the mirror expresses l = d/cos(φ), so that it depends on the propagation direction (i.e. angle φ). This reveals the spatial coherence of the localized nanosource. plane wave TM polarised with a plane of incidence perpendicular to the lines of the grating, the reflectivity reveals a broad band gap. The emission peak of our beads is located within this band gap, close to the upper band edge of the plasmonic Bloch mode sustained by the Bragg mirror. Indeed, the bandgap width is ∆E ≈ 0.27 eV corresponding to free space wavelength range 675 nm ≤ λ ≤ 790 nm. This covers the emission spectra of the fluorescent nanobeads (centered at λ em = 690 nm and with a full width at half maximum F W HM ≈ 35 nm [Ban ], see top inset in Fig. 2.1). Next, we compute the isofrequency reflectivity map of the infinitely extended Bragg mirror at the free space wavelength λ em = 690 nm (see Fig. 2.6(b)) using the differential method [Weeber 2007b]. We observe an acceptance angle of φ ≤ 30 • in reasonable agreement with φ ≤ 40 • obtained for the six ridges used experimentally. This demonstrates that the large bandwidth of plasmonic Bragg mirrors is adapted to control emission at room temperature. Relying on these results, we have designed in-plane cavities discussed in the next section.

In-plane SPP cavity

Decay rate and relaxation channels

Let us now consider an in-plane SPP cavity opened between two plasmonic Bragg mirrors. In this part, we numerically investigate the fluorescence decay rate of single molecules placed in the plasmonic cavity, before the experimental measurements discussed in the next section. We selected high quantum efficiency dye molecules emitting at λ em = 670 nm, close to the regime studied in the previous section.

The SPP effective index of a glass/gold (50 nm)/air slab is n SP P = 1.037 at this wavelength. The distributed Bragg mirror period is therefore fixed at Λ = λ em /(2n SP P ) ≈ 320 nm. It consists of six 50 nm × 50 nm gold ridges. The fluorescence decay of a dipolar emitter located inside the cavity is calculated with the formalism explained in Ref. [START_REF] Barthes | Purcell factor for a point-like dipolar emitter coupling to a 2Dplasmonic waveguide[END_REF]]. For simplicity, the emitter is located at the cavity center, 25 nm above the gold film.

Figure 2.7: a) Power dissipated by a dipolar emitter inside the plasmonic cavity, as a function of cavity length L cav and in plane wavevector along the cavity axis k y /k 0 . The glass/gold/air slab contribution is subtracted to characterize the cavity effect. Inset: Decay rate as a function of the cavity length obtained by integrating the dissipated power over all the k y /k 0 spectrum range (including the glass/gold/air slab contribution). b) Same as a) for a 1D gold/air/gold cavity. The dipolar emitter is located at the cavity center and parallel to the mirror walls. The 1D cavity modes are indicated on the dispersion curve. SP P a and SP P b (see Fig. 2.8b) are gap plasmons resulting from the coupling between the gold/air SPP supported by the two mirrors (note that the photonic guided T M 0 mode continuously evolves to the gap plasmon SP P a when the cavity size increases) [START_REF] Feigenbaum | [END_REF]].

To this aim, we first calculate the power P (k y ) dissipated by a dipolar emitter as a function of the in-plane wavevector k y along the invariant axis, as shown in Fig. 2.7 for a vertical dipole and in Fig. 2.8 for a horizontal dipole. These calculations are performed by numerically evaluating the 2D-Green's dyad associated to the cavity [Lévêque 2006, Colas des Francs 2009b[START_REF] Barthes | Purcell factor for a point-like dipolar emitter coupling to a 2Dplasmonic waveguide[END_REF], Marty 2012]. In order to focus on the role of the cavity on the emission process, we subtracted the glass/gold/air slab contribution (no grating). For a given cavity size L cav , the main contribution to the dissipated power appears at a given wavevector k y , associated to a cavity mode. Thus the dissipated power is strongly increased by coupling to the cavity modes, as expected. The total decay rate at the center of the cavity is then computed by integrating the dissipated power over the whole wavevector spectrum for each cavity size (see the insets of Figs. 2.7(a) and 2.8(a). Recalling that SPP wavelength is λ SP P = λ em /n SP P = 645 nm, we observe that the fluorescence decay rate increases for cavity length in close proximity of odd multiples of λ SP P /2. Precisely, following Ref. [Weeber 2007b], the dispersion relation of the cavity opened between two Bragg mirrors is better described as a function of the parameter δ = L cav -Λ + W representing the excess of size of the cavity as compared to the mirror period. We check that new cavity modes appear for δ ≈ (2k + 1)λ SP P /4 with k = 1, 2, ..., as expected.

It is interesting to compare the behaviour of the in-plane plasmonic cavity to a 1D metal/insulator/metal cavity [Worthing 2001, Steiner 2008, Hoogenboom 2009], as presented on Fig. 2.7(b). We observe strong similarities since plasmonic cavity confines a surface wave in direct analogy with 1D optical microcavity that confines a bulk wave. The difference is that the SPP is naturally confined near the metal surface, whereas the 1D modes are delocalized along two directions.

The largest emission rate enhancement is observed for a dipolar emitter oriented parallel to the mirrors (Fig. 2.7). In case of SPP cavity , it also corresponds to an orientation perpendicular to the slab surface, in agreement with the SPP polarization . Emission enhancement occurs due to the emission coupling to even cavity modes, namely T M 0 /T E 0 and T M 2 /T E 2 in 1D cavity [Worthing 2001, Hoogenboom 2009] and their plasmonic counterparts in the planar cavity. These modes present an antinode at the cavity center so that they are efficiently excited by the dipolar emitter. Note that only one polarization is allowed in the SPP cavity since it confines the polarised SPP sustained by the substrate/gold/air slab (TM polarised with respect to the slab orientation, that is E z electric field corresponding to TE mode of the 1D cavity).

A dipolar emitter oriented perpendicular to the mirrors couples weakly to odd cavity modes so that it results in a weak modification of its decay rate, except for small cavity sizes (Fig. 2.8). Although we observe similar behaviours at short cavity length for a dipole coupled to 1D and planar cavities, it comes from different processes (Fig. 2.8a and b). In a 1D cavity, the coupling originates from a large transfer to the non radiative gap plasmon SP P b leading to a fluorescence quenching. Differently, we observe a strong power dissipation spanning a large wavevector range in the plasmonic case (Fig. 2.8a). This indicates an efficient scattering of the plasmon field by the ridges leading to an increase of the radiative rate. Note that this occurs around 0.6 ≤ k y /k 0 ≤ 1 corresponding to the angular range for which the reflectors are inefficient as seen in Fig. 2.5(b). The peak near L cav ≈ 270 nm (corresponding to full grating condition δ = 0) and k y /k 0 = 0.6 is related to the particular point in Fig. 2.5(b) below which no Bloch mode is supported. Last, we observe a very weak decay rate modification in the SPP cavity for a dipolar emitter oriented along the y-axis (not shown).

Single molecule fluorescence lifetime imaging

Figure 2.9 depicts the setup utilized for scanning confocal fluorescence lifetime imaging (confocal FLIM) of single molecules spread into a plasmonic cavity. Dye molecules (DiD, Invitrogen, λ em = 670 nm) were dispersed in a polymethylmethacrylate (PMMA, toluene solvent) solution at a nanomolar concentration in order to obtain approximatively less than one molecule per µm 2 on the sample. A 35 nm thick dye-doped PMMA film is spin-coated on the plasmonic cavity. Prior to the dye-doped polymer matrix, a 30 nm thick SiO 2 film was deposited by plasma sputtering. This spacer avoids fluorescence quenching near the gold film. Each distributed Bragg mirror consists of six gold ridges (width W = 140 nm, height h = 50 nm) periodically separated by Λ = 250 nm. This period was taken as the half SPP wavelength of the glass/gold(50 nm)/SiO 2 (30 nm)/PMMA(35 nm)/air multilayer system (n SP P = 1.27, λ SP P = 526 nm at the emission wavelength λ em = 670 nm).

Single molecule detection is performed using the same home-built scanning confocal microscope described in the first section. We added a λ/4 wave-plate in order histogram is measured to 450 ps and defines the lower limit for lifetime measurement.

Overall, we have measured the fluorescence lifetime of 137 molecules randomly spread into plasmonic cavities with length ranging from 200 nm to 1.4 µm. Since the gold photoluminescence renders difficult the measurement of the lifetime, we cross-check our measurements using a polar representation (see Fig. 2.10b). In this representation, each point is defined by its (u,v) coordinates which are the cosine and sine transforms of the fluorescence intensity decay [START_REF] Leray | [END_REF]]. Single exponential decay are located on the semi-circle with long lifetime on the left and short lifetime on the right of the circle. In case of bi-exponential behavior, as here, each measure is represented by a point inside the semi-circle. By plotting a

Chapter 2. Single molecule fluorescence control in in-plane plasmonic cavity line that joins the experimental measure and short lifetime, we can estimate the long fluorescence lifetime and the respective contribution of each component. This method avoids any fitting procedure and leads to robust evaluation of the lifetimes.

In the present case, we observe an important contribution of the short lifetimes but we also confirm the value achieved using a standard fitting procedure with fluorescence lifetime ranging from 0.7 ns to 3 ns. Note that the polar representation and fitting procedure are independant methods. Finally, we estimate the errors on the measured fluorescence lifetime to 200 ps.

The photodynamic of individual dye molecules located into a planar cavity depends on several parameters; namely their orientation, position (distance to the mirror but also altitude), and the length of the cavity. In the following, we try to identify the main trends. To this purpose, we compare the measured lifetime to numerical simulations. For the numerical simulations, we considered two distributed Bragg mirrors made of 6 gold ridges (W = h = 50 nm, Λ = 250 nm) deposited on a 50 nm thick gold film and supported on a glass substrate. The main difference is related to the multilayer system used in the simulation. In order to keep the computing time reasonable, we consider three layers, namely glass/gold(50 nm)/effective medium where the effective medium has an optical index fixed to n above = 1.2 since it leads to a similar SPP effective index n SP P = 1.27 than the glass/gold/SiO 2 /PMMA/air multilayer system. The SPP propagation length is however underestimated using this effective medium (L spp = 1.9 µm instead of L spp = 5 µm). In first approximation, this difference can be safely disregarded since we demonstrate recently that the surface plasmon coupled emission rate does not depend on the propagation length [START_REF] Barthes | Purcell factor for a point-like dipolar emitter coupling to a 2Dplasmonic waveguide[END_REF][START_REF] Barthes | Coupling of a dipolar emitter into one-dimensional surface plasmon[END_REF]]. We considered a dipolar emitter 25 nm above the gold film.

Figure 2.11 shows the decay rate calculated as a function of cavity size and molecule position for three emitters orientations. We observe oscillations typical from coupling to the cavity modes, similar to what was already observed in a 1D cavity [Hoogenboom 2009]. As already pointed out, the largest decay rate are obtained for a vertical emitter (Fig. 2.11c).

Figure 2.12(a) shows the measured lifetimes as a function of the cavity size. The dispersion of the measurements is due to both the position and the orientation of the dye molecules. 75 more measurements were also performed for molecules far from the cavities (i.e. embedded within the PMMA matrix in the glass/gold/SiO 2 /PMMA/air multilayer system) and are taken as reference measurements. The calculated reference lifetime is τ ref /τ 0 = 0.51 in agreement with the experimental one estimated to τ ref /τ 0 = 1.43/2.6 = 0.55 where τ 0 = 2.6 ns was measured in a PMMA matrix [Hoogenboom 2009]. In the following, fluorescence lifetimes are normalized with respect to this average reference lifetime τ ref to focus on the plasmonic cavity role. In Fig. 2.12(b), we compare the measured and calculated lifetimes. In order to assess a first trend, we averaged the lifetimes for each cavity size. The experimental curve is in qualitative agreement with the calculated one with variations related to the coupling to cavity modes.

We also plot the normalized decay rate (Γ cav /Γ ref = τ ref /τ cav ) distribution as a function of molecule's distance from the mirror in Fig. 2.13. We observe large dispersion of the measured decay for a given distance to the mirror since resonant cavity respectively. This qualitatively reproduces the measured lifetime dispersion. The discrepancies are attributed to the simplifications used in our model.

Figure 2.14 presents the evolution of the decay rate as a function of the position inside a resonant 1.1 µm cavity. The observed dispersion is again in agreement with the numerical simulations. Maximum decay rate enhancement is Γ/Γ ref = 2.3 as compared to a flat gold film. This corresponds to an enhancement factor (Purcell factor) of The calculated radiative decay is plot for a z-oriented emitter (solid red curve).

F P = Γ/Γ 0 = (Γ/Γ ref )×(Γ ref /Γ 0 ) ∼ 2.

Conclusion

To summarize, we have demonstrated at the single molecule level that plasmonic planar cavity permits emission control thanks to surface wave confinement. This is in direct analogy to fluorescence emission governed by bulk mode confinement in an optical dielectric microcavity . We first studied the effect of SPP mirrors on surface plasmon coupled emission by leakage radiation microscopy. We have demonstrated that the mirrors remains efficient when excited by a localized SPP source at room temperature. Then, we measured the fluorescence lifetime into in-plane SPP cavities and interpreted the modifications with the help of numerical simulations. This leads to a clear understanding of the role of the cavity modes in the emission mechanism.

We estimated a high decay rate enhancement (up to 7 in a λ SP P /2 cavity for a z-oriented dipole). Finally, we have shown that efficient radiation decoupling of the SPP into the substrate leads to high apparent quantum yield of great interest for light extraction. The design of the planar cavity in order to improve the collection rate efficiency is a work in progress in collaboration with the GEMaC group in Versailles (project ANR QDotics). As an added value, let us also note that the emitters located inside the SPP cavity are accessible for external manipulation with e.g. optical tweezers or an AFM tip. In the previous chapter, we have shown that optical microcavity design can be transpose to delocalized SPP. Although SPP presents subwavelength confinement in the direction transverse to the metal film, it has a diffraction limited confinement in the two other directions. It is therefore interesting to investigate full 3D subwavelength confinement thanks to localized surface plasmon.

In this chapter, we describe coupling between a dipolar emitter and a LSP in analogy to spontaneous emission in optical microcavity. Indeed, spontaneous emission rate in complex systems follows the Fermi's golden rule. However, for describing the coupling to a cavity mode, the Purcell factor is usually preferred since it clearly introduces the cavity resonance quality factor Q and the mode extension V ef f on which coupling remains efficient, bringing therefore a clear physical understanding of the coupling process. Moreover, the knowledge of Q/V ef f ratio is crucial for achieving strong coupling regime [Trügler 2008, Savasta 2010] or for designing plasmonic nanolasers [Protsenko 2005[START_REF] Noginov | Demonstration of a spaser-based nanolaser[END_REF], Stockman 2010].

In this context, we propose to determine the quality factor and mode volume of LSP supported by a metal nanosphere. In section 3.1, we consider the quasi-static behaviour and a Drude metal since it leads to simple analytical expression with a Chapter 3. Mie Plasmons: Modes Volume, resonance quality and Purcell factor clear physical meaning.

In the second section, we will consider exact behaviour thanks to Mie calculations. This will lead notably to discuss about the definition and the validity of the mode volume.

Quasi-static approximation

In this section, quasi-static approximation on Drude metal is performed for characterizing the localized surface plasmons supported by a metallic spherical nanoparticle. The role of Joule losses and far-field scattering in the coupling mechanism are introduced and discussed with simple physical understanding. We estimate the quality factor Q n and define the effective volume V n of the n th mode in a such a way that coupling strength with a neighbouring dipolar emitter is proportional to the ratio Q n /V n (in agreement with the Purcell factor expression).

In section 3.1.1, we focus on the dipolar mode and present in details the derivation of its quality factor and effective volume. We extend our approach to each mode of the particle in section 3.1.2. Finally, we discuss the coupling efficiency to one of the particle modes in the last section. For the sake of simplicity, all the analytical expressions are derived assuming a particle in air and dipolar emitter perpendicular to the particle surface. The generalisation to arbitrary emitter orientation and a background medium of optical index n B is provided in the appendix A.

Dipolar mode

We first characterize the dipolar mode of a spherical particle. For sphere radius R small compared to the excitation wavelength λ = 2πc/ω, the electric field is considered uniform over the metallic particle. The metallic particle is polarized by the incident electric field E 0 and behaves as a dipole

p (1) (ω) = 4πε 0 α 1 (ω)E 0 , (3.1) α 1 (ω) = ε m (ω) -1 ε m (ω) + 2 R 3 , (3.2)
where α 1 is the nanoparticle quasi-static (dipolar) polarisability and ε m is the metal dielectric constant. The dipole plasmon resonance appears at ω 1 such that ε m (ω 1 ) + 2 = 0. In case of Drude metal, the dipolar resonance is ω 1 = ω p / √ 3 with ω p the bulk metal plasma angular frequency. However, expression (3.2) does not satisfy the optical theorem (energy conservation). It is well-known that this apparent paradox is easily overcome by taking into account the finite size of the particle and leads to define the effective polarisability [Wokaun 1982]:

α ef f 1 = 1 -i 2k 3 3 α 1 -1 α 1 , (k = 2π/λ) . (3.3)
The corrective term (2k 3 α 1 /3) is the so-called radiative reaction correction and microscopically originates from the radiation emitted by the charges oscillations induced inside the nanoparticle by the excitation field [Jackson 1998]. If the dielectric constant of the metal follows a Drude model,

ε m = 1 - ω 2 p ω 2 + iΓ abs ω (3.4)
where ω p and Γ abs refers to metal plasma frequency and Ohmic loss rate, respectively, then the dipolar polarisability presents a simple shape near the resonance ω 1 [Carminati 2006]

ε m = 1 - ω 2 p ω 2 + iΓ abs ω ; (3.5) α ef f 1 (ω) ∼ ω 1 ω 1 2(ω 1 -ω) -iΓ 1 R 3 , (3.6) Γ 1 = Γ abs + 2(k 1 R) 3 ω 1 3 , (k 1 = ω 1 /c) . (3.7)
Here Γ 1 is the decay rate of the particle dipolar mode, and includes both the Joule (Γ abs ) and radiative [Γ rad 1 = 2(k 1 R) 3 ω 1 /3] losses rates (for the sake of clarity, we use lowercase notation γ for the emitter decay rates and uppercase Γ for the quantities associated to the metallic particle).

Quality factor

The dipolar response can be described by either the extinction efficiency Q ext , proportional to Im(α 1 ), or scattering efficiency

Q scatt , proportional to |α 1 | 2 : Q ext (ω) = 4k R 2 Im[α ef f 1 (ω)] (3.8) ∝ ω 1 1 (ω -ω 1 ) 2 + (Γ 1 /2) 2 , Q scatt (ω) = 8 3R 2 k 4 |α ef f 1 (ω)| 2 (3.9) ∝ ω 1 1 (ω -ω 1 ) 2 + (Γ 1 /2) 2 .
As a consequence, the dipolar resonance follows a Lorentzian profile, peaked at the angular frequency ω 1 and a full width at half maximum (FWHM) Γ 1 . The quality factor of this resonance is therefore:

Q 1 = ω 1 Γ 1 .
(3.10)

As an example, we consider a 50 nm silver sphere in air. The Drude model parameters are ω p = 9.1 eV and Γ abs = 18 meV that lead to a resonance peak at ω 1 = 5.2 eV (ω 1 = 7.98 10 15 Hz, λ 1 = 236 nm) and radiative energy Γ rad that the metal optical properties are better described when including the bound electrons in the Drude model: ε m = ε ∞ -ω 2 p /(ω 2 + iΓ abs ω), (ε ∞ = 3.7 for silver, see also the appendix A). In that case, we obtain ω 1 = 3.74 eV (ω 1 = 5.7 10 15 Hz, λ 1 = 330 nm), Γ rad 1 = 0.13 eV (Γ rad 1 = 1.97 10 14 Hz) and Q 1 = 24.

Although Drude model qualitatively explains the shape of the resonance, a more representative value of the quality factor can only be determined using tabulated data for the dielectric constant of the metal and Mie formalism to express the optical response of the particle. In the section 3.2, we will discuss in details the Mie description of the particle properties. It is however useful to give an order of magnitude for Q 1 as a reference value. The extinction efficiency associated to the dipolar resonance is represented in Fig. 3.1. For silver particle (Fig. 3.1a), the extinction efficiency closely follows a Lorentzian shape, as expected, with a quality factor Q 1 = 21, in good agreement with the value obtained using Drude model (with the contribution of the bound electrons included). In case of gold, the resonance profile is not well defined due to interband transitions for ω > 4.10 15 Hz but a quality factor of Q 1 = 7 can be estimated (Fig. 3.1b). Figure 3.1c) represents the extinction efficiency for a gold particle embedded in polymethylmethacrylate (PMMA). This leads to a small redshift of the resonance, avoiding therefore the resonance disturbance by interband absorption [Sonnichsen 2002]. We recover partly the Lorentzian profile with a quality factor reaching Q 1 = 8.

Effective volume When we consider a quantum emitter coupled to a dipolar particle, the emitter decay rate can be approximated at very short distances d as [Colas des [START_REF] Colas Des Francs | Energy transfer in near-field optics[END_REF], Carminati 2006, Colas des Francs 2008]:

γ ⊥ 1 γ 0 ∼ 6 k 3 z 6 0 Im(α 1 ) , (3.11)
for a dipole emitter orientation perpendicular to the nanoparticle surface (z 0 = R+d is the distance to the particle center). Using Eq. 3.6, we obtain, in case of a dipolar emitter emission tuned to the dipolar particle resonance (λ = λ 1 = 2πc/ω 1 )

γ ⊥ 1 γ 0 ∼ ω 1 6ω 1 R 3 k 3 1 z 6 0 Γ 1 ∼ 3 4π 2 λ 3 1 R 3 πz 6 0 Q 1 . (3.12)
In order to determine the dipolar mode effective volume, we now identify the coupling rate γ/γ 0 to the Purcell factor assuming n B = 1

γ ⊥ 1 n B γ 0 = 3 4π 2 λ 1 n B 3 Q 1 V ⊥ 1 , (3.13)
so that we obtain

V ⊥ 1 (z 0 ) = πz 6 0 R 3 . (3.14)
This is in full agreement with the expression recently derived by Greffet et al. from the optical impedance of the nanoparticle antenna [Greffet 2010].

For a 25 nm radius sphere in air, we estimate the mode effective volume Chapter 3. Mie Plasmons: Modes Volume, resonance quality and Purcell factor

V ⊥ 1 (z 0 = 35 nm) = 3.7 10 -4 µm 3 = (72 nm) 3 for an emitter 10 nm away from the particle surface. That reveals the strongly subwavelength confinement of the LSP.

Unlike here, usual definition of the mode effective volume does not include the emitter position. As mentioned in Chapter 1, Purcell factor expression (Equation 3.13) is only valid for an emitter located at the maximum field position (here, z 0 = R) and aligned with the field polarization (⊥)

V ⊥ 1 = πR 3 . (3.15)
This gives an estimation of the mode volume. We discuss a rigorous definition of V ef f later but we can already observe that it is strongly sub-wavelength. For instance, for a D = 50 nm silver particle resonant at λ ≈ 360 nm we obtain

V ⊥ = 1.1 10 -3 (λ/n B ) 3 .
At this point, we have to take care that the dipolar LSP mode is 3-fold degenerated (two lobes aligned along x-, y-, or z-axis). As a consequence, we have to include the 3-fold degenerated mode in the effective volume definition. Depending on the dipole orientation, it can excite the LSP with lobes along the z-axis (longitudinal coupling that is the most efficient) or with lobes along x or y-axis (transverse coupling, less efficient). It is therefore useful to consider a randomly oriented dipole so that we can describe coupling to the 3-fold degenerated modes. This is equivalent to discuss the average decay rate

γ = 1 3 (γ ⊥ + 2 3 γ ) (3.16) leading to a mode volume V 1 such that 1 V 1 = 1 3V ⊥ + 2 3V .
(3.17)

This leads (see Appendix A)

V 1 = 2πR 3 = 3V 0 2 (3.18)
with V 0 = (4/3)πR 3 the particle volume. This expression is in agreement with the expression derived by Sun and coworkers using a energy description of the mode volume (also in the quasi-static approximation) [Khurgin 2009].

To conclude, the dipolar LSP presents a mode volume of the order of the particle volume and is not diffraction limited. For instance, 50 nm silver particle (R = 25 nm) supports a dipolar mode with effective volume V 1 = 9.8 10 4 nm 3 = (46 nm) 3 . This characterizes the strongly sub-wavelength mode confinement and also defines the space zone on which efficient coupling to a dipolar emitter occurs.

Multipolar modes

20 nm 20 nm b) a)

Figure 3.3: a) Dipolar and b) quadrupolar mode profiles of a 50 nm silver sphere, embedded in PMMA calculated using exact Mie expansion. Silver dielectric constant is taken from ref. [START_REF][END_REF]]. Color and arrows refer to electric field intensity and vector respectively.

If the excitation field is generated by a dipolar emitter (fluorescent molecules, quantum dots, . . . ), it cannot be considered uniform anymore and the dipolar Chapter 3. Mie Plasmons: Modes Volume, resonance quality and Purcell factor approximation fails. One needs therefore to consider the coupling strength to high order modes (Fig. 3.3).

The n th multipole tensor moment of the metallic particle is given by:

p (n) = 4πε 0 (2n -1)!! α n ∇ n-1 E 0 , (3.19) α n = n(ε m -1) nε m + (n + 1) R (2n+1) , (3.20) 
with (2n + 1)!! = 1 × 3 × 5 × . . . × (2n + 1) and ∇ is the vector differential operator.

As discussed above, the particle dipole moment p (1) = 4πε 0 α 1 E 0 is the unique mode excited in an uniform field. However, the dipolar emitter near-field behaves as 1/r 3 and strongly varies spatially so that higher modes can be excited in the particle.

For a Drude metal, the n th resonance appears at ω n = ω p n/(2n + 1). Therefore, higher order modes accumulate near ω ∞ = ω p / √ 2. Moreover, as discussed for the dipolar case, quasi-static expression of the n th mode polarisability (Eq. 3.20) does not obey energy conservation. Applying the optical theorem, we can extend the radiative correction to all the spherical particles modes [Colas des Francs 2009a]. This leads to

α ef f n = 1 -i (n + 1)k 2n+1 n(2n -1)!!(2n + 1)!! α n -1 α n . (3.21)
Quality factors It is now a simple matter to generalize the dipolar mode analysis reported in the previous section to all the particle modes. The n th mode polarisablity can be approximated near the resonance. A simple expression for the polarisability is achieved considering a Drude metal:

α ef f n ∼ ωn ω n 2(ω n -ω) -iΓ n R 2n+1 , (3.22) Γ n = Γ abs + Γ rad n , Γ rad n = ω n (n + 1)(k n R) 2n+1 n(2n -1)!!(2n + 1)!! , (k n = ω n /c) ,
where Γ n is the total decay rate of the n th mode, that includes both ohmic losses and radiative scattering. As expected, for a given mode n, the radiative scattering rate Γ rad n ∝ R 2n+1 increases with the particle size since it couples more efficiently to the far-field. For instance, we obtain Γ rad 2 = 39 meV ( Γ rad 2 = 1.8 meV with ε ∞ = 3.7) for the quadrupolar mode of a 50 nm silver particle in air. As expected, the radiative rate of the quadrupolar is strongly reduced compared to the dipolar mode. The quality factor associated to the n th mode is

Q n = ω n Γ n = ω n Γ abs + Γ rad n .
(3.23)

Figure 3.4 details the quality factor the two first modes of a silver sphere in PMMA using tabulated value for ε m . The quadrupolar mode presents a quality factor almost 5 times higher than the dipolar mode since it has limited radiative losses. Indeed, quadrupolar mode poorly couples to the far-field. Finally, similar Q values (Q n ≈ 50) are obtained for all the higher modes (n ≥ 3). Here again, assuming a Drude metal and in the quasi-static approximation, we qualitatively explains this result. Actually, Q factors of high order modes are absorption loss limited (Γ rad n ≪ Γ abs , so called dark modes) and tend to Q ∞ = ω ∞ /Γ abs . However this overestimates the mode quality factor (Q ∞ ≈ 207) as compared to the value deduced using tabulated value for ε m and exact Mie expansion. Effective volumes Last, we express the total decay rate of a dipolar emitter near a spherical metallic particle for very short separation distances (kz 0 ≪ 1) [Colas des Francs 2008, Colas des Francs 2009a]:

γ ⊥ tot γ 0 ≈ 3 2 1 (kz 0 ) 3 ∞ n=1 (n + 1) 2 z (2n+1) 0 Im(α ef f n ) . (3.24) Purcell factor
So that the coupling strength to the n th mode is easily deduced as

γ ⊥ n γ 0 ≈ 3 2 1 (kz 0 ) 3 (n + 1) 2 z (2n+1) 0 Im(α ef f n ) , (3.25) ∼ ωn 3 2 R 2n+1 (k n z 0 ) 3 (n + 1) 2 z (2n+1) 0 Q n . (3.26)
where we have used approximated expression (3.22) for the n th polarisability. The mode effective volume is then straightforwardly deduced from comparison to the Purcell factor (Eq. 3.13)

V ⊥ n = 4πz 2n+4 0 (n + 1) 2 R 2n+1 . (3.27)
As discussed in the dipolar case, the mode effective volume is generally defined independently on the particle-emitter distance so that it gives an estimation of the mode extension. This is done by evaluating the maximum decay rate available, and for a random emitter orientation. It comes 1

V n = 1 3V ⊥ n (R) + 2 3V n (R) , (3.28) 
V n = 9 (2n + 1)(n + 1) V 0 , (3.29) 
where V 0 = 4πR 3 /3 is the metallic sphere volume and V n refers to a dipole parallel to the sphere surface (see Eq. A.11 in appendix, with ε B = 1). Dipolar and quadrupolar mode volumes are V 1 = 3/2 V 0 and V 2 = 3/5 V 0 , respectively.

The expression (3.29), derived for a Drude metal, quantifies an extremely important property of localized SPPs; their effective volume does not depend on the wavelength and is of the order of the particle volume.

Metallic nanoparticles therefore support localized modes of strongly subwavelength extension. Highest order modes have negligible extension (V n → 0 for n → ∞, see Fig. 3.5). As a comparison, photonics cavity modes are generally limited by the diffraction limit so that their effective volume is at best of the order of (λ/n B ) 3 (see ref. [Vahala 2003]). Nevertheless, the extremely reduced SPP volume is achieved at the expense of the mode quality factor. It should be noticed that a low quality factor indicates a large cavity resonance FWHM so that emitter-SPP coupling can occur on a large spectrum range.

Note that mode effective volume is generally defined by its energy confinement [Maier 2006](Eq. 1.12). Sun and co-workers used this definition in the quasi-static regime and obtained [Khurgin 2009] V n = 6V 0 /(n + 1) 2 that is in agreement with our expression for the dipolar mode volume (V 1 = 1.5V 0 ) but leads to slightly different values for other modes (e.g. V 2 ≈ 0.67V 0 instead of V 2 = 0.60V 0 ). Recently, Koenderink showed that defining the mode volume on the basis of energy density could lead to understimate the Purcell factor near plasmonic nanostructures [Koenderink 2010] (however, he defined the coupling rate to the whole system rather than considering the coupling into a single mode). Oppositely, we adopt here a phenomenological approach where the mode volume is defined so that Purcell factor remains valid. Nevertheless, both methods lead to very similar results for the effective volumes of localized SPPs supported by a nanosphere. Since mode volume is generally a simple way to qualitatively characterize the mode extension, expressions derived here or by Sun et al could be used. We discuss in more details the energetic definition of the mode volume in section 3.2.

β -factor

Purcell factor quantifies the coupling strength between a quantum emitter and a (plasmon) mode but lacks information on the coupling efficiency as compared to all the others emitter relaxation channels. However, one can determine the coupling efficiency into a single mode as compared to all others modes. This coupling efficiency, or the so-called β-factor, is easily estimated in case of a spherical metallic particle since all the available channels are taken into account in the Mie expansion.

Coupling efficiency into n th mode writes

β n = < γ n > < γ tot > , (3.30)
where < γ >= (γ ⊥ + 2γ )/3 is the devay rate of a randomly oriented molecule. β-factor is represented on Fig. 3.6 for the first three modes. A maximum efficiency of 90% can be achieved in the dipolar mode (d ∼ 10 nm) and 87% into quadrupolar mode (d ∼ 15 nm). The coupling efficiency into the hexapolar mode is lower (∼ 60% around d ∼ 15 nm) since it has a very low extension, as indicated in Fig. 3.5. For very short distances, all the coupling efficiencies drop down to zero since all the higher order modes accumulate in this region, opening numerous alternative decay channels. Moreover, it is possible to efficiently couple the emitter to either the dipolar or quadrupolar mode, by matching the emitter and mode wavelengths. This is of strong importance when designing a SPASER (or plasmon laser) [START_REF] Bergman | [END_REF]] so that the active mode can be tuned on the dipolar or quadrupolar mode. This last spasing mode would consist of an extremely localized and ultrafast nanosource [Stockman 2010]. ) and hexapolar (β 3 ) mode of a 50 nm silver sphere in PMMA, calculated using exact Mie expansion. The emitter wavelength is assumed to match the considered mode. Therefore β 1 , β 2 and β 3 are calculated at λ 1 = 435 nm (dipolar resonance), λ 2 = 387 nm (quadrupolar resonance), and λ 3 = 375 nm (hexapolar resonance), respectively.

Mie plasmon

In this section, we extend the previous method to the study of the size dependence of LSP mode characteristics. We focus on Mie plasmons supported by a metallic nanosphere (see e.g. Fig. 3.3 showing the two first modes of a silver particle) by applying exact calculations. The coupling between a dipolar emitter and a metallic sphere is exactly described thanks to Mie expansion on the particle localized modes. It is therefore possible to investigate the role of each mode on the coupling process. We first determine their quality factor and evaluate the contribution of radiative and absorption rates. Secondly, we define their mode volume. To this aim, we propose two definitions.

The first one describes spatial extension on which the coupling to an emitter remains efficient. The second one, directly adapted from cQED considerations, is related to the energy confinement.

Resonance quality

Let us consider a silver nanosphere of radius R. In the following, we use either tabulated data for the metal permittivity ε Ag [START_REF][END_REF]] for quantitative investigation or a Drude model ε Ag (ω) = 1 -ω 2 p /(ω 2 + iωΓ D ) ( ω p = 9.1 eV , Γ D = 18 meV ) for comparison with the previous section.

Quality factor

The quality factor associated to the n th mode of the particle writes Q n = ω n τ n where ω n and τ n = 1/Γ n are resonance angular pulsation and lifetime of the n th localized SPP, respectively. In the case of Drude metal, these two parameters are directly obtained as the complex root ωn = ω n -iΓ n /2 of the n th SPP dispersion relation [Kolwas 2009]:

n Ag ψ n (k Ag R)ξ ′ n (k B R) -n B ξ n (k B R)ψ ′ n (k Ag R) = 0 , (3.31) with k Ag = ε 1/2 Ag ω/c, k B = ε 1/2
B ω/c the wavenumber in the particle and homogeneous background (permittivity ε B ), respectively. j n , h

n , ψ n (z) = zj n (z), and ξ n (z) = zh We also consider tabulated data for the silver permittivity, we calculate the extinction cross section of the particle, keeping only the n th mode contribution in the Mie expansion. As proceed on the previous section, a fit with a Lorentzian profile gives the resonance peak and full-width at half-maximum from which we deduce the mode quality factor. particle size when considering the Drude permittivity. Indeed, the radiative losses increase with the particle size leading to low Q factors. This effect is stronger for the dipolar mode that efficiently radiates in the far-field. Q factor obtained considering tabulated silver permittivity are lower than for Drude model, due to higher absorption. Although less pronounced, we also observe that dipolar Q factor decreases with the particle size (Fig. 3.7a). The quality factor of the quadrupolar mode (Fig. 3.7b), calculated with the tabulated permittivity (Q 2 ≈ 37), does not depend on the particle size since it is limited by Joule losses as discussed in the next paragraph.

Losses channels

We now quantify the radiative and non radiative contributions to the mode losses.

In the quasi-static approximation, and for Drude metal, the total losses rate of the n th SPP mode is given by Γ n = Γ D + Γ rad n as seen in the previous section 3.1. Joule losses are the same for all the LSP modes and given by the Drude decay rate Γ D . The radiative rate Γ rad n ∝ (k n R) 2n+1 increases with the particle radius and is higher for the first particle modes (dipolar mainly). In Fig. 3.8 we compare this quasi-static approximation to exact calculations. The radiative losses (Fig. 3.8a-b) follows the quasi-static approximation for particle radius below 15 nm. It is about 50 times higher for the dipolar than for the quadrupolar mode. c-d) clearly shows strong deviations of the exact Joule rate compared to the quasi-static approximation. For very small particles, the absorption rate is equal to the Drude decay rate for both dipolar and quadrupolar modes (horizontal black curve). However, it decreases with the particle size. Indeed, for large metallic particles the mode radiatively leaks into the far-field so that only a small portion of its field is confined into the absorbing nanostructure. Similar behaviours occur considering tabulated silver dielectric constant.

At this point, we would like to emphasize that the LSP Q factor defines a high bandwidth due to strong losses. Therefore, we expect efficient molecular coupling to a LSP mode on a large spectral domain. The large resonance breadth is however mainly due to strong absorption into the metal. Indeed, realistic data (red curves) exhibits absorption rates (Γ nrad ) that are 10 times higher than the radiative rate (Γ rad ) for the quadrupolar mode. The dipolar mode couples to far-field with a ratio Γ rad /Γ nrad which does not exceed 4.

As far as nanoantennas applications are concerned, it is better to work on the radiative quality factor Q rad n = ω n /Γ rad n that includes radiative losses only. Then the coupling bandwith corresponds to radiative losses so that low Q rad factors would indicate coupling on a large bandwidth that is associated to available signal in the far-field. The Q rad bandwidth is however strongly limited for small particles (see Fig. 3.8a,b) so that nanoantennas present a minimal size, known as Chu limit [Chu 1948, Agio 2012]. As far as near-field behaviour is concerned (e.g. SPASER), we do not expect theoretical lower limit for the system size.

Effective volume

The modal volume of localized SPPs quantifies their confinement. It is however difficult to evaluate since LSPs can radiatively leak in the far-field as discussed previously. We analyse here two different definitions. First, the mode volume is defined so that the Purcell factor remains valid for a dipolar emitter coupled to a plasmonic nanostructures. Secondly, we consider the usual definition based on mode energy confinement and follow the work of Koenderink to avoid the difficulties due to leakages [Koenderink 2010].

Coupling range to a quantum emitter

Let us first consider a dipolar emitter of emission wavelength λ located at distance d = z -R of a spherical metallic nanoparticle. For a randomly oriented emitter, its coupling to the plasmonic particle opens new radiative and non radiative decay channels so that its total decay rate is modified according to [Kim 1988, Colas des Francs 2008]:

γ γ 0 = 1 3 γ ⊥ γ 0 + 2 3 γ γ 0 , (3.32) γ ⊥ γ 0 = 1 - 3 2 Re ∞ n=1 n(n + 1)(2n + 1)a n h (1) n (u) u 2 , γ γ 0 = 1 - 3 2 Re ∞ n=1 (n + 1 2 ) a n ζ ′ n (u) u 2 + b n [h (1) n (u)] 2 ,
where the subscript ⊥ ( ) indicates a dipole perpendicular (parallel) to the particle surface and u = k B z. The Mie's scattering coefficients a n and b n write:

a n = n Ag ψ n (k Ag R)ψ ′ n (k B R) -n B ψ n (k B R)ψ ′ n (k Ag R) n Ag ψ n (k Ag R)ξ ′ n (k B R) -n B ξ n (k B R)ψ ′ n (k Ag R) , (3.33) b n = n B ψ n (k Ag R)ψ ′ n (k B R) -n Ag ψ n (k B R)ψ ′ n (k Ag R) n B ψ n (k Ag R)ξ ′ n (k B R) -n Ag ξ n (k B R)ψ ′ n (k Ag R)
.

Expression (3.32) originates from the Fermi's golden rule and quantifies the modification of the decay rate of an emitter by coupling to all the electromagnetic modes sustained by the surroundings. Differently, Purcell factor expresses the effect of one mode (of e.g. a micro-optical cavity or, as here, a metallic nanoparticle). Since a n refers to the TM polarized LSP mode (dispersion relation (3.31) corresponds to the pole of a n ), we determine the contribution of the n th localized SPP to the decay rate

γ n γ 0 = 1 3 γ n ⊥ γ 0 + 2 3 γ n γ 0 , (3.34) γ n ⊥ γ 0 = - 3 2 Re n(n + 1)(2n + 1)a n h (1) n (u) u 2 , γ n γ 0 = - 3 2 Re (n + 1 2 )a n ζ ′ n (u) u 2 .
Having extracted the contribution of one mode of the metallic particle, we can identify it to the Purcell factor that expresses the coupling rate to a given mode:

γ n γ 0 = 3 4π 2 λ n B 3 Q n V n . (3.35)
Note that Purcell factor expresses the maximum decay rate achievable by coupling to a mode, that is for an emitter located at the particle surface in the case considered here (z = R). Identifying expressions (3.34) and (3.35), and using the quality factor calculated previously, we compute in Fig. 3.9 the effective volumes of the dipolar and quadrupolar modes. This effective volume quantifies the region on which dipolar emitters efficiently couple to the particle mode. Effectives volumes are normalized with respect to the particle volume V 0 = 4πR 3 /3. In case of Drude metal, we obtain V 1 = 1.5V 0 and V 2 = 0.6V 0 for the dipolar and quadrupolar mode respectively for very small particles as demonstrated in section 3.1. The normalized mode volume slightly decreases with the particle size. However it corresponds to an increase of the absolute mode volume (see Fig. 3.10). Considering experimental metal permittivity, we compute larger mode volumes but still strongly below the diffraction limit. For both Drude and tabulated permittivities, we check that the quadrupolar mode is roughly two times more confined than the dipolar mode.

Chapter 3. Mie Plasmons: Modes Volume, resonance quality and Purcell factor

Mode energy confinement

In cQED, mode volume is defined as the energy confinement. For dispersive materials, this leads to (see also Ref. [Lecamp 2007] for a classical derivation)

V nrj n = U n (r)dr max[ε 0 ε B |E n (r)| 2 ] ; (3.36) U n (r) = ∂[ωε 0 ε(r, ω)] ∂ω |E n (r)| 2 + µ 0 |H n (r)| 2
where (E n , H n ) is the electromagnetic field of the n th mode. Recently, Sun and coworkers used this definition and obtained V nrj 1 = 1.5V 0 and V nrj 2 ≈ 0.67V 0 for the dipolar and quadrupolar mode respectively in the quasi-static approximation and for Drude metal [Khurgin 2009]. This is in good agreement with the mode volumes deduced from the Purcell factor. However, quasi-static approximation is no longer valid for large particles and the exact expressions of (E n , H n ) has to be used. It expresses

E n (r) = i n-1 2n+1 n(n+1)      n Ag N (1) e1n (r) (r < a) n B ψ ′ n (k Ag a) ζ ′ n (k B a) N (3) e1n (r) (r ≥ a) (3.37) H n (r) = i n-1 2n+1 n(n+1) ε 0 µ 0      ε Ag M (1) e1n (r) (r < a) ε B ψ ′ n (k Ag a) ζ ′ n (k B a) M (3) e1n (r) (r ≥ a)
where N e1n and M e1n are the vector spherical harmonics, explicitely given in Bohren & Huffman [Bohren 1983].

Moreover, the application of definition (3.36) is difficult for large particles since localized LSPs leak in the far-field so that the energy confinement is not finite. As far as light-matter coupling is concerned, the pertinent parameter is the confinement of the mode energy stored inside the cavity. Following recent work of Koenderink [Koenderink 2010], we calculate on Fig. 3.10(a,b) the mode volume as a function of the integration volume for two particle sizes. Small particle (R = 5 nm, Fig. 3.10a) presents low radiative losses and the energy enclosed in the integration sphere only slightly depends on the integration volume. For a particle radius R = 40 nm (Fig. 3.10b), we observe a strong linear increase of the mode volume with the integration sphere radius. Indeed, as discussed above (see Fig. 3.8a), large particles support strongly radiative modes. The energy flux through a surface sphere is constant for distances large enough so that the energy enclosed within this sphere linearly increases with its radius. Finally, the intrinsic mode volume is estimated from the energy confinement, excluding radiative leaks [i.e, ordinate at the origin in Fig. 3.10(c,d) represents the effective (energy) volume of the dipolar and quadrupolar SPPs. Modes volumes are strongly subwavelength and similar to the values obtained using Purcell factor definition for small particle sizes. However, significative differences appear for large particles. Particularly, for the dipolar mode, the energy confinement underestimates the volume on which the coupling remains efficient ("Purcell" mode volume) since the radiative leakages are removed. Moreover, the calculated modes energy confinement are similar for dipolar and quadrupolar modes since they do not take into account the radiative losses. In conclusion, applying the Purcell factor expression with the mode energy confinement volume could lead to inaccuracies. Nevertheless, the concept of particle modes becomes flawed for large particles since they are characterized by an extremely short lifetime (below their oscillation period). Insofar as mode volume represents the mode extension both expressions lead to similar order of magnitude and can be used. Finally, localized SPP effective volume is of the order of the particle physical volume that is, of nanometric dimensions.

Conclusion

In this chapter, we have proposed a quasi-static approximation based description of the resonance quality and mode confinement of the localized SPPs supported by a metallic nanosphere. We retrieved fully analytical and simple expressions with a clear physical meaning.

Quantitatively, the role of radiative and absorption losses have been clearly identified. We also discuss the definition and the behaviour of the modes effective volumes. In particular, we have found that discrepancies occur by using the definition based on either energy mode confinement or Purcell factor. However, very recently, Sauvan and co-workers propose to define a complex energetic mode volume that allows to extend the Purcell factor definition to open cavities [Sauvan 2013].

Anyway, we retrieve strongly subwavelength confinement, that is of great interest for applications involving light-matter interaction at the nanoscale. In the next chapter, we describe optical nanosources based on plasmonic core-shell nanoparticles doped with luminescent material (dye molecule or rare-earth ions). In a more prospective way, it is interesting to note that Stockman recently estimated the SPASER threshold as d 2 12 N Q n / γV n > 1 where d 12 is the dipolar moment of the emitters constituting the gain medium, γ their decay rate, N the number of emitters within the mode effective volume V n and Q n the mode quality factor [Stockman 2010]. Therefore, we expect the possibility to tune the SPASER emission on either dipolar or quadrupolar localized SPP by a proper choice of the gain medium emission wavelength, by profiting on the strong mode confinement, despite a rather low quality factor. In this chapter, we investigate fluorescence modification of Rhodamine 6G (Rh6G) and Rare earth ions near a metal nanoparticle (MNP). Rh6G molecule is typically used for dye lasers because of its photostability and its high quantum yield. Therefore Rh6G-MNP coupled systems have been widely studied to understand metal enhanced fluorescence and will serve as a reference system [Shalaev 2007, Reineck 2013]. Rare earth (RE) ions are widely studied for solar cells, optical amplification or biological fluorescence imaging. Although they present high quantum efficiencies, they could suffer from low absorption crosssection [Bünzli 2007] so that metal enhanced fluorescence has been proposed to improve their emission properties.

We are interested in core-shell particles, where the metallic core enhances the emission of emitters doping the shell. To this aim, we first present Mie theory that exactly describes metal enhanced fluorescence near a spherical particle. Then, we focus on doped core-shell particles. We notably define an average fluorescence factor that characterizes the efficiency of the whole hybrid nanosource.

Mie description of metal enhanced fluorescence

Figure 4.1 is a schematic view of the coupling between a metallic nanoparticle and a dipole. The whole system is excited by a plane wave: The emitter is modelized as a two level system (TLS) on the Jablonski diagram depicted on Fig. 4.1: the ground singlet state S 0 and the excited state S 1 . In order to describe the Stokes shift between absorption and emission wavelengths, we also consider a vibrational state ν in the excited level S 1 . The system is excited from S 0 to (S 1 , ν) at wavelength λ exc . The vibrational relaxation to the lowest vibrational state of S 1 is much faster than other process so that its duration is neglected. Then emission occurs at λ em > λ exc . The TLS is modelized with a transition dipolar moment of arbitrary orientation u = u 0 (sin α cos β, sin α sin β, cos α).

E i = E 0 exp i(kz -ωt)e x , ( 4 
The enhancement factor of the fluorescence signal is proportional to

• the excitation rate |u • E(r, ω exc )| 2 /|E 0 | 2 where E(r, ω exc ) = E i + E s refers to
the excitation field at the emitter location r and excitation angular frequency ω exc = 2πc/λ exc ,

• the emitter quantum yield η(r, ω em ) = γ R /(γ R + γ N R ) at the emission angular frequency ω em .

Excitation field and pumping rate

We assume a spherical particle of optical index n m = √ ε m embedded in a dielectric background of optical index n B = √ ε B . The scattered electric field E s is expressed according to Mie expansion on the particle modes [Bohren 1983]:

E s (r, θ, φ) = E 0 ∞ n=1 i n 2n + 1 n(n + 1) (ia n N n (r, θ, φ) -b n M n (r, θ, φ)). (4.2)
M n and N n are vector spherical harmonics and are fully detailed on page 89 of Ref. [Bohren 1983]. a n and b n are the Mie coefficients (Eq. 3.33).

Figure 4.2 depicts the dipolar and quadrupolar contribution to the scattered field near a 80nm gold particle. The dipolar mode is sufficient to describe the particle optical response in the near-field since the other modes contribution are negligible (see the color scale bar). We also represent on Fig. 4.3 the spectral response of the excited modes. The dipolar and quadrupolar resonance appear at λ = 532nm and λ = 524nm, respectively. We observe strong field enhancement near the dipolar resonance that could lead to molecule excitation enhancement.

The pumping rate Π is proportional to the absorption power P abs [Novotny 2006]:

Π(d) = P abs ω 0 = Im{α} 2 |u.E(d)| 2 , (4.3)
where α is the molecular polarizability. In order to characterize the plasmonic effect independently on the molecule, it is convenient to normalize the pumping rate Π(d) with respect to its free-space value Π 0 : 

Π 0 = Im {α} 2 |u.E i | 2 , (4.4) so that Π(d) = Π 0 |u.E(d)| 2 |u.E i | 2 . ( 4 

Emission rate

We discuss the modification of the emission decay rate near a spherical MNP. This topic has been studied intensively in the 80 ′ s [Ruppin 1982[START_REF] Chew | Transitions rates of atoms near spherical surfaces[END_REF], Kim 1988].

For an emitter perpendicular to the particle surface, the total and the radiative decay rates are expressed as:

γ ⊥ γ 0 = 1 + η 0 3 2 ℜ    ∞ n=1 (2n + 1)n(n + 1)(-a n ) h (1) n (ρ) ρ 2    , (4.6) γ R ⊥ γ 0 = η 0 3 2 ∞ n=1 n(n + 1)(2n + 1) j n (ρ) -a n h (1) n (ρ) ρ 2 , (4.7)
where η 0 is the intrinsic quantum yield of the molecule and ρ = 2πn B z/λ em . For dipole parallel to the surface:

γ // γ 0 = 1 + η 0 3 2 ℜ ∞ n=1 (n + 1 2 ) -a n ζ ′ n (ρ) y 1 2 -b n h (1) n (ρ) 2 , (4.8) γ R // γ 0 = η 0 3 4 ∞ n=1 (2n + 1) j n (ρ) -b n h (1) n (ρ) 2 + ψ ′ n (ρ) -a n ζ ′ n (ρ) ρ 2 . (4.9)
Note that the Mie coefficients (see Eq. 3.33) have to be calculated at the emission wavelength. Finally, the non-radiative decay rate is We observe that γ N R diverges near the surface due to strong non-radiative transfer to the metal (note that the model fails for d 1 nm where non local description of ε m (ω) has to be used [Vielma 2007[START_REF] Castanié | Fluorescence quenching by a metal nanoparticle in the extreme near-field regime[END_REF]). Contrary to the pumping (Fig. 4.3) and radiative (Fig. 4.5a) rate that are governed by the dipolar mode (n = 1), we observe in Fig. 4.5b) that non-radiative decay rate is governed by the high order modes at short distances [Mertens 2009].

γ N R γ 0 = γ γ 0 - γ R γ 0 . ( 4 

Fluorescence enhancement in the continuous regime

Finally, the fluorescence signal expresses in the stationary regime

I f luo (d) = Π(d) γ R (d) γ(d) = Π(d)η(d) (4.11)
where we assume a linear regime (Π ≪ γ) that is a good approximation near plasmonic structures. Hence, the fluorescence enhancement is In order to discuss these results, we calculated the fluorescence enhancement near a single nanoparticle as presented in this section. We also calculated the fluorescence signal above a metal mirror to describe the interaction of the Eu 3+ emitters with an assembly of silver nanoparticles (Fig. 4.7b). To this aim, we modelize the Y 2 O 3 doped silver layer with an effective medium of dielectric constant ε ef f given by the Maxwell-Garnett model

I f luo (d) I f luo (∞) = Π(d) Π 0 η(d) η 0 = |u.E(d)| 2 |u.E i | 2 η(d) η 0 . ( 4 
ε ef f -ε Y 2 O 3 ε ef f + 2 ε Y 2 O 3 = f ε Ag -ε Y 2 O 3 ε Ag + 2 ε Y 2 O 3 , (4.13) 
where the silver nanoparticles volume fraction was fixed to f = 0.1. The signal behavior is qualitatively explained by the interaction to the metal mirror at long distance and coupling to a single MNP at short distance. As expected, plasmon mediated fluorescence enhancement is possible for rare-earth ions coupled to a single MNP. We propose to optimize doped MNP core-shell in the next section.

Effect of the particle size

Since the LSP resonance strongly depends on the particle size, we discuss the size effect on the fluorescence enhancement. We consider Rh6G as a typical benchmark system to which we will compare when considering rare earth ions system in the following section. In particular, we will discuss the optimum particle wavelength compared to excitation and emission wavelength of the luminescent system.

Excitation and emission rate

Figure 4.8 depicts the excitation and decay rates for an emitter closed to a gold or silver bead. All the maps display spectra according to the particle diameter D = 2R. The emitter is perpendicular to the particle surface since stronger magnitudes are obtained for this orientation as shown previously.

The excitation and radiative rates follow the dipolar plasmon mode dispersion for small particle diameters. Large particles support a leaky quadrupolar mode so that the radiative rate couples to this mode. Note that the excitation rate weakly follows the quadrupolar mode dispersion since the emitter is not located on a mode lobe. Finally, the non radiative rate originates from coupling to high order modes so that it presents a flat dispersion curve [Colas des Francs 2008]. The low orders modes are well-separated in case of a silver particle due to lower losses (compare the non radiative rate near gold and silver structures). Last, we observe that the dipolar plasmon resonance can be tuned from λ = 525 nm (well-defined resonance) to λ ≈ 900 nm (large resonance) for gold beads diameter varying from D = 10 nm to D = 200 nm. For silver nanoparticles between 10 nm and 100 nm, the dipolar resonance wavelength varies from λ = 400 nm to λ = 530 nm. We have now all the ingredient to optimize metal enhanced fluorescence of a single molecule.

Figure 4.8: Excitation (left), radiative (middle) and non-radiative (right) rates near a metal spherical particle as a function of wavelength and particle diameter. Top (bottom) line refers to gold (silver) particle. The emitter is located 5 nm from the particle surface and perpendicular to it. The optical index of the embedding matrix is n B = 1.5. Metal dielectric constant are taken from Johnson and Christy [START_REF][END_REF]]. dipole and quad. refer to the dipolar and quadrupolar mode of the particle involved in the coupling mechanism.

Single molecule metal enhanced fluorescence

Since metal enhanced fluorescence depends on both the particle size and molecule position, we first calculate the emission enhancement as a function of the bead diameter and molecule distance to the MNP in Fig. 4.9a).

We observe a maximum enhancement factor of 26 for a particle diameter D = 80nm and distance d = 5nm. We also plot in Fig. 4.9b) the fluorescence enhancement factor as a function of the distance for the optimum particle size. The optimum particle size is achieved when the dipolar plasmon resonance is near the excitation and emission rate as clearly seen in the extinction efficiency shown in Fig. 4.9c).

We also consider a silver particle in air for comparison (Fig. 4.10). The maximum enhancement is achieved for large particle (D = 140nm) since it is required to red shift the dipolar resonance as close as possible to the emitter excitation and emission wavelengths. The maximum enhancement factor is lower than in PMMA and quantum yield (red curve) according to the distance d for a particle size of D = 80 nm. c) Extinction efficiency spectra of the 80 nm size silver particle. For all those figures, the background medium is PMMA (n B = 1.5) and the emitter is perpendicular to the metal particle surface. matrix since the particle resonance is still far from the excitation wavelength (see extinction efficiency on Fig. 4.10). Finally, for gold particle in air, the maximum enhancement factor is limited to 6 due to larger losses (see Table 4.1).

Fluorescence of doped core-shell plasmonic particles

Having determined the metal enhanced fluorescence for a single molecule, we now discuss the average enhancement factor over a doped core-shell particle. 

Average enhancement factor

The emitter orientation plays a crucial role in metal enhancement fluorescence. Although nice results have been obtained by coupling a single dye molecule with definite orientation with a single MNP or coupled MNPs [Bharadwaj 2007a, Kühn 2006[START_REF] Anger | Enhancement and Quenching of Single-Molecule Fluorescence[END_REF][START_REF] Bonod | [END_REF], it is also important to consider a randomly oriented emitter that corresponds to the most common case [Kreiter 2002[START_REF] Lieb | Single-molecule orientations determined by direct emission pattern imaging[END_REF]]. In addition, numerous works involve MNP coupling with an ensemble of emitters [Mertens 2006, Marques 2007, Aslan 2007[START_REF] Kassab | Influence of metallic nanoparticles on electric-dipole and magnetic-dipole transitions of $Euˆ{3+}$ doped germanate glasses[END_REF], Ma 2009, Som 2011, van Wijngaarden 2011, Deng 2011, Rivera 2012] in a core-shell configuration since it constitutes an hybrid optical nanosource. Following the work of Liaw, we introduce the average enhancement factor (AEF) [Liaw 2010].

The fluorescent enhancement factor for an emitter oriented along the arbitrary direction u is

α u (r, ω exc , ω em ) = |u • E(r, ω exc )| 2 |E i (ω exc )| 2 η u (r, ω em ), (4.14) 
where η u = γ R u /γ u is the quantum yield associated to the dipole orientation u.

Assuming randomly oriented emitters at location r, we calculate the mean enhancement factor over 4π sr:

α(r, ω exc , ω em ) = 3 4π π α=0 2π β=0 α u (r, ω exc , ω em ) sin α dα dβ (4.15)
where the factor 3 ensures a unit enhancement factor for isolated emitters excited with a linearly polarized field.

The quantum yield η u has to be carefully expressed.

The transition dipole orientation is u = (sin α cos β, sin α sin β, cos α). The quantum yield is [Colas des Francs 2002]

η u = sin 2 α cos 2 β η x + sin 2 α sin 2 β η y + cos 2 α η z (4.16)
+ sin 2 α cos β sin β η xy + sin α cos α cos β η xz + sin α cos α sin β η yz .

Interestingly enough, the integration over the dipole orientation is analytical. After a few algebra, we achieve

α(r, ω exc , ω em ) (4.17) = η x (3E 2 x + E 2 y + E 2 z ) + η y (E 2 x + 3E 2 y + E 2 z ) + η z (E 2 x + E 2 y + 3E 2 z ) 5
.

It is also useful to derive this expression in spherical coordinates (r, θ, φ). With subscripts // and ⊥ indicating an orientation parallel or perpendicular to the particle surface, it writes

α(r, ω exc , ω em ) = η // (2E 2 r + 4E 2 θ + 4E 2 φ ) + η ⊥ (3E 2 r + E 2 θ + E 2 φ ) 5 (4.18)
that leads to an analytic expression for (homogeneous, core-shell or onion-like) spherical particles, thanks to Mie expansion [Kim 1988[START_REF] Sinzig | [END_REF]. It is also possible to consider particle aggregate thanks to the generalized Mie theory [Stout 2008[START_REF] Bonod | [END_REF]] and more complex structures using Maxwell equation solver [Girard 2005]. In the following, α(r, ω exc , ω em ) is referred as the local fluorescence enhancement.

Average enhancement factor (AEF) Finally, the average enhancement factor of the whole doped volume V 0 can be numerically computed as

AEF = 1 V 0 doped π θ=0 2π φ=0 α(r, ω exc , ω em ) r 2 sin θ dθ dφ dr, (4.19) 
Where dΩ = sin θ dθ dφ corresponds to the infinitesimal solid angle in the direction (θ, φ). It is also useful to define an average enhancement factor associated to a doped shell layer which depends only on the distance d to the metallic surface: Since the random dye orientation is taken into account, this value is lower than that obtained previously for a perpendicular dye α ⊥ ≈ 29. Note that the dipolar mode profile is slightly tilted from the incident polarization axis. This feature is explained by the interference of the scattered field with the incoming plane wave [Härtling 2007].

α layer (ω exc , ω em , d) = 1 4π Ω α(r, ω exc , ω em ) dΩ. (4.20)
Figure 4.11c) shows the layer fluorescence enhancement α layer (Eq. 4.20) and the average fluorescence factor (AEF) of the dye doped core-shell particle. The overall AEF ≈ 4 is optimized given the absorption and emission wavelengths of the dye molecule. This factor takes into account inhomegeneous excitation in the dipolar modes as well as the distance dependence of the emission rate. This system will be used as a reference system in the following.

Rare earth doped plasmonic core shell

In previous sections, we have introduced two important parameters in order to quantify plasmon/emitters interactions in a core-shell particle: layer-averaged enhancement factor α layer , and shell-averaged enhancement factor α. We have estimated maximum AEF achievable for a Rh6G doped core-shell Ag@SiO 2 . These factors will now allow us to characterize the effect of a metal nanoparticle on the luminescence of RE ions.

In this part, we study luminescence enhancement for two rare earth ions used in different application domains: Eu 3+ used for example as biolabel for its emission in visible spectrum and Er 3+ , as main active medium for amplification at the telecom wavelength 1.55 µm. Quantum efficiency of these emitters is closed to unity. Therefore, as explained in the previous section, plasmon resonance can not much increases this factor.

Lanthanide absorption, based on 4f transitions, in contrast, is very weak (around 10 -20 cm 2 ). Therefore, the strongest exaltation is expected when matching the lanthanide absorption wavelength with the dipolar plasmon resonance. Emission of lanthanide is far from excitation wavelength and then is probably not much influenced by plasmon phenomenon [START_REF] Pillonnet | Coupling distance between Eu3+ emitters and Ag nanoparticles[END_REF]] contrary to dye molecules where the stokes shift (λ em -λ exc ) is weaker (see previous section). In this section, we consider Europium Eu 3+ system: this rare earth ion, usually UV/blue excited, has an emission spectrum in the red and with a maximum emission around 620nm. The excitation wavelength is λ exc = 415 nm.

Emission in the visible

Since their excitation is in the blue part of the visible spectrum, the coupling with a silver core is well suited. In our simulations, the core is surrounded by a SiO 2 shell (optical index n 1 = 1.5) which is doped with rare earth ions. Then, we consider the core-shell particle is hosted in a bulk SiO 2 matrix. Since emission of rare earth ions is quenched in polymer matrix, we consider a silica matrix of same index as PMMA so that direct comparison with the previous dye molecule case is possible. Note that this luminescent doped core-shell Ag@SiO 2 can be chemically synthesized [Aslan 2007, van Wijngaarden 2011]. Table 4.2 represents the excitation and decay rates for dye-doped and RE-doped silver core-shell. We have previously seen that for dye molecules exhibiting a low Stokes shift, large particles lead to the strongest effect since it corresponds to large resonances and coupling to the dipolar plasmon enhances both the excitation and radiative emission rates [Bharadwaj 2007b]. Differently, small metal core sizes are preferred to enhance RE emission. This leads to a strong excitation rate increase that compensate the decrease of the apparent quantum yield.

d max Π/Π 0 γ R /γ 0 γ N R /
Moreover, we investigate a second possibility for enhancing RE emission. Considering a silver core diameter which is about D = 100nm, we obtain an other optimum enhancement max(α) which reaches ≈ 50 as depicted on Figure 4.12b). This result is also reported in table 4.2. Compared to the previous case, the excitation rate Π decreases (210 to 90), but, on the other hand, the quantum yield η increases (37% to 67%). The excitation field couples to the plasmon quadrupolar mode (λ = 415 nm) and radiative rate is also efficiently enhanced by coupling to the dipolar mode (λ ≈ 525 nm,Fig. 4.12c). This leads to intermediate luminescence enhancement as compared to dye-doped system and dipolar assisted RE luminescence enhancement (see table 4.2). Having determined the optimal nanoparticle sizes in order to enhance red luminescent of randomly oriented Eu 3+ ions, we now estimate the enhancement of a doped shell layer (Eq. 4.20). Figure 4.13 shows the evolution of the layer fluorescence enhancement α layer with distance d between metal and emitters and the average fluorescence enhancement factor for the whole Eu 3+ doped shell for the two optimal core sizes. For a 30nm metal core and doped shell thickness of 25nm, we achieve a strong AEF = 11. This high AEF relies on the strong field enhancement at the plasmon dipolar mode resonance. Quenching is limited to emitters very closed to the metal surface. Finally, it is not possible to achieve fluorescence enhancement for these rare earth doped systems using a gold core (even by optimizing the core diameter), since the dipolar resonance cannot be tuned to the excitation wavelength λ = 415 nm (see Fig. 4.8).

Emission in the near infrared

Erbium ions (Er 3+ ), are widely used for optical amplification for telecom applications, since they emit around λ em = 1.55 µm. We investigate the possibility to enhance their IR emission signal using core-shell configuration. In Erbium Doped Fiber Amplifier (EDFA), they are usually pumped at 800 nm or 900 nm wavelength in order to limit non radiative losses present with high energy pumping. We consider excitation wavelength λ exc = 800 nm and emission at λ em = 1.55 µm. We calculate an optimum particle size of 130 nm metal core, either for Ag@SiO 2 or Au@SiO 2 . We find a maximum local enhancement up to 8.5 (6.5) fold near a silver (gold) particle resulting from the coupling of both excitation field and emission radiation to the large dipolar resonance (see Fig. 4.14c)). Our simulation gives then an average enhancement factor (AEF) of 2.3 (1.7) for the whole doped volume V 0 for a silver (gold) core surrounded by a 25nm doped shell layer. This poor AEF is due to the position of excitation and emission wavelengths of Er 3+ , both far from plasmon resonance. Since it is possible to shift the longitudinal dipolar plasmon resonance towards NIR spectrum with anisotropic nanoparticle presenting high aspect ratio, we propose to optimize the AEF with an anisotropic metal core.

Nanorod core-shell particle

Spherical core-shell present limited AEF and imposes to use large particle in order to red shift the plasmon dipolar resonance to match the Er 3+ absorption spectrum. Another possibility is to use elongated particle with high aspect ratio [Mertens 2009, Liaw 2012]. In this last section, we investigate nanorod core shell and estimate the fluorescent enhancement (Eqs (4.17) and (4.19). In this goal, the excitation electric field E and emission rates γ i need to be evaluated at any location in the doped layer. In case of arbitrary structure, they can be calculated thanks to the Green's dyad technique [Girard 2005, Baffou 2008, Girard 2008]. Liaw et al investigate similar structures using multiple multipole method [Liaw 2012]. However, they limit the computation to a plane (emitter orientation is constrained in 2 dimensions and only the doped layer inside the plane of incidence is considered). aspect ratio of the rod has been fixed in order to match the particle resonance and the excitation field (λ exc = 800 nm). The volume of the nanorod is the same as for a 30nm spherical particle so that the achieved enhancement factor can be compared to the visible regime (Fig. 4.12a). The tip effect strengthen the field exaltation at the dipolar resonance [Mertens 2009] and we observe a fluorescence enhancement up to 25 fold near the rod tip. Finally, we achieve an average enhancement factor AEF = 7 for the whole doped shell, comparable to the visible regime (Fig. 4.13).

No improvement occurs for a gold core (AEF = 1, Fig. 4.15b) due to higher losses.

Conclusion

In this chapter, we have quantified the luminescence enhancement of Rhodamine 6G or rare earth doped plasmonic core-shell nanoparticles. For rare-earth doped core-shell nanoparticles, the highest enhancement is achieved when the particle dipolar resonance matches the excitation wavelength. The enhancement mainly comes from excitation rate exaltation by coupling to the dipolar mode whereas emission process is weakly modified. This results is different from Rh6G dye-doped particle where a low Stokes shift between emission and excitation wavelengths leads to choose a particle resonance in between to enhance both excitation and radiative rates. We demonstrate average enhancement factor of the fluorescence on the overall RE-doped silver nanoparticle AEF = 11 and AEF = 7 in the visible and near-infrared regime, respectively. Gold core leads to lower effect due to larger losses.

Finally, RE doped plasmonic particles constitutes bright optical nanosources. Colloidal solutions of doped plasmonic particles can be synthesized and would benefit for e.g biolabelling [Bouzigues 2011], solar cells [Timmerman 2008] or photodynamic cancer therapy [Wang 2011].

Chapter 5

Single photon source in a tip-surface junction In chapter 4, we have discussed the fluorescence enhancement of an ensemble of emitters coupled to a metal nanoparticle. Since the LSP mode can be confined on a strongly subwavelength scale, it is possible to reduce the number of emitter to unity. It is of great interest since one emitter can emit only one photon at a time (photon antibunching) so that it constitutes a single photon source. The control of single photon source emission is a challenging topic since it is a key component for quantum information devices [Fausto 2011].

Numerous recent works discussed the acceleration of a single photon source by coupling to metal nanoparticles [Akimov 2007, Schietinger 2009, Marty 2010, Cuche 2010, Busson 2012b, Greffet 2013[START_REF] Beams | Nanoscale Fluorescence Lifetime Imaging of an Optical Antenna with a Single Diamond NV Center[END_REF]. Moreover, several theoretical works propose to couple efficiently a single emitter source into a photonic fiber via a SPP [Bouhelier 2003, Chang 2006, Chen 2009[START_REF] Mivelle | Bowtie nano-aperture as interface between near-fields and a single-mode fiber[END_REF], Grosjean 2013] as well as a few experimental demonstration [Taminiau 2007, Mivelle 2012].

In this chapter, we describe preliminary studies on single photon source emission in a tip-surface junction. Indeed, we expect efficient coupling of single photon source to an optical fiber (the tip) that could lead to a versatile configuration for single photon source manipulation [Neu 2012[START_REF] J D Thompson | Coupling a single trapped atom to a nanoscale optical cavity[END_REF].

First, we discuss briefly the mechanisms involved in the coupling of a single emitter and a MNP with a simple model. Then, we characterize single photon emission of one nanodiamond NV center deposited on glass substrate. Finally, we present our results obtained with metal coated optical tapered fibers put close to the nanocrystals.

5.1 Photon anti-bunching near a plasmonic nanostructure. Here, we introduced a simple description of the photon antibunching process involving a single photon emitter. Photon antibunching is a quantum phenomenon which is revealed by the second order autocorrelation function [START_REF] Orrit | [END_REF]]:

g 2 (∆t) = I(t)I(t + ∆t) I(t) 2 .

(5.1)

The g 2 (∆t) function represents the probability for a source to emit a second photon at a delay time ∆t following a first emission. In order to express this function, we need to determine the photodynamic of the emitter. We consider the emitter as a two level system (TLS) already introduced in chapter 4 (Fig. 5.1). For low excitation power, the source photodynamic is well described by its population equation [Novotny 2006, Marty 2010]. We note N 0 and N 1 the population of the ground state S 0 and the excited state S 1 , respectively

dN 1 (t) dt = Π N 0 -γ N 1 , (5.2) = Π -(Π + γ) N 1
where we used N 0 + N 1 = 1. Assuming the initial condition N 1 (t = 0) = 0 (the TLS has emitted a photon), the above differential equation has the solution Figure 5.2a depicts the second order autocorrelation function. The g 2 (∆t) has a typical dip of width twice the antibunching time τ AB . g 2 (∆t = 0) equals 0 because the source emits photon one by one. In chapter 4, we have expressed the enhancement of both the excitation rate Π and the decay rate γ as a function of the distance d to a gold nanoparticle (see figures 4.4 and 4.5). We have observed that Π(d) and γ(d) increase when the emitter is at short separation distances d. Hence, the antibunching time τ AB = 1/(Π + γ) is reduced for small coupling distances (see Figure 5.2). This means that the rate of single photon emission is accelerated (except for very short distances where the emission is quenched).

N 1 (∆t) = N 1 (∞) 1 -e -(Π+γ)∆t , ( 5 

Nitrogen Vacancy color center in nanodiamonds

In this section, we briefly describe the characteristics of NV (Nitrogen Vacancy) centers in diamond lattice. They are punctual defects in the lattice, formed by a substitutional Nitrogen atom combined with an adjacent carbon vacancy as shown in Figure 5.3a. NV centers are promising emitters because they are highly photo-stable and have quantum yield close to unity even at room temperature. For these reasons, NV center in diamonds would be of interest in many applications as quantum cryptography, optoelectronics and biolabeling [START_REF] Wrachtrup | Processing quantum information in diamond[END_REF], Prawer 2008, Young 2009, Faklaris 2009, Mochalin 2012]. Usually, heavy fabrication processes need to be performed for implanting NV centers inside diamonds [Zheng 2010[START_REF] Beveratos | Réalisation expérimentale d'une source de photons uniques par fluorescence de centres colorés individuels dans le diamant ; application à la cryptographie quantique[END_REF], Meijer 2005]. Nevertheless, it is possible to find such color centers embedded inside synthetic nano-diamonds.

Figure 5.3b depicts a scanning electron microscopy picture of a synthetic nanodiamonds solution spin-coated on glass substrate. The nano-diamond powder (Microdiamant AG, Switzerland) was previously diluted in de-ionized water and then mixed with polyvinyl alcohol (0.3% weight) in order to avoid the formation of aggregates on the substrate. The nanocrystals have an average size of 25 nm. Usually, NV centers are modeled as three levels systems [Zheng 2010[START_REF] Beveratos | Réalisation expérimentale d'une source de photons uniques par fluorescence de centres colorés individuels dans le diamant ; application à la cryptographie quantique[END_REF], Kurtsiefer 2000] (see on Fig. 5.5). Such emitters present a metastable state denoted |3 . The lifetime of the metastable state (1/k 23 ) is typically of few hundreds of nanoseconds for N V -centers [START_REF] Dräbenstedt | Low-temperature microscopy and spectroscopy on single defect centers in diamond[END_REF]]. It has been found that N V 0 centers exhibit a metastable state lifetime of a few microseconds [Gali 2009].

Optical addressing of individual NV centers

Experimental set-up and methods

Figure 5.6 depicts the optical set-up used for optical characterization of nanodiamonds. The system is a home-built confocal microscope with a high numerical aperture objective lens (N A = 1.49). The excitation source is a continuous wave (CW) laser emitting at 532nm wavelength. The exciting beam is removed from detection by using a dichroic mirror (DM). In order to acquire the second order autocorrelation function g 2 (∆t), the microscope output (light collection) is upgraded with a Hanbury,Brown and Twiss set-up.

The latter consists of a 50/50 beam splitter (BS) which separates the signal of fluorescence into two channels. Each channel is focused on an avalanche photodiode (APD) for collecting photon events. In order to prevent optical cross talk between the two detectors, a longpass optical filter is inserted in front of the APDs. We use a time correlated single photon counting (TCSPC -Picoquant GmbH ) card for acquiring histograms. The start signal is triggered when a photon is detected on APD A. An electrical delay line is inserted by using about 20 m long electrical cable between the APD B and the stop channel of the TCSPC card. This introduces a lagtime of ≈ 85 ns in order to count photon events before the origin (delay time ∆t < 0). Finally, we obtain a typical symmetric auto-correlation histogram C(∆t) as depicted in the inset of Fig. 5.6.

In order to obtain the 2 nd order autocorrelation function g 2 (∆t), it is necessary to 

C norm (∆t) = C(∆t) N A N B T Ω , (5.6) 
where T is the duration of the acquisition (typically a few dozen of minutes). N A and N B are the number of photon per second detected by the APD A and B, respectively. Ω = 512 ps is the width of the time bin channel. Then, the signal is background corrected according to

g 2 (∆t) = C norm (∆t) -(1 -ρ 2 ) ρ 2 ; (5.7) ρ = S S + B ,
where S and B are the signal and the background magnitudes, respectively. Signal and background magnitudes are estimated from a Gaussian fitting on the scanning confocal picture. Finally, we obtain the 2 nd order autocorrelation function g 2 (∆t) as shown in Fig. 5.7b). For delay time ∆t = 0, the g 2 value is close to zero (g 2 (∆t = 0) < 0.5), we ensure that only one emitter (i.e. one NV center) is detected during the acquisition. Indeed, second order autocorrelation function enables the quantification of the number N of emitters within the confocal volume:

g 2 (∆t = 0) = 1 - 1 N .
(5.8)

Nevertheless, background correction on Fig. 5.7b) lacks of accuracy since the curve does not tend to unity for long delay time ∆t → ∞. Indeed, we suspect residual graphite layers remained on the nanocrystals before acquisitions so that they generate parasites during photon events collection. 

Photodynamics of NV nanodiamonds

Figure 5.8 is a scanning confocal picture performed on the sample described in section 5.2 (see Fig. 5.3b). Two nanodiamonds of interest are detected (namely ND 1 and ND 2). Figure 5.9 depicts the g 2 (∆t) functions acquired for each nanodiamond. The curves confirm that each of the nanodiamonds contain only one NV center since g 2 (0) < 0.5. We also measure their emission spectra (see Figure 5.4) and we deduce that ND 1 and ND 2 contain a N V 0 and a N V -center respectively.

In addition, it is interesting to measure the g 2 (∆t) function for different excitation power as presented in Fig. 5.9. In case of a three levels system, the g 2 (∆t) function expresses [Beveratos 2000, Kurtsiefer 2000]

g 2 (∆t) = [1 + c 1 e -∆t/τ 1 + c 2 e -∆t/τ 2 ] ,
(5.9) which the parameters τ 1 , τ 2 , c 1 and c 2 express

τ 1,2 = 2/(A ± √ A 2 -4B) , (5.10) c 1 = 1 -τ 1 k 32 k 32 (τ 1 -τ 2 ) , c 2 = -1 -c 1 , A = Π + γ + k 32 + k 23 , B = Π k 23 + Π k 32 + γ k 32 .
The above fit parameters rely on the whole photodynamics quantities: Π, γ, k 32 and k 23 as depicted on figure 5.5. Indeed, the fit equation 5.9 modelizes the metastable state (k 23 and k 32 ) in addition to the excitation and the relaxation processes (Π and γ). For excitation powers P exc 100µW, the equation 5.9 fits accurately the histograms acquired on Fig. 5.9. Nevertheless, regarding the complexity of the above equations, a fitting procedure of an individual g 2 (∆t) acquisition is not sufficient for determining the whole photodynamics quantities. In principle, a complete treatment (not performed in this thesis) requires to acquire g 2 (∆t) functions in a range of excitation power up to the dozen of mW, in order to set a linear system of equations providing each the parameters [START_REF] Beveratos | Réalisation expérimentale d'une source de photons uniques par fluorescence de centres colorés individuels dans le diamant ; application à la cryptographie quantique[END_REF]].

As it is observed on Figure 5.9, g 2 (∆t) functions exhibit bunching effects. This is due to metastable states lifetime (1/k 23 ) which decreases when the excitation power P exc increases. Metastable state is prominent when the parameter τ 2 decreases so that it is related to the bunching effect. On the other hand, τ 1 is related to the antibunching effect since it tends to the antibunching time τ AB at a weak excitation power. Figure 5.9: Acquisitions of g 2 (∆t) functions according to the excitation power P exc . Left column: acquisitions on ND1 nanodiamond (N V 0 center). Right column: acquisitions on ND2 nanodiamond (N V -center).

On the other hand, the NV centers exhibit a very long metastable state lifetime (1/k 23 ) under weak excitation in a such way that they can be modelized as two levels systems. Indeed, for an excitation power P exc = 26µW, the g 2 (∆t) functions are well fitted with the following expression g 2 (∆t) = 1 -e -∆t/τ AB , (5.11)

where the average antibunching time τ AB = 1/(Π+γ) depends on the excitation rate Π and the decay rate γ. The N V 0 and the N V -centers exhibit an antibunching time of τ AB = 22 ns and 28 ns, respectively. where P sat is the saturation power. The fit leads to P sat = 280µW and P sat = 300µW for NV centers within ND 1 and ND 2, respectively. These values confirm that the g 2 (∆t) functions acquired with P exc = 26 µW correspond to a weak excitation regime (P exc ≪ P sat ).

Nanodiamond NV center emission in a tipsurface junction

In this section, we investigate the coupling between a NV center and a metal coated tip of a scanning near-field optical microscope (SNOM). The set-up is depicted in Fig. 5.11. A metal coated elongated fiber is raster scanned over a single nanodiamond. The tip head is shear-force controlled and is mounted above the confocal microscope presented in Fig. 5.6. 

SNOM Tip

Fabrication of the tip An optical fiber is first elongated by heating with a CO 2 laser and then pulling the fiber by a micropipette puller. Using the parameters given in table 5.1, we achieve tapered fiber with a radius of curvature of about 50 nm.

Then, the tapered fiber is coated with a metal thickness of 75nm. In the following, we test a gold coated and a silver coated fiber. The process is performed by physical vapor deposition (PVD) of silver or gold under vacuum (10 -7 mbar). The coated Shear-force controlled topographic imaging Since the elongated fiber distance to the sample is controlled using shear-force, this probe permits to acquire simultaneously topographic (Fig. 5.13a) and optical images. The figure 5.13b presents a topographic profile of a single nanodiamond. The height of the nanodiamonds is a fen ten of nanometers. The profile width is roughly 200 nm which is good agreement with the aperture size of the tip. Indeed, since the nanocrystal is smaller (φ ≈ 25 nm) than the tip end (≈ 150 nm), it acts as a local probe for the lateral dimension of the scanning tip.

Tip perturbed single photon source emission

We finally investigate single photon emission in a tip surface junction. We first characterize the luminescence of the metal coated tip since it could hide the nanocrystals emission. For this reason, the SNOM tip is raster scanned within the focal spot (λ = 532 nm). The photoluminescence of the silver coated tip is collected by an avalanche photodiode during the tip scan as shown in Fig. 5.14. We observe an Airy disk, as expected for a highly focused beam. The excitation power is P exc = 400µW. The photoluminescence reaches 1MHz which is roughly 15 fold the fluorescence intensity of NV centers excited on similar conditions (see Fig. 5.10).

Figure 5.14: Photoluminescence of a silver tip scanning a laser beam focused with an objective lens (N A = 1.49). The excitation wavelength is 532nm and power is P exc = 400µW. The luminescence is detected after a longpass filter (λ > 540nm).

Figure 5.15 depicts the photoluminescence spectra acquired for gold and silver coated tips. These spectra show that tip photoluminescence completely overlap our spectral window of detection so that it is impossible to optically discriminate NV fluorescence from photoluminescence (i.e. by using optical filtering). We however try to study the nanodiamond emission in the tip-surface junction. Figure 5.16 presents the intensities collected according to the distance Z between the end of a gold tip and a NV center. The laser excitation power is fixed to P exc = 25µW so that weak excitation of the NV center is ensured. On Figure 5.16a both the gold tip photoluminescence and the NV fluorescence are collected (red curve). In order to substract the gold tip photoluminescence, we collect the gold photoluminescence (black curve). The NV fluorescence signal (difference between red and black curves) is shown in Fig. 5.16b. We observe that NV fluorescence enhancement occurs on a large distance (over 300nm) probably because the tip is large. Excitation power is P exc = 30µW. The blue curves correspond to measurements without tip and is taken as references for comparisons.

P exc = 30µW. The antibunching time is τ AB = 29 ns in agreement with previous measurements (Fig. 5.9b). Then, we approach the metal tip at the proximity of the particle. In order to increase the signal to noise ratio between NV fluorescence and metal photoluminescence, we approach the tip at a few hundred of nanometer from the side of the diamond. Figures 5.17b and 5.17a depict acquisitions performed with a gold and a silver tip, respectively. Unfortunately, the luminescence signal is still too high to permit correct normalization and background correction of the auto-correlation function (see Eq. 5.6 and 5.7). Nevertheless, the different behaviour with and without the tip let us think that the intercoupling rate to the triplet state |3 is increased in presence of the tip. We therefore perform qualitative fit with Eq. 5.9(and an arbitrary offset). Table 5.2 reports the results of the fitting procedures. Two exponential components are required because bunching effects occur (see Eq. 5.9). However, the tip luminescence is too strong to achieve quantitative analysis so that tip optimization is needed. We have tried the plasmonic tips presented in Fig. 5.18 (realized by E. Dujardin, CEMES, Toulouse) but were not able to perform reproducible measurement due to the tip fragility. Similar configuration has been recently theoretically discussed for highly efficient single photon emission into an optical fiber [Chang 2006, Chen 2009]. 

Conclusion

We have presented preliminary studies on the fluorescence NV centers in a surfacetip junction. We observe modification of the single photon source emission, for a small distance between the tip and the nanocrystal. However we were not able to quantitatively characterize the photodynamics of the coupled system due to bad signal-to-background ratio that originates from the tip luminescence. Nevertheless, the full set-up is now ready to investigate more efficient plasmonic tip. It will be done in a very near future (collaboration with E. Dujardin from CEMES, Toulouse).

Conclusion and perspectives

In this thesis manuscript, we have studied the control of fluorescence emission by utilizing plasmonic nanostructures. Contrary to bulk-optical cavities, a plasmonic system supports modes with poor quality resonances (low Q factors), but, have a spatial extension squeezed at the nanoscale (mode volume V < (λ/n) 3 ).

As seen in Chapter 2, it is possible to transpose the principle of an optical cavity (as a Fabry-Perot or a photonic crystal cavity) to an in-plane plasmonic cavity. The system studied allows to confine surface plasmons of a flat metal film by placing two SPP reflectors at the borders of the cavity. We have probed the local density of state (LDOS) of the cavity surface waves by measuring the fluorescence lifetime of dye molecules placed inside the cavity and estimate a maximum decay rate enhancement of 7 with a λ SP P /2 sized cavity whereas the quantum yield remains close to unity. However, the quality factor remains weak since our SPP reflectors were metal gratings so that they have a large spectral bandwidth. This is of interest for emission control at room temperature.

In Chapter 3, we have investigated metal nanoparticles and the characteristics of localized surface plasmon (LSP). We used the quasi-static approximation on a Drude metal particle in order to express LSPs mode volume with a clear physical understanding. Then, we investigate quantitatively the characteristics of individual modes. The dipolar mode quality factor decreases with the size of the particle because radiation losses increase. On the other hand, the quadrupolar mode has a quality factor which remains constant (Q ∼ 40) since its losses are limited by absorption. For the computation of the mode volumes, we have used a definition based on the Purcell factor expression. Furthermore, we have compared these results with a definition of the mode volume which is based on the energy confinement. We found that the two definitions do not match, in despite of our efforts for discriminating the near field and the far field coupling. Nevertheless, a recent work reconciles the two definitions by considering a mode volume as a complex number. Mode volume definition is helpful in designing original structures such as the spaser or structures leading to strong coupling regime.

But, Purcell factor includes both radiative and non-radiative channels. For a plasmonic system (metal nanoparticles, film or plasmonic crystals), the Purcell factor rigorously corresponds to an emitter in contact to the metal surface, where the fluorescence quenches. In Chapter 4, Purcell factor has not been taken as the relevant parameter for optimizing the fluorescence enhancement. In fact, we obtained significant emission enhancements by increasing the excitation and the radiative processes, also optimal coupling distances were estimated. We have simulated the fluorescence enhancement of Rh6G dye molecules inside a silver core-shell particle. Enhancement was optimized by tuning the LSP dipolar reso-nance near the excitation and the emission wavelengths because Rh6G molecules exhibit a low Stokes-shift. Then, we have considered silver-Eu 3+ core-shell. Eu 3+ ions have a large stokes-shift, the dipolar particle resonance has to be tuned to the excitation wavelength. It is also possible to couple the excitation wavelength to the quadrupolar particle mode and emission to the dipolar mode. Global exaltation of about 10 is achievable by engineering the particle shape, size and material.

Additionally, we have reported in Chapter 5, our preliminary experiments with a plasmonic tip put nearby a nanodiamond NV center. We used gold and silver coated optical fibers with an apex radius of roughly 150 nm. We observed that g 2 (∆t) functions exhibited a pronounced metastable state meaning an increase of the k 23 /k 32 ratio. Our metal coated tips generate huge photoluminescence so that other experiments are required. In particular, we have not studied the coupling of the fluorescence emission inside the coated tapered fiber which is of key interest for efficient control of a single photon source.
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 1 Figure 1.3: Schematic view of a Surface Plasmon-Polariton on a flat metallic film. Adapted by permission from Macmillan Publishers Ltd: Nature (Ref. [Barnes 2003]), copyright (2003).
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 1 Figure 1.4: a) Schematic view of a Localized Surface Plasmon Polariton. The coupling of an incident electric field with the MNP creates collective oscillations of electrons within the particle. This feature induces a change of the density of charge at the metal surface. b) Dipolar mode intensity profile of a silver nanoparticle (λ = 363 nm).
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 1 Figure 1.5: Quasi-static polarisability of the n th localized mode supported by a 80 nm silver particle. The background medium dielectric constant is ε B = 2.25.
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 1 Figure 1.6: a) SEM image of the nanoporous gold surface. b) Schematic cross section of the sample. The distance D between the gold surface and the emitting silicon nanocrystals is set by etching the nanoporous gold giving stairs of 2.5 nm height. Excitation and detection are made from the bottom side of the sample. c) Fluorescence enhancement measured as a function of the etch depth, D (triangles). The solid line is a fit to the data using a model that accounts for the spatial distribution of silicium nanocrystals and the enhanced local field. Adapted with permission from Ref. [Biteen 2005]. Copyright (2005) American Chemical Society.
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 1 Figure 1.7: a) Schematic view of surface plasmon resonance (SPR, dashed arrows) and of SPCE cone (solid arrows). b) Dotted black curve: reflectivity of a silver nanolayer. Solid curve: Fluorescence intensity measurement of dye molecules above the same metallic layer. Reprinted from Ref. [Lakowicz 2004], Copyright (2004), with permission from Elsevier.

  Spectroscopy (SERS) Surface enhanced Raman spectroscopy relies on both excitation and emission enhancement for a Raman active molecule in close proximity to a MNP. The enhancement factor is of the order of |E loc | 4 /|E 0 | 4 where |E loc | is the local field at the molecule position. Enhancement factors can typically reach order of 10 6 [Moskovits 1985], enabling single-molecule Raman spectroscopy [Nie 1997, Kneipp 1997, Kneipp 1998, Etchegoin 2010, Etchegoin 2011]. Highest enhancement are achieved in coupled MNPs (dimer) which generates a hot spot where the molecules are excited (Figure 1.8).

Figure 1

 1 Figure 1.8: a)Topography of distributed gold nanoparticles. (b, c) Near-field Raman spectra on dimers. Strong enhancement is achieved by coupling molecules with the longitudinal mode of a couple of GNPs (dimer). On the other hand, enhancement dramatically decreases by coupling molecules with the transverse mode of the dimer. Adapted with permission from Ref. [Imura 2006]. Copyright (2006) American Chemical Society.

Figure 1 .

 1 Figure 1.10: a,b,c) AFM topographical pictures of a) a nanodiamond, b) a GNP approached closely to the nanodiamond, c) two GNPs close to the nanodiamond. GNPs nano-manipulations were performed by utilizing an AFM tip. d) Intensity decay of the NV center emission performed before and after GNPs manipulations. e,f) g 2 (∆t) autocorrelation function of the NV center emission (black curve) and coupled with one GNP (e, blue curve) or two GNPs (f, red curve). Adapted with permission from Ref. [Schietinger 2009]. Copyright (2009) American Chemical Society.

Figure 1 .

 1 Figure 1.11: Schematic view of core-shell spaser. The gold particle is surrounded by a gain medium (doped with dye molecules). Above the spaser threshold, stimulated emission of LSP occurs, forming a nanolaser. Reprinted by permission from Macmillan Publishers Ltd: Nature (Ref. [Garcia-Vidal 2009]), copyright (2009).

Figure 2 .

 2 Figure2.1 represents the optical setup, a schematic view of the sample and a scanning electron micrograph of the Bragg mirror. The fabrication of this device is performed by electron-beam lithography[Weeber 2007b]. The ridges constituting the mirror have been first designed on a PMMA coated ITO-doped glass substrate. Then 50 nm of gold were thermally evaporated to form the ridges. Once polymer resist (PMMA) was lifted off, an additional gold film is deposited onto the gold grating. As a result, the SPP Bragg mirror consists of six gold lines grating (period Λ, width W = 90 nm and height h = 50 nm) above a 50 nm thick gold film. We spin-coated an aqueous suspension of fluorescent polystyrene (PS) particles (F S02F, BangLaboratories, Inc, mean diameter 60 nm) onto the sample. The nanobeads have an emission wavelength λ em = 690 nm (see the spectrum in the inset of Fig.2.1).

2. 1 .

 1 Figure 2.1: Scheme of SPCE leakage radiation microscopy. Fluorescent polystyrene (PS) nanobeads are excited using a 635 nm picosecond pulsed diode laser (LDH-P-635, Picoquant GmbH ). The top inset depicts the absorption (dotted red curve) and emission (solid red curve) spectrum[Ban ] of the doped beads. Their fluorescence signal is filtered using a dichroic mirror and a 665 nm long pass filter. A portion of the fluorescence signal is detected by an APD for scanning confocal microscopy. The rest is recorded in the Fourier plane with a CCD camera. DM: Dichroic mirror. BS: beam splitter. APD: Avalanche Photodiode. CCD: Charge Coupled Device camera (Andor T echnology, Luca EM S 658M ). Bottom inset: Scanning electron micrograph of a plasmonic DBR.

  Figure 2.2: a-b) Radiation leakages of the fluorescent signal emitted by the PS nanobead recorded in the Fourier plane. In (b), the bead is in front of the mirror whereas it lies on a flat gold film in (a). The drawings on the top depict the SPP propagation. k SP P and k r SP P refer to the incident and reflected wavectors, respectively and the corresponding SPP propagation towards and away from the plasmonic mirror are indicated by zones A and B in (b). c and d) Modeling of the image (c, logarithmic scale) and Fourier (d) planes. The fluorescent source is located at 2.1 µm to the mirror.

Figure 2 . 3 :

 23 Figure 2.3: Shematic view of the model used for the calculations presented in Fig. 2.2(c,d).

  Figure 2.4(a) presents a figure of merit of the DBR. It is defined by the extinction ratio A/B where A and B refer to the SPP signal propagating towards and away from the mirror, respectively. Practically, A and B were estimated by integrating the intensity over the A and B areas indicated in the inset of Fig. 2.4a) that corresponds roughly to the efficient reflection angular zone φ 40 • . We observe an almost full extinction for Λ = 333 nm corresponding to half the SPP wavelength λ SP P = λ em /n SP P = 667 nm, as expected

Figure 2

 2 Figure2.4: a) Extinction ratio A/B as a function of the grating period (the solid line is a guide to the eyes). We have considered beads located at distance less than d = 5 µm to the grating. b) A/B as a function of the bead distance to grating for a fixed period Λ = 333 nm. Scattered points: experimental data, solid red curve: data calculated with Fourier planes simulated such as done in Fig.2.2(d) (r = 0.2). We also consider a perfect mirror (r = 1) to clearly see the interference oscillations.

Figure 2

 2 Figure 2.5: a) Simulated Fourier plane of a coherent source placed at 850 nm from a mirror with a reflection coefficient r = 1. b) Fourier plane acquired for a fluorescent nanobead placed at 850 nm from a SPP Bragg mirror. Bright and dark lobes appears in the Fourier plane, that originates from interference between SPP and reflected SPP.

Chapter 2 .

 2 Figure 2.8: Same as Fig. 2.7 for a dipolar emitter perpendicular to the mirror walls.

Chapter 2 .

 2 Figure 2.9: Confocal FLIM setup. Dye molecules randomly deposited into a plasmonic cavity are excited with a circularly polarised laser beam. Fluorescence emission is divided by a polarised beam splitter (PBS) and collected on two APDs (Excelitas Technologies SPCM-AQRH-15 ). APD-Y is connected to a time-correlated single photon counting card (TCSPC, Picoquant-PicoHarp 300 ) for fluorescence decay acquisition (inset).

Figure 2 .

 2 Figure 2.10 shows a time-correlated single-photon count (TCSPC) histogram (green scatter) recorded from a single dye located inside a cavity. The instrument response function (IRF) of the microscope (black curve) is used for a bi-exponential reconvolution fitting procedure to evaluate the lifetime trace (red curve). The small lifetime component (dozens of picoseconds) is attributed to the background signal [Pic 2010], notably gold photoluminescence. The long lifetime component corresponds to the fluorescence lifetime of the dye molecule. The FWHM of the IRF

Figure 2 .

 2 Figure 2.11: a-c) Normalized fluorescence decay rate calculated as a function of cavity size L cav and molecule position for x-(a),y-(b) and z-(c) oriented emitter. Decay rates are normalized with respect to their free-space value Γ 0 . The value outside the cavity refers to the decay rate in absence of the gold gratings.

Figure 2 .

 2 Figure 2.12: a) Fluorescence lifetime as a function of the cavity size. b) Distribution of the lifetimes measured inside the cavity (red bars) or far from the cavity (blue bars). c) Average lifetime as a function of the cavity size (purple curve) The blue curve is calculated assuming a mean molecule position z = 25 nm above the metal film. Lifetimes are normalized with respect to the reference measured (τ ref = 1.43 ns) or calculated (τ ref /τ 0 = 0.51) far from the cavity. The bottom panel depicts the number of considered molecules for each cavity size.

Chapter 2 .

 2 Figure2.14: Normalized decay rates in a cavity shown as the purple diamond with a L cav = 1.1 µm as function of the distance to the mirror. Decay rates calculated for a z-oriented (dashed curve) and a x-oriented (dotted curve) dipole are also shown. The calculated radiative decay is plot for a z-oriented emitter (solid red curve).

1= 1

 1 Figure 3.1: Extinction efficiency for the dipolar resonance calculated keeping only the dipolar mode (n = 1) in the Mie expansion and using experimental value for the metal dielectric constant [Johnson 1972]. a) Silver particle in air. b) Gold particle in air. c) Gold particle in PMMA (optical index n B = 1.5). The particle radius is R = 25 nm for each case. Fit refers to a Lorentzian fit using parameters indicated on the figure.

Figure 3 . 2 :

 32 Figure 3.2: Schematic view of an emitting dipole (green double arrow) close to the surface of a metal nanoparticle. a) The emitter P ⊥ is oriented perpendicularly to the metal surface. b) The emitter P is oriented horizontally to the surface.

  Figure 3.4:a) Extinction efficiency of a silver sphere embedded in PMMA (R = 25 nm), calculated using full Mie expansion. b) Contribution of the dipolar (n=1) and quadrupolar (n=2) mode to the full extinction efficiency. The quality factor is indicated for each mode. Dielectric constant for silver is taken from ref.[START_REF][END_REF]].

Figure 3

 3 Figure 3.5: Normalized effective volume V n /V 0 as a function of the mode order.

Figure 3 . 6 :

 36 Figure3.6: Coupling efficiency into the dipolar (β 1 ), quadrupolar (β 2 ) and hexapolar (β 3 ) mode of a 50 nm silver sphere in PMMA, calculated using exact Mie expansion. The emitter wavelength is assumed to match the considered mode. Therefore β 1 , β 2 and β 3 are calculated at λ 1 = 435 nm (dipolar resonance), λ 2 = 387 nm (quadrupolar resonance), and λ 3 = 375 nm (hexapolar resonance), respectively.

  refer to spherical Bessel, Hankel and Ricatti-Bessel functions. Prime stands for derivative.

Figure 3

 3 Figure 3.7: Dipolar (a) and quadrupolar (b) SPP quality factor as a function of particle radius. The metal dielectric constant follows Drude model (blue curves, dots) or is taken from Johnson & Christy tabulated data (red curves, triangles).

Figure 3 .

 3 Figure3.7 represents the Q factor for the dipolar and quadrupolar modes of a silver sphere in air as a function of its radius. We observe a strong dependency on the

Figure

  Figure 3.8(c-d) clearly shows strong deviations of the exact Joule rate compared to the quasi-static approximation. For very small particles, the absorption rate is equal to the Drude decay rate for both dipolar and quadrupolar modes (horizontal black curve). However, it decreases with the particle size. Indeed, for large metallic particles the mode radiatively leaks into the far-field so that only a small portion of its field is confined into the absorbing nanostructure. Similar behaviours occur considering tabulated silver dielectric constant.

  Figure 3.8: Radiative and absorption rates for dipolar and quadrupolar mode. The metal dielectric constant follows Drude model (blue curves) or is taken from Johnson & Christy tabulated data (red curves). The black curves consider Drude metal and quasi-static approximation. Left column (a,c): dipolar mode, right column (b,d): quadrupolar mode. Top graphs (a,b): radiatives rates. Bottom graphs (c,d): non radiatives rates.

Figure 3

 3 Figure 3.9: Dipolar (a) and quadrupolar (b) SPP volume as a function of particle radius. The metal dielectric constant follows Drude model (blue curves) or is taken from Johnson & Christy tabulated data (red curves) [Johnson 1972]. Mode volume is normalized with respect to the particle volume V 0 .

  3.10(a,b)].

Figure 3

 3 Figure 3.10: Mode energy confinement. (a,b) Mode volume expression (3.36) as a function of the integration sphere cut-off radius. The metallic sphere radius is R = 5 nm (a) or R = 40 nm (b). The energy enclosed in the integration sphere linearly increases with sphere radius with a slope proportional to the field flux Φ. The mode volume energy is defined as the ordinate at origin. (c,d) Dipolar (a) and quadrupolar (b) LSP volumes. Purcell and energy refer to the mode volume definition. The metal dielectric constant follows Drude model.

Figure

  Figure3.10(c,d) represents the effective (energy) volume of the dipolar and quadrupolar SPPs. Modes volumes are strongly subwavelength and similar to the values obtained using Purcell factor definition for small particle sizes. However, significative differences appear for large particles. Particularly, for the dipolar mode, the energy confinement underestimates the volume on which the coupling remains efficient ("Purcell" mode volume) since the radiative leakages are removed. Moreover, the calculated modes energy confinement are similar for dipolar and quadrupolar modes since they do not take into account the radiative losses. In conclusion, applying the Purcell factor expression with the mode energy confinement volume could lead to inaccuracies. Nevertheless, the concept of particle modes becomes flawed for large particles since they are characterized by an extremely short lifetime (below their oscillation period). Insofar as mode volume represents the mode extension both expressions lead to similar order of magnitude and can be used. Finally, localized SPP effective volume is of the order of the particle physical volume that is, of nanometric dimensions.

  .1) with a wave-number k = 2πn B /λ.

Figure 4 . 1 :

 41 Figure 4.1: Schematic view of the coupling between a metallic nanoparticle and quantum emitter separated by a distance d. The Jablonsky diagram illustrates the energy levels of the emitter. The coupled system is excited by the incident electric field E i . The MNP and background dielectric constant are ε m and ε B , respectively.

Figure 4 . 2 :

 42 Figure 4.2: Near field electrical intensity maps near a 80 nm gold particle in air. Contribution of the dipolar (a) and the quadrupolar (b) mode. The particle is illuminated at the wavelength λ = 532 nm. The bulk gold dielectric function ε Au (λ) is extracted from Johnson & Christy's tabulated data [Johnson 1972].

Figure 4

 4 Figure 4.3: Near field scattering spectra of dipolar and quadrupolar modes shown on Fig. 4.2, calculated at the particle surface.

Figure 4 .

 4 Figure 4.4 depicts the enhancement of the pumping rate Π(d)/Π 0 . It decreases when the coupling distance d increases as expected for the strongly confined dipolar LSP.

Figure 4 . 4 :

 44 Figure 4.4: Normalized excitation rate of a molecule at a distance d from gold particle surface. Parameters are the same as used in Figure 4.2.

Figure 4

 4 Figure 4.5: Mode contribution to radiative (a) and non-radiative (b) decay rates as a function of the distance coupling d for a perpendicularly oriented dipole. The dipole emits light at the wavelength λ em = 560 nm. The sphere is a 80 nm sized gold particle in air.

Figure 4 .

 4 Figure 4.5 a) and b) shows the decay rates as a function of the coupling distance d.We observe that γ N R diverges near the surface due to strong non-radiative transfer to the metal (note that the model fails for d 1 nm where non local description of ε m (ω) has to be used[Vielma 2007[START_REF] Castanié | Fluorescence quenching by a metal nanoparticle in the extreme near-field regime[END_REF]). Contrary to the pumping (Fig.4.3) and radiative (Fig.4.5a) rate that are governed by the dipolar mode (n = 1), we observe in Fig.4.5b) that non-radiative decay rate is governed by the high order modes at short distances[Mertens 2009].

Figure 4

 4 Figure 4.6: a) Computation of the fluorescence signal enhancement (black curve) and the quantum yield (red curve) as a function of the coupling distance d. The intrinsic quantum yield is η 0 = 1. Other parameters are identical to figures 4.5 and 4.4.

Figure 4 .

 4 Figure4.6 shows the emission intensity enhancement as a function of the coupling distance d. This curve is deduced from the previously calculated pumping rate at λ = 532nm (Fig.4.2) and the decay rates at λ em = 560nm (Fig.4.5). The maximum enhancement factor (≃ 3) is obtained for a distance d = 17nm. On the other hand, the quantum yield decreases drastically to zero when decreasing the coupling distance d. This originates from non radiative transfer to the metal and leads to fluorescence quenching.

Figure 4

 4 Figure 4.7: a) Scheme of the multilayer consisting of an emitting Eu : Y 2 O 3 layer separated by a distance d from two silver nanoparticles layers into a passive Y 2 O 3 spacer layer. b) Calculated evolution of Eu 3+ emission versus d by supposing the coupling of an Eu 3+ emitter with one silver nanoparticle (red curve) or with a silver nanoparticles layer (green curve) as shown in the schemes. c) Experimental evolution of Eu 3+ emission versus d under excitation at 405 (squares), 455 (circles), and 532 nm (triangles). The inset of (c) shows the comparison between the excitation spectrum of Eu 3+ emission in Eu : Y 2 O 3 powders and the silver nanoparticle layer absorption.

Figure 4

 4 Figure 4.9: a) Fluorescence signal enhancement according to the distance d and the silver particle diameter D. b) Fluorescence signal enhancement (black curve)and quantum yield (red curve) according to the distance d for a particle size of D = 80 nm. c) Extinction efficiency spectra of the 80 nm size silver particle. For all those figures, the background medium is PMMA (n B = 1.5) and the emitter is perpendicular to the metal particle surface.

Figure 4

 4 Figure 4.10: a) Fluorescence signal enhancement (black curve) and quantum yield (red curve) of an emitter at a distance d from a 140 nm sized silver particle surface and perpendicular to it. b) Extinction efficiency spectra of the particle. The background medium is air (n B = 1).

Figure 4 .

 4 Figure 4.11: a) Fluorescence enhancement α(r) (Eq. 4.18) near a silver particle for randomly oriented molecules near a 80nm silver particle. b) Layer fluorescence enhancement α layer (Eq. 4.20). The horizontal line indicates the enhancement/inhibition threshold. The average fluorescence enhancement of the whole doped layer (25 nm) is AEF = 3.8. The excitation and emission wavelength are λ exc = 532nm and λ em = 560nm, respectively. The embedding medium is PMMA (optical index n B = 1.5).

Figure 4 .

 4 Figure 4.11a) shows the local fluorescent enhancement α(r) map (Eq. 4.18) for randomly oriented emitters dispersed in PMMA near a silver spherical particle. It follows the dipolar mode profile and the maximum enhancement reaches α ≈ 18.Since the random dye orientation is taken into account, this value is lower than that obtained previously for a perpendicular dye α ⊥ ≈ 29. Note that the dipolar mode profile is slightly tilted from the incident polarization axis. This feature is explained by the interference of the scattered field with the incoming plane wave[Härtling 2007].

Figure 4 .

 4 Figure 4.12: Eu 3+ fluorescence enhancement map α(r) near a 30nm(a) or 100nm (b) silver particle. c) Extinction efficiency of a 30nm (blue line) or 100nm (red line) silver particle. The dipolar and quadrupolar resonance are indicated for the two particle diameters. Excitation and emission wavelength are λ exc = 415nm and λ em = 620nm, respectively. The embedding medium is SiO 2 (n 1 = 1.5).

Figure 4 .

 4 Figure4.12a) is a map of the fluorescence exaltation α(r) achieved near a 30 nm sized silver sphere. This optimum core diameter D allows to achieve a maximum local fluorescent enhancement α(r) ≈ 70. This enhancement is mainly an improvement of absorption process: we have a strong exaltation Π/Π 0 of the excitation field which is resonant with the dipolar mode. Since the emission wavelength is far from the particle resonances (see the extinction efficiency in Fig.4.12c), radiative decay rate is practically not affected by the presence of the plasmonic nanostructure.

Figure 4 .

 4 Figure 4.13: Layer fluorescence enhancement of a Eu 3+ doped core-shell Ag@SiO 2 spherical particle. with a silver core of 30 nm (a) or 100 nm (b). The average fluorescence enhancement of the whole doped layer (25 nm) is reported on each figure. The horizontal line indicates the enhancement/inhibition threshold.

Figure 4 .

 4 Figure 4.14: Fluorescence enhancement α(r) of randomly oriented Er 3+ near a 130nm silver (a) or gold (b) particle. The excitation and emission wavelengths are λ exc = 800 nm and λ em = 1.55 µm, respectively. c) Extinction efficiency of a 130nm silver (blue line) or gold (red line) particle. The embedding medium is SiO 2 (optical index n B = 1.5).

Figure 4 .

 4 Figure 4.15 represents the fluorescent enhancement near a metal nanorod. The

Figure 4 .

 4 Figure 4.15: Fluorescence enhancement of randomly oriented Er 3+ near a silver (a) or gold (b) nanorod (70 nm × 20 nm). The incident electric field E i is polarized along the rod long axis. The excitation and emission wavelength are λ exc = 800 nm and λ em = 1.55 µm, respectively. The AEF over the whole (3D) 25nm doped shell is indicated. The two first nm of the shell are undoped (SiO 2 spacer). The embedding medium is SiO 2 (optical index n B = 1.5)
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Figure 5 . 1 :

 51 Figure 5.1: Schematic view of the coupling between a metal nanoparticle and a single quantum emitter. The Jablonsky diagram illustrates the energy levels of the emitter. The coupled system is excited by the incident electric field E i .

Figure 5

 5 Figure 5.2: a) Second order autocorrelation function g 2 (∆t) according to the distance d with a 80nm gold particle. b) Calculation of the photon antibunching time τ AB as a function of the coupling distance d. The emitter has an intrinsic decay rate γ 0 = 1/10 ns -1 and the free pumping rate is fixed as Π 0 = 1/50 ns -1 .

Figure 5

 5 Figure 5.3: a) Description of Nitrogen Vacancy (NV) center in the lattice of a diamond. Reprinted by permission from Macmillan Publishers Ltd: Nature (Ref. [Balasubramanian 2008]), copyright (2008). b) Scanning electron micrograph of nanodiamonds spread on glass.

Figure 5 .Figure 5

 55 Figure 5.4 presents two typical spectra measured on two different nanodiamonds.NV centers exhibit two charge states: a neutrally charged N V 0 , with a zero-phonon line (ZPL) emitting at 575nm[Mita 1996] (Fig 5.4a) and a negatively charged N V , with a zero-phonon line emitting at 637nm[Davies 1976] (Fig 5.4b). Both the types of NV centers are detected on the same sample. Furthermore, NV centers are photochromic: it is possible to switch them between different charge states by exciting them at a strong illumination power (typically at the dozen of mW at a 532 nm wavelength laser injected in a high numerical aperture lens)[Zheng 2010].

Figure 5 . 5 :

 55 Figure 5.5: Jablonsky diagram of N V centers which takes into account his metastable state |3 . Figure extracted from Ref. [Beveratos 2002].

Figure 5 . 6 :

 56 Figure 5.6: Confocal microscopy setup. NV center nanodiamonds are spread on glass substrate and are excited with a CW laser beam. Fluorescence emission is divided by a beam splitter (BS) and collected on two APDs (Excelitas Technologies SPCM-AQRH-15 ). APD A and B are connected to a time-correlated single photon counting card (TCSPC, Picoquant-PicoHarp 300 ) for g 2 (∆t) acquisition. DM: dichroic mirror.

Figure 5 . 7 :

 57 Figure 5.7: Numerical treatments of a second order autocorrelation histogram. a) Normalized histogram and b) background corrected histogram giving the g 2 (∆t) function.

Figure 5 . 8 :

 58 Figure 5.8: Scanning confocal imaging of two NV center nanodiamonds of interest.

Figure 5

 5 Figure 5.10: Saturation curves of each the NV centers embedded within ND 1 and ND 2. The NV fluorescence (F ) is plotted as a function of the excitation power P exc .

Figure 5 .

 5 Figure 5.11: Schematic view of the experiment: a metal coated tapered optical fiber is raster scanned above a nanodiamond. Simultaneously, excitation and collection of the NV center fluorescence is done by a high numerical aperture objective lens mounted in the set-up depicted on Fig. 5.6.

Figure 5

 5 Figure 5.12: Scanning electron micrograph of a silver coated tapered optical fiber. The dashed square area in (a) corresponds to the zoomed picture on (b).

Figure 5

 5 Figure 5.13: (a) Topographic image acquired above nanodiamonds spread on glass substrate. (b) Topographic profile along the dashed white line.

Figure 5

 5 Figure 5.15: Photoluminescence spectra of (a) a gold and (b) a silver coated tapered optical fiber. The excitation wavelength is 532 nm.

Figure 5

 5 Figure 5.16: Approach curves of a gold tip at an excitation P exc = 25µW. (a) The red curve is the signals measured for gold tip above a nanocrystal. The black one is tip photoluminescence measured far from the diamond. (b) Estimation of the NV fluorescence according to the distance Z between the diamond and the tip (difference between the red and black curves).

Figure 5 .Figure 5

 55 Figure5.17 shows the measured correlation function C(∆t) of a single nanocrystal (ND 2). We first acquire C(∆t) in absence of the tip at an excitation power

Figure 5 .

 5 Figure 5.18: Optical micrograph of plasmonic tips engineered in CEMES, Toulouse (S. Viarbitskaya and E. Dujardin). An individual gold nanowire is glued on the taper of an optical fiber.
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Table 1

 1 

	.1: Report of recent improvements in optical cavities
		Quality	Mode	Purcell	References
		factor	volume	factor
	Micropillar	7, 400	0.3µm 3		[Reithmaier 2004]
		22, 000	0.5µm 3	61	[Press 2007]
		40, 000	1.2µm 3		[Reitzenstein 2007]
				25	[Varoutsis 2005]
				9	[Santori 2002]
	Microtoroid	4 10 8	160(λ/n) 3 2 10 5	[Kippenberg 2004]
	Photonic crystals			28	[Laurent 2005]
				10

Table 4 .

 4 1: Optimum enhancement factor calculated for 3 different configurations.

	Sphere mate-	Background	sphere diame-	optimum cou-	α ⊥ (d max )
	rial	medium	ter D	pling distance	
				d max	
	Silver	PMMA	80nm	5nm	29
	Silver	Air	140nm	8nm	16
	Gold	Air	120nm	16nm	6

  Table4.2: Comparison of excitation and emission rates calculated at the optimum distance for Rh6G and Eu 3+ doped silver core-shell. The local fluorescence enhancement is slightly below the product of excitation rate × apparent quantum yield since it obeys to Eq. 4.18.

					γ 0	η	max(α) AEF
	Rh6G-Ag(80 nm)@SiO 2	4nm	35	9.7	5	0.66	19	3.8
	Eu 3+ -Ag(30 nm)@SiO 2	6nm	210	1.8	3	0.37	69	11.0
	Eu 3+ -Ag(100 nm)@SiO 2 5.5nm	90	8	4.2	0.66	47	6.7

Table 5 .

 5 2: Results of the fitting procedures applied on C(∆t) red curves (Fig.5.17) exhibiting bunching effects. Tip coating τ 1 (ns) τ 2 (ns)

	Gold	56	170
	Silver	42	270

In case of extremely high Purcell factor, the coupling regime is probably strong coupling (actually if the coupling constant is higher than cavity and emitter decay rates).
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Appendix 1

In this appendix, we derive the expression of mode quality factor and effective volume for a spherical particle embedded in homogeneous background of optical index n B = √ ε B . For a better description of the metal optical properties, we include the contributions of the bound electrons into the metal dielectric constant

A.1 Effective polarisability associated to n th SPP mode

The n th multipole tensor moment of the metallic particle is given by

The resonance angular frequency is then

Finally, the effective polarisability, including finite size effects write [Colas des Francs 2009a]:

with k B = n B k the wavenumber in the background medium.

Considering a Drude metal, we achieve a simple approximated expression for α ef f n near a resonance

So that the quality factor expression Q = ω n /Γ n remains valid but with the corrected expressions for resonance frequency ω n and total dissipation rate Γ n . Appendix A. Appendix 1

A.2 Effective volumes

The total coupling strength of a dipolar emitter to the spherical metallic particle, embedded in n B medium expresses [Colas des Francs 2008, Colas des Francs 2009a]:

The coupling strength to the n th mode is

and the mode effective volume is deduced from comparison to the Purcell factor (Eq. 3.35)

Finally, we define the mode volume as

All the expressions obtained in this appendix reduce to the simple analytical case discussed in the main text for ε ∞ = 1 (bound electrons contribution neglected) and ε B = 1 (background medium is air).