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Lorsqu'ils chassaient le bison, nos ancêtres y allaient en groupe.

C'est ensemble qu'ils pouvaient encadrer l'animal et ensemble qu'ils joignaient leurs efforts pour le capturer.

Celui qui avait porté le coup final n'était pas le plus méritant.
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Résumé

Les recherches dans le domaine de l'information quantique ont mené à de réelles avancées dans le stockage, le traitement et la transmission de l'information quantique sous forme de bits quantiques (appelés qubits). Ces recherches portent sur divers systèmes tels que les qubits supraconducteurs, des défauts dans du diamant, des atomes, des ions et des molécules isolés ou des boîtes quantiques (BQs) semiconductrices. Ces systèmes forment alors des noeuds statiques dans un réseau d'information où le photon unique est le meilleur messager pour transporter des qubits d'un noeud à l'autre. Ces recherches ont mené à de nouvelles techniques rendant la manipulation et la détection de photons uniques de plus en plus simples et efficaces. La majorité des avancées dans le domaine de l'information quantique ont été réalisées en utilisant des lasers atténués ou des sources à conversion paramétrique. Dans les deux cas, la brillance est fortement limitée à cause de la statistique poissonienne des sources.

La manipulation d'émetteurs uniques (atomes, BQs,. . . ) offre donc une alternative viable aux sources poissoniennes car ils sont capables d'émettre un photon à la fois.

Parmi les diverses solutions disponibles, les BQs semiconductrices offrent d'excellents résultats en terme de brillance, de pureté des photons uniques et d'indiscernabilité des photons. En tant que petit groupe d'atomes semiconducteurs de faible énergie de gap dans une matrice semiconductrice, une BQ est capable de confiner un petit nombre de charges électroniques. Grâce au confinement spatial, ces charges se relaxent une à une en émettant des photons à des énergies discrètes à l'image des électrons orbitant autour du noyau d'un atome. La difficulté est alors de collecter ces photons émis dans toutes les directions de l'espace dans un milieu d'indice optique élevé. Le taux de collection avec des BQs dans un semiconducteur est de l'ordre de deux ou trois photons sur cent.

Depuis 2010, des brillances de l'ordre de 80% ont été atteintes dans différents groupes grâce à diverses techniques. L'une d'entre elles consiste à contrôler l'émission spontanée d'une BQ en la couplant dans une cavité optique. Le taux d'émission spontanée de la BQ dans le mode de la cavité est alors multiplié par un nombre appelé le facteur de 

Introduction

The latest developments in quantum technologies have shown impressive progress in the storage, process and transmission of quantum information using quantum bits (qubits).

Many systems have been explored, such as: photons [START_REF] O'brien | Photonic quantum technologies[END_REF][START_REF] Northup | Quantum information transfer using photons[END_REF], ions [START_REF] Leibfried | Quantum dynamics of single trapped ions[END_REF][START_REF] Duan | Colloquium : Quantum networks with trapped ions[END_REF], superconducting qubits [START_REF] Devoret | Superconducting circuits for quantum information: an outlook[END_REF], defects in diamond (NV centers) [START_REF] Aharonovich | Diamond photonics[END_REF], atoms [START_REF] Haroche | Controlling photons in a box and exploring the quantum to classical boundary (Nobel Lecture)[END_REF] and semiconductor quantum dots (QDs) [START_REF] Lodahl | Interfacing single photons and single quantum dots with photonic nanostructures[END_REF] obtaining spectacular progress in every research area. Currently, the continuously increasing number of entangled qubits with ions [START_REF] Monz | 14-Qubit Entanglement: Creation and Coherence[END_REF] and superconducting qubits [START_REF] Kelly | State preservation by repetitive error detection in a superconducting quantum circuit[END_REF] (up to 14 qubits and to 9 qubits, respectively), make them the best systems for local information processing. Yet, to connect two of such local nodes, photons appear as the most natural channel [START_REF] Knill | A scheme for efficient quantum computation with linear optics[END_REF][START_REF] Gisin | Quantum communication[END_REF]. Indeed, the speed of the information transmission and the low-noise properties of photons constitute extremely attractive characteristics for quantum information communications. Encoding information on a single photon is relatively easy. Moreover, they can interact with a large variety of quantum nodes: atoms [START_REF] L M Duan | Long-distance quantum communication with atomic ensembles and linear optics[END_REF][START_REF] Castelli | Deterministic Generation of Single Photons from One Atom[END_REF], ions [START_REF] H G Barros | Deterministic single-photon source from a single ion[END_REF], NV centers [START_REF] Kurtsiefer | Stable solid-state source of single photons[END_REF][START_REF] Beveratos | Single Photon Quantum Cryptography[END_REF] and quantum dots [START_REF] Volz | Ultrafast all-optical switching by single photons[END_REF][START_REF] Gao | Observation of entanglement between a quantum dot spin and a single photon[END_REF][START_REF] Gao | Coherent manipulation, measurement and entanglement of individual solid-state spins using optical fields[END_REF]. Finally, at the single photon level, the communication is secured since the measurement of the information contained in a photon by an eavesdropper affects the information itself, which triggers an alert.

In this context, the ideal photon source is an on-demand deterministic singlephoton source. A "single photon" source emits photons one by one, and never two photons simultaneously. This single photon emission should be provided "on-demand" and never at a random time. This excludes the continuous wave operation regime. The source should produce pulses of single photons at a well-defined frequency; the higher the frequency, the higher the communication transfer rate. Finally, this emission process should be deterministic: each pulse should contain a single photon with a probability of one. This crucial characteristic is quantified by the source brightness: the probability that one collected pulse actually contains one photon. Of course, such properties are very difficult to gather, optical losses inevitably degrade the deterministic nature of the source even if this one is ideal.

An additional and very important requirement for quantum information processing applications and long distance communications is to implement and control the two-photon interactions. In the current photonic technologies, this interaction is based on the photons indistinguishability. When two identical photons meet on a beamsplitter, they interfere exiting together through the same output port, with a zero probability of leaving the beamsplitter separately. This quantum phenomenon allows implementing two photon optical gates for quantum processing of information or Bell state measurements in quantum relays for instance.

Today, most commonly used sources in optical quantum technologies are attenuated lasers or sources based on spontaneous parametric-down conversion (SPDC) [START_REF] Gisin | Quantum communication[END_REF]. Attenuated lasers are used in commercial quantum cryptography systems: by strongly attenuating the light, one can reach a regime where the probability to obtain two photons is very low. However, this is of course at the expense of having a very low probability to obtain one photon. The brightness is thus limited to few percent in practice. Such solution imposes a strong limitation in the quantum information transfer rate.

Alternatively, SPDC sources are used to obtain heralded single photon sources. An intense beam sent to a nonlinear crystal is converted into two down-converted beams.

Because these photons are created in pairs, the detection of one photon in one beam can be used to herald the presence of another one in the other beam. The heralding process leads to a sub-poissonian statistic for the heralded signal. Heralded SPDC sources offer the advantage of relatively easy room temperature operation and very high degrees of indistinguishability. They have been extensively used in the last two decades, with beautiful demonstrations like the implementation of an optical quantum CNOT gate [START_REF] Brien | Demonstration of an all-optical quantum controlled-NOT gate[END_REF], the measurement of a phase below the classical limit [22,[START_REF] Walther | De Broglie wavelength of a non-local four-photon state[END_REF], the quantum teleportation [START_REF] Bouwmeester | Experimental quantum teleportation[END_REF], the implementation of optical quantum computing [START_REF] Lanyon | Experimental Quantum Computing without Entanglement[END_REF] or even the quantum simulation of chemical [START_REF] Lanyon | Towards quantum chemistry on a quantum computer[END_REF] and physical processes [START_REF] Ma | Quantum simulation of the wavefunction to probe frustrated Heisenberg spin systems[END_REF][START_REF] Aspuru | Photonic quantum simulators[END_REF]. Yet, because the conversion process is super-poissonian, the single photon purity of a heralded source rapidly degrades with the source brightness. Experiments involving the measurement of coincident event among three or four photons require acquisition times of tens or hundreds to hours.

In parallel, strong efforts have been made by the solid-state community to develop alternative single photon sources based on single quantum emitters. So far the best results in terms of single photon generation, brightness and photon indistinguishability have been obtained using semiconductor quantum dots. Semiconductor quantum dots are nanometric insertions of a small bandgap material in a larger bandgap matrix. The strong confinement of charges in quantum dots makes the electronic occupancy states discrete, very similarly to the electronic states in a single atom. QDs have been shown to emit single photons in 2000 by the group of Pr. Imamoglu [START_REF] Michler | A quantum dot single-photon turnstile device[END_REF]. Since then, many progress have been obtained to fabricate devices that would perform as ideal single photon sources [START_REF] Pelton | Efficient Source of Single Photons: A Single Quantum Dot in a Micropost Microcavity[END_REF][START_REF] Gazzano | Bright solid-state sources of indistinguishable single photons[END_REF][START_REF] Claudon | A highly efficient single-photon source based on a quantum dot in a photonic nanowire[END_REF].

In a bulk material, single photons are emitted from a QD quasi-isotropically in high refractive index material, limiting the collection efficiency to a few percent. Strategies have been efficiently developed to overcome this limitation. Controlling the QD emission in photonic structures like microcavities [START_REF] Pelton | Efficient Source of Single Photons: A Single Quantum Dot in a Micropost Microcavity[END_REF][START_REF] Gazzano | Bright solid-state sources of indistinguishable single photons[END_REF][START_REF] Gérard | Enhanced Spontaneous Emission by Quantum Boxes in a Monolithic Optical Microcavity[END_REF][START_REF] Solomon | Single-mode spontaneous emission from a single quantum dot in a three-dimensional microcavity[END_REF][START_REF] Reithmaier | Strong coupling in a single quantum dot-semiconductor microcavity system[END_REF] or single mode optical waveguides [START_REF] Claudon | A highly efficient single-photon source based on a quantum dot in a photonic nanowire[END_REF], single photon sources with brightness close to 80% have been demonstrated in 2010-2013 [START_REF] Gazzano | Bright solid-state sources of indistinguishable single photons[END_REF][START_REF] Claudon | A highly efficient single-photon source based on a quantum dot in a photonic nanowire[END_REF]. Embedded in a GaAs matrix, confined charges are prone to dephasing mechanisms induced by the electronic fluctuating environment or by the lattice vibrations. Coupling QDs to optical cavities to shorten their emission lifetime, the generation of indistinguishable photons has been demonstrated in 2002 by Santori and coworkers [START_REF] Santori | Indistinguishable photons from a single-photon device[END_REF]. Since then, many groups have studied the photon indistinguishability using different excitation schemes [START_REF] Gazzano | Bright solid-state sources of indistinguishable single photons[END_REF][START_REF] Laurent | Indistinguishable single photons from a single-quantum dot in a two-dimensional photonic crystal cavity[END_REF][START_REF] Bennett | Indistinguishable photons from a diode[END_REF][START_REF] Ates | Post-Selected Indistinguishable Photons from the Resonance Fluorescence of a Single Quantum Dot in a Microcavity[END_REF][START_REF] He | On-demand semiconductor single-photon source with near-unity indistinguishability[END_REF][START_REF] Monniello | Indistinguishable single photons generated by a quantum dot under resonant excitation observable Bibliography without postselection[END_REF][START_REF] Müller | On-demand generation of indistinguishable polarization-entangled photon pairs[END_REF][START_REF] Proux | Measuring the Photon Coalescence Time Window in the Continuous-Wave Regime for Resonantly Driven Semiconductor Quantum Dots[END_REF][START_REF] Gschrey | Highly indistinguishable photons from deterministic quantum-dot microlenses utilizing three-dimensional in situ electron-beam lithography[END_REF] and obtaining remarkable results in the last few years. This thesis has been done in the group of Pr. Pascale Senellart at the Laboratoire de Photonique et Nanostructures (LPN). The group has developed a long expertise in QDbased photonic devices, based on cavity quantum electrodynamics (CQED). A great challenge to study CQED with QDs is that QDs are randomly distributed both spatially and spectrally. The LPN team developed in 2008 a technique that allows a full control of the coupling between a single QD and a micro-cavity [START_REF] Dousse | Controlled light-matter coupling for a single quantum dot embedded in a pillar microcavity using far-field optical lithography[END_REF]. This technique, called in situ lithography technique, allowed the group to demonstrate on demand control of spontaneous emission of a QD both in the weak and strong coupling regime.

Using this technique, the group demonstrated the fabrication of an ultrabright source of polarization-entangled photon pairs in 2010 [START_REF] Dousse | Ultrabright source of entangled photon pairs[END_REF]. In 2013, Gazzano et al. fabricated a bright sources of indistinguishable single photons [START_REF] Gazzano | Bright solid-state sources of indistinguishable single photons[END_REF] and used it to implement a twophoton quantum logic CNOT gate [START_REF] Gazzano | Entangling Quantum-Logic Gate Operated with an Ultrabright Semiconductor Single-Photon Source[END_REF].

When I started my PhD, in a first place our objective was to further improve the properties of the sources by increasing the Purcell factor using new optical cavity structures.

A larger acceleration of spontaneous emission should improve both the source brightness and indistinguishability. I demonstrated the fabrication of bright single photon sources in a regime of high Purcell factor and studied the properties of these new structures.

After studying in depth the conditions to obtain single and indistinguishable photons, we used two of these sources to demonstrate an elementary photonic network based on the quantum interference using two remote sources.

However, these new structures showed limitations in terms of performance reproducibility due to an important charge noise. In the second part of my PhD, I studied a new generation of samples with an electrical control of electronic states in the QD. We first demonstrated the fabrication of ultrabright tunable single photon sources in a reproducible way. Then, the resonant fluorescence spectroscopy was implemented on one of these devices, this allowed us to obtain for the first time single photon emission with very high indistinguishability values and high brightness. This was obtained through a coherent control of the QD state under a very weak pulsed excitation containing only few photons.

This manuscript reports on these various results, not following chronological order, but focusing first on the properties of single sources, before presenting the work realized with remote sources. The outline is the following:

• In chapter 2, we give the basics on the optical properties of InAs QDs. Energy levels of carriers in QDs, the effects of coupling to phonons and the light matter interaction are described as well as the corresponding experimental setups. The basics of light-matter coupling for a two-level system in a cavity are presented and the applications for the fabrication of bright single photon sources are discussed.

Finally, we describe how a single QD is coupled to a micropillar using the in situ lithography technique, used for the fabrication of all devices used in this work.

• Chapter 3 shows the development and the use of an alternative design of cavity structure to obtain a better light confinement in the optical cavity and an enhancement of the Purcell effect. QDs deterministically coupled to adiabatic micropillars cavities are studied in detail. We study the experimental conditions required to obtain a high single photon purity and indistinguishability. Stateof-the-art in single photon emission is demonstrated in terms of brightness and indistinguishability. Signatures of strong charge noise is evidenced, which limits the reproducibility of the performance with such cavities.

• In chapter 4, we describe the next generation of sources, with electrical control of the QD electronic states, developed in the group including an electrical control of the devices. The single photon purity and indistinguishability are measured on two devices under a quasi resonant excitation. The emission of highly indistinguishable photons, when the source is at its maximum emission rate, is demonstrated in a reproducible way.

• In chapter 5, the electrically tunable sources are studied under strictly resonant excitation. Under pulsed excitation, Rabi oscillations are observed as a function of excitation power. It is experimentally demonstrated that the photons emitted by the QD are perfectly indistinguishable under these excitation conditions.

• In chapter 6, using devices presented in chapter 3, we report on the interferences between single photons emitted by remote sources. We demonstrate that controlling the lifetime of one source is a powerful tool to improve the two-photon interference process between remote devices.

• Finally, perspectives to this PhD work are sketched in chapter 7.

Chapter 2

Fundamentals of QD Based Single Photon Sources

An ideal source of single photons emits light pulses that deterministically contains only one photon. This criterion is important for the security and the reliability of the quantum communication as well as for the fidelity of quantum information processing protocols.

For most applications in quantum information processing, the photons are also required to be indistinguishable. With identical properties (energy, polarization, spatial and temporal profiles), indistinguishable photons can interfere with each other due to their boson nature. With the goal of building more complex systems for the quantum information processing, huge efforts are made to develop bright sources of single photons.

The source brightness is related to the probability that the source effectively provides a single photon when needed. The brightness, as well as the emission rate (defined as the time between two emissions) directly influences the communication rate as well as the acquisition time in quantum optics experiments. Currently, most of the experiments are done with attenuated lasers or heralded single photon sources based on parametric-down conversion (SPDC). Yet, to limit the multiple photons contribution, PDC sources are strongly attenuated, leading to an extremely low mean number of photons (below 0.01 photon per pulse). As a consequence, the development of a bright, reliable and scalable single-photon source has become a crucial milestone in the global roadmap of quantum optics. To increase the single-photon rate with PDC sources, it is possible to multiplex several sources [START_REF] Collins | Integrated spatial multiplexing of heralded single-photon sources[END_REF]. Using this technique, about 17 PDC sources are required to achieve a single-photon probability higher than 0.99 (without taking into account any optical losses) [START_REF] Christ | Limits on the deterministic creation of pure single-photon states using parametric down-conversion[END_REF]. An alternative is to develop ideal single-photon sources based on single quantum emitters.

Different types of two-level systems are studied to that end: trapped ions [START_REF] Keller | Continuous generation of single photons with controlled waveform in an ion-trap cavity system[END_REF], trapped atoms [START_REF] Schlosser | Sub-poissonian loading of single atoms in a microscopic dipole trap[END_REF][START_REF] Benoit Darquié | Controlled single-photon emission from a single trapped two-level atom[END_REF], single molecules [START_REF] Lounis | Single photons on demand from a single molecule at room temperature[END_REF], NV centers in diamond [START_REF] Kurtsiefer | Stable solid-state source of single photons[END_REF][START_REF] Beveratos | Single Photon Quantum Cryptography[END_REF] or semiconductor quantum dots [START_REF] Santori | Triggered Single Photons from a Quantum Dot[END_REF]. Since semiconductor quantum dots (QDs) can be integrated in photonic devices, they appear as a scalable solution. In this PhD, we focus our attention on semiconductor quantum dots only. After describing the energy levels of charges in a QD, we describe the spontaneous emission of photons that results from the recombination of carriers. The single-photon purity, quantified by the autocorrelation function g (2) (τ ), is then briefly discussed. After a short introduction about two-photon interferences, we discuss the state of the art in terms of QD based indistinguishable photon sources.

In a second part, we discuss the coupling between a QD and a cavity mode used to implement a modification of the spontaneous emission and obtain bright sources. It is particularly important to note that the cavity-QD coupling requires an excellent matching between the position of the QD and the maximum of the field in the optical cavity as well as the spectral matching between the QD and the cavity resonances. The technique of in situ lithography used to fabricate the spectrally and spatially matched devices studied in this work is described.

Finally the brightness of sources is defined and discussed. We compare the brightness of different sources such as QDs in bulk material, QDs in a cavity, and parametric down conversion sources, the latter being the most commonly used sources used in current quantum optics experiments.

2.1 Structure of Self-Assembled Quantum Dots 2.1.1 Self-Assembled Quantum Dots in Semiconductor A InAs/GaAs quantum dot (QD) is a small cluster of InAs atoms in a GaAs lattice.

Since InAs bandgap is lower in energy as GaAs bandgap, it forms a local potential well for the carriers in all the directions of space.

The samples studied during this PhD were grown at the laboratoire de Photonique et de Nanostructures by the group of Aristide Lemaître. The formation of InAs quantum dots occurs during the Stranski-Krastanov growth (theoretically predicted in 1938) [START_REF] Stranski | No Title[END_REF][START_REF] Goldstein | Growth by molecular beam epitaxy and characterization of InAs/GaAs strained-layer superlattices[END_REF] in a MBE (Molecular Beam Epitaxy) system. Due to the lattice mismatch between GaAs and InAs (the latter having a lattice constant 7% larger), the InAs layer suffers strong mechanical strain. When the thickness of InAs reaches a critical point (1.7 monolayer), it becomes energetically favorable for the material to change its atomic configuration, inducing the apparition of small InAs clusters made of few thousands of atoms. The surface density of dots can vary with the growing conditions (like temperature of the substrate, the amount or the indium flow [START_REF] Joyce | Effect of growth rate on the size, composition, and optical properties Bibliography of InAs/GaAs quantum dots grown by molecular-beam epitaxy[END_REF]). The typical densities of InAs dots can vary from 10 µm -2 to 500 µm -2 . The typical shape basically consists of flat lenses laying on a 2D InAs layer. The lateral size is typically around 10-20 nm with a height of 3 nm, as shown in fig. 2.1a. and 2.1b.. Figure 2.1a. shows also the randomness of the QDs position as well as the size dispersion. This random distribution and shape diversity make the coupling of a single QD with a cavity a very challenging task as it will be shown in the following sections.

The InAs quantum well forming the common base of the QDs is called the wetting layer. In the wetting layer, the confinement of charges is only in the growth direction (1D), the fundamental energy level is higher (1.442 eV, corresponding to a emission wavelength of 860 nm) than in the QD (1.319 eV or 940 nm). Several works have addressed the study of QD ensembles [58]. The optical emission from single InAs quantum dots was studied for the first time by Marzin and coworkers in 1994 [START_REF] J Y Marzin | Photoluminescence of Single Inas Quantum Dots Obtained by Self-Organized Growth on Gaas[END_REF].

Energy levels of carriers in a Quantum dot

Highly sophisticated models have been developed to describe the energy levels of carriers in QDs accounting for the various shapes of the potential, taking into account realistic shapes or the effects of strain [START_REF] Wang | Electronic structures of [110]faceted self-assembled pyramidal InAs/GaAs quantum dots[END_REF][START_REF] Williamson | Theoretical interpretation of the experimental electronic structure of lens-shaped self-assembled InAs/GaAs quantum dots[END_REF]. However, many important features can be derived from a basic model as discussed below.

Consider a single electron in the conduction band of a semiconductor. For the sake of clarity, we will ignore the spin in this theoretical description. The electron wavefunction can be written as ψ e (r) = e ik.r u k (r) (2.1) where u k (r) is the Bloch wave function. ψ e (r) describes the electron delocalized in the whole crystal. Using the effective mass approximation (or the approximation of the envelope wave function) [START_REF] Bastard | Superlattice band structure in the envelope-function approximation[END_REF], one can describe the electron wavefunction in a heterostructure as:

ψ e (r) = f (r)u k (r) (2.2)
where f (r) is the envelope function. This function is determined by the Schrodinger equation:

-2 2m * (r) ∇ 2 + V (r) f (r) = Ef (r) (2.3)
where m * (r) is the effective mass of the electron in the quantum dot.

We use a highly simplified model describing the trap by a square well in the three directions:

V (r) =    0 if 0 < x < L x , 0 < y < L y , 0 < z < h +V 0 otherwise (2.4) 
The solutions with a wavevector k are given by the following relations [START_REF] Cohen-Tahnoudji | Quantum mechanics[END_REF]:

   | cos( kL 2 )| = k k 0 tan( kL 2 ) > 0 or    | sin( kL 2 )| = k k 0 tan( kL 2 ) < 0 (2.5)
where k 0 = 2m * V 0 2 . In the case of an electron, k 0 ≈ 10 9 m -1 . So h ≈ 3 -5nm leads to the confinement of only one electronic state in the z-direction. In the x and y directions where π L ≈ 5.10 8 m -1 , the ratio k 0 L π leads to the existence of at least two confined states. In this simplified picture, the energy levels of the carriers can be roughly estimated in the case of an infinite well (V 0 → +∞):

E = 2 2m * (k 2 x +k 2 y +k 2 z )+E gap = 2 2m * n 2 x π 2 L 2 x + n 2 y π 2 L 2 y + n 2 z π 2 L 2 z +E gap with L x , L y L z (2.6)
where n x , n y ≥ 0 are integers. The energy gap between the lowest energy state (n x , n y , n z = 1) and one excited state is of the order of: This extremely simplified model gives the right order of magnitude for the energy separation of the electron and hole levels in a QD.

Origin of the spectral variety of discrete states in InAs QDs

As shown by fig. 2.1 a., self assembled InAs quantum dots exhibit different sizes and shapes.

From eq.2.6, we estimate that the relative fluctuation of energy related to a fluctuation in height is:

∆E z E z = 2 ∆L z L z (2.9)
Considering realistic values for E z ∼ 400 meV, if L z varies by 1 atom (∼10%), then

∆E z = 80meV.
This simple estimation shows why QDs present large inhomogeneous distribution of their spectral properties. It also shows that these strong fluctuations are not likely to be controlled even with a highly optimized growth process.

Coulomb Interactions in a QD and Exciton Fine Structure Splitting

Two carriers (electrons or holes) can be trapped simultaneously in a QD. The spatial confinement makes their wavefunction (φ and ψ) overlap and Coulombian interaction is an important term in the total energy [START_REF] Franceschetti | Direct Pseudopotential Calculation of Exciton Coulomb and Exchange Energies in Semiconductor Quantum Dots[END_REF]. Two terms must be considered, the direct term:

J = e 2 |φ( r 1 , σ 1 )| 2 |ψ( r 2 , σ 2 )| 2 | r 1 -r 2 | d r 1 d r 2 (2.10)
and the exchange interaction term:

K = e 2 φ * ( r 1 , σ 1 )ψ * ( r 2 , σ 2 )φ( r 1 , σ 1 )ψ( r 2 , σ 2 ) | r 1 -r 2 | d r 1 d r 2 (2.11)
The first Coulomb term leads to a shift of the confined levels of about 20meV for the s-shell transition [START_REF] Vasanelli | Transitions optiques interbandes et intrabandes dans les boîtes quantiques simples et couplées verticalement[END_REF]. The calculation of the exchange interaction is more complicated.

If we consider only the heavy holes due to their high energy separation with the light holes, the z-component of the spins of heavy-holes and electron gives rise to four possible spin states:

| + 1 ≡ | ⇑, ↓ = | + 3/2, -1/2 (2.12) | -1 ≡ | ⇓, ↑ = | -3/2, +1/2 (2.13) | + 2 ≡ | ⇑, ↑ = | + 3/2, +1/2 (2.14) | -2 ≡ | ⇓, ↓ = | -3/2, -1/2 (2.15)
where the bright exciton states are denoted | ± 1 , defined by the optical selection rules.

The | ± 2 exciton states are called dark excitons.

In this basis, the exchange interaction Hamiltonian of an exciton composed by a hole (with a spin J h ) and by an electron (with a spin S e ) reads:

H exc = - i=x,y,z (a i J h,i S e,i + b i J h,i S e,i ) (2.16)
In the exciton spin basis

| + 2 , | -2 , | + 1 , | -1 ,
H exc can be written as: 

H exc = 1 2        δ 0 δ 2 0 0 δ 2 δ 0 0 0 0 0 -δ 0 δ 1 0 0 δ 1 -δ 0        (2.17 
δ 0 δ 1 δ 2 ∼ 400µeV ∼ 10 -100µeV ∼ 50µeV
The QD shape often presents an in-plane (along x and y) structural asymmetry. When the rotational symmetry is broken (b x = b y ), an exciton shows a fine structure splitting (FSS). The energy splitting between the two states | ± 1 is typically several tens of µeV [START_REF] Seguin | Size-dependent fine-structure splitting in self-organized InAs/GaAs quantum dots[END_REF].

This exchange interaction can be experimentally observed in a photoluminescence (PL) experiment. Figure 2.3 shows typical emission spectra evidencing the splitting of the exciton line, measured by rotating a half-wave plate placed before a polarization analyser.

The splitting here is aroung 20 µeV. The points on fig. 2.3b. shows the spectral shift of the line as a function of the polarization axis evidencing the QD asymmetric axes.

The fine structure splitting (FSS) of excitons in semiconductor structures has been theoretically studied in many works [START_REF] Blackwood | Exchange interaction of excitons in GaAs heterostructures[END_REF][START_REF] Takagahara | Theory of exciton doublet structures and polarization relaxation in single quantum dots[END_REF]. In the work by Takagahara [START_REF] Takagahara | Theory of exciton doublet structures and polarization relaxation in single quantum dots[END_REF] a simple estimation of the splitting of bright excitons is derived:

δ 1 = 1 16 (1.559η) µ x 2 L 3 (2.18)
where µ x is the dipole amplitude, L is the characteristic size of the quantum dot and η the degree of asymmetry in the QD.

It is interesting to compare this estimation to the radiative decay rate:

δ 1 Γ = η 1.559 × 3 16 × 8π 2 λ 0 nL 3 ≈ 66η with λ 0 = 940nm and L = 10nm (2.19)
We see that even an asymmetry of the order of one atomic monolayer (η ∼ 1%) gives rise to a FSS of the order of the radiative linewidth of the state. The ratio in eq.2.19

is an important parameter that determines the possibility for the QD to emit entangled photon pairs starting from two excitons in a QD [START_REF] Akopian | Entangled photon pairs from semiconductor quantum dots[END_REF].

Different techniques have been developed in order to minimize the FSS. A rapid thermal annealing of the sample has been shown to reduce the exciton confinement, and thus increasing the number of QDs with a small FSS [START_REF] Young | Inversion of exciton level splitting in quantum dots[END_REF][START_REF] Ellis | Control of fine-structure splitting of individual InAs quantum dots by rapid thermal annealing[END_REF][START_REF] Tartakovskii | Effect of thermal annealing and strain engineering on the fine structure of quantum dot excitons[END_REF]. Applying an external strength on the sample using a piezo actuator [START_REF] Trotta | Highly entangled photons from hybrid piezoelectric-semiconductor quantum dot devices[END_REF] leads to a control of the FSS as well as applying an external electric field [START_REF] Gerardot | Manipulating exciton fine structure in quantum dots with a lateral electric field[END_REF][START_REF] Muller | Creating polarization-entangled photon pairs from a semiconductor quantum dot using the optical stark effect[END_REF] or in-plane magnetic field (B perpendicular to the growth axis) [START_REF] Gilchrist | Quantum information: source of triggered entangled photon pairs?[END_REF][START_REF] Kowalik | Manipulating the exciton fine structure of single CdTe/ZnTe quantum dots by an in-plane magnetic field[END_REF].

Another approach to decrease the ratio of the FSS over the radiative decay (eq.2. [START_REF] Gao | Observation of entanglement between a quantum dot spin and a single photon[END_REF]) is to increase the radiative decay rate Γ. This is done by modifying the electromagnetic environment in which the QD emits. The emission of polarization-entangled photon pairs was demonstrated by Dousse et al. [START_REF] Dousse | Ultrabright source of entangled photon pairs[END_REF] in the group by deterministically coupling a QD to a cavity mode.

Occupancy States of a Quantum dot

Depending on the energy of the excitation, carriers can be generated in the GaAs, in the InAs wetting layer (WL) or even directly in resonance with an energy level of the QD as illustrated in fig. 2.4. When created non resonantly, the carriers relax to lower energy levels with a typical relaxation time of 30-50 ps [START_REF] Toda | Efficient Carrier Relaxation Mechanism in InGaAs/GaAs Self-Assembled Quantum Dots Based on the Existence of Continuum States[END_REF]. When a quantum dot is occupied by one electron-hole pair, the occupancy state is called exciton (denoted X).

Note that contrary to excitons in systems with less confinement, the exciton is formed by the coulombian interaction between the electron and the hole. Here, the exciton in a InAs QD is mainly formed by the 3D confining potential. As a result, it would be more correct to call an exciton an electron hole pair. A negatively or positively charged exciton is named trion (denoted X + or X -) [START_REF] Suffczyński | Excitation mechanisms of individual Cd Te Zn Te quantum dots studied by photon correlation spectroscopy[END_REF]. The case where the dot is occupied by two excitons is called biexciton (XX). For all these states, electron/hole pairs can recombine optically, by emitting a photon at a narrow energy band. A biexciton decay to an exciton state by emitting a photon at the wavelength λ xx . The recombination of the second exciton leads to emission at a wavelength λ x . A negative (positive) trion decays to a single electron (hole) state. This mechanism of successive carriers relaxation is referred to as the radiative cascade, depicted in fig. 2.5. The recombination from a given occupancy state can be associated to a given wavelength λ x , λ xx , λ x + or λ x -. Because of the Coulomb interaction, these wavelengths are usually different [START_REF] Banin | Identification of atomiclike electronic states in indium arsenide nanocrystal quantum dots[END_REF][START_REF] Medeiros-Ribeiro | Single-Electron Charging and Coulomb Interaction in InAs Self-Assembled Quantum Dot Arrays[END_REF]. Figure 2.6

shows a typical PL spectrum of a QD studied during this thesis. We can identify the exciton (X) emission line around 930.5nm close to a trion (charged exciton CX) emission line. At higher energy, the biexciton (XX) emission line appears following a quadratic dependence with the excitation power.
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Spontaneous Emission by recombination of charges

The conduction-band electron of the exciton returns to the valence band radiatively by emitting a photon. This transition is mostly optically active for the | ± 1 bright exciton state. Quantum efficiencies, defined as the radiative contribution in a GaAs bulk normalized by the total decay, between 0.8 and 1 have been measured in InAs QD [START_REF] Johansen | Size dependence of Bibliography 191 the wavefunction of self-assembled InAs quantum dots from time-resolved optical measurements[END_REF]. In the rest of this work, we will only consider the case where an electron/hole pair recombine emitting a photon and we neglect any nonradiative mechanisms. The following Hamiltonian describes the interactions between a quantum dot and the modes of the electromagnetic field:

H = i E i |i i| + k, ω k a † k, a k, + k, i,j g i,j,k, [a k, + a † k, ]|j i| (2.20)
where |i are the QD states with corresponding energies E i , a k, are the photon annihilation operators for the wavevector k along the polarization and g i,j,k, are the coupling coefficients between the atom and the electromagnetic modes:

g i,j,k, = ω k 2 0 V 1/2 .µ i,j (2.21) 
where µ i,j = e i|r|j are the atomic transition dipole moments and V is the quantization volume of the electromagnetic field.

We denote the initial state where an exciton occupies the QD |X and the final empty-QD state |0 , the dipole moment of the excitonic transition is:

µ x = e d 3 rψ * e (r)rψ h (r) (2.22)
where ψ e (r) and ψ h (r) describe the wavefunctions for the electron and the hole in the QD. This equation is only valid in the case of bright excitons, where the spin of the sum of the electron spin projected along z (σ z = ±1/2) and the total hole angular momentum

along z (m z = ±3/2) is equal to ±1.
The Hamiltonian presented in the eq.2.20 can be simplified by considering only the states |X and |0 in the rotating-wave approximation (RWA):

H = ω X |X X| + k, ω k a † k, a k, + k, g * k, |X 0|a k, + g k, a † k, |0 X| (2.23)
where ω X is the frequency of the optical transition from the exciton state.

Considering vacuum of the electromagnetic field modes at time t = 0 and one exciton is in the QD, the initial state (|X |0 ) evolved toward:

|ψ(t) = A(t)e -iω X t |X |0 + k, B k, (t)e -iω k t |g a † k, |0 (2.24) 
where ω k is the frequency of the mode k. Using the Wigner approximation that holds if the transition linewidth is very small compared to ω k , then:

A(t > 0) = e -Γt/2 (2.25) B k, (t > 0) = g k, 1 -e -i(ω X -ω k )t-Γt/2 (ω k -ω X ) + iΓ/2 (2.26)
where

Γ = nω 3 X |µ X | 2 3π 0 c 3 (2.27)
is the decay rate of the exciton transition in bulk and n the index of refraction of the QD matrix. The spontaneous emission rate Γ depends on the dipole moment µ x that depends on the overlap between the electron and hole envelope functions. It also depends only on the refractive index of the environment. When placing the QD in a cavity, this emission rate can be strongly modified.

Single QD Spectroscopy

Here, we describe some basic spectroscopic properties with single QDs: excitation schemes, power dependence of the QD photoluminescence (PL) under a continuous and a pulsed excitation. the other occupies a confined state [START_REF] Vasanelli | Continuous Absorption Background and Decoherence in Quantum Dots[END_REF]. A larger laser power is required than in non resonant excitation since the absorption cross-section of a single QD is very small.

• c. The resonant excitation consists in the optical creation of pairs directly into the considered exciton state.

Power measurements

Under a weak optical excitation, a single line corresponding to the exciton (X) transition is observed in the PL spectrum of a single QD. As illustrated in fig. 2.8, the exciton (X) emission line intensity increases linearly when the excitation power is increased, while a second line corresponding to the biexciton (XX) grows quadratically. Santori et al. [START_REF] Santori | Triggered Single Photons from a Quantum Dot[END_REF] first demonstrated this behaviour. During his thesis, E. Moreau developed a rate equation model which explains the power dependence of the exciton and biexciton lines [START_REF] Moreau | Étude d'une source solide monomode de photons uniques constituée par une boîte quantique semi-conductrice dans une microcavité optique[END_REF].

In this model, electrons and holes are trapped by pairs only. The capture process is assumed to be random and independent of the number of pairs in the QD. The probability P (n) of having n pairs in the QD is ruled by the following rate equations:

if n=0, dP (n) dt = P (n + 1) τ (n+1) - P (n) τ cap if n > 0, dP (n) dt = P (n + 1) τ (n+1) + P (n -1) τ cap -P (n) 1 τ cap + 1 τ n (2.28)
where τ cap is the capture time of pairs in the QD and τ n the recombination time of the n-pairs occupancy state. If one considers that the recombination time is independent of the state of the QD (τ n = nτ rad ), the equations read:

dP (0) dt = P (1) τ (1) - P (0) τ cap if n > 0, dP (n) dt =(n + 1) P (n + 1) τ rad + P (n -1) τ cap -P (n) 1 τ cap + n τ rad (2.29) (2.30) 
In what follows, we can analyse the behaviour of P (n) for two different excitation regimes.

Continuous Wave excitation:

For the steady state corresponding to a continuous-wave (CW) measurement, the probability P (n) is found to follow a Poissonian statistics:

P (n) = e - τ rad τcap n! τ rad τ cap n (2.31)
Since the intensity of PL lines is proportional to the probability that the QD is occupied by the corresponding occupancy state and the state emission rate. We find that:

I X =A P (1) τ rad = A P B e -P τ rad B I XX =A P (2) τ rad /2 = A τ rad P 2 B 2 e -P τ rad B (2.32)
where A and B are constants. We defined the rate of injection P = Bτ -1 cap as a variable such as: The exciton line intensity exhibits a linear dependence at low excitation power while the biexciton line exhibits a quadratic dependence. Both lines saturate at higher excitation power then decrease. Figure 2.8 b. shows the power dependence of the exciton line X (blue disks) and of the biexciton line XX (red squares) as a function of excitation power and fit using equations 2.33.

I X (P )

Under a pulsed excitation:

Considering a pulsed excitation, the emission of a photon at the X energy is given by the probability that the QD contains at least 1 electron-hole pair. The probability that k pairs occupy the QD after the pulsed excitation is given by a poissonian distribution:

P (k) = n k k! e -n = 1 k! P P sat k e -P/Psat (2.34)
where n is the mean number of captured pairs in the QD. It evolves linearly with the excitation power P . As previously, the saturation power is denoted P sat . Due to the Excitation Power (µW)

PL Counts (/s) radiative cascade, the exciton (X) emission intensity is proportional to the probability that the QD captured at least one electron-hole pair:

I x (P ) = I sat (1 -P (0)) = I 0 1 -e P/Psat (2.35)
where I sat is the intensity at saturation.

Similarly, the biexciton emission line intensity I xx is given by the probability that the QD captured at least two electron-hole pairs:

I xx (P ) = I sat (1 -P (0) -P (1)) = I 0 1 -e P/Psat - P P sat e P/Psat (2.36)
The red points (black squares) on fig. 2.9 show the measured evolution (from [START_REF] Moreau | Étude d'une source solide monomode de photons uniques constituée par une boîte quantique semi-conductrice dans une microcavité optique[END_REF]) of the exciton (biexciton) emission line intensity as a function of the excitation power. Solid lines show the theoretical evolution from the equations 2.35 and 2.36. Compared to the continuous wave excitation, the intensities of both lines are not reduced at high excitation power but saturate.

2.1. Structure of Self-Assembled Quantum Dots
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In this thesis, we are interested in on-demand single photons so most of the results that are shown are obtained with a pulsed excitation.

Single photon emission from a QD

The single-photon character of the emission from a single QD has first been demonstrated in 2000 simultaneously in the groups of Pr. Imamoglu and Pr. Yamamoto [START_REF] Michler | A quantum dot single-photon turnstile device[END_REF][START_REF] Santori | Triggered Single Photons from a Quantum Dot[END_REF].

Under pulsed laser excitation, a single QD generates a train of single-photon pulses at different energies, each corresponding to a charge configuration (see fig. 2.6). Due to the anharmonicity of the transitions of multiple charges, a single QD is an ideal single-photon source provided that only one transition is detected. Indeed, the presence of the radiative cascade is highlighted by measuring the correlations between the photons emitted at different energies [START_REF] Moreau | Single-mode solid-state single photon source based on isolated quantum dots in pillar microcavities[END_REF]. Correlating the photons associated to different transitions from the cascade leads to the measurement of bunching or antibunching features.

Coupling to phonons

Due to the presence of discrete energy levels, quantum dots are often compared to single isolated atoms. This comparison is not completely accurate, since a semiconductor QD is still an aggregate of atoms in a semiconductor lattice that can vibrate. These lattice vibrations, or phonons, are a source of dephasing of the photon emission, and give rise to the spectral broadening of the emission line. Moreover, the emission of a photon can also be associated with the absorption or the emission of zero, one or few phonons. L.

Besombes and his colleagues showed the effect of temperature on the photon spectra of a CdTe QD [START_REF] Besombes | Acoustic phonon broadening mechanism in single quantum dot emission[END_REF]. In the absence of phonons, the profile of the spontaneous emission from a QD transition is expected to be a lorentzian (as shown in the previous section 2. 1.5).

When the temperature is increased the line shape is modified by the exciton-acoustic- When the temperature increases, the phonon sidebands becomes more intense, more symmetric and broader.

The coupling of the QD to the phonon bath is detrimental to the indistinguishability of the emitted photons [START_REF] Peter | Phonon sidebands in exciton and biexciton emission from single GaAs quantum dots[END_REF][START_REF] Gammon | Homogeneous Linewidths in the Optical Spectrum of a Single Gallium Arsenide Bibliography Quantum Dot[END_REF]. As a consequence, most of the studies with InAs QDs are done at 4K and filtering out the phonon sidebands, to achieve good coherence properties as required in quantum-optics experiments.

Characterization of a QD as a Quantum Light Source

In this section, we discuss the tools used to characterize the quantum properties of the QD emission. We recall the definition of the second-order correlation function and the principle of the two-photon interference. We also give a short overview of previous works.

Introduction to light sources statistics

Second order correlation function

The second-order correlation function is used to study photon statistic of a source [START_REF] Glauber | The quantum theory of optical coherence[END_REF].

We call the autocorrelation function in continuous wave g [START_REF] Northup | Quantum information transfer using photons[END_REF] cw as opposed to the pulsed regime where we use g (2) . The photon correlation function g

cw (t 1 , t 2 ) is actually the probability that the light source emits one photon at time t 2 given that it already emitted a photon at time t 1 . If one consider the position of distinct detectors r 1 and r 2 , the autocorrelation function is: g (2) cw (r

1 , t 1 , r 2 , t 2 ) = I(r 1 , t 1 )I(r 2 , t 2 ) I(r 1 , t 1 ) I(r 2 , t 2 ) (2.37)
In a stationary regime, the relevant parameter is the delay τ = t 2 -t 1 . In the following, we neglect the spatial dependence assuming a fixed position for the detectors. The equation 2.37 simplifies:

g (2) cw (τ ) = I 2 (τ )I 1 (0) I 2 (0)I 1 (0) (2.38)
where I 1 (t) (I 2 (t)) is the number of detected photons at time t on the detector 1 (2).

Pulsed regime

In this work, the photon correlations are always done in the pulsed regime i.e., the sample is excited by short laser pulses. Due to the periodicity of the pulses, the photon correlation function is a series of peaks. The temporal distance between each peak is the repetition rate of the laser T (∼ 12.2ns). The relative areas of the peaks reveal some of the characteristics of the source. In the absence of memory effects, the single photon purity is given by the area of the peak at zero delay normalized to the peaks at 12.2ns:

g (2) (0) = n 2 [0]n 1 [0] n 2 [T ]n 1 [0] (2.39)
The side peaks correspond to the case when two photons from different pulses are detected on both detectors.

By measuring g (2) , the statistics of a light source is revealed: Poissonian, superpoissonian or subpoissonian. In the following, we shortly review the main characteristics of these sources.

Bunched sources: example of thermal sources

Thermal sources are ruled by the blackbody laws and by the Maxwell-Boltzmann distribution. The emitted field is a superposition of many incoherent waves, with the same time-dependence but with random phase and delay. In this case, the autocorrelation function is [START_REF] Morgan | Measurement of Photon Bunching in a Thermal Light Beam[END_REF][START_REF] Lounis | Single-photon sources[END_REF] g (2) (τ

) = 1 + [g (1) (τ )] 2 g (2) (0) = 2 > 1 (2.40)
The source is said to be bunched. In other words, when one photon is detected on one detector, the probability that a second photon is detected simultaneously on the second detector is increased, compared to the long delay case. As a consequence, the total field strongly fluctuates in time around zero. For a mean number of photon n in the mode, the photon distribution follows the Bose-Einstein distribution of black-body radiation:

p(m) = n m (1 + n ) m+1
(2.41) Figure 2.12 shows the photon distribution for a thermal source ( n = 1) as well as the theoretical autocorrelation function in continuous wave.

In practice, the bunching of a thermal source can be measured on a delay τ ≈ ∆ω -1

where ∆ω is the source bandwidth. Since thermal sources have globally a large bandwidth, the detectors must have an excellent time resolution unless the source is filtered using a narrowband filter.

Poissonian Sources

A source is qualified as Poissonian (or Poisson-like) when g (2) (0) = can be written in the Fock-states basis as:

|α = e -n /2 i α i √ i! |i (2.42)
where n = |α| 2 is the mean number of photons. So the probability to detect k photons is given by

p(k) = n k k! e -n (2.43) 
Figure 2.12 shows the photon distribution for a mean photon number < n >= 1. The statistics of a coherent light is very different from the thermal light statistics. Because g (2) (0) = 1, the detection of photons on one detector does not add any knowledge to the other detector. This also means that the variance of the light intensity is null. The associated physical picture is that of independent particles.

Anti-bunched Sources (example of the Fock states)

A light source is said subpoissonian if g (2) (0) < 1. The detection of one photons decreases the probability that another photon will be detected on the second detector. This property is observed with "non-classical" sources [START_REF] Kimble | Photon Antibunching in Resonance Fluorescence[END_REF]. From the Cauchy-Schwarz inequality, the classical theory predicts that the maximum of the function g (2) (τ ) is reached at τ = 0. Yet, in the case of a anti-bunched source, g (2) (0) < g (2) (∞) hence its "non-classical" behaviour. For a Fock state of light |n , the autocorrelation function reads:

g (2) (0) = n|â † â † ââ|n n|â † â â † â|n = n(n -1) n 2 = 1 - 1 n (2.44) 
A single-photon source is characterized by a g (2) (0) = 0 as depicted by fig. 2.12, implying that if a photon is measured on the detector 1, none can be detected on the second detector at the same time.

The Hanbury-Brown and Twiss setup

The experiment used to measure the second order correlation function has been developed in 1956. To measure the apparent angular size of the bright star Sirius, the two researchers Robert Hanbury Brown and Richard Q. Twiss developed an interferometer (HBT interferometer) where the light is split and sent to two detectors connected to a correlator [START_REF] Brown | A Test of a New Type of Stellar Interferometer on Sirius[END_REF]. The HBT experiment has been used in quantum optics pioneering experiments [START_REF] Morgan | Measurement of Photon Bunching in a Thermal Light Beam[END_REF][START_REF] Kimble | Photon Antibunching in Resonance Fluorescence[END_REF][START_REF] Fano | Quantum Theory of Interference Effects in the Mixing of Light from Phase-Independent Sources[END_REF][START_REF] Grangier | Experimental Evidence for a Photon Anticorrelation Effect on a Beam Splitter: A New Light on Single-Photon Interferences[END_REF]. Nowadays, it is routinely used to demonstrate the single-photon emission from a QD.

The HBT setup that we have used is depicted in fig. 2.13. The PL from the sample is collected through a microscope objective and split by a 50:50 beam splitter. The PL is filtered by two spectrometers before it is sent to Single-Photon Avalanche Diodes (SPADs). For an autocorrelation measurement (for the single-photon purity), both spectrometers are set to the same energy. Finally the SPADs signals are correlated to an external correlator which constructs the histogram of coincidences.

Emission of indistinguishable photons from a QD

Most applications in quantum information require that the single photons be coherent and identical. When two identical photons are sent to the two inputs of a balanced beamsplitter, the probability that they are exit through different outputs vanished as illustrated by fig. 2.14.

Introduction: The HOM experiment

In 1987, Hong, Ou and Mandel published the result of such an experiment where the probability to detect photons at the output of a 50:50 beamsplitter was measured as a function of the delay between two indistinguishable photons [START_REF] Hong | Measurement of Subpicosecond Time Intervals Between Two Photo By Interference[END_REF]. When the photons arrive simultaneously on the beamsplitter, they observed an important decrease of the coincidence detection of photons at the outputs of the beamsplitter. The measured output state is:

|φ HOM = (R -T )|1, 1 + i √ 2RT |2, 0 + i √ 2RT |0, 2 (2.45) 
where the state |i, j corresponds to i (respectively j) photons on the first (second) output port of the BS (reflection and transmission coefficients are denoted R and T respectively). If R = T , the photons interfere destructively and it is impossible to measure photons on both detectors simultaneously.

Overlap of photon wavepackets emitted by one QD

Due to the interactions with its environment, a QD is prone to statistical fluctuations as well as dephasing processes. Many works have addressed the issue of spectral fluctuations in QD emission linewidths [START_REF] Besombes | Acoustic phonon broadening mechanism in single quantum dot emission[END_REF][START_REF] Gammon | Homogeneous Linewidths in the Optical Spectrum of a Single Gallium Arsenide Bibliography Quantum Dot[END_REF][START_REF] Li | Optical linewidths in an individual quantum dot[END_REF][START_REF] Bayer | Temperature dependence of the exciton homogeneous linewidth in In0.60Ga0.40As/GaAs self-assembled quantum dots[END_REF][START_REF] Kammerer | Interferometric correlation spectroscopy in single quantum dots[END_REF][START_REF] Kammerer | Line narrowing in single semiconductor quantum dots: Toward the control of environment effects[END_REF]. To be fully indistinguishable, the QD emission linewidth must be Fourier-transform limited. In most of cases, it is not the case due to the influence of the environment [START_REF] Konthasinghe | Coherent versus incoherent light scattering from a quantum dot[END_REF][START_REF] Kuhlmann | Charge noise and spin noise in a semiconductor quantum device[END_REF][START_REF] Arnold | Cavity-enhanced real-time monitoring of single-charge jumps at the microsecond time scale[END_REF]. The mean photon overlap M charaterizing the photon indistinguishability is given by:

M = γ γ + γ * = T 2 2T 1 = T * 2 T * 2 + 2T 1 (2.46)
where, T 1 = γ -1 is the decay time, T * 2 = 2γ * -1 is the pure dephasing time and

T 2 = 2(γ + γ * ) -1 = 1 2T 1 + 1 T * 2 -1
is the coherence time of the photons. There are two methods to optimize the photon overlap:

• Increasing the pure dephasing time T * 2 , by minimizing the influence of the environment surrounding the QD. Among the detrimental effects, the charge noise or the phonon coupling are the main sources of decoherence.

• Decreasing the radiative decay time T 1 : by accelerating the spontaneous emission from the QD, the latter is less prone to feel the environment effects if the spontaneous emission is faster than the sources of pure dephasing.

State-of-the-art

The first two-photon interference with successively emitted photons by one QD was demonstrated by C. Santori et al. in 2002 [36]. Under a quasi-resonant excitation, they demonstrated a mean overlap of single photons between 0.72 and 0.81, as shown by fig. 2.15 a.. Later the emission of indistinguishable photons has been confirmed by S.

Laurent with a single QD in a photonic crystal [START_REF] Laurent | Indistinguishable single photons from a single-quantum dot in a two-dimensional photonic crystal cavity[END_REF] ) or indistinguishable photons (with a visibility higher than 0.96).

Cavity Quantum ElectroDynamics (CQED)

In an abstract published in june 1946 [START_REF] Purcell | Spontaneous emission probabilities at radio frequencies[END_REF], Purcell describes an effect where the spontaneous probability for nuclear magnetic moment transitions changes as a function of the emitter's environment. The system that Purcell studied was a nuclear-magnetic medium in which small metallic particles are mixed. He observed that, coupled to an electrical resonator (i.e. small metallic particles), the spontaneous emission rate was increased by a factor F P = 3Qλ 3 /4π 2 V , where V is the volume of the mode of the resonator, Q

is the quality factor associated to the resonance at the wavelength λ. F P is called the Purcell factor. In 1970, Drexhage showed theoretically and experimentally the influence of the electromagnetic environment on the radiative decay of europium ions [START_REF] Drexhage | Influence of a dielectric interface on fluorescence decay time[END_REF]. He observed a phenomenon of amplification or quenching according to the space between the ion and a dielectric surface. In the 80's, the enhancement of spontaneous emission with single atoms coupled to a cavity was observed in the group of Pr. Serge Haroche [START_REF] Goy | Observation of Cavity-Enhanced Single-Atom Spontaneous Emission[END_REF].

In 1998, the enhancement of spontaneous emission from an ensemble of quantum dots was demonstrated in a micropillar cavity [START_REF] Gérard | Enhanced Spontaneous Emission by Quantum Boxes in a Monolithic Optical Microcavity[END_REF][START_REF] Michel | Strong Purcell effect for InAs quantum boxes in three-dimensional solid-state microcavities[END_REF]. In 2005, the control of spontaneous emission of a single InAs QD in a 2D photonic crystal was demonstrated [START_REF] Englund | Controlling the Spontaneous Emission Rate of Single Quantum Dots in a Two-Dimensional Photonic Crystal[END_REF].

Theory of coupled emitter-cavity systems

In this part, we rapidly describe the basics of the theory of emission of an atom-like emitter in a cavity [START_REF] Grynberg | Introduction to quantum optics: from the semi-classical approach to quantized light[END_REF][START_REF] Haroche | Exploring the quantum : atoms, cavities, photons[END_REF].

The Jaynes-Cummings model

The Jaynes-Cummings model is a simplified model of the light-matter interaction that considers only an emitter in a cavity without any losses [START_REF] Jaynes | Comparison of quantum and semiclassical radiation theories with application to the beam maser[END_REF]. The emitter is a two-level system that interacts with one single mode of the electromagnetic field determined by the cavity. The emitter-radiation system corresponding Hamiltonian is given by:

H = H QD + H CM + H I (2.47)
where H QD = ω X |X X| designates the exciton transition energy and H CM = ωa † a corresponds to the energy of photons in the cavity mode. In the following, we denote the difference between the cavity mode energy and the exciton energy δ = ω -ω X . The interaction term is given by:

H I = Ω (1) 1 2 (|g X| + |X g|) (a † + a) (2.48)
where the single photon Rabi frequency is:

Ω (1) 1 = - -2q m g|µ. |X √ 2 0 ωV eff (2.49)
As previously, the term µ. corresponds to the overlap between the emitter dipole and the electric field but V eff is now the effective volume of the cavity mode.

The term H I makes the link between the state of the excited emitter in a cavity containing n photons (|X, n ) with the state corresponding to the emitter at its fundamental state in a cavity containing n + 1 photons (|g, n + 1 ):

X, n|H I |g, n + 1 = √ n + 1 Ω (1) 1 /2 (2.50)
If we simplify the equation 2.50 by restricting to the case where there is only zero or one photon (n = 0) in the system, the total Hamiltonian takes the form:

H = ω Ω (1) 1 /2 Ω (1) 1 /2 ω -δ (2.51)
After the diagonalization of this matrix, the energy eigenvalues are δ . When the emitter is at resonance with the cavity mode (δ = 0), dressed states appear and the eigenstates are

E ± = ω - δ 2 ± 1 2 (Ω (1) 
ψ ± = 1 √ 2 (|X, 0 ± |g, 1 ) (2.56)
These states cannot be factorized and can be considered as entangled states.

Spontaneous emission in a cavity

Here, we consider the case where the QD is in the excitonic state at t = 0. The exciton resonance is assumed to be resonant with the cavity mode (δ = 0) which is empty. The initial state is written |ψ(t = 0) = |X, 0 , which is not an eigenstate of the Hamiltonian given by the eq.2.51. By expanding this initial state to the eigenstates |ψ ±1 :

|ψ(t = 0) = 1 √ 2 (|ψ +1 + |ψ -1 ) (2.57)
then the system evolves in:

|ψ(t) = 1 √ 2 |ψ +1 e -iE + t/ + |ψ -1 e -iE -t/ = e -iωt -i|g, 1 sin Ω (1) 1 2 t + |X, 0 cos Ω (1) 1 2 t (2.58)
and the probability that the QD is at the excitonic state is

P X (t) = | X, 0|ψ(t) | 2 = cos 2 Ω (1) 1 t 2 (2.59)
The system oscillates with coherent exchange of energy between the QD and the cavity.

Such situation is called vacuum Rabi oscillations. This situation is highly idealized. This is possible because we have neglected the escape of the photon out of the cavity. In reality, the photon is stored in the cavity during a finite lifetime and the QD can emit photons in other modes of the electromagnetic field.

The lossy cavity: the Purcell effect

In a real cavity, photons are stored for only a finite time T. The decay rate κ describes the exponential decrease of the electromagnetic energy in the cavity and corresponds to a quality-factor Q = ω m /κ (where κ is the mode linewidth).

Under the assumption of a low-number of photons, the system is considered to evolve The evolution of the corresponding density matrix ρ is described by the following rate equations [START_REF] Haroche | Exploring the quantum : atoms, cavities, photons[END_REF]: It takes the form:

dρ 11 dt = - Ω ( 
d dt     x y z     =     0 0 -Ω (1) 1 /2 0 -κ Ω (1) 1 /2 Ω (1) 1 -Ω (1) 1 -κ/2         x y z     (2.64)
When the emitter is in resonance with the cavity (δ = 0), the frequencies λ characterizing the system's evolution are the solutions of the equation:

(κ/2 + λ)(λ 2 + κλ + (Ω (1) 1 ) 2 ) = 0 (2.65)
The solutions of 2.65 are:

λ 0 = - κ 2 ; λ ± = - κ 2 ± κ 2 1 -4(Ω (1) 1 ) 2 /κ 2 (2.66)
Depending on the ratio Ω

1 /κ, two different regimes exist:

• The strong regime coupling (Ω

> κ/2): This regime corresponds to the scenario when the cavity damping is weak. As seen before, the losses are small enough as to allow a reabsorption of the emitted photon. However, the Rabi oscillations are now damped with κ as decay constant, as depicted by fig. 2.16.

Spectrally, the strong regime coupling is characterized by the Rabi splitting around the resonance frequency.

• The weak regime coupling (Ω

1 < κ/2): In this case, the cavity is lossy and the relaxation of the electromagnetic field is efficient. In this regime, the cavity is empty most of the time. Figure 2.16 shows the time signature of the weak coupling regime (bottom left) as well as the spectral signature (top left). The acceleration of the spontaneous emission is spectrally visible by a broadening the radiative emission linewidth.

In the weak coupling regime, assuming that Ω (1) 1 κ, we can write the decay rate:

Γ CM = -λ + ≈ (Ω (1) 1 ) 2 /κ (2.67)
If we consider that the dipole and the mode electric field are along the same direction, the eq. 2.67 reads

Γ CM = 2|µ x | 2 0 Q V eff (2.68)
The emission rate shown by the eq.2.68 can be compared to the spontaneous emission of the same emitter in bulk given by the eq.2.27. Consequently, the Purcell factor is defined as the ratio of both rates:

F p = Γ CM Γ = 3 4π 2 Q(λ/n) 3 V eff (2.69)
The Fermi golden rule method:

In the weak coupling regime, the spontaneous emission decay rate can also be described by the Fermi golden rule:

Γ CM = 2π | g, 1|H|X, 0 | 2 ρ cm (ω) (2.70)
where ρ cm (ω) is the density of modes per unit energy.

Considering the case where the emitter is spatially located at the maximum of the electric field, its transition is resonant with the energy of the mode (ω X = ω m ) and its dipole is parallel to the field, we have:

Γ CM = 2| g, 1| µ X |X, 0 2 Q nV mode (2.71)
The Purcell factor F P gives the maximum acceleration rate that could offer the cavity if the emitter is perfectly matched with the intra-cavity electric field. The equations 2.69 and 2.71 show that the spontaneous emission is largely enhanced with cavities exhibiting small losses (high quality factor Q) and small effective volumes.

Figure 2.17 shows the first acceleration of the spontaneous emission of a QD ensemble in a pillar cavity (with a diameter equal to 1µm and a quality factor Q∼5200) [START_REF] Gérard | Enhanced Spontaneous Emission by Quantum Boxes in a Monolithic Optical Microcavity[END_REF]. The curve (a) shows the time-resolved PL of a QD in bulk GaAs while the lines (b) and (c) show the time-resolved emission of one QD when it is in resonance (b) or out of resonance (c) with the fundamental mode of the pillar.

In the following, we give a short overview of the different semiconductor structures that are used to modify the spontaneous emission of single QDs.

Semiconductor Structures Confining Light

In solid state systems, there are different categories of structures to modify the electromagnetic density of states of a single emitter: some are based on the coupling with plasmons in metals (nanoantennas), and others are based on semiconductor waveguides and cavities. In this overview, we only consider the latter. 

Cavities

One can tally three main structures of semiconductor cavities to control the spontaneous emission of a single emitter: microdisks, photonic crystals and micropillars. These three structures, where a single QD is coupled with the optical mode of a cavity were used to demonstrate the Purcell effect or the strong coupling regime. In this section, we briefly introduce each structure.

• Microdisks: Microdisks are disks whose diameter is few microns and with a revolution axis parallel to the growth axis. The typical height of the disk is reduced to its minimum to contain only one mode, λ/n where n is the optical index of semiconductor. Due to internal reflections at the interface with the air, the confinement of the mode is achieved in all three directions of space. Optical quality factors between 5.10 5 and 5.10 6 can be achieved depending on the material [START_REF] Gayral | High-Q wet-etched GaAs microdisks containing InAs quantum boxes[END_REF]. Moreover, microdisks exhibit small effective volumes, leading to high Purcell factors when an emitter is well coupled with the mode. The first control of spontaneous emission in a microdisk was shown by Gayral et al. in 2001 [117]. Later, the strong coupling regime has been demonstrated at the LPN by E. Peter and her coworkers in 2005 [START_REF] Peter | Exciton-Photon Strong-Coupling Regime for a Single Quantum Dot Embedded in a Microcavity[END_REF]. The extraction of photons occurs in the 2D plane parallel to the disk so that, additional techniques, as the evanescent coupling with fibers are needed to optimize the collection of the photons [START_REF] Srinivasan | Photoluminescence measurements of quantum-dot-containing semiconductor microdisk resonators using optical fiber taper waveguides[END_REF].

• Photonic crystals: A 2D photonic crystal can be made of a suspended membrane with a periodic holes lattice. The periodicity, shape, distribution and size of holes determine the photonic bandgap that blocks the propagation photons in the structure. By varying locally the position of holes, the optical field is confined locally, giving rise to a cavity. Q-factors are of the order of 5.10 4 with smaller effective volumes than the wavelength to the cube [START_REF] Englund | Controlling the Spontaneous Emission Rate of Single Quantum Dots in a Two-Dimensional Photonic Crystal[END_REF][START_REF] Lodahl | Controlling the dynamics of spontaneous emission from quantum dots by photonic crystals[END_REF][START_REF] Noda | Spontaneous-emission control by photonic crystals and nanocavities[END_REF]. As with microdisks, the collection is usually in the plane of the membrane. It raises some mismatching issues with external optics that is detrimental to the photon collection.

• Micropillars: During my PhD, I worked with micropillar cavities. A micropillar is a cylinder with few micrometer diameter is few micrometers and a 10 micrometers height. Three main parts from the bottom to the top can be distinguished: the bottom mirror, the cavity spacer and the top mirror. The mirrors are Bragg reflectors, made of an alternation of layers with thickness equal to λ/4n where n is the optical index in the layer and λ the resonant wavelength. In standard structures, the cavity width is λ/n where n is the optical index in the cavity (which is usually GaAs). Using a top-down process, micropillars are fabricated from a planar cavity where they are etched. The etching process is a crucial step in the fabrication. The roughness on the edges of the micropillars must be as low as possible in order to maintain a high Q at low volume.

J.-M. Gérard and coworkers used micropillars to demonstrate the first acceleration of the spontaneous emission with an ensemble of QDs in 1998 [START_REF] Gérard | Enhanced Spontaneous Emission by Quantum Boxes in a Monolithic Optical Microcavity[END_REF]. In 2001, G. Solomon and coworkers used a single-mode (polarization-non degenerate) micropillar to demonstrate a high coupling efficiency between the emitter and the optical mode [START_REF] Solomon | Single-mode spontaneous emission from a single quantum dot in a three-dimensional microcavity[END_REF]. In 2004, A.

Forchel and coworkers showed the first strong coupling regime between an InAs QD and the optical mode of a micropillar [START_REF] Reithmaier | Strong coupling in a single quantum dot-semiconductor microcavity system[END_REF]. All these results were obtained without controlling the position of the QD in the cavity relying on a statistical matching of the QD and the micropillar. In 2008, a technique to control deterministically the position of the micropillar cavity with respect to QD was developped by Dousse and coworkers [START_REF] Dousse | Controlled light-matter coupling for a single quantum dot embedded in a pillar microcavity using far-field optical lithography[END_REF]:

the in situ lithography technique. This technique led to the fabrication of the current brightest source of polarization-entangled pairs of photons [START_REF] Dousse | Ultrabright source of entangled photon pairs[END_REF] and of indistinguishable photons [START_REF] Gazzano | Bright solid-state sources of indistinguishable single photons[END_REF].

We describe the in situ lithography technique in section 2.4.

Semiconductor waveguides

In 2008, a technique has been proposed to redirect the emission of a QD other than by mean of Purcell effect. Instead of coupling a single QD to a cavity, the emitter is inserted in a monomode optical waveguide. In 2008, P. Lodahl and coworkers showed the coupling of QD with a 1D photonic guide inside a photonic crystal [START_REF] Lund-Hansen | Experimental Realization of Highly Efficient Broadband Coupling of Single Quantum Dots to a Photonic Crystal Waveguide[END_REF]. Later in b. a. [START_REF] Claudon | A highly efficient single-photon source based on a quantum dot in a photonic nanowire[END_REF] 2010, J. Claudon and coworkers fabricated a bright single-photon source by inserting a single QD in a photonic nanowire on top of a metallic mirror [START_REF] Claudon | A highly efficient single-photon source based on a quantum dot in a photonic nanowire[END_REF]. The only direction permitted for emitted photons is along the wire, toward the top as shown by fig. 2.20.

The length of the nanowire is equal to 2.5µm for a diameter around 200nm.

Techniques of cavity-QD coupling

The Purcell enhancement of spontaneous emission requires two main criteria:

• Spatial matching: The emitter (or dipole) must be located where the electric field of the mode in the cavity is the strongest. This criterion is one of the most critical: after a Stransky-Krastanov growth, the QDs are randomly distributed in the plane.

• Spectral matching: The cavity resonance must be at the frequency of the QD optical transition. Typically, the spectral dispersion of the QDs energy is large (about 50meV at 1.3eV), three orders of magnitude broader than the spectral width of a cavity with a Q-factor of 10 4 .

Multiple approaches have been explored to reach these two conditions. A short review is given below before describing the in situ lithography technique that we used during this thesis.

Deterministic techniques of coupling of a QD in a cavity

In 2005, the first deterministic coupling between a QD and a cavity was demonstrated by A. Imamoglu's group. They measured the QD position with respect to metallic marks by using a Scanning Electronic Microscope (SEM) or with a Atome Force Microscope (AFM) [START_REF] Badolato | Deterministic coupling of single quantum dots to single nanocavity modes[END_REF][START_REF] Hennessy | Quantum nature of a strongly coupled single quantum dot-cavity system[END_REF]. Then they defined a photonic crystal cavity centred on the QD using the marks to align the electronic beam lithography. The spectral matching was then adjusted by modifying the holes diameter using iterative digital etching steps. This technique does not allow the fabrication of multiple devices simultaneously and it is so challenging that it was never reproduced.

Another approach is to control the QDs position during the growth. In 2008, a sitecontrolled QD was coupled to a photonic crystal cavity [START_REF] Gallo | Integration of site-controlled pyramidal quantum dots and photonic crystal membrane cavities[END_REF]. The main drawback is the optical quality of QDs: compared to Stranski-Krastanov QDs, site-controlled QDs exhibit a lower quantum efficiency (≈ 40%) with a broader linewidths [START_REF] Albert | Quantum efficiency and oscillator strength of site-controlled InAs quantum dots[END_REF].

In 2009, a new approach consisting in a movable and tunable cavity was implemented in Pr. G. Solomon's team [START_REF] Muller | Coupling an epitaxial quantum dot to a fiber-based external-mirror microcavity[END_REF]. They developed a technique where one of the cavity mirror was formerly bonded to a fiber and movable. Using a piezo-electric actuator, they could couple the confine electric field with a single QD. They demonstrated a high Q (=23000) but with a high volume (= 2.3 µm 3 ) which is detrimental to get high Purcell effect [START_REF] Muller | Creating polarization-entangled photon pairs from a semiconductor quantum dot using the optical stark effect[END_REF].

With the same technique, Warburton's group showed recently a Purcell enhancement equal to 3 [START_REF] Greuter | Epitaxial lift-off for solid-state cavity quantum electrodynamics[END_REF].

2.4.2 Coupling a single QD in a cavity using the in situ lithography

Principle of the in situ lithography technique:

At the LPN, P. Senellart and coworkers developed an original low temperature photolithography technique to deterministically couple a QD to a micropillar cavity. The technique relies on the overlap of three optical paths that are used to excite a target QD (at 850nm), to collect their emission (around 930nm) and to expose a resist layer (at 550nm) deposited on a planar cavity sample. The QD position is measured with a 50 nm accuracy by maximizing its emission. When the QD position is determined, the 550 nm excitation line is used to define a disk shape in the resist centred on the QD.

This disk will later be used as a direct mask to etch the micropillar. The disk diameter is adjusted so that the fundamental mode pillar matches the QD emission energy. After the in situ lithography step, the resist is developed leading to disks. The planar cavity is then etched except where the resist was exposed in order to get micropillars that are all centred on QDs.

The process starts with a planar cavity sample with a low-density layer of InAs/GaAs the selected QD. Simultaneously, its emission spectrum is monitored in order to measure the different QD transition energy. By increasing or decreasing the excitation power, we can also identify the different emission lines of the QD. The energy of the targeted QD transition will be used to define the correct parameter for the cavity.

-Exposure of the resist :

Once a suitable QD has been chosen and located at the center of the 850 nm excitation line, the photoresist is exposed with the green line. This green laser follows the b. a. exactly where the resist has been exposed previously, as shown by the microscope image 2.24. These disks protect the underlying silicon nitride SiN 4 layer during the mask transfer using a reactive ion plasma etching (RIE) (4). Finally, the SiN 4 mask protect the exposed areas during the semiconductor etching where all the unprotected surfaces will be etched to obtain the micropillars [START_REF] Devoret | Superconducting circuits for quantum information: an outlook[END_REF]. After this last step, the micropillars are formed and the sample is ready for optical measurements. When needed, like for defining an electrical contact, we can also remove the SiN 4 layer.

Brightness of a single-photon source

Considering the diversity of single-photon sources that are used or developed in the quantum optics community, we aim at defining a common criteria to characterize the source brightness.

Definition of the brightness

In a pulsed regime, we define the brightness of a single-photon source as the probability that one excitation pulse results in the effective emission and collection of one and only one photon in the first lens of the photonic path. Brightness and extraction efficiency get often mixed up. In this definition, the brightness depends not only on the extraction efficiency that defines the probability of collecting an emitted photon but also on the probability that the source emits one photon.

Brightness of a parametric down conversion source

Since they feature many advantages (they are compact, cost-effective, robust, operate at room temperature), attenuated lasers and Parametric Down Conversion (PDC) sources are widely used for photonic quantum technologies. Lasers can be attenuated to the limit that on average each pulse contains less than one photon. The probability that one pulse contains exactly k photons knowing that the average number of photons is n is given by the Poisson law:

P n (k) = n k k! e -n P n (1) = ne -n P n (2) = n 2 2 e -n P n (k > 1) = 1 -P n (0) -P n (1) (2.72)
Figure 2.26 shows the evolution of the equation 2.72 as a function of the mean number of photons n. The black line represents P n (1) and we observe that the probability to get one photon per pulse P n (1) will always be lower than 1/e ≈ 0.37 with an attenuated laser. Moreover, as shown by the probability to get more than one photon per pulse (blue line), the probability to get more than one photon is close to 0.3 for n = 1. The generation of multiple photons is detrimental for the measurements at the single-photon scale, so working with lasers requires a strong attenuation of the beam, to keep a reasonable single photon purity. As a consequence, the mean number of photons n is set to n 1 so that P n (1) is generally between 0.001 and 0.01 in most of the linear quantum optics experiments.

Heralded photon sources are the most used sources in experiments needing indistinguishable single photons. By strongly pumping a nonlinear crystal, two down-converted beams are generated, labelled as signal and idler. Since they exhibit perfect correlation in photon number, the detection of the idler beam heralds the presence of the signal.

Because the photons are emitted into a multitude of spatial and spectral modes, the heralded signal is not a pure single-photon state. Consequently a strong filter is required leading to low heralding rates. Depending on the detectors efficiency η, the measurement operators are given by [START_REF] Christ | Limits on the deterministic creation of pure single-photon states using parametric down-conversion[END_REF] 

NoClick = ∞ n=0 (1 -η) n |n n| Click = ∞ n=0 [1 -(1 -η) n ]|n n| (2.73)
From the equations 2.73, the brightness of the source (seen as the heralding probability) can be calculated as a function of the single-photon purity 1 -g (2) and of the detector efficiency η. Figure 2.27 reproduced from [START_REF] Christ | Limits on the deterministic creation of pure single-photon states using parametric down-conversion[END_REF] shows the calculated heralding probability as a function of the single-photon purity with various detector efficiencies. The shaded region depicts the achievable region. We see that even with an ideal detector, a high purity leads to extremely low heralding rates, and hence low single photon rates.

In the perspective to get pure and deterministic single-photon sources using PDC sources, new techniques emerged as the multiplexing of several PDC sources [START_REF] Collins | Integrated spatial multiplexing of heralded single-photon sources[END_REF]. A. Christ and C. Silberhorn calculated that an array of at least 17 switched sources is required to build one deterministic (with a brightness higher than 0.99) pure single-photon sources. We see that in this case, this kind of source is no longer compact nor cost-effective any more. . Heralding probabilities and single-photon Fock-state fidelities (1 -g (2) ) using a single-mode PDC source in conjunction with a binary detector featuring various detection efficiencies η.

GaAs n=3.5 Air Objective Microscope
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Collection efficiency : 1-3 % Figure 2
.28: Schematics of the collection of emitted photons from a QD in bulk. Only a small fraction (few %) of the emission is collected.

Brightness of a single QD in a bulk

Contrary to PDC sources, the single-photon purity of a QD source does not degrade with the pump power. Moreover, the probability that a single QD emits a single photon converges to one at the saturation as it was shown previously:

p(n = 1) → P →Psat 1 (2.74)
Yet, without any modification of its electromagnetic environment, a QD emits in all the directions inside a semiconductor material presenting a high optical index (equal to 3.5

for GaAs). It can be shown that the fraction of emission exiting the sample in the upper half space is:

η coll → 1 4n 2 ≈ 2% (2.75)
Without any technique to increase the collection efficiency, the probability of collecting a photon emitted by a QD in bulk is extremely low, and as such, does not bring much improvement as compared to PDC sources.

Brightness of a single QD in a micropillar

In the case of a semiconductor QD in a micropillar, the brightness of the single-photon source is proportional to the fraction of photons emitted in the cavity mode. Since the QD can still emit in the other electromagnetic modes with a decay rate that is similar to the one observed in bulk as shown in [START_REF] Gérard | Enhanced Spontaneous Emission by Quantum Boxes in a Monolithic Optical Microcavity[END_REF], the total emission rate of the QD is:

Γ tot = Γ CM + Γ (2.76)
The fraction of photons emitted in the cavity mode is then given by the ratio β:

β = Γ CM Γ tot = F P F P + 1 (2.77)
This fraction of photons emitted in the cavity mode becomes rapidly predominant when F P increases. For instance, if the QD decay rate is accelerated by a factor 5, the QD emits more than 80% of photons in the mode. Combined to an efficient extraction of the photons from the cavity, this device can be a bright source. Indeed the brightness of the source is then given by:

Brightness = p x .β.η (2.78)
where p x is the occupation factor of the QD state and η the probability that one photon emitted in the cavity mode is effectively released by the top mirror of the micropillar and collected by the first lens. Here, because the fundamental mode of a micropillar is highly directional:

η = κ top κ top + κ bottom + κ loss (2.79)
where the coefficients κ top , κ bottom and κ loss correspond respectively to the cavity damping rates through the top mirror, the bottom mirror and the wall losses of the pillar as depicted by fig. and to the cavity, while β = F P F P +1 results from the coupling of the dot with the optical mode of the cavity.

Recent progresses in the extraction of photons emitted by a QD

Due to the excellent coupling with external optics, most of the brightest single-photon sources have been made in micropillar structures.

A brightness of 44% was reported in 2001 by Moreau et al. at the LPN [START_REF] Moreau | Single-mode solid-state single photon source based on isolated quantum dots in pillar microcavities[END_REF]. A few years later, Heindel and coworkers used micropillars electrically connected and measured an extraction efficiency equal to 34 ± 7% [START_REF] Heindel | Electrically driven quantum dot-micropillar single photon source with 34% overall efficiency[END_REF].

At the same time, at the LPN, Dousse et al. developed a photonic molecule made of connected pillars. This novel structure allowed to extract very efficiently photons emitted by two QD states: the exciton X and the biexciton XX. They demonstrated a brightness of 30% for both the biexciton and the exciton energies. The whole formed the brightest source of polarization-entangled photons to date [START_REF] Dousse | Ultrabright source of entangled photon pairs[END_REF].

With a QD randomly located in a photonic nanowire as described in 2.3.2.2, Claudon et al. showed a brightness of 72 ± 9% by collecting the signal within a numerical aperture (NA) of 0.75 [START_REF] Claudon | A highly efficient single-photon source based on a quantum dot in a photonic nanowire[END_REF].

Later at the LPN, O. Gazzano and his coworkers demonstrated a high brightness of 0.79 ± 0.08 in a NA of 0.4 with a QD coupled deterministically to the optical cavity of a micropillar [START_REF] Gazzano | Bright solid-state sources of indistinguishable single photons[END_REF][START_REF] Dousse | Controlled light-matter coupling for a single quantum dot embedded in a pillar microcavity using far-field optical lithography[END_REF].

In this work, we show that this brightness range has now been measured reproductively using different cavity structures and designs.

Chapter 3 Purity And Indistinguishability of Devices Based on Adiabatic Cavities

In recent years, many important steps in the development of QD based quantum photonic networks have been demonstrated: the fabrication of ultrabright sources of single photons [START_REF] Gazzano | Bright solid-state sources of indistinguishable single photons[END_REF][START_REF] Claudon | A highly efficient single-photon source based on a quantum dot in a photonic nanowire[END_REF] or entangled photon pairs [START_REF] Dousse | Ultrabright source of entangled photon pairs[END_REF], the emission of highly indistinguishable photons [START_REF] He | On-demand semiconductor single-photon source with near-unity indistinguishability[END_REF][START_REF] Wei | Deterministic and Robust Generation of Single Photons On a Chip with 99.5% Indistinguishability Using Rapid Adiabatic Passage[END_REF] as well as the interference between photons emitted from remote quantum dots [START_REF] Flagg | Interference of single photons from two separate semiconductor quantum dots[END_REF][START_REF] Patel | Two-photon interference of the emission from electrically tunable remote quantum dots[END_REF]. In this thesis, we worked on the optimization of the performance of bright single-photon sources. Our objective is to further increase the photon indistinguishability and purity while keeping a high brightness.

In this chapter, we study the purity as well as the indistinguishability of single photons emitted by a first generation of micropillar QD devices where we implemented a high Purcell effect. In a first part, I recall the results demonstrated before my arrival in the group: in 2012 a micropillar based bright source of single and indistinguishable photons was demonstrated by O. Gazzano and his coworkers [START_REF] Gazzano | Bright solid-state sources of indistinguishable single photons[END_REF]. Prior to this work, indistinguishability of photons [START_REF] Santori | Indistinguishable photons from a single-photon device[END_REF][START_REF] Bennett | Indistinguishable photons from a diode[END_REF][START_REF] Ates | Post-Selected Indistinguishable Photons from the Resonance Fluorescence of a Single Quantum Dot in a Microcavity[END_REF][START_REF] Varoutsis | Restoration of photon indistinguishability in the emission of a semiconductor quantum dot[END_REF] and high brightness [START_REF] Pelton | Efficient Source of Single Photons: A Single Quantum Dot in a Micropost Microcavity[END_REF][START_REF] Claudon | A highly efficient single-photon source based on a quantum dot in a photonic nanowire[END_REF][START_REF] Dousse | Ultrabright source of entangled photon pairs[END_REF] had never been combined. Because it was the first demonstration of a bright source of single and indistinguishable photons, this work got the attention of the quantum optics community.

Such a device was used to make an entangling quantum logic gate at the LPN in collaboration with the group of Pr. Andrew White from University of Queensland (Australia) [START_REF] Gazzano | Entangling Quantum-Logic Gate Operated with an Ultrabright Semiconductor Single-Photon Source[END_REF] and a LPN QD source is now being studied by M. de Almeida and J. Loredo in A.

White's laboratory.

At the beginning of my PhD, we decided to optimize the micropillar design to increase the Purcell factor. Based on a study by Lermer et al. [START_REF] Lermer | Bloch-wave engineering of quantum dot micropillars for cavity quantum electrodynamics experiments[END_REF], we grew a cavity with an adiabatic gradient of the thickness in the Bragg mirrors in order to reduce the optical modal volume while maintaining a large Q factor. This sample is described in detail in b. a. the second part of this chapter.

The experimental characterization of the sources is presented in the third part. We demonstrate the deterministic fabrication of a device operating in the high Purcell effective regime. The brightness of the source is shown to be as high as 0.74, similar to the state of the art in previous structures. In these new devices, we show that the excitation conditions must be chosen very carefully in order to emit single and indistinguishable photons while keeping a low multi-photon emission probability. are quantified by the leaking rate κ losses . The ratio of the quality factor of the pillar Q with the one of the planar cavity Q 0 is thus given by:

η = Q Q 0 = κ top + κ bottom κ top + κ bottom + κ losses ≈ κ top κ top + κ losses considering κ bottom κ top (3.1)
As shown in the thesis of B. Gayral and of A. Dousse [START_REF] Dousse | Deterministic cavity-quantum dot coupling and fabrication of an ultrabright source of entangled photon pairs[END_REF][START_REF] Bruno | Modification de l'emission spontanee de boites quantiques semiconductrices dans des microcavites optiques[END_REF], the quality factor Q of micropillar with a λ-cavity decreases when its diameter is lower than a critical diameter given by the etching conditions, due to the losses on the sidewalls of the micropillar.

With the sample O. Gazzano studied, the critical diameter is typically about 2µm. O.

Gazzano worked with a structure exhibiting a Q-factor around Q 0 ≈ 3000. The pillar sidewalls losses were estimated to about 5% such that Q/Q 0 ≈ 0.95 ± 0.05 for diameters bigger than 2µm. and the maximum achievable brightness (solid green line).

In the work reported by Gazzano et al. [START_REF] Gazzano | Bright solid-state sources of indistinguishable single photons[END_REF], five bright sources were studied. shows the brightness reported in [START_REF] Gazzano | Bright solid-state sources of indistinguishable single photons[END_REF]. To measure the number of collected photons per pulse, a prerequisite is the precise measurement of the optical losses between the first collecting lens and the detector (including the detection efficiency). For this data set, the overall detection efficiency was about 0.0097±0.001. The setup efficiency leads to the extraction of the brightness as the probability that one laser pulse results in the collection of a single photon into the first lens. This probability is corrected by the multi-photon emission given by the g (2) (0) as shown at the bottom panel of fig. 3.2c.

The g (2) (0) slightly increases with the pump power reaching a maximal value lower than 0.25. The full symbols show the corrected brightness by the term (1 -g (2) (0)) 1/2 . At saturation, a measured brightness of 0.78 ±0.08 was obtained, a record value. theoretical photon indistinguishability, without considering any spectral diffusion, is

given by:

M = γ γ + γ * = T * 2 T * 2 + 2T 1 (3.2)
An acceleration of the spontaneous emission by Purcell effect should also lead to an improved photon indistinguishability.

The Purcell factor is proportional to the pillars quality factor and inversely proportional to the effective volume of the optical mode (F P ∝ Q/V eff ), consequently we used a structure allowing to decrease the volume without degrading the pillar quality factor.

This structure is described in the following section.

Fabrication of Devices Operating in the High Purcell Regime

As shown in [START_REF] Dousse | Deterministic cavity-quantum dot coupling and fabrication of an ultrabright source of entangled photon pairs[END_REF][START_REF] Bruno | Modification de l'emission spontanee de boites quantiques semiconductrices dans des microcavites optiques[END_REF], the quality factor Q of a standard micropillar structure 1 was degraded when the diameter was lower than 2µm for the typical etching conditions used in 2012 at the LPN for a planar Q-factor of 3000. The electromagnetic field is scattered by the sidewall roughness, increasing the losses. As a result, the Purcell factor, being proportional to the Q factor over the effective volume of the mode (F P ∝ Q/V eff ), was maximal for a pillar diameter around 1µm. However, when the diameter is smaller than 2µm, the quality factor Q gets lowered because of the losses on the sidewall leading to a degradation of the output coupling efficiency η. An optimal compromise for the extraction efficiency βη was reached for a diameter of 2.5 µm.

Adiabatic Cavity Design

To get a better confinement of the optical mode without any scattering of the electric field on the sidewalls, Lermer et al. proposed in 2012 a structure based on an adiabatic variation of the Bragg mirror layer thickness to form a cavity [START_REF] Lermer | Bloch-wave engineering of quantum dot micropillars for cavity quantum electrodynamics experiments[END_REF]. Instead of using a λ cavity surrounded by two Bragg mirrors, their design features a tapered cavity in which the fundamental Bloch mode is subject to an adiabatic transition to match the Bragg mirror Bloch mode. They showed both experimentally and theoretically that the 3D mode confinement is improved with respect to λ-cavities and that the pillar quality factor Q is kept unspoiled for smaller diameters. design and is less prone to scatter on the roughness of the pillar walls. This technique allows on to get smaller modal volumes in a cavity with a high quality factor, paving the way to a strong increase of the Purcell factor F P .

Design and Characterization of the Planar Structure

We designed and grew a planar cavity at the LPN using a tapered cavity between two Bragg mirrors. standard one.

In order to measure the Q-factor of this new structure, pillars of various diameters were etched after an electronic lithography on a planar cavity containing a high density of QDs. This allowed us to measure the PL of QDs filtered by the mode of the pillars. We measured the quality factors as well as the fundamental mode energy of the pillars as a function of the diameter of the pillars. Figure 3.6a. shows the evolution of the quality factor as a function of the pillar's diameter: red points correspond to the measured Q-factor of the pillar containing an adiabatic cavity, green line shows the measured Qfactor in standard pillars (from [START_REF] Gazzano | Bright solid-state sources of indistinguishable single photons[END_REF]). In the case of the adiabatic cavity, the Q-factor does not decrease when the pillar diameter decreases down to 1.5µm. Fluctuations of ±20% are still observed. Figure 3.6b. shows the shift of the energy of the fundamental mode of the micropillar as a function of the diameter. As with standard structures, when the diameter decreases, the fundamental mode blueshifts by several nm. Figure 3.6c. shows the expected Purcell factors from the measured Q-factor. We approximated of the effective mode volume by [START_REF] Bruno | Modification de l'emission spontanee de boites quantiques semiconductrices dans des microcavites optiques[END_REF]: with r the radius of the micropillar. When the cavity volume decreases, F P highly increases since the Q-factor is not degraded due to the adiabatic design.

V eff = L eff .S eff = 7λ 4n GaAs . πr 2 3.5 = λπr 2 2n GaAs (3.3)
By conserving a Q-factor close to the planar cavity quality factor Q 0 (∼ 10 4 ), such design should lead to a good output coupling η = Q/Q 0 combined to a high Purcell factor, a very promising situation for the fabrication of ultrabright single photon sources.

Fabrication of QD-Adiabatic Pillar Devices

I used a planar adiabatic cavity with a low density of InAs QDs and performed an in situ lithography. Figure 3.7 shows measured spectra from different QDs in the planar cavity. Both samples were placed in separated cryostats at 4K where the single photon sources have been intensively studied. These devices were used for studying quantum interferences of single photons emitted by remote sources, as described in chapter 6.

Experimental Characterization of a QD Coupled to an Adiabatic Pillar Cavity

In this part, we describe the characterization techniques used to study the devices.

Because the temperature impacts on many parameters like the detuning between the QD transition with the cavity mode and the phonon emission processes, we characterized our sources as a function of temperature. Finally, the brightness of a source made with an adiabatic design is discussed. The experimental setup is depicted in fig. 3.9. A tunable mode-locked laser is coupled to a single-mode fiber (SMF) and is used to excite the sources from the top. The PL is collected via the same objective (with a numerical aperture NA equal to 0.4) and sent to an imaging spectrometer with a 1-meter focal length. The spectra are imaged on a nitrogen-cooled CCD 2 with a spectral resolution of 12.8pm (18µeV). Photon correlations are measured by switching the spectrometers's output to single-photon avalanche diodes (SPADs).

For most of the PL measurements, the QD is excited non resonantly, at an above-band energy. Under a nonresonant excitation, one bright line and several other lines are visible in the PL spectrum as shown by fig. 3.10a. The bright narrow line (X) is attributed to the exciton emission line since its intensity presents a linear dependence with the pump power. Broad peaks correspond to the emission of the phonon sideband (PSB) through the cavity mode. The temperature of the sample was slightly decreased to detune the QD from the cavity mode at 1.310eV and to measure the fine structure splitting of the exciton. In resonance with the mode, it is difficult to distinguish the splitting of the excitonic fine structure with the splitting of the optical modes. The fine structure splitting of the exciton is measured by rotating the half-wave plate in front of the spectrometer. fine structure splitting of 50µeV for this QD. Moreover, the biexciton (XX) emission line can easily be recognized by its quadratic dependence with the excitation power and equal FSS. The other lines are attributed to trions and most of them disappear under a quasi-resonant excitation.

Influence of Temperature on PL Spectra

In order to measure the impact of temperature, the sample is continuously heated while recording its PL spectra under a non resonant excitation (λ = 865nm). Both the cavity mode line and the exciton line redshift but with a different temperature dependence, the exciton (X) emission moving faster with the temperature. The source are then studied as a function of the spectral exciton-mode detuning noted δ x-cm = E x -E cm . 

Evolution of the Decay Times With the Spectral Detuning

In this section, we investigate the decay rate of the exciton emission line as a function of the detuning δ x-cm .

The QD is optically excited with 3 ps pulses from a mode-locked Ti-Sapphire laser through a microscope objective. The QD PL is collected and sent to a SPAD after a spectral filtering through a spectrometer. Picoquant photon counters are used to measure the delay between the excitation and the photon detection with a temporal resolution of approximately 120ps. Purcell factor, the fraction of photons that are emitted in the mode of the cavity reaches β = 0.91±0.02. These results show that we achieved a considerable increase of the Purcell factor with respect to the sources fabricated in 2011. Nevertheless, considering the Q-factor of the pillar (∼ 12000) as well as its diameter (2µm), a higher enhancement of the Purcell factor is expected as shown by fig. 3.6. In collaboration with A. Auffèves, T. Grange and G. Hornecker, we explained this discrepancy by taking into account the coupling of the QD with phonons. For an ideal two-level system, the acceleration of spontaneous emission reads:

F P (δ x-cm ) = F P γ 2 c γ 2 c + 4δ 2 x-cm (3.4)
where γ c is the cavity linewidth. The red dashed line of fig. Energy (meV)

 X-CM = 0 meV T = 10K T = 50K
Energy (meV) ZPL (in blue) and by the PSB (in red) at 10K (solid lines) and at 50K (dashed lines)

for two different detunings δ x-cm . More details on this theory can be found in [START_REF] Luca | Bright Phonon-Tuned Single-Photon Source[END_REF].

Depending on the sample temperature and on the exciton-cavity mode detuning, the fraction of photons emitted through the PSB evolves. Figure 3.13 shows the theoretical emission of the ZPL and of the PSB filtered by the cavity in four configurations: at resonance (left panel) with the cavity at 10K (solid lines) and at 50K (dotted lines) and when the exciton is detuned from the cavity (right panel). They show that between 10K and 50K, the fraction of photons emitted in the PSB is largely increased. Since a fraction of photons emitted through the PSB and funnelled out into the cavity is not negligible, we define an effective Purcell factor taking into account the emission through the PSB as well as through the ZPL:

F eff P (δ x-cm ) = γ zpl + γ psb γ 0 (3.5)
where γ zpl and γ psb correspond to the enhanced decay rate into the cavity mode for the emission in the ZPL and in the PSB respectively while γ 0 correspond to the decay rate into the other optical modes of the electromagnetic field, which is close to the emission decay rate in bulk material. on resonance with the cavity mode (δ x-cm = 0 meV) while fig. 3.14b. to the case where the ZPL is slightly detuned (δ x-cm = 0.2 meV). At δ = 0, when increasing the temperature, the fraction of emission within the ZPL decreases resulting in a decreasing effective Purcell factor. On contrary, in the case of δ = 0.2meV (b.), the effective Purcell factor slightly increases with temperature due to the increase of the coupling of the PSB with the cavity mode.

Brightness of a High Purcell Device

The device that we fabricated exhibits a strong Purcell effect and a potential to be a very bright source of single photons. We describe the measurement of the brightness of one of the best devices.

The brightness is studied as a function of the pump power when the exciton transition is in resonance with the cavity mode (δ x-cm = 0meV). The QD is excited non resonantly by laser pulses. The PL is collected and filtered by a spectrometer before a SPAD delivers a count rate. By using a HBT setup, the single-photon purity is also measured under the same excitation conditions.

The transmissions of the optical components are given in table 3.1.

The detection efficiency includes the transmission of the spectrometer as well as the SPAD detection efficiency. With this configuration, the overall setup detection efficiency is around 0.0144±0.001. Fig. 3.15 shows the count rate as a function of the pump power.

By comparing this rate with the laser repetition rate, we deduce the brightness of the source as the probability to collect a single photon per laser pulse. We correct also the count rate by the multiple photon correction term 1 -g (2) (0) assuming a poissonian noise [START_REF] Pelton | Efficient Source of Single Photons: A Single Quantum Dot in a Micropost Microcavity[END_REF]. At saturation, the measured brightness reaches 0.74±0.07 collected photons per pulse. The brightness of the exciton line as defined in the chapter 2 reads:

Brightness = p x η F P F P + 1 (3.6)
where p x are the probability that the QD is occupied by an exciton and η the extraction efficiency. Since the ratio β = F P F P +1 is equal to 0.91±0.02, the ratio p x η is estimated to be around 0.82±0.09 according to fig. 3.6. Since we measured different emission lines in the spectrum it is reasonable to assume that p x ∼ 0.8. These results show the fabrication of state-of-the-art bright single photon sources with an adiabatic cavity design. The adiabatic cavity structure provides a better light confinement in the micropillar and consequently a higher Purcell factor with respect to a λ-cavity.

In the rest of this chapter, we study the influence of the optical excitation on singlephoton purity and indistinguishability.

Purity of a Single-Photon Source

Previous works showed that the single-photon purity is often degraded when a single QD is coupled with an optical microcavity inducing the acceleration of spontaneous emission [START_REF] Heindel | Electrically driven quantum dot-micropillar single photon source with 34% overall efficiency[END_REF][START_REF] Schneider | Microcavity enhanced single photon emission from an electrically driven site-controlled quantum dot[END_REF]. In this part, we discuss the mechanisms behind this purity degradation.

Different explanations were proposed to describe this effect such as background emission in the cavity mode (cavity feeding effect) [START_REF] Strauf | Self-Tuned Quantum Dot Gain in Bibliography Photonic Crystal Lasers[END_REF] or as recapture processes [START_REF] Flagg | Dynamics of Nonclassical Light from a Single Solid-State Quantum Emitter[END_REF].

In the following, we show that the single-photon purity is not related to cavity feeding effects but rather to multiple capture of carriers under non resonant excitation. For this particular study, we used another source coming from the sample studied by O. Gazzano during his PhD. We compare the single-photon purity between a QD in a planar cavity with a QD which has been deterministically coupled to a micropillar structure. In this section, the planar cavity is a standard one: it is constituted of a λ-cavity surrounded by two Bragg mirrors. The planar cavity exhibits a Q-factor about Q = 3000. The pillar diameter is equal to 2.5µm. We study the influence of Purcell effect and the excitation wavelength on the single-photon purity and present a model reproducing our observations considering multiple capture processes. (red circles). The exciton ZPL intensity increases when the detuning decreases due to the improvement of the coupling in the cavity. On contrary, the cavity line (i.e. the PSB emission in the cavity) intensity is intense when the exciton transition is detuned from the cavity, evidencing the strong coupling with the phonons at these temperature [START_REF] Suffczyński | Origin of the Optical Emission within the Cavity Mode of Coupled Quantum Dot-Cavity Systems[END_REF]. We show in the annex A that this PSB enhanced emission can actually perform as a bright single photon source [START_REF] Luca | Bright Phonon-Tuned Single-Photon Source[END_REF]. 

Temperature Tuning of the Purcell Effect

F p = τ pillar τ planar -1 (3.7)
is plotted in fig. 3.17b. In resonance, a maximum value of 1.2 is measured, which is lower than the expected Purcell factor in such a micropillar (Q = 3000 and a diameter equal to 2.5µm). This discrepancy finds an explanation in the high coupling with the phonons at this temperature range.

Single-photon Purity as a function of Purcell Effect

We now study the single-photon purity of the QD emission at different temperatures.

Under pulsed excitation, we measured the autocorrelation function for a non-resonant excitation or a quasi resonant excitation.

Measured autocorrelation histograms under non resonant excitation are shown in fig. 3.18a.

when the QD is detuned from the cavity (δ x-cm = 0.87meV) and in fig. 3.18b. for δ x-cm = 0. A detuning of δ x-cm = 0.87meV leads to a noisier experimental curve as well as broader peaks since the width of the peaks is related to the lower Purcell effect experienced by the QD. Interestingly, here the g (2) (0) (given by the central peak) does not increase with the increase of the pump power. On the contrary, on resonance with the cavity (fig. 3.18 b.), the exciton line is much brighter and the autocorrelation histogram exhibits a better signal-to-noise ratio with narrower peaks. However, the g (2) (0) gets rapidly high when the power increases. The QD is excited under non resonant excitation. Curves are vertically shifted for clarity. c. Evolution of the g (2) (0) as a function of the excitation power at different detunings (δ x-cm = 0.87 meV and δ x-cm = 0meV) under a non resonant excitation.

spontaneous emission is accelerated by Purcell effect when using an above-band excitation.

Several mechanisms are usually proposed to explain the degradation of the single-photon purity in the presence of a cavity. The first mechanism is related to the emission at the cavity mode energy due to so called cavity feeding effects. As discussed before this emission is related to the coupling with the phonons (see 2.1.8). If the micropillar hosts several QDs, the emission of detuned QDs in the cavity line would certainly degrade the single-photon purity. However, using in-situ lithography, the device was deterministically fabricated from a low-density wafer such that only a single QD is coupled to the pillar cavity. Figure 3.19a. shows the measured autocorrelation function on the exciton line as well as the measured cross correlation between the exciton and the cavity emission lines under the same conditions. Both measurements present the same value for the central peak. Figure 3.19b. presents the evolution of g (2) (0) for the X-X and X-C for three different temperatures. These observations show that the emission induced by cavity-feeding presents the same statistic as the exciton emission line. Note that if the cavity mode emission presented a Poisson-like statistic, the X-C cross-correlation would present a higher central peak than the X-X correlation. As a conclusion, our work shows (0)
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X-X X-CM that the funnelling of the PSB line into the cavity mode presents the same single-photon purity as the ZPL line. This mechanism cannot degrade the single-photon purity of the device when only one QD is embedded in the micropillar.

Recapture Processes Induced by Non Resonant Excitation

Another explanation for the reduced single-photon purity at resonance is the possibility for the QD to capture another electron hole pair after the emission of a photon [START_REF] Peter | Fast radiative quantum dots: From single to multiple photon emission[END_REF].

Under a pulsed above-band excitation, one laser pulse creates a lot of carriers in the wetting layer surrounding the QD. Pairs of charges must be captured in the QD and relax for the QD to emit a photon.

We compare the single-photon purity of a QD with an enhanced decay rate with the g (2) (0) of a QD that does not experience any Purcell effect. Both are excited under a non resonant excitation (at 850nm). The symbols in fig. 3.20 show the measured g (2) (0) as a function of temperature, and as a function of the detuning δ X-CM for the QD in the pillar cavity. Blue diamonds present the evolution of g (2) (0) as function of the temperature under an above-band excitation (at half power from the saturation power). In a planar cavity, where the decay time of the exciton line is close to the ns, the g (2) (0) is constant in the lowest temperature range (10-20K) and increases linearly at temperatures above (2) (0) as a function of the temperature 25K. We attribute this increase to the increase of the decay time of the residual charges in the wetting layer around the QD with increasing the temperature.

On contrary, the g (2) (0) for the QD in the pillar represented by the red points and by the black squares presents basically the same trend but with a local increase corresponding to the temperature range where the Purcell effect is stronger. The maximum value of the probability that multiple photons have been emitted is reached at the temperature of resonance with the cavity mode (38K). This effect is demonstrated independently of the excitation power (10µW and 20 µW).

The increase of the g (2) (0) with the temperature and with the Purcell effect is related to the surrounding carrier lifetime (noted τ qw ) as well as the capture time of the latter into the QD (noted τ cap ). Only one pair must be trapped in the QD for the QD to emit one single photon. However, several pairs are created per pump pulse, the number of pairs in the quantum well is noted n qw . If the QD rapidly emits a single photon while the quantum well still hosts charges, the QD can capture another pair resulting in the emission of a second single photon for the same laser pulse. This effect has been observed in GaAs QDs where the radiative lifetime is shown to be shorter than the surrounding carrier lifetime [START_REF] Peter | Fast radiative quantum dots: From single to multiple photon emission[END_REF].

To confirm our observations, I implemented a rate equation model which calculates the g (2) (0) for both QDs in planar and pillar cavities by taking into account the effects of residual surrounding charges. In this model, we considered two discrete states of the QD (the exciton X and the biexciton XX) plus the wetting layer reservoir where charges are created and relax into the QD. The probabilities that the QD is empty, occupied by one or two pairs of charges are respectively written p 0 , p 1 and p 2 . For the sake of simplicity, we only consider the neutral states of the QD and the trapping of electron-hole pair and not individual charges. We used the set of equations proposed in the work of Peter et al. [START_REF] Peter | Fast radiative quantum dots: From single to multiple photon emission[END_REF]: 2) (0) as a function of τ qw and of τ cap for a QD in a planar cavity. We consider typical radiative decay times τ x = 1 ns and τ xx = 0.5 ns. We see that both the capture rate as well as the decay rate of the carriers impact similarly the single-photon purity. When both are much shorter than the exciton radiative lifetime (left bottom corner), we expect a low g (2) (0) as it is the case at low temperatures. Yet, when they are both longer (right top corner), the g (2) (0) considerably increases, as experimentally observed around 50K.

d dt n qw = - n qw τ cap (p 0 + p 1 ) - n qw τ qw (3.8) d dt p 1 = n qw τ cap p 0 + p 2 τ xx - p 1 τ x - n qw τ cap p 1 (3.9) d dt p 2 = n qw τ cap p 1 - p 2 τ xx ( 3 
Although the exciton and biexciton decay times in a InAs QD are well known, the decay rate of charges in the wetting layer and the capture rate in a QD are more difficult to measure. Therefore, we determined them by considering the measured g (2) (0) of the QD in planar cavity with constant radiative decay times τ x and τ xx . Since they exhibit the same effect on the single-photon purity, we assume that they are equal for the sake of simplicity: τ qw = τ cap . The blue solid line in fig. 3.20 shows the multiple-photon probability calculated with our model for the QD in the planar cavity where we fitted the parameters τ qw = τ cap as a function of the temperature.

To model the impact of the Purcell effect, we considered the same evolution of the parameters τ qw = τ cap with the temperature for the QD coupled to the pillar cavity. Then, we adjusted the exciton decay time τ x following the measurement shown in fig. 3.17. The black and red lines in fig. 3.20 show the calculated g (2) (0) with two different initial number of charges in the quantum well. The black (red) line is given for n qw = 4 (n qw = 10) while we take n qw = 10 for the red line. We see that both reproduce well the trend given by the measured g (2) (0) as well as the local increase of g (2) (0) that we highlighted at resonance.

As a result, we showed that the cavity feeding is not detrimental to the single-photon purity, on contrary it is shown to be useful for the fabrication of tunable bright singlephoton sources by using the phonon coupling as explained in [START_REF] Luca | Bright Phonon-Tuned Single-Photon Source[END_REF] and in the annexe A.

Moreover these results show that the degradation of the single-photon purity is mostly due to the recaptures of residual charges in the WL, especially when the exciton lifetime is decreased by Purcell effect. To overcome this mechanism, we demonstrate that the quasi-resonant excitation is an excellent alternative: in this case, the charges are directly created in the QD and there is no risk of recaptures after the exciton recombined. We measured the single-photon purity of the QD coupled to the pillar (triangles in fig. 3.20)

as a function of temperature under quasi resonant excitation. We observe that the probability that the QD emits multiple photons stays lower than 0.1 at any radiative rate. In the following, most of the results have been obtained under a quasi-resonant excitation in order to minimize the recapture processes. 

80:20 Beamsplitter

Characterization of the Photon Indistinguishability

In the following, we measure the mean overlap between photons that are emitted by sources exhibiting a high Purcell factor (F P = 10 ± 2). A new interferometer for the HOM experiment has been developed in order to measure the overlap of photons that are coupled to single-mode fibers (SMF). First, we describe this interferometer and the experimental procedure to align it. Then, we measure the mean photon overlap for various devices for different excitations. Finally, we conclude by highlighting the role of the electronic environment on the mean photon overlap between successively emitted photons.

Description of the HOM-Interferometer

The measurement of the mean wave packet overlap between photons requires that they reach the beamsplitter simultaneously with the exact same spatial mode and same polarization.

During his thesis, Gazzano used a Michelson-type free-space interferometer [START_REF] Gazzano | Sources brillantes de photons uniques indiscernables et demonstration d'une porte logique quantique[END_REF]. In order to get rid of the unstable spatial overlap of the photons, I decided to develop a Mach-Zender interferometer with fibered inputs.

As depicted by the schematics of the setup in fig. 3.22, the source is in a cryostat at 5-50K and 3ps Ti-Sapphire laser pulses excite the source. The mode-locked laser generates 3.5. Characterization of the Photon Indistinguishability 79 pulses every 12.2 ns at a tunable wavelength (750-1000nm). Each pulse is split to create two similar pulses with a delay of 2.3ns 3 . The delayed path is always set and one arm is blocked when we wish to excite the QD once per period only (for an autocorrelation measurement for instance).

Both the direct and the delayed paths are coupled to a single mode fiber (SMF). The fiber is then connected to a collimator that sends the light to the microscope objective.

The coupling into a SMF makes the first and the second pulses follow exactly the same spatial mode. Therefore, the sample is excited twice per laser pulse with the same excitation power and emits two single photons with a delay of 2.3 ns.

The QD is excited quasi-resonantly using λ ≈ 890 -910 nm in order to get a good single-photon purity. Since the pump wavelength is rather close to the QD emission, we reduce the scattered laser light with a longpass filter. Among the emitted photons, it is important to select the photons with polarization along one of the QD axis fine structure. The signal is then coupled into a SMF. The coupling efficiency of the source emission into a SMF varies typically from 0.4 to 0.8 depending on the pillar size and the optics used between the sample and the SMF. In order to maximize the coupling between the fiber and the pillar, we use a beam reducer with a factor 1.2-1.8 before the fiber depending on the pillar size. The fibered signal is then sent into the interferometer with a delay of 2.3 ns in such a way that the photons will arrive simultaneously on the recombining cube. The interferometer that has been used under non resonant excitation during this work is shown in fig. 3.23. Before the cube, two Glan-Thompson prisms make both photons arrive with the same polarization on the cube. As a common polarization, we chose a vertical linear polarization in order to minimize the birefringent effects in the cube that could be detrimental for the visibility of the interference.

The outputs of the interferometer are sent to two spectrometers. Both are equipped with SPADs.

Spatial alignment of the interferometer:

The usual process for aligning the interferometer shown in fig. 3.23 and optimize the spatial overlap given by is described below:

• As a preliminary step, we check the axis of the Glan-Thompson prisms using the Malus law. We monitor the transmission of a laser beam at 940nm on our detector (a CCD in our case) with a polarization analyzer. By using one Glan-Thompson as analyser, the other prism is easily set to be parallel to the first one. 3 The delay on the excitation is variable and fixed by the position of a mechanical delay line.

From the source

To the spectrometer 2

To the spectrometer 1 • The positioning of the optical components is first done by using a visible (633nm) low power laser. Without the cube, the collimator 1 is aligned in such a way that the beam goes to one of the spectrometers along the optical axis of the latter.

Then the cube is positioned in order to get the cube faces perpendicular to the beam. The second collimator and a mirror are positioned to reach an overlap of the two beams as shown in fig. 3.23. Once they overlap fringes appear, indicating that a slight angle exists between both beams. By slightly adjusting the mirror, the angle between the beams is minimized by increasing the fringe spacing. The second output of the cube is then aligned to the optical path of the second spectrometer.

• The final alignment is done by using a coherent CW laser at 930nm. The beam overlap is ensured by imaging the beams on both spectrometers (without the focalization lens in front of the spectrometer, with the slits fully open). Afterwards, with the lens in front of the spectrometer, the angle of the second beam is precisely adjusted by overlapping the two focused points. Since there are some air fluctuations, the phase between the interferometers arms oscillate randomly. By measuring the oscillations contrast, the interferometer visibility is extracted:

(1 -) = I max -I min I max + I min (3.11)
The parameter reflects the spatial overlap between the two paths and is given by the visibility of classical interferences such that it is equal to 0 when the overlap is perfect and that the contrast of classical interferences is equal to 1. The parameter is then taken into account to deduce the photon indistinguishability. The interferometer visibility must take into account the temporal overlap and the spatial matching (polarization overlap included) but it is independent from the cube coefficients. Otherwise, the imperfections of the cube will be considered twice in the data analysis. So the visibility is measured by detecting (in opposition to sending) the same intensities from both arms.

At the end of the spatial alignment, the measured is supposed to be the lowest.

With this interferometer, is typically around 0.08±0.03 (corresponding to a contrast of 0.92±0.03).

The temporal overlap of the single photons on the recombining cube is achieved by adjusting finely the delay on the excitation (shown in fig. 3.22). Once the spatial overlap in the interferometer is optimized, we send the 3ps pulses from the Ti-Sapphire laser in the interferometer. Since the phase between two waves depends on the wavelength and that the spectrum of the pulses is spectrally wide, fringes appear on the spectrum as sketched in fig. 3.24. The fringes spacing increases when the delay decreases. As soon as the spectrum oscillates as a whole, we consider that the excitation delay is equal to the difference in length between the two arms of the interferometer with a precision of 3ps (corresponding to displacement of 1 mm in the delay line). Compared to the decay time of the QDs, this value is negligible and we do not take it into account to deduce the photon indistinguishability.

After these steps, single photons from both arms will meet the cube with a good spatial and spectral matching (92 ± 3%). To measure the indistinguishability of the photons, it is important that the indistinguishability of the paths is preserved up to the detectors.

If any information (as any information introduced by birefringence) is added to one of the paths, the interference is erased [START_REF] Paul | Observation of a quantum eraser : a revival of coherence in a two-photon interference experiment[END_REF] and the photon coalescence is not observed anymore, independently of the coherence of the source. To ensure the indistinguishability of the paths, we work exclusively with silver mirrors at 45 • and we place two polarization analysers in front of the spectrometers. The analysers axis is chosen such that the beam are sent on the blazed grating with a TM polarization4 .

Measurement and Extraction of the Mean Photon Overlap

The QD is excited by two successive and similar pulses. Two single photons are emitted with a delay equal to the interferometer's delay. The first photon is noted (A) and the second photon (B). Due to the presence of a 50:50 BS, different scenarios for the photons path in the interferometer are possible. The table 3.2 summarizes the different cases:

Description

Classical probability Detection delay Both photons take the same path (short and long) 1/2 ±2.2ns

The photon (A) takes the short path while the photon (B) takes the long path 1/4 ±4.4ns

The photon (A) takes the long path while the photon (B) takes the short path 1/4 0 ns 

P c = T 2 -2RTM + R 2 The pulse (A) contained 2 photons (A) (A) 2RTg (2) (0) The pulse (B) contained 2 photons (B) (B) 2RTg ( 
P c = T 2 -2RTM + R 2
where M is the photon overlap.

around -2.2, 0 and 2.2 ns depend on the g (2) (0) while only the peak at 0 ns depends on the mean photon overlap. When the sources emit pure single photons that are fully indistinguishable, the peak at 0 ns should vanish only for R = T = 0.5 and g (2) (0) = 0.

Knowing the interferometer characteristics and the single-photon purity g (2) (0) of the source, the mean photon overlap is given by:

M = 1 (1 -) 2 2g (2) (0) + R 2 + T 2 2RT - A 0 A -2.2ns + A +2.2ns 2 + g (2) (0) (R 2 + T 2 ) RT (3.12)
where (1 -) is interferometer visibility measured with a continuous and coherent source and R and T are the beamsplitter coefficients. To measure the mean wave packet overlap of successively emitted photons, we begin by finding the best conditions to excite quasi-resonantly the source in order to get a high single-photon purity. Figure 3.25a.

shows the measured autocorrelation function of the emission from one source under a quasi-resonant excitation (λ = 905nm). The measured g (2) (0) is extremely low, showing that the probability that the source emits more than one photon under these conditions is lower than 0.01.

Then, without changing the excitation wavelength, the delay line on the excitation path is unblocked in order to excite the device twice a period and the collected PL is sent into the interferometer. The points in fig. g (2) (0) = 0.01 ± 0.01 M = 0.60 ± 0.04 blue thick line. An offset is adjusted to account for the small background due to dark counts on the SPADs. This offset is adjusted to obtain the closest fit to the classical ratio shown in the table 3.3. Once the offset has been correctly set, the mean photon overlap is calculated from the ratio of the central peak with the lateral peaks (according to the eq.3.12). For the measurement shown in fig. 3.25, the extracted indistinguishability is equal to 0.60 ±0.03 with a g (2) (0) equal to 0.01 ± 0.01 as shown by fig. 3.25a. This result is corrected from the setup imperfections: considering a classical visibility of 0.93±0.03 and for the (R=0.55, T=0.45) recombining beam splitter. The raw measured photon overlap not corrected from the setup imperfections and from the singe-photon purity is 0.52 ±0.01.

In the following, we discuss the excitation conditions that allow maximizing the source quality. Pump Wavelength (nm) 

Characterization of the Photon Indistinguishability

Influence of Excitation Conditions on the Mean Wave Packet Overlap

Previously, we highlighted the importance of the quasi-resonant excitation to emit single photons by reducing the recapture processes. Gazzano and coworkers also showed that a quasi-resonant excitation was not always the best excitation condition to emit highly indistinguishable photons [START_REF] Gazzano | Bright solid-state sources of indistinguishable single photons[END_REF]. They found that the quasi-resonant excitation needed to be combined with a slight continuous-wave excitation at higher energy (around 850nm) in order to stabilize the electronic environment of the QD.

Here we show that the technique that was implemented is unfortunately not universal.

Various excitation energies appear as resonances in the excitation of a QD in a cavity.

Figure 3.26 shows the integrated intensity of the exciton line as a function of the excitation wavelength. Between 890 nm and 920 nm, at least five pump wavelengths allow to excite the QDs in quasi-resonance efficiently. Even if most of the wavelengths higher than 890 nm provide a good single-photon purity, a slight change of few nanometers can make the emitted photons switch from indistinguishable to distinguishable.

We measured the mean wave packet overlap of photons that are successively emitted for various λ exc . First, the mode-locked laser is set to emit pulses around 900 ±0.5 nm and we measure the photons indistinguishability. Depending on the excitation wavelength, the mean wave packet overlap is M 902 nm = 0.42 ± 0.04 and, M 900 nm = 0.14 ± 0.06, respectively considering all the events in a 1.5 ns window.

These results show the strong dependence on the excitation wavelength to obtain indistinguishable photons. In order to increase the photon indistinguishability, we tested whether the QD electronic environment can be stabilized by using a slight CW illumination at high energy [START_REF] Metcalfe | Resolved sideband emission of InAs/GaAs quantum dots strained by surface acoustic waves[END_REF][START_REF] Hai | Photoneutralization and slow capture of carriers in quantum dots probed by resonant excitation spectroscopy[END_REF]. This technique previously allowed a considerable increase of the photon indistinguishability when the QD was illuminated by an additional CW beam which lead to 10% of the total intensity from the source.

Here, we introduce a low power CW excitation power at 850 nm for a device that is excited at 906 nm. The points in fig. 3.28 show the evolution of the mean wave packet overlap as a function of the beam power at 850 nm. Interestingly, the photon indistinguishability does not vary monotonically but first increases before decreasing at higher powers. The highest indistinguishability is observed under a very small 850 nm illumination, corresponding to few percent of the total signal. In this particular case, the use of an additional CW illumination improves the photon indistinguishability. Nevertheless, the same illumination leads to a degradation of the photon indistinguishability in other cases.

We now present the mean wave packet overlap of the photons emitted by the ultrabright single photon source (F P = 10) described in section 3.3. In comparison to the lateral peaks, the peak at 0ns is smaller in b. than in a. In fig. 3.30a., the extracted mean wave packet overlap is plotted as a function of the detection time window with or without the CW laser. With a small temporal window, the two photon indistinguishabilities are equal but the one corresponding to the case where a CW beam is used drops rapidly when more coincidences are considered. Considering a temporal window of 1 ns (corresponding to more than 80% of the coincidences), we extract a mean photon overlap equal to M = 0.77 ±0.07 without any additional excitation compared to M = 0.62 ± 0.07 with an additional excitation.

As a consequence, for this bright source, the photon indistinguishability could not be further improved using a CW non resonant excitation.

Observing different QDs in this sample, we can conclude that there is not universal recipe to get indistinguishable photons. We observed that the photon indistinguishability can be rapidly degraded if the excitation is not at the correct wavelength or if an additional illumination modifying the QD surroundings is used or not. On average on all the studied pillars, it was difficult to get a mean wave packet higher than 0.6-0.7. We evidenced that the devices on this sample are very prone to the charge noise. As shown previously by fig. 3.5, in this adiabatic structure, the InAs layer is separated from the AlAs layer by only 27 nm compared to about 150 nm in a standard structure. It is reasonable to think that this enhanced the charge noise since defects are well known to accumulate in Al rich layers [START_REF] Houel | Probing Single-Charge Fluctuations at a GaAs/AlAs Interface Using Bibliography 199 Laser Spectroscopy on a Nearby InGaAs Quantum Dot[END_REF]. In the following, we further evidence the presence of charge noise by analyzing the memory effects that are visible in the autocorrelation histograms measured from a pillar.

Memory Effects and Influence of Electronic Charges

Often, it is assumed that each pulse corresponds to a new trial of an experiment with the same initial conditions. If this were fully true, results from each excitation pulse would be independent, and the side peaks in the photon correlation histograms would have the same area (that would be normalized to 1). However, in some cases, the peaks in the histograms follow an envelop for long delays. is obtained with a quasiresonant excitation following a decreasing exponential while the histogram b. is obtained with an above-band excitation evidencing an increasing exponential.

This phenomenon is attributed to memory effects, each pulse does not correspond to a new trial with the same initial conditions. Among these effects, one can report some blinking effects due to surrounding defects [START_REF] Efros | Random Telegraph Signal in the Photoluminescence Intensity of a Single Quantum Dot[END_REF][START_REF] Pistol | Random telegraph noise in photoluminescence from individual self-assembled quantum dots[END_REF], the capture of single carriers instead of electron-hole pairs [START_REF] Suffczyński | Excitation mechanisms of individual Cd Te Zn Te quantum dots studied by photon correlation spectroscopy[END_REF] or spectral diffusion [START_REF] Neuhauser | Correlation between Fluorescence Intermittency and Spectral Diffusion in Single Semiconductor Quantum Dots[END_REF][START_REF] Türck | Effect of random field fluctuations on excitonic transitions of individual CdSe quantum dots[END_REF]. Here, we use a rate equation model described in the PhD thesis of C. Santori [START_REF] Santori | Generation of nonclassical light using semiconductor quantum dots[END_REF] and show that these effects are commonly observed with the adiabatic cavities where the QDs are close to the AlAs layer. Blinking describes a behavior when the emitter oscillates between two configurations on, the QD emits one photon at the detected energy, and off, the QD does not emit light at this energy. This change of configuration is mainly attributed to the presence of single carriers. The system is described schematically in fig. 3.32. The bottom level 3.5. Characterization of the Photon Indistinguishability 91 corresponds to the empty occupancy state of the QD. The diagonal transitions show the capture of single charges in the QD. The capture of one single charge considering that the initial state is not charged follows the rate s. Similarly, the capture of one charge considering that the QD is initially charged follows the rate αs. The levels on the left correspond to neutral states and the levels on the right correspond to charged (±) states.

Before the interaction with an excitation pulse, the QD is empty or occupied by a single charge. When a quasi-resonant (or resonant) pulse is applied, two charges are injected into the QD and relax. We measure only the photon emitted by the exciton recombination using a spectral filtering. In other words, the detection of one photon at this energy is synonymous of the detection when the QD ends up in the empty occupancy state.

We denote P n the probability that the QD is in a neutral state (X, XX,...) and P c the probability that the QD is in a charged state (X + , X -,...). Their evolution is ruled by the following equations:

d dt P n = s(αP c (t) -P n (t)) d dt P c = s(-αP c (t) + P n (t)) (3.13) 
Considering that the state is initially neutral, we denote the probability that it is neutral (resp. charged) P (0,n) (resp. P (0,c) ). Furthermore, we denote the probabilities P (±,n) or P (±,c) that the QD is neutral or charged given that it is initially charged. Depending on the initial state of the QD (neutral or charged), the occupancy probabilities read:

Initial neutral state:

P (0,n) (t) = 1 1+α (α + e -(1+α)st ) P (0,c) (t) = 1 1+α (1 -e -(1+α)st ) (3.14)
Initial charged state:

P (±,n) (t) = 1 1+α (α -e -(1+α)st ) P (±,c) (t) = 1 1+α (1 + e -(1+α)st ) (3.15)
If we consider that a photon associated to the neutral exciton is emitted (and detected) at the time t, then the probability that the QD will emit another photon at the same energy at a time t + τ is proportional to the probability that the QD is neutral given that it was neutral at the time t:

P (τ ) ∝ P (0,n) (|τ |) = 1 1 + α (α + e -(1+α)s|τ | ) (3.16)
Since the probability that the QD stays in a neutral state decreases with the time, the probability to detect one photon at the time t + τ knowing that we detected one photon After an exciton has recombined and a photon has been emitted, another electron-hole pair must be trapped before the QD emits another photon. However, as it was explained previously, the probability that the QD is occupied by a single charge after a time τ is

P (0,c) (τ )
. If a single electron or hole occupies the QD, only a single hole or electron must be captured for a photon to be emitted. When charges are created in the wetting layer, they can be trapped one-by-one in the QD, in opposition to the resonant excitation where the charges are inserted in pairs. Consequently, the detection of a first photon decreases the probability to detect another photon at a time τ .

These memory effects surely affects the capacity for the emitter to behave as bright source of indistinguishable photons since they correspond to charge fluctuations in the QD leading to a lower coherence. Furthermore, since the probability to emit single photons evolve in time, it surely degrades the brightness of the device. These effects are considered in the factor p x in the expression of the brightness (eq.3.6).

Conclusion

In this chapter, we developed sources operating in a high Purcell regime in order to increase the device brightness and the photon indistinguishability. We reported the fabrication of sources embedding tapered pillar cavities. The diameters of the pillars based on adiabatic structure can be decreased leading to a smaller effective volume of the mode. We fabricated sources with small effective volume and obtained a high Purcell enhancement of the spontaneous emission. A bright single photon sources with an effective Purcell effect equal to 10 ±2 was reported. It was also shown that the measured Purcell effect is lower than the theoretical one because of the coupling to phonons.

Finally, at saturation the measured brightness reached 0.74 ±0.07.

We demonstrated that a good single-photon purity is obtained by exciting quasi-resonantly a discrete state of the QD. Typical values g (2) (0) around 0.01 are obtained in a high Nevertheless, it was difficult to get a photon indistinguishability higher than 0.6-0.7 on average. This phenomenon is attributed to the high charge noise that is due to the proximity between the AlAs layer of the Bragg mirrors and the QDs. Even the use of additional beams to stabilize the charges was not enough to provide higher indistinguishabilities.

These measurements confirmed that the electronic environment was a crucial parameter to control in order to obtain highly indistinguishable photons. As a consequence, we developed an advanced technique to fabricate electrically controlled sources. Such control can provide two main assets for the sources: the fine tuning of the QD transition in order to replace the temperature tuning and the stabilization of the electronic surrounding of the QDs. The next chapter is dedicated to the study of electrically controlled sources.

Chapter 4

Indistinguishability of Electrically Controlled Sources

In the last chapter, we showed the importance to control the electronic environment close to QDs to further increase the indistinguishability of the photons. In this context, strong technological efforts were successively made by two post-docs in the group Anna Nowak and Niccolo Somaschi to develop electrically controlled sources.

In this chapter, we present the new generation of devices obtained with an advanced in situ lithography technique in order to couple a single QD to a pillar on which an electrical field is applied. The first part of this chapter is dedicated to the fabrication of this new generation of sources as well as their optical characterization. The second part focuses on their performance for quantum information processing applications: the bright emission of single and highly indistinguishable photons is demonstrated in a reproducible way.

Fabrication of Electrically Controlled Devices

To build a scalable solid-state quantum network, it is essential that several sources are tuned to the same emission wavelength. The possibility to tune the QD transition to a target wavelength is a key feature and the temperature control used in the previous chapters is not a long term and pratical solution. By inserting the QDs in doped structures and by applying an electric field, this tuning can be achieved through the Stark effect [152][START_REF] Oulton | Manipulation of the homogeneous linewidth of an individual In(Ga)As quantum dot[END_REF][START_REF] Finley | Quantumconfined Stark shifts of charged exciton complexes in quantum dots[END_REF]. To get a bright source, the QD must also be efficiently coupled to a photonic structure.

Establishing electrical contacts on photonic structures like nanowires or micropillars presenting sizes of a few microns is challenging. After a short review of other works, we present the photonic structure developed at the LPN to address this problem during the postdoc of Anna Nowak in 2012-2013. This new design allows combining the deterministic coupling between a single QD and a microcavity with electrical contacts.

It is shown that the micropillar can be connected through four 1D wires while confining efficiently the optical mode in the cavity. Then the procedure of advanced in situ lithography used to couple the connected pillar with a single QD is described. We demonstrate the fabrication of bright, tunable single-photon sources with high photon indistinguishability.

State-of-the-art

The modification of the QD emission properties by applying an electric field in a doped structure has been experimentally studied by several groups. It was shown that applying an electric field to a diode containing QDs allows controlling efficiently the QD transition energy as well as the level of the fine structure splitting.

In single photon source with a brightness equal to 0.34±0.07 [START_REF] Heindel | Electrically driven quantum dot-micropillar single photon source with 34% overall efficiency[END_REF]. Later, Schneider et al.

integrated site controlled QDs into electrically driven micropillars [START_REF] Schneider | Microcavity enhanced single photon emission from an electrically driven site-controlled quantum dot[END_REF]. Although this strategy can provide a good spatial matching of the QD emission in the cavity mode, the spectral matching remains random.

No group had demonstrated the fully deterministic fabrication of an electrically driven QD in a cavity. Yet, the repeatability of such fabrication is an important step towards the development of a scalable solid-state quantum network based on QDs.

In the following, we describe the cavity design proposed at the LPN to allow the deterministic and repeatable fabrication of electrically driven sources. large diameter, several optical modes are measured. We see that all the optical modes are broader and shifted to higher energies when the pillar diameter is decreased. This study shows that this new structure provides a very efficient confinement of light.

The fact that the effective volume of the mode is larger for connected pillars is not detrimental since the diameter is carefully chosen during the in situ lithography. The additional inplane photon escape is also not a limitation to get a good photon extraction, one just needs to use a larger top mirror escape rate by decreasing the number We first show the tunability of the source at a constant temperature. Under a CW non resonant excitation, we collect the PL from the center of the pillar. Somaschi. These new devices present a much higher Q-factor and a doping of the layers optimized to have a control of the charge in the QD.

Optimized Sample for the Control of Charges

Compared to the first generation of tunable sources, this generation is made with a higher Q-factor by increasing the number of pairs in the Bragg mirror in order to enhance the Purcell effect and the brightness. Moreover, since this new generation of devices is designed to emit single and indistinguishable photons under a pulsed excitation, we changed the structure of the doping in order to improve the charge control and to stabilize the Fermi level close to the QD. Figure 4.7 shows a simplified schematic of the doped structure and a simplified evolution of the conduction and valence bands.

The bottom mirror is made of 30 Al 0.95 Ga 0.05 As/GaAs pairs. These pairs are gradually

Si n-doped (from 1.10 18 cm -3 to 2.10 18 cm -3 ). Similarly, the top mirror is made of 20 Al 0.95 Ga 0.05 As/GaAs pairs, with a varying p-doping concentration up to 2.10 18 cm -3 .

After the growth, an in situ lithography was performed. The main difference with the previously studied samples relies on the shape of the surrounding frame. To obtain cavities with minimized polarization splitting, we used another pattern: the surrounding frame is now circular and the wires are at 45 Once the connected pillars are etched and the ohmic contacts bonded, one can optically characterize the samples. shows three PL spectra for various applied voltages. At -3V, the exciton emission line (X) is tuned to higher energies with respect to the cavity mode (CM). Other emission lines corresponding to other electronic states (CX) are visible. where p is the permanent dipole moment and β the polarizability. Usually, the dipole moment p is neglected assuming an in-plane rotational symmetry confinement potential.

Voltage Tunable PL

E x (F ) = E 0 -pF + βF 2 (4.1)

µm

Full characterization of the Pillar 13A

Setup Transmission

To measure the PL from the electrically tunable sources, we used the helium bath cryostat that is usually used for the in situ lithography process in lab 2. As shown by fig. 4.12, the laser used to excite the devices was located in lab 1. Laser pulses were coupled into a long single-mode fiber (SMF) which links the two labs. Then the PL is collimated by a microscope objective in the cryostat, it is filtered by a long pass filter and a polarizer and is coupled into another long SMF going to lab 1. There, the single photons are sent into a HBT interferometer as depicted by fig. 4.12 or into the HOM interferometer described in chapter 3. Table 4.1 summarizes all the components and their losses at the wavelength of the emitted photons ; showing a total detection efficiency of 1.3 %.

Single-Photon Purity and Measured Brightness

The electrically tunable sources are quasi-resonantly excited by a mode-locked laser. 

Pil. 13A 898nm: black squares show the measured evolution of the single-photon purity g (2) . Up to saturation, the measured g (2) is around below 0.08. Green triangles show the derived brightness from the count rate and from the calibration given by the table 4.1. The dashed green line shows the theoretical behaviour of the exciton integrated intensity. The brightness is corrected by the multiphoton correction term 1 -g (2) assuming a poissonian noise. At saturation, the brightness of the source brightness reaches 0.65±0.07 showing that this device is the brightest electrically tunable singlephoton sources to date. It corresponds to a fraction of emission in the mode β=0.85 and η.p x ≈ 0.8. Considering the observation of charged exciton lines in fig. 4.10b., we conclude that p x < 1.

Indistinguishability of Successively Emitted Photons

To measure the photon indistinguishability, we use the HOM interferometer described in chapter 3.

Blue points on fig.4.15a. shows a measured histogram correlation between the two

SPADs after the interferometer. For this experiment, the delay between the photons is 3.1 ns instead of 2.2 ns. As a consequence, the outside peaks of distinct periods overlap. The extracted mean photon overlap M is given by the peak area at 0ns using the same method as previously. ments obtained on gated sample that showed spectral linewidths close to the radiative limit [START_REF] Högele | Voltage-controlled optics of a quantum dot[END_REF].

Results on Another Device: 15B

Getting multiple bright source of indistinguishable sources is important for the development of a reliable quantum solid-state network.

The measured characteristics of another pillar (15B) are presented in this section.

The device is excited quasi-resonantly. Figure 4.17a. shows a measured autocorrelation function and a good single-photon purity (g (2) = 0.01±0.005) is extracted. 

& Indistinguishability M Pil. 15B wavelength close to 900 nm, the probability for the QD to emit multiple photons stays low (with g (2) lower than 0.06 ±0.02) as shown by the blue diamonds. The brightness at saturation reached about 0.35, lower than for the device 13A because of the QD state which is statistically in two states X and CX. At maximum brightness, we measured an indistinguishability as high as 0.81±0.05.

Excitation-Jitter-limited Indistinguishability

We studied two sources showing high photon indistinguishability at high brightness without the need of another light beam to stabilize the surrounding environment. Moreover, the fine tuning of the exciton transition in resonance with the mode allowed us to perform measurements at 4K, which reduces the effect of the phonons bath.

At this point, the fact that all measured indistinguishabilities reach a maximum value in the 75-85% range questions the limits imposed by the excitation scheme. Indeed, charges created at a higher discrete levels than the exciton energy level take some time to relax τ relax . At 4K, this time is about few dozens of picoseconds [START_REF] Toda | Efficient Carrier Relaxation Mechanism in InGaAs/GaAs Self-Assembled Quantum Dots Based on the Existence of Continuum States[END_REF]. This relaxation mechanisms introduce an uncertainty on the starting time of the photon emission, an uncertainty sometimes referred to as a "time-jitter".

The effect of the time-jitter has been theoretically studied by Kiraz, Atature and Imamoglu in 2004 [START_REF] Kiraz | Quantum-dot single-photon sources: Prospects for applications in linear optics quantum-information processing[END_REF]. Considering a phonon assisted relaxation process, they showed that the two-photon interference is degraded by the information about the photon arrival time This calculation evidences that a relaxation time must be much shorter than the radiative time to preserve a good two-photon interference independently of the photon coherence. For instance, if the photon decay time is similar to the relaxation time τ relax , the maximum achievable indistinguishability is lower than 0.45.

In our case, if we consider that the relaxation time is about τ relax ∼ 10ps at 4K and a Purcell factor around 10, the predicted maximum indistinguishability is around 0.85.

This value is extremely close to our experimental observations indicating that the twophoton interference visibility is probably limited by the incoherent intra-dot relaxation of the charges and not by the coherence of the photons.

We present in the next chapter the implementation of the resonant excitation on these devices.

Conclusion

This chapter presented the deterministic fabrication of electrically controlled singlephoton sources using an advanced in situ lithography technique. Two generations of
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samples were fabricated, the first one presented a Q-factor around 1000, a Purcell factor of F P = 0.8 and a brightness of 0.37±0.07 [START_REF] Nowak | Deterministic and electrically tunable bright single-photon source[END_REF]. The second one exhibits a Q-factor around 12000 and a Purcell factor as high as 10±2 leading to a brightness as high as 0.65±0.07. Furthermore, a high photon indistinguishability with 75-85% was measured for two devices under only one quasi-resonant excitation at maximum brightness, evidencing the efficient control of the electronic surrounding via the diode structure. This new generation of single and highly indistinguishable photon sources with a brightness at the state-of-the-art is already very appealing for some quantum optics applications.

As explained in chapter 7, boson sampling experiments do not require very high degrees of indistinguishability, but high brightness is really critical.

Comparing our measurements with theoretical studies indicates that the photon indistinguishability is now limited by the time jitter. In the carrier generation process, this effect introduces an uncertainty on the time of photon emission that is all the more important than the spontaneous emission is accelerated. The next chapter will present the resonant excitation of the same devices, confirming this analysis.

Chapter 5

High Indistinguishability and High Brightness from Resonant Fluorescence Spectroscopy

Introduction

In the previous chapters, two different designs of sources operating in a high Purcell regime were studied. In chapter 3, the indistinguishability of photons emitted by QDpillar devices was limited by the charge noise. In chapter 4, the photon indistinguishability was improved with respect to devices in chapter 3 by implementing an electronic control of the charge. However it was limited by the time-jitter induced by the quasiresonant excitation [START_REF] Kiraz | Quantum-dot single-photon sources: Prospects for applications in linear optics quantum-information processing[END_REF]. In both cases, a state-of-the-art brightness in the 60-80% range was combined with a photon indistinguishabitlity of 75-80%.

To reach higher photon indistinguishability, we decided to implement a resonant optical excitation of the QD transition. In the last few years, the resonant excitation of a single QD has been demonstrated and the resonance fluorescence of QDs was measured [START_REF] Muller | Resonance fluorescence from a coherently driven semiconductor quantum dot in a cavity[END_REF][START_REF] Kuroda | Final-state readout of exciton qubits by observing resonantly excited photoluminescence in quantum dots[END_REF][START_REF] Melet | Resonant excitonic emission of a single quantum dot in the Rabi regime[END_REF]. The Mollow triplet of the resonant fluorescence was also observed [START_REF] Flagg | Resonantly driven coherent oscillations in a solidstate quantum emitter[END_REF] and studied [START_REF] Ulhaq | Cascaded single-photon emission from the Mollow triplet sidebands of a quantum dot[END_REF]. In 2013, Monniello et al. [START_REF] Monniello | Excitation-induced dephasing in a resonantly driven InAs/GaAs quantum dot[END_REF] studied the dephasing induced by a pulsed resonant excitation. The challenge for resonant pumping is to separate the exciting laser light from the fluorescence. To get a good signal-to-noise ratio between the excitation and the emitted photons, an orthogonal excitation geometry was implemented where the QD was excited by the laser perpendicularly to the collection axis. was added on the detection line in order to eliminate the residual laser background. This result was very promising for applications that would require highly indistinguishable photons. Nevertheless, the QDs were embedded in a planar cavity providing a low Qfactor (∼200) hence a low photon extraction and a low brightness estimated to be below 3%.

In this chapter, we use the electrically tunable sources presented in chapter 4 and perform a pulsed resonant excitation of the QD. By collecting the PL in a crossed-polarization configuration, we measure the indistinguishability of the photons that are successively emitted.

Setup Used for the Resonant Excitation

In this section, we describe the experimental setup used in order to perform the resonant excitation of our connected pillar sources. Only the polarization orthogonal to the excitation is collected. The excitation beam is coupled to a SMF in lab 1 as in chapter 4 and is collimated by using a microscope objective in the setup located in lab 2. A polarizer, a half-wave plate (HWP) and a polarizing beamsplitter (PBS) are used to select a linear polarization. This polarization is rotated using a second HWP after the PBS in order to be parallel with respect to the cavity modes axes. The effects of possible birefringent optical elements (mirrors, cryostat window,...) are compensated using a quarter-wave plate (QWP). The signal emitted by the sample is reflected by the PBS and filtered by an additional polarizer in order to improve the signal-to-laser ratio. This signal is finally coupled to a SMF in a confocal geometry.

An extinction ratio of the laser light of around 10 -5 is measured using this configuration.

Our objective is to excite the QD by sending resonant pulses through the optical mode of the pillar. However, the pulses of the mode-locked laser are 3ps-long, shorter than the cavity decay time (∼10ps for a Q-factor around 10 4 ). In the spectral domain, the pulse spectrum, three times wider than the cavity linewidth, results in a large fraction of reflected light by the cavity. To match the pulses to the cavity mode, laser pulses are temporally shaped using of a monochromator and a fixed Fabry-Perot cavity (etalon).

This etalon is a few millimiter thick glass with reflection coating. It presents a nominal by the etalon is composed of several peaks. We use a monochromator made of a dispersive grating and a slit to implement a first spectral filtering of the laser pulse (up to 10ps). with a 30ps resolution. Using both temporal and spectral informations, we can estimate that for the example of fig. 5.4, the pulse after the spectrometer is 25ps long while after the etalon, the pulse is 75ps long before the cavity. The pulse duration can be modified on demand by tilting the etalon or by focusing or defocusing the lenses focusing on the spectrometer's slit.

In this experiment, the polarization axis of the excitation and of the collection are orthogonal. Exciting the QD through the cavity mode demands that both axis are aligned along the cavity axis. Indeed, if the cavity is not perfectly circular, it behaves as a waveplate for a laser polarization not aligned along one of its axis. Due to the 1D wires connecting the pillar with the surrounding frame, the cavity optical modes are linearly polarized.

We study the pillar 18 from diode B under non resonant excitation. shows the spectral position of the cavity emission line as a function of the polarization axis of the collected PL relative to its average energy. We define the horizontal (H) mode (0 • -180 • ) as the polarization of the higher energy mode and the polarization of the vertical (V) mode (90 • -270 • ) as the lower energy mode. The measured difference of energy between the two modes is equal to 71 ±2 µeV for a cavity linewidth of 120 µeV.

Under the same experimental conditions, the fine structure splitting of the exciton transition is also observed. from the cavity axis. This observation is not a coincidence, but is related to the fact that the 1D wires are ∼ 5 • from the crystal axes. The spectral amplitude of this splitting, measured around 13 ±3 µeV, is much smaller than the cavity one. The QD axis are later called |X and |Y .

In the following, the laser emission energy is always tuned in resonance with the H mode of the cavity and is linearly polarized along this mode. Exciting along one of the cavity axis ensures that a linear polarization is maintained in the cavity. Moreover, a H polarized excitation excites a linear superposition of the |X and |Y exciton states.

The beating between |X and |Y states leads to an emission collected along the V-axis.

The electrical bias applied to the device is used to tune the QD transition in resonance with the laser and the H cavity mode. a CW excitation for different applied voltages. For an applied voltage U=-0.77V, signal from the scattered laser around 1.3403eV is in the noise while the exciton emission line is visible around 1.340eV. The QD transition is then tuned in resonance with the laser controlling the voltage.

In order to increase the ratio between the collected light and the scattered laser light, the HWP and QWP angles are very finely adjusted. ±2 and the second decay is about 1.6 ns. There is not clear explanation for the second decay but it might be related to the response of the detector.

Reflectivity Measurements

In this part, we fully characterize the parameters of the pillar 18B using reflectivity measurements.

Measuring the reflectivity of one pillar embedding a QD allows extracting precisely the cavity parameters, the input coupling of the beam into the cavity and the QD-cavity coupling. The first reflectivity setup was developed in the group during the PhD of Vivien Loo under the supervision of Loic Lanco [START_REF] Loo | Optical nonlinearity for few-photon pulses on a quantum dot-pillar cavity device[END_REF]. It allowed demonstrating the optical nonlinearity by sending laser pulses containing only few photons on a QD-pillar device in 2012 [START_REF] Loo | Optical Nonlinearity for Few-Photon Pulses on a Quantum Dot-Pillar Cavity Device[END_REF] and to measure the Faraday rotation induced by a single spin [START_REF] Arnold | Macroscopic rotation of photon polarization induced by a single spin[END_REF].

The same principle is used here and illustrated by fig. 5.8a. A CW tunable laser focused on the pillar, is reflected by the cavity and sent to a detector. The intensity of the reflected light is collected and measured as a function of the laser energy. Figure 5.8b.

shows the measured signal when the QD is detuned from the cavity (top panel). A reflectivity dip is observed corresponding to the cavity resonance. From the value of the reflectivity at the cavity energy, we can measure the coupling of the pillar through the This value corresponds to a radiative lifetime in the other radiative channels that are not coupled with the mode of cavity of 1 ns [START_REF] Gérard | Enhanced Spontaneous Emission by Quantum Boxes in a Monolithic Optical Microcavity[END_REF] and a negligible pure dephasing of the state. The device cooperativity defined as C = Ω 2 1 /κγ reached the very high value of C=13 in a regime of strong Purcell effect. Furthermore, the measured reflectivity presents a little shoulder on the higher energy side of the peak. This shoulder is attributed to the energy splitting of the exciton fine structure. By taking into account the fine structure splitting, the fit (red line) is in an excellent agreement with the measurement with a splitting of 4 ± 1µeV. The splitting value is different from the measured splitting value in fig. 5.5. Indeed, we observe that the fine structure differs from one experimental condition to another for the same QD.

Depending on the excitation conditions, we observed that the applied voltage to tune the QD in resonance with the mode is different. Under a CW non resonant excitation, a CW resonant excitation or a pulsed resonant excitation, the electric field seen by the QD is always different. This can be attributed to a charge screening or to a flattening of the bands induced by the excitation: excited electrons and holes are swept in opposite directions and screen the field as observed in [START_REF] Gerardot | Manipulating exciton fine structure in quantum dots with a lateral electric field[END_REF]. This effective field leads to a modification of the fine structure splitting and to a spectral shift of the exciton transition as shown in [START_REF] Bennett | Electricfield-induced coherent coupling of the exciton states in a single quantum dot[END_REF].

Emission Mechanisms in Crossed Polarization

We discuss here the emission mechanisms under resonant excitation in a configuration where the emitted signal is orthogonal to the excitation. We first describe them qualitatively and then we describe the used theoretical model.

Qualitative Discussion

To simplify, we assume that the QD axis are at 45 • from the cavity axis. When exciting the QD with a H polarized light, we create an exciton state

|H = |X +|Y √ 2 . Collecting a signal in V polarization corresponds to an exciton state |V = |X -|Y √ 2 .
In the absence of a fine structure splitting, the |H state is an eigenstate of the system which does not evolve over time. As a result, no signal is expected in V polarization for ∆ F SS = 0. In the presence of a fine structure splitting (∆ F SS = 0), the exciton state |φ(t = 0) = The excitation is a monochromatic laser coherent state presenting a step time dependence. Figure 5.11 shows the theoretical evolutions of P x , P y , P h and P v with a pulse duration T pump =15ps. The first column corresponds to an average number of photons n in = 10 photons (< π pulse) and the second column to n in = 80 photons (> 3π/2 pulse). At t = 0, the system is in its fundamental state (P x = P y = P h = P v = 0). Finally, the photons are efficiently released from the pillar through the top mirror with a good output coupling (κ top /κ.β = 0.7 ± 0.05 with β =

1 √ 2 (|X +|Y ) evolves into |φ(t) = 1 √ 2 (e iω X t |X +e iω Y t |Y ) = e iω X t √ 2 )(|X +e i∆ F SS t/ |Y ) with ∆ F SS = (ω x -ω y ).

Theoretical Model of the Emission in Crossed Polarization

F V P F V P +1
). The measured PL in crossed polarization corresponds to the total emission collected in V polarization outside the cavity

Coherent Control With Few Photon Pulses

In this section, we explore the coherent control of an exciton state coupled with a cavity.

We first qualitatively explain how Rabi oscillations are observed here through power measurements. In the second part, the observation of Rabi oscillations by sending few photons per pulse on the pillar 18B is reported.

Observation of Rabi oscillations under a pulsed excitation

For the sake of simplicity, we disregard here the effects related to the exciton fine structure splitting. In the presence of an oscillatory driving field, a two-state quantum system follows a cyclic behaviour called Rabi oscillations. When the two-level system (with a transition pulsation ω 0 ) is illuminated by a coherent beam of photons (of pulsation ω), it cyclically absorbs photons and emits them by stimulated emission. Assuming that the system is in its ground state at t < 0 and coupled to an oscillatory driving field for t > 0, the probability of it being found in the excited state is [START_REF] Grynberg | Introduction to quantum optics: from the semi-classical approach to quantized light[END_REF]:

P e (t) = Ω 2 1 δ 2 + Ω 2 1 sin 2 ( Ω 2 1 + δ 2 )t 2 (5.3) 
where δ = ω 0 -ω is the pulsation detuning between the photon and the two-level transition and Ω 1 ∝ -µ.E is the Rabi frequency as defined in chapter 2. The period of the temporal oscillation varies with the detuning δ and with the amplitude of the electric field E. Considering the case where the pump is in resonance with the two-level system (δ = 0), the probability of finding the excited state oscillates with a unitary contrast with a pulsation Ω 1 :

P e (t) = sin 2 Ω 1 t 2 (5.4)
For the sake of simplicity, we neglect any dephasing term leading to a damping of the oscillations. As soon as the driving field is switched off (for t > T pump ), the two-level system returns to its ground state by spontaneously emitting a photon. The Rabi oscillations thus take place during the pulse, which in our case lasts from 10 to 50 ps. Fast detectors would be needed to monitor the Rabi oscillations in real time. Rabi oscillations can be indirectly measured through power measurements. Since the pulsation of the oscillation depends on the pump power (Ω 1 ∝ E = P pump ), the evolution of the PL as a function of the pump power reflects the Rabi oscillations as illustrated by fig. 5.12. The top row shows a schematic of the temporal evolution of the exciton population in a QD when the pump power is increased (from the left to the right) given a fixed pulse duration. During the pulse (blue shaded region), the population oscillates due to the interaction with the driving field. After the pulse, the system relaxes to its ground state by emitting spontaneously a photon as shown by the red shaded region.

The red shaded integrated area thus oscillates with the probability P e (T pump ). Since P e (T pump ) ∝ sin 2 A.

√ P Tpump 2

(where A is a fixed coefficient), the integrated emitted intensity oscillates with the square root of the pump power √ P as shown by the bottom row of fig. 5.12. The π-pulse is defined as the lowest pump power associated to the first intensity maximum in a power dependent measurement.

Rabi oscillations were first indirectly observed in QDs by using various techniques [START_REF] Stievater | Rabi Oscillations of Excitons in Single Quantum Dots[END_REF][START_REF] Kamada | Exciton Rabi oscillation in a single quantum dot[END_REF][START_REF] Htoon | Interplay of Rabi oscillations and quantum interference in semiconductor quantum dots[END_REF] such as measuring the photocurrent from QDs in a photodiode [START_REF] Zrenner | Coherent properties of a two-level system based on a quantum-dot photodiode[END_REF]. First observations of Rabi oscillations using the direct resonant fluorescence signal were reported in 2007 [START_REF] Muller | Resonance fluorescence from a coherently driven semiconductor quantum dot in a cavity[END_REF][START_REF] Kuroda | Final-state readout of exciton qubits by observing resonantly excited photoluminescence in quantum dots[END_REF][START_REF] Melet | Resonant excitonic emission of a single quantum dot in the Rabi regime[END_REF] by using an orthogonal excitation and collection configuration: QDs were excited by the side and resonant fluorescence is collected perpendicularly to sample's surface. 

Connecting Flying Qubit with Quantum Nodes

In the prospect of quantum networks where the information is carried by single photons, it is necessary to develop devices allowing an efficient interaction between the flying single photons and a stationary quantum node [START_REF] Kimble | The quantum internet[END_REF]. The development of a very efficient interface between single photons and stationnary qubits is a milestone in this context.

In the QD community, such switching relies on the possibility of saturating the QD transition with only one photon. The record value in terms of few photon non linearity was obtained at the LPN in 2012 during V. Loo's PhD. Several groups studied the optical switching of a node containing a single QD [START_REF] Volz | Ultrafast all-optical switching by single photons[END_REF][START_REF] Loo | Optical Nonlinearity for Few-Photon Pulses on a Quantum Dot-Pillar Cavity Device[END_REF][START_REF] Bose | Low-photon-number optical switching with a single quantum dot coupled to a photonic crystal cavity[END_REF]. Similar experiments were also conducted for atomic qubits with atoms coupled to optical microstructures [START_REF] J D Thompson | Coupling a single trapped atom to a nanoscale optical cavity[END_REF][START_REF] Birnbaum | Photon blockade in an optical cavity with one trapped atom[END_REF]. In 2012, a single-photon based elementary network made of atoms in cavity was implemented by Ritter et al. [START_REF] Ritter | An elementary quantum network of single atoms in optical cavities[END_REF]. The exchange of single photons from one atom to another was studied with a success rate of 2.10 -4 and a fidelity of 84 ±1%. Note that the success rate was mainly limited by the brightness of one of the atoms (η ∼ 0.03 for one hyperfine state). Recently, the coherent control spin of a single atom using a single photon was studied by Reiserer et al. [START_REF] Reiserer | A quantum gate between a flying optical photon and a single trapped atom[END_REF].

Coherent Control With Few Photon Pulses

In the following, we measure the coherent control of the QD exciton from pillar 18 B. The power received by the pillar is derived from the optical losses on the excitation line.

The table 5.1 shows the transmissions of the optical elements of the setup. The transmission of the excitation path is measured to 0.0832. The average number of photons per pulse sent on the device is deduced considering that the excitation is pulsed with a period of 12 ns at a wavelength of 925 nm. For a measured power of 1 nW, the transmitted power is equal to 0.0832 nW corresponding to a mean number of photons n equal to 4.65.

Optical elements Transmission

Figure 5.14 shows the Rabi oscillations as a function of < n > for two pulse durations:

12 ps and 56 ps. With a 12 ps pulse, the π-pulse is obtained using a mean of 8.6 photons per pulse. With a longer pulse of 56 ps, the π-pulse is reached by sending only 3.8 photons per pulse. To reach the π-pulse, we observe that more photons are required using a shorter pulse. This is related to the fact that the population must increase faster in order to be maximal when the pulse ends. As explained previously, the speed for the exciton state to be populated increases with the square root of the excitation power (only for the first period of the oscillations). the photons and the QD in the micropillar due to the efficient input coupling of the pillar (∼ 1) and the excellent coupling between the QD and the mode of the cavity characterized by the cooperativity parameter C = g 2 κγ refl ∼ 13. These measurements show that the QD state can be deterministically initialized to the excited state with a probability close to 0.95 by sending only few photons on the device. Using true Fock states of light, the same device should allow initializing the state with only one photon with a high probability. Theoretical models are currently under development to fully qualify this efficiency. These results are very promising for interconnecting flying qubits to stationnary ones. Indeed, the coherent control of a trion transition has been used to initialize a single spin [START_REF] Gao | Observation of entanglement between a quantum dot spin and a single photon[END_REF], a qubit with a coherence time as long as few microseconds.

Characterization of the Device 18B under Resonant Excitation

In the following, we show how the same device 18B resonantly excited is an excellent single photon source. is directly connected into a fiber based HBT consisting of two SPADs at the outputs of a fibered 50:50 beamsplitter. A single photon purity of g (2) (0) = 0.15 is observed.

Single Photons Emission under Resonant Excitation

By placing an etalon filter (FWHM=11 µeV) on the collection path, we filter out the residual laser light. Figure 5.16b. evidenced a high single photon purity in the same conditions. The extracted g (2) (0) is equal to 0.01 ±0.01. In the following, the etalon is always used unless the contrary is indicated. ). The absence of peak at zero delay evidences that the collected photons are perfect single photon Fock states. The measured g (2) (0) is estimated to 0±0.003.

Figure 5.18 shows the evolution of the measured g (2) (0) as a function of the excitation power under the same conditions previously used. A very good photon purity (g (2) (0) < 0.02) is observed up to the π-pulse.

Two-photon Interference with Near-Unity Photon Indistinguishability

As in the previous cases, the mean photon overlap is measured by collecting two successively emitted photons with a temporal delay of about 2.3 ns. The sample is excited twice per laser period by using a delay path after the pulse shaper. Collected photons from the device (in the V mode) are sent into a fully fibered interferometer developed by Lorenzo de Santis. of the interferometer is rotated in order to reach the same polarization state before coupling to a 50:50 fibered beamsplitter where the quantum interference takes place. At the output of the fibered recombining beamsplitter, the paths are highly indistinguishable.

The classical interferometer visibility (1 -) is measured to be 1 -= 0.9988 ± 2.10 -5

evidencing the close to perfect overlap provided by this setup. Finally, the beamsplitter outputs are plugged to fibered SPADs. The photon indistinguishability does not depend significantly on the pump power. We measured the g (2) and the photon indistinguishability for different powers (see fig. A photon indistinguishability higher than 0.98 (corrected from g (2) ) is evidenced over 

Brightness

We calibrated our experimental setup in order to convert the count rates to the brightness in the first lens. Figure 5.23 summarizes all the device characteristics. The best single photon purity is combined with very high degrees of indistinguishability at a brightness of 16%.

We can fully account for the brightness theoretically: with an outcoupling efficiency of 70%, the brightness cannot exceed 35% in a crossed polarization configuration. Moreover, during the emission process, the created |H exciton radiatively recombines in the H mode or evolved to the |V exciton state with a time scale inversely proportional to the fine structure splitting (FSS). As a result, the larger the FSS, the larger the fraction of emission into V mode is. This is shown by the calculation presented fig. 5.15 that fully account for the observed brightness. The brightness observed here is therefore limited by the use of an excitonic transition and could reach the limit of 35% using a trion state.

Compared to previous works, this is the first time that a brightness higher than very few percent and a full photon indistinguishability are demonstrated simultaneously. 

Comparison With State-Of-The-Art and Conclusion

To conclude on the potential of the devices presented in this work, we propose to compare our results with other QDs and SPDC sources. The sources are fully characterized by three figures of merit: single-photon purity given by g (2) , photon indistinguishability given by M and brightness. A 3D diagram would not be appropriate to provide a fair and clear comparison, as a consequence we only plotted in fig. 5.23 the brightness as a function of the photon indistinguishability with the different sources studied here, the previous state-of-the-art reported by He et al. [START_REF] He | On-demand semiconductor single-photon source with near-unity indistinguishability[END_REF] (purple diamond) and data from high quality SPDC sources (black points). These last measurements were done by our collaborators Juan Loredo, Marcelo de Almeida and Pr. Andrew White in Brisbane. For all data, the g (2) (0) is below 0.05 limiting the brightness of SPDC sources below 0.015.

Since a single-photon source should provide photons with a well-defined polarization, the source brightness is divided by a factor of 2 for the unpolarized devices under a non-resonant excitation. reach ultimate values of g (2) = 0.0017 ± 0.0017 and M = 0.986±0.007 evidencing a quality that is perfectly adapted for highly demanding applications. Chapter 6

Cavity Enhanced Two-Photon

Interferences Using Remote

Sources

The sources developed in the group gather high brightness with high single-photon purity and indistinguishability. The implementation of such source could be a promising step in the improvement of performance in quantum information processing protocols.

As discussed in chapter 7, possible perspectives are for instance the use of these devices in experiments measuring the boson sampling of single photons.

In the future, an important challenge is the development of a photonic solid-state quantum network. In this context, photons emitted by remote sources should interact efficiently. The quantum interference between photons emitted by remote sources was studied using various sources including QDs in the recent years. All these works were done in a low-brightness regime without the possibility to control the QDs spontaneous emission. In this chapter, we implement an elementary photonic network based on bright remote sources and study the role of a high Purcell regime.

Introduction

The two-photon interference with remote sources has been reported using various sources based on ions, atoms or parametric downconversion sources as well as QDs. We give a very short and non exhaustive overview of the pioneering works involving remote single-photon sources:

• Quantum interferences with remote parametric down conversion singlephoton sources: In 2003, the group of Pr. Gisin from University of Geneva studied the quantum interference between photons emitted by spatially separated • Ion-based quantum interferences: Maunz et al. [START_REF] Maunz | Quantum interference of photon pairs from two remote trapped atomic ions[END_REF] studied in 2007 the quantum interferences between single photons emitted from remote ions. Two Yb ions were used and stored in independent traps in separated vacuum chambers.

By comparing the autocorrelation measurements in cross and parallel polarizations under pulsed regime, a high interference contrast of 95% was demonstrated.

More recently, two-photon quantum interferences using remote sources were studied using solid-state emitters. In comparison with atoms, ions or PDC based sources, solid-state emitters are spectrally spread. Consequently, it is more challenging to find two emitters with similar emission properties than for atoms, ions or PDC based sources.

• Organic molecules based quantum interferences: In 2010, Lettow et al. [START_REF] Lettow | Quantum interference of tunably indistinguishable photons from remote organic molecules[END_REF] demonstrated the same quantum effects using indistinguishable photons emitted by remote organic molecules. Two single molecules were continuously excited and a fine tunability of the emission was used to analyse the contrast of the quantum interferences with a maximum overlap M=0.5.

• Nitrogen Vacancy (NV) centers based quantum interferences: In 2012, Bernien et al. [START_REF] Bernien | Two-Photon Quantum Interference from Separate Nitrogen Vacancy Centers in Diamond[END_REF] reported the observation of quantum interferences of the emission from two separate NV centers in diamond. Similarly to Beugnon and coworkers [START_REF] Beugnon | Quantum interference between two single photons emitted by independently trapped atoms[END_REF], they collected light from two emitters in the same cryostat using a single lens. A two-photon interference with a contrast of 66 ±10% was obtained using a strong spectral filtering (to get rid of the phonon sideband emission) and strong temporal filtering (to reduce influence of dephasing).

• Quantum dots based quantum interferences: The first quantum interferences using remote QD sources were achieved in parallel in the group of Pr.

Solomon from NIST, USA [START_REF] Flagg | Interference of single photons from two separate semiconductor quantum dots[END_REF] and in the group of Pr. Shields in Toshiba, UK [START_REF] Patel | Two-photon interference of the emission from electrically tunable remote quantum dots[END_REF] The red line (black line) corresponds to the decay of QD A (QD B). In resonance, the QD A exhibits a decay time T A 1 = 140 ± 40 ps evidencing a Purcell factor as high as F P = 10 ± 2 (considering a radiative lifetime in bulk equal to 1.3 ns). QD B lifetime is T B 1 = 470 ± 30ps. We see that the QD B exhibits a smaller effective Purcell factor: this difference might be due to a stronger coupling to phonons or to the influence of charges around the QDs. The temperature of QD A is tuned in order to study the two-photon interferences. The evolution of decay times as a function of the temperature and of the spectral detuning between the exciton line and the cavity mode δ CM -X is shown in fig. 6.5. The grey vertical stripe corresponds to the temperature range explored for the interference described in this chapter.

Synchronisation of Emission from Remote Sources

To ensure that the photon wavepackets simultaneously reach the beamsplitter with a precision lower than the typical sources decay time, we synchronise the emission of photons from both sources. This can be achieved via the excitation or via the collection paths. Because the coupling of the emitted photons from the pillar into a single-mode fiber (SMF) ensures the setup stability, it is convenient to use an adjustable delay line on the excitation path rather than on the collection path. Nevertheless, the installation of an adjustable delay line before one QD with respect to the other does not solve the issue of the repetition rate. A first requirement for remote source interference is that both QDs emits single photons with the same repetition rate. Two possible solutions are:

• Synchronization of two excitation lasers: It is possible to tune dynamically the length of a laser cavity to synchronize its repetition rate with an electronic signal input. This slave laser repetition rate is tuned using a piezo actuator located in the cavity. The actuator is controlled by a electronic rack (Lock-to-Clock by Spectra Physics) which finely drives the piezo actuator according to the electronic signal and the measured repetition of the slave cavity. If the electronic signal input comes from a fast photodiode detecting the pulses from another mode-locked master laser, the slave cavity will be synchronized to the latter. This solution allows the synchronized emission of laser pulsed at independent wavelengths allowing the synchronized excitation of two sources in their best excitation conditions respectively. This technique is very promising as long as the master laser is stable enough. In our case, it was difficult to run experiments for more than 1hour due to the limited stability of the master laser.

• Use of a common laser: An alternative solution is to use a common mode-locked laser splitted into two beams to excite both sources. It is the easiest way to ensure that photons are generated at the same repetition rate. By delaying precisely the excitation of one QD compared to the other, the single photons generated by the two sources can reach the beamsplitter simultaneously. The main drawback of this method is that both QDs are excited with the same wavelength. A challenging part of this measurement was to find a common excitation energy for both QDs that features good properties of emission. The results that we present here have been obtained using this technique. g (2) (0) = 0.10 ± 0.03 g (2) (0) = 0.09 ± 0.03 

Single-Photon Properties Using a Common Excitation

Once both QD emission lines are set at the same energy using the temperature of each source as fine tuning knob, we find a common quasi resonant state to use a single excitation wavelength, provided by a single Ti-Sapphire mode-locked laser. To obtain a good single-photon purity in a regime of strong Purcell effect, the laser wavelength is chosen below the wetting layer gap, in order to create charges directly in the QD.

We measure the single-photon purity by sending the photons emitted by each device in the HBT interferometer. Figure 6.6 shows the autocorrelation measurements of each source: QD A (a.) and QD B (b.) A reasonably good single-photon purity is obtained for both devices: the QD A presents g

A (0) = 0.10 ± 0.03 while the QD B g

B (0) = 0.09 ± 0.03. Both sources are operated with an excitation power close to the saturation of the QD transition. As shown in chapter 3, the brightness of the QD A is equal to 0.74 ±0.07. Due to a lower Purcell enhancement of the spontaneous emission and a non optimal excitation wavelength, the QD B brightness is evaluated around 0.3 ±0.1.

In the following, we measure the degree of indistinguishability between photons that are successively emitted by each device. 

Indistinguishability between Photons Successively Emitted from the same Source

To study the indistinguishability, each QD is excited twice every 12 ns using a delay line of 2.2 ns. The emitted photons are sent into the HOM interferometer described in the chapter 3. Figure 6.7 shows the correlations between the two detectors at the output of the HOM interferometer. By using a single laser to excite both QDs, we were not able to simultaneously optimize the indistinguishability of both sources. We chose an excitation wavelength to maximize the degree of indistinguishability of the photons emitted by QD A. We measure a mean wavepacket overlap M for each source: M A = 0.77 ± 0.07 for QD A and M B = 0.19 ± 0.15 for QD B.

Assuming that the effect of time jitter is negligible as compared to pure dephasing term on the photon indistinguishability, we can extract the pure dephasing rate with the following relation:

M = γ γ + γ * = T * 2 T * 2 + 2T 1 (6.1)
where T 1 (γ) is the decay time (decay rate) and T * 2 (γ * ) is the pure dephasing time (dephasing rate). Figure 6.8 shows the theoretical photon overlap M given by equation 

Measurement of the Two-Sources Interference

One of the QD emits highly indistinguishable photons with a fast radiative decay, while the other emits less indistinguishable photons. In this section, we show that the coalescence probability between the photons emitted by these two sources is still high. Both sources are operated at maximum brightness ; since QD A is brighter than the QD B, the single photon beam emitted by QD A is attenuated to match QD B brightness. Figure 6.9 shows a 3D schematic of the optical setup. Red paths correspond to the excitation laser while yellow lines to collection paths. The free space interferometer is the same as the one described in chapter 3.

Simultaneous Emission of Remote Sources for the Interference

Spectral Tuning using the Temperature

The interference is measured as a function of the spectral detuning between the photons emitted by QD A and the photons emitted by QD B. In order to achieve a spectral matching between the two sources, we changed the temperature of QD A while QD B's temperature is fixed. QD A is in a closed-cyle helium cryostat whose temperature is finely controlled by the system, with a stability of about 5mK. The whole temperature detuning for QD A does not exceed 1K, so that QD A detuning with its cavity does not change by more than 10%. The temperature of QD B is fixed at 19K with a stability of about 2 mK. Figure 6.10a. shows the PL emission spectra of QD A at different temperatures (black points) and of QD B at 19K (red points). We define the detuning ∆E = E B X -E A X between the sources where E A X (E B X ) is the measured photon energy from QD A (B) by fitting the measured spectra with two lorentzian peaks (solid lines in fig. 6.10 are the corresponding lorentzian fits).

Measurement of the Correlations

For every pulse emitted by the excitation laser (every 12.2ns), each source emits one single photon that temporally overlaps at the HOM beamsplitter. Considering the excitation periodicity, the correlation histogram presents only one peak every 12 ns. Figure 6.10b. shows the measured histograms for different temperatures of QD A. On average, each correlation was measured with an acquisition time of about dozen minutes. As previously stated, the height of the central peak compared to lateral peaks gives the probability that the photons interfere. For distinguishable photons, its height is given by (g (2)

A (0) + g (2)
A (0))/2 + R 2 + T 2 . The central peak area decreases when the two sources are tuned to the same energy as seen by fig. 6.10c. where the black points correspond to ∆E = -3µeV compared to the red points where ∆E = 87 µeV.

Measured Photon Overlap

One coincidence at zero delay corresponds to different situations, as explained now:

• Two single photons arrive simultaneously on the beamsplitter (BS), but do not interfere. In a perfectly aligned interferometer (with a perfect visibility), this event probability reads

p = R 2 -2RT M (A+B) + T 2 (6.2)
where M (A+B) is the photon overlap, R and T the intensity coefficients of the BS.

• The QD A emitted more than one photon per pulse. The associated probability is p = g

A (0)/2.

• The QD B emitted more than one photon per pulse. The associated probability is

p = g (2) 
B (0)/2.

The normalized central peak area is given by the contribution of all these events:

A 0 A 12.2ns = g (2) 
A (0) + g

B (0) 2 + R 2 -2RT M (A+B) + T 2 (2) 
The photon overlap M (A+B) is therefore derived as follow:

M (A+B) = 1 (1 -) 2 g (2) A (0) + g (2) B (0) 2 + R 2 + T 2 2RT - (R + T ) 2 2RT 
A 0 A 12.2ns (6.4) where (1 -) is the interferometer visibility, g

A (0) (g

B (0)) the single-photon purity of QD A (QD B), R and T the reflection and transmission intensity coefficients of the beamsplitter and A 0 (A 12.2ns ) the area of the zero delay (12.2 ns) peak. two-photon interference takes place over a large spectral band, with a full width at half maximum (FWHM) as high as 15±5µeV. Patel et al. [START_REF] Patel | Two-photon interference of the emission from electrically tunable remote quantum dots[END_REF] reported a FWHM for a two source interference of 5µeV with QDs in planar cavity. In our case, the enhancement of the spontaneous emission leads to a broadening of the interfering spectral range due to the broadening of the radiative emission lines by the Purcell effect.

Cavity Enhanced Interference

The quantum interference between remote sources is investigated in a situation where it is possible to control the sources decay time. Such possibility opens interesting perpectives to optimize a two-source interference as we will discuss in the following section.

We first present the theoretical framework developed to account for this experiment by our collaborators in the group of Alexia Auffèves at the Institut Néel.

Theoretical Model -Overlap of Distinct Photons

Different theories about the two-photon interference have been published in the past.

Kiraz et al. [START_REF] Kiraz | Quantum-dot single-photon sources: Prospects for applications in linear optics quantum-information processing[END_REF] studied the effect of time-jitter of the charges relaxation in the QD on the two-photon interference using one source. In 2010, Patel et al. [START_REF] Patel | Two-photon interference of the emission from electrically tunable remote quantum dots[END_REF] proposed a model accounting for the spectral diffusion of independent remote sources. The model developed here consider different emitters with different decay rates, experiencing pure dephasing phenomena [START_REF] Giesz | Cavity-Enhanced Two-Photon Interference using Remote Quantum Dot Sources[END_REF]. Note that a model based on spectral diffusion was also developed and could equally account for our observations. In both cases, the time-jitter of the exciton creation in the QD was neglected.

We consider a pair of two-level emitters. We note the associated annihilation operators âA and âB that respectively arrive on the two input ports of a beam splitter. The output annihilation operators (â C ,â D ) are defined by the unitary operation:

âC âD = √ T - √ Re -iφ √ Re iφ √ T âA âB (6.5)
The probability to measure two clicks in the two output ports P c reads

P c = dt 1 dt 2 g (2) CD (t 1 , t 2 ) dt â † C (t)â C (t) dt â † D (t)â D (t) (6.6)
where the function g

(2)

CD (t 1 , t 2 ) is g (2) CD (t 1 , t 2 ) = â † C (t 1 )â † D (t 2 )â D (t 2 )â C (t 1 ) (6.7) g (2) 
CD (t, t + τ ) = T 2 â † A (t)â A (t) â † B (t + τ )â B (t + τ ) + R 2 â † A (t + τ )â A (t + τ ) â † B (t)â B (t) -T R â † A (t)â A (t + τ ) â † B (t + τ )â B (t) -â † A (t + τ )â A (t) â † B (t)â B (t + τ )
Assuming a temporal invariance of the g

CD (t 1 , t 2 ), the time dependence t 1 and t 2 is replaced by t and t + τ where τ is the delay between the two detections. The above expression only links the probability of coincidence to the input photons and to the beamsplitter characteristics. Considering that the photon wavepackets are emitted by two independent two-level systems, we have:

â † A (t)â A (t + τ ) = n A γ A e -γ A t e -iω A τ e -(γ A +γ * A )τ /2 (6.8) â † B (t)â B (t + τ ) = n B γ B e -γ B t e -iω B τ e -(γ B +γ * B )τ /2 (6.9)
where γ A (resp. γ B ) is the radiative decay rate of the two-level emitter A (resp. B), ω A (resp. ω B ) is the photon angular frequency, γ * A /2 (resp. γ * B /2) is the pure dephasing rate, and n A (resp. n B ) is the probability of photon emission per wave packet for each emitter.

For perfect single photon wavepackets: 

CD (t, t + τ ) (6.12)

= 2n A n B γ A + γ B +∞ 0 dτ T 2 e -γ B τ + R 2 e -γ A τ -T Re -(γ A +γ * A +γ B +γ * B )τ /2 (e i∆ωτ + e -i∆ωτ ) = 2n A n B γ A + γ B T 2 γ B + R 2 γ A -T R γ A + γ B + γ * A + γ * B ∆ω 2 + [(γ A + γ B + γ * A + γ * B )/2] 2 ]
In parallel, the terms of the denominator of eq. In the following, we consider an equal probability of photon emission (n A = n B ). Then the normalized probability to detect coincidences is

P c = R 2 + T 2 -2RT M (A+B) (6.14) 
with

M (A+B) = γ A γ B γ A + γ B γ A + γ B + γ * A + γ * B ∆E/ 2 + [(γ A + γ B + γ * A + γ * B )/2] 2 (6.15)
where ∆E = ω is the detuning between the emission lines of the QD.

Comparison with the Measured Photon Overlap

Solid lines in fig. 6.11 show the theoretical evolution of M (A+B) as a function of ∆E given by the eq.6.15. The best fit to the data are obtained for parameters (see table 6.2) that are compatible with the one derived from the individual source characterization (see table 6.1).

As shown in the eq.6.15, the spectral width of the two-photon interference is determined by the mean value of the decay rates (γ) of both sources and by their pure dephasing . The FWHM of 15µeV observed experimentally results both from the Purcell enhancement of γ A and γ B , as well as from the pure dephasing on QD B partly.

The two-source interference reaches a value 0.4±0.04 although successively emitted photons by the QD B present a poor overlap (only M B = 0.19 ± 0.15). In the following, we discuss the details of how the interference using remote sources can be enhanced by the acceleration of spontaneous emission of one source.

A striking feature of our experimental results is the maximum contrast of 0.40±0.04, provided that QD B emits photons exhibiting an overlap of M B = 0.19 ± 0.15. In other words, although photons successively emitted by the same emitter hardly overlap, they overlap more efficiently with photons presenting different properties. These observations show that the overlap between remote sources can be optimized through the Purcell effect. For each M B , there is an optimal value for T A 1 maximizing the interference contrast. Depending on the degree de decoherence of QD B, the decay time of QD A can be optimized in order to maximize the contrast of interference.

The black solid lines in fig. 6 time of one of the sources (from 100 ps to 500 ps as illustrated by the right vertical axis) allows us to increase the interference probability of the photons compared to the successively emitted photon interference (gray dashed line). The right vertical axis shows the evolution of the optimal decay time T A 1,opt as a function of M B with M A = 1 (red dasheddotted line) and with M A = 0.75 (black dotted line). The lower the coherence of the QD B, the faster must be the QD A decay time in order to overcome the dephasing processes.

The Purcell effect was known to improve the indistinguishability of photons successively emitted by limiting the influence of the environment. In a network made of remote sources, the Purcell enhancement of the spontaneous emission of one of the sources was demonstrated here to overcome the pure dephasing that one source suffers and partially restore the two-photon interferences.

Conclusion

In this chapter, we reported the two-photon interference using two bright independent QD sources. We demonstrate a record high interference contrast of 0.40 ±0.04 with a FWHM of 15 ±5, values corresponding to better photon-photon interactions with respect to previous results using QDs in planar structures under non-resonant excitation [START_REF] Patel | Two-photon interference of the emission from electrically tunable remote quantum dots[END_REF]. We discussed both theoretically and experimentally that the Purcell effect can enhance the two-photon interferences. We also showed that the best photon overlap between remote sources is not always obtained by choosing similar decays. The acceleration of one of the sources allows to overcome the dephasing effects induced by the surrounding electronic noise, or by the interaction with the phonon bath, on the other source. This effect is interesting for the development of a photonic solid-state quantum network since it potentially increases the number of single-photon sources that could interact taking advantage of the radiative broadening of one device.

As in chapter 3, here the interference contrast was mainly limited by the charge noise that the source is exposed to. By benefiting from the performance provided by the sources of chapters 4 and 5 and from electrical control of the emission wavelength, one could expect much better interference using remote contacted sources.

Chapter 7

Conclusion and Perspectives

In this thesis, we developed solid-state sources of quantum light based on QD in microcavities. All devices were fabricated using a deterministic technology allowing to fully control the QD-cavity coupling both spatially and spectrally. We demonstrated the fabrication of bright single-photon sources by using an adiabatic cavity design in order to reach a high Purcell factor. Yet we showed that the indistinguishability of the photons was limited by the electronic noise of the QD surrounding.

To overcome these electronic fluctuations, electrically controlled devices were developed in 2013. By embedding the QD layer in a diode structure, the tunability of a bright single-photon source was demonstrated. With a such structure, a clear improvement of the photon indistinguishability was evidenced in a reproducible way. It was particularly demonstrated that the mean photon overlap was not limited by the environment anymore but by the incoherent relaxation processes due to the non resonant excitation.

Using a resonant excitation for a QD in a connected cavity, we demonstrated the coherent control of the QD transition. Under such excitation, the mean photon overlap between successively emitted photons was shown to be close to unity with a brightness of 16% exceeding by almost two orders of magnitude the one of SPDC sources of the same quality.

Finally, we implemented the first two-photon interference using two remote bright sources whose spontaneous emission is controlled by the Purcell effect. We demonstrated that CQED brings a new tool for the scalability and the feasibility of a quantum optical network based on solid-state devices. These results pave the way to many interesting experiments in quantum optics. In the following, we first discuss some solutions to further improve the sources brightness.

Then, we propose several experiments that could directly benefit from the high quality of the sources presented in chapters 4 and 5.

Strategies to Improve the Sources

The measured brightness of the connected pillar is around 0.65 with an output coupling of the photons through the top mirror around 0.7. By slightly decreasing the number of DBR pairs of the top mirror of the pillars, one could operate the source in a regime of Purcell effect in the F P = 6 -8 range, while bringing the output coupling efficiency to 0.8-0.85. Moreover, in the connected pillar geometry, the side losses are mostly related to leaky modes in the wires. The precise geometry of the wires (width, shape, number)

has not been optimized yet to reduce these losses.

Using strictly resonant excitation, the emission of fully indistinguishable photons was demonstrated with a brightness around 0.16. Under the same excitation conditions, a brightness as high as 60-70% could in principle be reached by changing the excitation configuration such that the collection path and the excitation path are separated. Such excitation schemes were first demonstrated in planar cavities [START_REF] Muller | Resonance fluorescence from a coherently driven semiconductor quantum dot in a cavity[END_REF][START_REF] Melet | Resonant excitonic emission of a single quantum dot in the Rabi regime[END_REF] and one once with micropillar cavities [START_REF] Ates | Post-Selected Indistinguishable Photons from the Resonance Fluorescence of a Single Quantum Dot in a Microcavity[END_REF] and formed a promising solution to reach brightnesses in the 0.6-0.8 range under resonant excitation. Considering the new design of micropillars connected to a surrounding frame, an attractive possibility would be to take advantage of 1D wires to guide the light to the micropillar as illustrated in fig. One of the objectives of Lorenzo de Santis who started his PhD in the group in 2014, is to prepare an experiment to measure the NOON state tomography at the output of a HOM interferometer [START_REF] Israel | Experimental tomography of NOON states with large photon numbers[END_REF] using QD-based sources. A sketch of the developed setup is shown in fig. 7.5.

Boson Sampling Experiments with QD sources

In a context where computing performances must always increase, the development of an universal quantum computer is a major challenge. An universal quantum computer is expected to solve problems that are unsolvable for a classical one.

Nevertheless, its full-size realization remains very challenging. Therefore, intermediate 

P Q = |Perm(U IO )| 2 (7.1)
For example, the HOM interference used to extract the photon indistinguishability is one particular case of boson sampling with n = m = 2. The probability to measure a click at the two outputs is given by:

P Q = |Perm(U IO )| 2 = Perm T iR iR T 2 = |T 2 -R 2 | (7.2)
In the case of a 50:50 beamsplitter, the permanent is obviously zero which is coherent with the previous considerations. In the case where the photons are completely distinguishable, the classical scattering probabilities are given by: It is interesting to note that the effect of classical events can be removed by measuring the non-classical interference visibility:

P C = |Perm(|U IO | 2 )| = T 2 + R 2 (7.3)
V = P C -P Q P C (7.4)
In the case of the HOM experiment with photons presenting an indistinguishability M , the probability to detect coincidences reads

P Q = T 2 -2RT M + R 2 (7.5)
So the visibility is

V = 2RT M R 2 + T 2 = M if R=T=0.5 (7.6)
The first boson sampling is the HOM experiment that was demonstrated by Hong, Ou and Mandel in 1986 with two photons and two modes [START_REF] Hong | Measurement of Subpicosecond Time Intervals Between Two Photo By Interference[END_REF]. We had to wait up to the end of 2012 to see the first demonstration of boson sampling with three photons. This experiment has been simultaneously done by three groups: in Pr. Andrew G. White's group, three photons were sent in 6 optical modes by using fibers [START_REF] Broome | Photonic boson sampling in a tunable circuit[END_REF] while in the groups of Pr. Philip Walther and Pr. Fabio Sciarrino, photonic circuit on chips were developed [START_REF] Tillmann | Experimental boson sampling[END_REF][START_REF] Crespi | Integrated multimode interferometers with arbitrary designs for photonic boson sampling[END_REF].

To demonstrate that the extended Church-Turing thesis is wrong and the utility of a quantum computer, a large-size system would be necessary. This would require about n ∼ 20 -30 photons with a large (m n) number of modes. Although it seems easy to largely increase the number of modes [START_REF] Spagnolo | Experimental validation of photonic boson sampling[END_REF], it is very difficult to increase the number of input photons because of the limited brightness of SPDC sources. We discussed this point with the group of Pr. Andrew White, authors of [START_REF] Broome | Photonic boson sampling in a tunable circuit[END_REF]. To measure the threephoton boson sampling (fig. 3 of [START_REF] Broome | Photonic boson sampling in a tunable circuit[END_REF]), the acquisition time was about 3 hours and 20 minutes. Considering the 60 visibility points, this corresponds to a full week of continuous acquisition. During such a long acquisition time, the optical alignment drifts and needs constant readjustment.

In the same conditions, the acquisition time with eight photons is assessed about 50 hours for one point. Considering a continuous acquisition of the 60 visibility points, the total acquisition time would be around 3 months.

Since 2012, our group collaborates with the group of Pr. Andrew White in order to combine their expertise in quantum technologies with the performance of our sources.

With a brightness of 0.7 typically, a considerable increase of the number of input photons should be reached. Since this collaboration started, a setup using the successively emitted photons by a QD-based source was implemented in order to create a multi-Fock state emitter. This setup is based on the storage of single photons as illustrated by experiment. This suggests that the mean wavepacket overlap is preserved in these devices between successively emitted photons whatever the delay.

Note that, at the LPN, strong efforts have been made on the sources themself. Yet, our optical setups are still very lossy and should be optimized. In the experiment mounted by Juan Loredo in the university of Queensland, they focused on the optimization of the collection path in order to fully benefit from the brightness of the QD sources. Their efficiency is about 10 times better than the one of setups at the LPN.

A

Step Closer to the Quantum Repeater and the Single-Photon Router ?

The realization of an efficient and scalable interface between a single photon and a stationary qubit is an elementary step for the development of a quantum network composed of many nodes and channels [START_REF] Kimble | The quantum internet[END_REF]. In chapter 5, we demonstrated the coherent control of the exciton by sending coherent states containing only few photons per pulse. We showed that the combination of the near-unity input coupling with a high cooperativity in our device provides an excellent prospect for the coherent control of the QDs with pure Fock states. Such result is promising for the implementation of an elementary quantum network entirely based on QD devices.

The same devices as those presented in chapter 5 are currently studied by Lorenzo de Santis to measure the nonlinearity at the single photon level. Sending coherent state of light, one expects that only single photons are reflected, so that the device effectively acts as a Fock state filter.

Such device could also be used to create a deterministic two photon beam splitter that cross-correlation X-C (black line) : the coincidences at zero delay are low (g (2) X-C = 0.15 ± 0.05). A strong antibunching is measured and shows that the photons emitted at the cavity energy are rised by the exciton (X) line. The autocorrelation C-C (blue line) shows a strong antibunching as well (g (2) C-C = 0.25 ± 0.05). The photon statistics of the photon emitted in the cavity line is subpoissonian. The peak at zero delay is slightly higher than the X-X correlation due to a small contribution of other electronic states (as the biexciton XX) in the cavity mode.

A.3 Phonon assisted bright single-photon source

From all the previous considerations we made, a good coupling between the QD and the cavity means that the spontaneous emission of the QD is accelerated in the mode. As a consequence, the brightness of the latter is high when the QD line is centered with the cavity line. 

  Dans ce contexte, le développement d'une source idéale de photons uniques est une clé de voûte dans le développement de nouvelles technologies. La source idéale doit émettre des photons uniques sur demande avec une très grande efficacité et ne doit pas émettre plusieurs photons simultanément. La brillance d'une source est une caractéristique importante et est définie comme la probabilité qu'un photon demandé soit bel et bien collecté. Une autre propriété est cruciale pour certaines applications, les photons doivent être indiscernables. Les photons émis doivent tous présenter les mêmes propriétés (énergie, modes spatial et temporel, polarisation). Leur degré d'indiscernabilité est mesuré en envoyant deux photons sur chaque entrée d'un séparateur de faisceaux. Si les deux photons sont indiscernables, ils interfèrent constructivement et ressortent obligatoirement ensemble.

  Photonique et Nanostructures (LPN) du CNRS. Depuis une dizaine d'années, Pascale Senellart a développé une expertise dans la fabrication de sources brillantes de photons uniques en couplant de manière déterministe et contrôlée une BQ unique dans un micropilier et en contrôlant l'émission spontanée de la BQ dans le mode optique du pilier. En 2013, la fabrication de sources brillantes de photons uniques et indiscernables a été démontrée par l'équipe.
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 21 Figure 2.1: a. Atomic Force Microscope (AFM) image of InAs quantum dots b. Transmission electron microscopy image of a quantum dot. Image from Gilles Patriarche
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 221112 [START_REF] Melet | Resonant excitonic emission of a single quantum dot in the Rabi regime[END_REF] meV for the electron for L x = 10 nm (2.7) Structure of Self-Assembled Quantum Dots 22 meV for the heavy holes for L x = 10 nm (2.8)
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 2 Figure 2.2 shows a schematic of the resulting energy levels according. Some typical values are presented below:
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 22 Figure 2.2: Schematics of the QD energy levels considering various symmetries.
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 23 Figure 2.3: a. PL spectra of a QD under identical excitation conditions measured along two orthogonal polarizations (shown by the arrows). b. Points: evolution of the exciton (X) emission line energy as a function of the polarization axis. Line is a fit with an imposed period equal to 90 • .
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 124 Figure 2.4: Schematics of the energy-level diagram of a QD. Quasi-resonant excitation, where charges are created in the p-shell. After the excitation, charges relax to s-shell before recombining and emitting one photon. Energies marked by a star can change from one sample to another, depending on the growing conditions.
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 2526 Figure 2.5: Schematics representing the occupancy states of a quantum dot. The full (empty) circles indicate the electron (hole) configuration in the conduction (valence) band of the QD. The exciton is denoted X (top-right), the negatively charges trion is denoted X -(top-left), the positively charged trion (X + ) (bottom-right) and the biexciton (XX) (bottom-left). We can numerate about seven occupancy states by only four of them will recombine radiatively by emitting a photon at a narrow wavelength.
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 161 Optical excitation In this work, the photoluminescence (PL) of QDs is measured by optically creating charges around or directly in the QD. Several excitation schemes are used, as illustrated in fig.2.7: • a. The non-resonant (above-band) excitation consists in the creation of electronhole pairs in the continuum associated to the GaAs bulk (>1.51eV at 4K) or in the continuum of the InAs wetting layer (1.45 eV). Single carriers, electron holes, or excitons then scatter in the QD and relax to the lower-energy levels. • b. To minimize the delay induced by the capture of charges in the QD, electronhole pairs can also be directly created in a discrete resonance inside the QD: this is called a quasi-resonant excitation. In 2002, A. Vasanelli et al. showed the excitation E laser > 1.45 eV (855nm) 1.45 eV > E laser > 1.32 eV E laser ~ 1.32 eV

Figure 2 . 7 :

 27 Figure 2.7: Schematics of the three optical excitation schemes : a) the non-resonant excitation, b) quasi-resonant excitation and c) resonant excitation
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 28 Figure 2.8: Figures reproduced from [85].a. Spectra of a single QD's PL as a function of excitation power. The spectra have been vertically shifted for clarity. b. Integrated PL intensity of the exciton X and biexciton XX lines as a function of excitation power for continuous wave excitation. Points are measurements from a. and solid lines are fit from the theoretical model.
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 29 Figure 2.9: Figure reproduced from [84]. Evolution of the exciton (X) emission line intensity in red, and of the biexciton (XX) emission line intensity in black as a function of the power for a pulsed excitation.

  phonon coupling as shown by fig.2.10 with the broadening of the main emission line (zero phonon line) and the appearance of phonon sidebands. These observations have also been reported with single InAs and GaAs QDs[START_REF] Favero | Acoustic phonon sidebands in the emission line of single InAs/GaAs quantum dots[END_REF][START_REF] Peter | Phonon sidebands in exciton and biexciton emission from single GaAs quantum dots[END_REF]. The bulk phonon bath is a quasicontinuum of phonon states coupled to the QD emission. Because of this coupling, the full spectrum of the emission line from a QD is made of a Lorentzian emission line (called the Zero-Phonon Line) and two phonon side bands. During the recombination of the exciton, the lattice interacts with the exciton leading the absorption or the emission of a phonon of low energy. As a consequence, the photon energy is shifted in the higher or lower energies compared to the transition energy. It is shown that the fraction of emission within the Zero-Phonon Line (ZPL), defined as the emission at the energy of the QD transition, decrease with the increase of temperature. At high temperature (T>50K), the PL spectrum is dominated by the phonon sidebands, as shown by fig.2.10.
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 2 Figure 2.11 from [8] shows examples of calculated spectra of spontaneous emission for

Figure 2 . 10 :

 210 Figure 2.10: Figure reproduced from [87]. PL spectra of a single QD at different temperatures. With increasing temperature, side-bands appear progressively around the central zero-phonon line. The inset shows the evolution of the integrated intensity with temperature.
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 211 Figure 2.11: Figure reproduced from [8]. Calculated normalized emission spectrum for a QD coupled to a phonon reservoir at different temperatures (logarithmic scale). Each spectrum is normalized to unity. The inset shows the fraction of the intensity in the sidebands as a function of temperature.

Figure 2 .

 2 Figure 2.12: a. Photon distribution for different types of light sources. b. Theoretical autocorrelation function for a thermal light, a coherent light and a single-photon source.

Figure 2 . 13 :

 213 Figure 2.13: Schematics of the Hanbury-Brown Twiss (HBT) setup to measure the second-order autocorrelation of one light source.

Figure 2 . 14 :

 214 Figure 2.14: Schematic of the two-photon interference. Two indistinguishable photons meet on a balanced (50:50) beamsplitter. If they arrive simultaneously and are fully indistinguishable, the probability that they are released in opposite directions vanishes.

  in the group of Pr. I. Robert at

Figure 2 . 15 :

 215 Figure 2.15: Figure reproduced from[START_REF] Santori | Indistinguishable photons from a single-photon device[END_REF] and[START_REF] He | On-demand semiconductor single-photon source with near-unity indistinguishability[END_REF]. Correlation histogram measured by sending pairs of single photons in an interferometer. One photon of the pair is delayed by 2ns from the other photon. This delay corresponds to the difference of lengths between the two arms of the interferometer such as both photons of the pair will meet on a 50:50 beamsplitter. (b),(c) Same measurement under resonant excitation. By playing with the polarization on one of the interferometer's arm, the photons can be distinguishable (b) or indistinguishable (c).

  in the subspace spanned by the vectors |X, 0 , |g, 1 , |g, 0 noted |1 ,|2 and |3 . The two first states are coherently coupled by the Jaynes-Cummings Hamiltonian as shown previously. The state |2 = |g, 1 decays toward the state |3 = |g, 0 at the rate κ.

Figure 2 . 16 :

 216 Figure 2.16: Temporal and spectral characteristics of both coupling regimes.

Figure 2 . 17 :

 217 Figure 2.17: Figure reproduced from [33]. Time-resolved PL spectra for a QD in bulk (a) and for a QD in a pillar : on resonance (b) and out of resonance (c) with the fundamental mode.

Figure 2 .

 2 Figure 2.18: a. Suspended photonic crystal cavity obtained with a missing hole in the center of the image, reproduced from [37]. b. SEM image of one microdisk (2 µmof diameter) reproduced from[START_REF] Peter | Exciton-Photon Strong-Coupling Regime for a Single Quantum Dot Embedded in a Microcavity[END_REF] 

Figure 2 .

 2 Figure 2.19: a. SEM image of one micropillar, reproduced from [35] b. SEM image of a series of micropillars fabricated by using the in-situ lithography [45]. The quantum dots are marked with yellow triangles.

Figure 2 . 20 :

 220 Figure 2.20: Left : Schematics of a photonic waveguide, the red triangle shows the position of the QD. Right : SEM image of one photonic waveguide. The red triangleshows the position of the QD. Figures reproduced from[START_REF] Claudon | A highly efficient single-photon source based on a quantum dot in a photonic nanowire[END_REF] 

  QDs. The QDs are randomly distributed at the center of the planar cavity as shown by fig.2.21b. The mirrors of the cavity are made of alternating pairs of AlGaAs/GaAs layers. A silicon nitride SiN 4 layer and a resist layer are deposited at the top of the sample, which is then placed in a cryostat at 4K.As shown in fig.2.21 a., the cryostat developed in collaboration with attocube is equipped of a three-axis (X,Y and Z) piezo-controlled stage allowing the displacement of the sample with an accuracy better than 1 nm. The excitation laser lines are focused with a fixed microscope objective. The X and Y directions are finely controlled by using capacitive sensors which measure with precision the absolute position of the sample (with a precision of 10 nm). Knowing the absolute position of the sample along X and Y allows to have a feedback on the sample position, avoiding drift effects and providing a good stability. The whole is controlled by a centralized operating system with a user-friendly interface.1 -Measurement of the position of a single QD:The QDs in the planar cavity are excited by sending the excitation laser through the fixed

Figure 2 .

 2 Figure 2.21: a. Microscope structure used for the in situ lithography. b. Schematics of the first step consisting in the excitation of InAs QDs in a planar cavity by collecting the photoluminescent light emitted (yellow beam). Scales are not respected.

Figure 2 .

 2 Figure 2.22: a. Photoluminescent (PL) map of planar cavity sample done by scanning the sample horizontally. b. Map of photoluminescent signal from a single QD in a planar cavity.

Figure 2 .

 2 Figure 2.23: a. Figure reproduced from [129]. Measured evolution of the energies of the optical modes as a function of the radius of a micropillar. b.Figure reproduced from [85]. Measured PL spectrum from a single QD in a planar cavity.

Figure 2 . 24 : 3 -Figure 2 . 25 :

 2243225 Figure 2.24: Figure reproduced from [85]. (top) Optical microscope images of printed disks after the resist revealing. (down) Optical miscroscope images after the the lift-off step.

Figure 2 . 26 :

 226 Figure 2.26: (Black line) Theoretical probability to have only one photon in one pulse emitted by a poissonian source as a function of the mean intensity n (in number of photons). (blue line) Calculated probability to have more than 1photon in a pulse as a function of the mean intensity.

Figure 2 . 27 :

 227 Figure 2.27: Figure reproduced from[START_REF] Christ | Limits on the deterministic creation of pure single-photon states using parametric down-conversion[END_REF]. Heralding probabilities and single-photon Fock-state fidelities (1 -g(2) ) using a single-mode PDC source in conjunction with a binary detector featuring various detection efficiencies η.

  2.29 a. The probabilities p X and η are respectively inherent to the QD

Figure 2 .

 2 Figure 2.29: a. Schematics of the extraction of the photons from a pillar cavity. κ 1 (κ 2 ) corresponds to the cavity damping associated to the top (bottom) mirror of the micropillar while κ loss corresponds to the leaking rates on the walls of the micropillar. b. Figure reproduced from [47]. Right (Left) axis: Detected count rate (Measured brightness of a micropillar) as a function of the pump power in pulsed regime. Empty symbols and dashed lines correspond to raw data while full symbols and solid line correspond to multiphoton corrected data.

Figure 3 . 1 :

 31 Figure 3.1: Figures reproduced from [31]. a. Schematics of the device. The QD (designed as a black triangle) is centered in the cavity. b. Fit of the measured extraction efficiency η = Q/Q 0 (black dashed line), calculated F P /(F P + 1) (red dotted line) and the maximum brightness Q/Q 0 .F P /(F P + 1) (solid green line).
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 1 Latest Results in 2012 : Bright Indistinguishable Photons from a Micropillar Before presenting the work carried out during my PhD, we summarize the results obtained by O. Gazzano and coworkers in 2012 on the bright emission of single and indistinguishable photons. The sources used in 2011-2012 were fabricated by the in situ lithography technique described in section 2.4. The devices have an asymmetric cavity: to collect more photons from the top of the pillar, the top mirror is made of 16 Bragg pairs as compared to 36 pairs for the bottom mirror, as depicted by fig.3.1. This strong unbalance leads to less than 0.1% of the photons escape from the bottom of the pillar. Nevertheless, it does not prevent them from escaping through the rough sidewalls of the pillar. These losses 3.1. Latest Results in 2012 : Bright Indistinguishable Photons from a Micropillar 55

Figure 3 . 2 :

 32 Figure 3.2: Figure reproduced from [31]. a. PL spectrum of pillar 2 at 10K. The QD resonance is spectrally matched with the cavity mode. b. Time-resolved PL intensity for the exciton lines in pillar 1 and 2. After deconvolution with the temporal response of the system, a lifetime around 265-270ps is deduced leading to Purcell factors around 3.9±0.6. c. Top: Raw (open symbols) and multi-photon corrected (full symbols) number of collected photons per laser pulse. Bottom: Measured g (2) (0) values as a function of the pump power.

Figure 3 .

 3 1b. shows the measured ratio Q/Q 0 (black dashed line), the estimated fraction of photons emitted by the QD in the cavity mode β (red dotted line)

Figure 3 .

 3 2a. shows the PL spectrum of one of the pillars at 10K close to saturation showing that all other emission lines marginally contribute to the signal.Figure 3.2b. shows the measured PL intensity as a function of time. It gives the decay time of the devices (after deconvolution) as well as the Purcell factor. Purcell factors around 3.9±0.6 are measured by comparing these decay times with the one of QDs in bulk. In 2012, O. Gazzano et al. studied devices operating with a Purcell factor around 3-4 leading to a fraction of photons emitted in the fundamental optical mode of the pillar of around 0.6-0.8. Furthermore, the fraction of photons in the cavity emitted through the top mirror was equal to 0.95±0.05. The exciton occupancy probability p x was close to 1 since the QD had been chosen to exhibit only one emission line during the in situ lithography.

Figure 3 .

 3 Figure 3.2c. shows the brightness reported in[START_REF] Gazzano | Bright solid-state sources of indistinguishable single photons[END_REF]. To measure the number of collected

Figure 3 .

 3 Figure 3.3a. summarizes the photon indistinguishability as a function of the excitation conditions. Green squares correspond to an above-band excitation in the wetting layer (at 860nm) while red triangles correspond to a quasi-resonant excitation (at 906nm). A better indistinguishability was observed under an above-band non resonant excitation but it is much more dependent on the pump power than for the quasi-resonant excitation for which the photon indistinguishability is approximately constant around 0.5.By combining both excitations (with quasi resonant excitation plus 10% of the total intensity using an excitation at 860nm) the indistinguishability was shown to be improved as illustrated by the stars on figs.3.3 a. and d. Particularly a mean wave packet overlap of 0.92±0.11 (corrected from g(2) ) was measured for a source brightness at 0.53±0.05 collected photons per pulse.

Figure 3 . 3 :

 33 Figure 3.3: Figure reproduced from [31].a. Measured mean wave packet overlap as a function of collected photons per pulse with three different excitation conditions. Green squares correspond to a non resonant pulsed excitation at 860nm, red triangles to a quasi-resonant excitation pulsed excitation at 906nm and blue stars to a quasiresonant pulsed excitation in addition to a slight continuous wave excitation at 860nm (contributing to 10% of the signal). b.-d. Measured correlation histograms between the two SPADs for the three excitation conditions indicated by the open symbols in a. The extracted mean wave packet overlap is M=0.86 for b., M=0.48 for c. and M=0.92 d. from the fitted Lorentzian peaks (shaded curves).

  Figure 3.4: a. Figure reproduced from [133]. (a) Schematics of the tapered cavity surrounded by two Bragg mirrors (DBR). Calculated electric field amplitude profiles in a standard micropillar (d = 750nm) with a standard cavity design (b) and with an adiabatic cavity design (c).
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 59 Figure 3.4 shows the typical design of a tapered cavity (a.) and the comparison between the calculated profiles of electric fields in a classical design (b.) and in an adiabatic design (c.) considering a fixed pillar roughness. As a result, it clearly shows that the mode is better confined in the second 3.2. Fabrication of Devices Operating in the High Purcell Regime

Figure 3 . 5 :

 35 Figure 3.5: a-b. Red solid line: Calculated electric field distribution in a standard planar cavity (a.) and in an adiabatic planar cavity (b.) ; Black solid line: Evolution of the optical index in the structure as a function of the depth in the planar cavity. c-d. Calculated reflected spectra by the standard planar cavity (c.) an by the adiabatic planar cavity (d.) described in a-b.

  The structure was calculated by Justin Demory and Loic Lanco. The red solid line in fig.3.5 represents the calculated electric field intensity distribution as function of the relative depth with the center of the cavity (left axis) in a standard structure (a.) and in the adiabatic structure (b.). The optical index distribution is shown in the black solid lines (right axis). A progressive change of the layer thickness leads to a confinement of the electric field in the center of the structure. The position of the InAs QD layer is positioned at the center of the cavity (at 0nm) where the electric field profile is maximal. Figures 3.5c. and d. show the calculated reflectivity spectra of the planar structure with both designs. The resonance of the adiabatic cavity is calculated to be around 945nm. Compared to a standard cavity (c.), the stop-band (defined as the region where the reflectivity is close to 1) is smaller in an adiabatic cavity than in a

Figure 3 . 6 :

 36 Figure 3.6: Measured characteristics of micropillars made of an adiabatic structure as a function of the pillar diameters: a. Red points: Q-factor of pillars embedding an adiabatic cavity ; Green line: Q-factor of pillars embedding a standard cavity from [31] b. Cavity mode wavelength. c. Expected Purcell factor F P . d. Figure from [85]. Evolution of the Q-factor as function of micropillar diameter containing a standard cavity.
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 2 Fabrication of Devices Operating in the High Purcell Regime

Figure 3 . 7 :

 37 Figure 3.7: Measured PL spectra from QDs in planar cavity during the in situ lithography. As shown by b., the emission lines are identified by varying the excitation power.The excitation is CW and above-band (850nm).

Figure 3 .

 3 Figure 3.7b. shows three spectra from the same QD with different excitation powers.The exciton emission line (X) and the biexciton emission lines (XX) are identified using their respective intensity evolution with the excitation power and observing the FSS of their emission lines.

Figure 3 . 8 :

 38 Figure 3.8: Optical microscope images of the first part (a.) and of the second part (b.) of the adiabatic cavity after the lift-off step after the in situ lithography. White area is nickel (Ni) region protecting the SiN 4 layer during the mask transfer as described in the chapter 2.
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 31 Microphotoluminescence Setup and Thermal Control of the Spectral Detuning δ X-CMThe samples are usually kept in a cryostat to preserve them in an inert atmosphere and avoid oxydation. The experiments are performed at low temperature (4-50K). At the beginning of this thesis, a helium-flow cryostat was used. Everyday, samples were cooled down and warmed up. To avoid these numerous cooling cycles, the group invested in a closed-cycle cryostat that is able to keep the samples at low temperature during several 3.3. Experimental Characterization of a QD Coupled to an Adiabatic Pillar Cavity 63

Figure 3 . 9 :

 39 Figure 3.9: Schematic of the optical setup used to characterize the sources

Figure 3 .

 3 Figure 3.10b. shows three measured spectra for different positions of the half-wave plate. The change position of the exciton emission line evidences the presence of a very large

Figure 3 .

 3 Figure 3.10: a. Measured PL spectrum of a single QD in a pillar under an aboveband excitation at 18K. The brightest emission line corresponds to the exciton (X) transition. The biexciton emission line (XX) is located to a higher energy by about 6meV (corresponding to the Coulomb interactions between two excitons). b. Raw measured spectra of the X transition under a quasi-resonant excitation for different half-wave plate position. The dependence of the emission line shows the energy splitting of the exciton line. The observed fine-structure splitting value is around 50µeV.

Figure 3 . 65 X

 365 Figure 3.11a. shows the measured PL intensity as a function of temperature and wavelength under a non resonant excitation (λ=850nm). The resonance is reached around 23K. Figure 3.11b. shows the energy of the exciton transition (black squares) as well as the energy of the cavity fundamental mode (red points) as a function of the temperature. Close to the resonance, a spectral pulling of the cavity line as described in [135] is observed.

Figure 3 .

 3 Figure 3.11: a. Normalized emission intensity of the device as a function of the wavelength (x-axis) and of the sample temperature (y-axis). b. Spectral positions of the exciton (X) emission line and of the cavity mode energy (CM) as a function of the spectral detuning δ x-cm .

Figure 3 .

 3 Figure 3.12a. shows the time-resolved PL of the exciton emission line for two different detunings.When the exciton transition matches the energy of the cavity mode (red line), the spontaneous emission is accelerated with respect to the situation where the X line is detuned by 0.6 meV (black line). Figure3.12 b. shows the measured decay rate enhancement γ as a function of δ x-cm . As expected, γ reaches its maximum for δ x-cm = 0, with a strong enhancement of the decay rate by a factor 10 ±2. With such a strong

Figure 3 .

 3 Figure 3.12: a. Time resolved PL of the exciton emission line for two detunings : red line corresponds to spectral matching of the X line in the cavity (δ x-cm = 0meV while the black line corresponds to a detuning equal to δ x-cm = 0.6meV. (b.) Evolution of the decay rate enhancement as a function of the detuning δ x-cm .

Figure 3 . 13 :

 313 Figure 3.13: Calculated emission in the cavity mode through the zero-phonon line (ZPL) channel (blue) and through the phonon-sideband (PSB) (red) for two different detunings (left, δ x-cm = 0meV and right, δ x-cm = 0.2meV) at 10K and at 50K.

Figure 3 .

 3 Figure 3.14 shows the theoretical evolution of F eff P as a function of temperature for two different detunings δ x-cm . Figure 3.14a. corresponds to the situation where the ZPL is

Figure 3 . 14 :

 314 Figure 3.14: Theoretical evolution of the effective Purcell factor as a function of temperature when the QD is on resonance (a.) or detuned by 0.2 meV (b.) with the cavity.

Figure 3 .

 3 Figure 3.16a. shows the PL spectrum of the source at 27K when the exciton (X) emission line is detuned from the cavity mode energy. We distinguish the emission peak associated to the exciton transition (noted X) and a bump associated to the emission in the cavity. The signal coming from the cavity is due to the PSB emission in the cavity as shown previously. We fit the cavity line and the exciton line as a function of temperature with two Lorentzian peaks. Figure3.16b. shows the deduced energy of the exciton emission line (black squares) and the energy of the cavity (red circles) as a function of the temperature (top axis) and of δ x-cm (bottom axis). Figure3.16c. shows the area

Figure 3 .

 3 16c. shows the area of the fitted peak associated to the exciton line (black squares) and of the cavity mode 929.5 930.0 930.5 931.

Figure 3 .

 3 Figure 3.16: a. Points show the measured spectrum at 27K when the exciton line is detuned from the mode of the cavity. The red solid line is a fit with two lorentzian peaks. b. Black squares (Red points) show the position of the exciton (X) peak (the cavity mode CM) as a function of the spectral detuning δ x-cm = E x -E cm . c. Black points (red points) show the area of the peak associated to the exciton line (cavity mode line) as a function of the detuning.

Figure 3 .

 3 Figure 3.17a. shows the measured decay time of QD emission as a function of temperature.A small decrease of the QD exciton lifetime is observed at resonance. The red points also show the evolution of the radiative lifetime of a QD in a planar cavity (in a non-etched part of the same sample). For QDs in the planar cavity, no decrease of the QD exciton lifetime is observed. The Purcell factor given by the ratio between decay times in the planar cavity structure and in the micropillar:

Figure 3 .

 3 Figure 3.17: a. Evolution of the decay time of the exciton for the QD in a micropillar τ pillar (black squares) and of a QD in a planar cavity τ planar (red points) as a function of temperature. b. Evolution of the Purcell factor of the QD in micropillar as a function of temperature. This Purcell factor is calculated by comparing it with the decay time in planar cavity : F p = τ pillar τ planar -1

Figure 3 .

 3 18 c. shows the comparison between the multiple photon emission at resonance (black squares) and detuned from the cavity mode (red points) showing that the single-photon purity is largely degraded when the -30 -20 -10 0 10 20 30 Delay(ns)

Figure 3 .

 3 Figure 3.18: a. and b. Measured autocorrelation functions for various excitation powers for the QD in the pillar cavity at different detunings (different temperatures).The QD is excited under non resonant excitation. Curves are vertically shifted for clarity. c. Evolution of the g(2) (0) as a function of the excitation power at different detunings (δ x-cm = 0.87 meV and δ x-cm = 0meV) under a non resonant excitation.

Figure 3 .

 3 Figure 3.19: a. Correlation function measured at 27K. The red points correpond to the autocorrelation function of the QD exciton line, the red solid line is a fit. The black points correspond to the cross correlation between the QD exciton line and the cavitylike emission line. b. Evolution of the measured g (2) (0) in auto or cross correlation as a function of the temperature.
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 4320 Figure 3.20: Evolution of the g (2) (0) as a function of the temperature

Figure 3 .

 3 Figure 3.21: a. Schematic of the QD and QW states and the main decay times. b.Calculated g(2) (0) for a QD in a planar cavity (τ x = 1ns and τ xx = 0.5ns) as a function of the decay times τ qw and τ cap .
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 10 where τ cap is the capture time of the charges in the QD, τ qw the decay time of the charges in the quantum well (QW) formed by the wetting layer, τ x the radiative decay time for the X and τ xx the biexciton radiative decay time.At time t=0, the pump pulse is modelled by an initial population n qw in the wetting layer. As described by fig.3.21 a., the QW excitons can be either captured in the QD or recombine radiatively with a typical decay time τ qw . For those that are captured in the QD, depending on the number of pairs in the QD, they recombine with the exciton decay rate τ x or to the biexciton decay rate τ xx . Figure 3.21b. shows the calculated 3.4. Purity of a Single-Photon Source 77 g

Figure 3 . 22 :

 322 Figure 3.22: Schematic of the full setup to measure the mean wavepacket overlap between successively emitted photons from a QD device.

Figure 3 . 23 :

 323 Figure 3.23: Schematics of the interferometer setup.

Figure 3 . 24 :

 324 Figure 3.24: Temporal overlap of two 3-ps pulses from the Ti-Sapphire laser. The delay line on the excitation is finely adjusted by increasing the fringes spacing of the interfering spectrum.

  3.25 b. show the measured histogram resulting from the correlation between the two SPADs at the output of the HOM interferometer.From the measured points, we fit the peaks with double-sided exponential decays. The fitting peaks are shown with the grey lines while the cumulative fit is shown with the

Figure 3 .

 3 Figure3.25: a. Measured autocorrelation function under a pulsed quasi-resonant excitation (laser excitation at 920nm) for an acquisition time equal to 8 minutes. The ratio of the area at zero delay with the lateral peak areas gives g(2) (0) = 0.01 ± 0.01. b.Points : Pulsed correlation histograms between the two SPADs with an acquisition time equal to 9 minutes. The source is excited twice a period under the same conditions as a.. Grey lines are the individual fits of the peaks. The blue line is the cumulative fit with all the peaks. The normalized central peak gives a mean photon overlap equal to M= 0.68 ± 0.03.

Figure 3 . 26 :

 326 Figure 3.26: Measured PL signal from a source as a function of the wavelength of the pump

Figure 3 .Figure 3 . 27 :

 3327 Figure 3.27: Influence on the wavelength of the excitation. a. b. Pulsed correlation histogram between the output of the HOM interferometer when the device is excited quasi-resonantly by laser pulses at 900 nm (a.) or at 902 nm (b.) The respective acquition times are 19 min. (a.) and 24 min. (b.). c. Measured mean wave packet overlaps of successively emitted photons as a function of the width of the detection temporal window considered. The red line corresponds to the excitation at 902 nm (a.) while the blue line corresponds to the excitation at 900 nm (b.)

3. 5 .Figure 3 . 28 :

 5328 Figure 3.28: Measured mean wave packet overlap under a quasi-resonant excitation as a function of the diode power at 850nm.

Figure 3 .Figure 3 . 29 :

 3329 Figure 3.29: Pulsed correlation histograms under the same pulsed excitation with a. and without b. additionnal CW beam at 850nm. The acquisition times are 5 min. for the measurement (a.) and 9 min. for the measurement (b.).

Figure 3 .

 3 Figure 3.30: a. Measured mean wave packet overlaps of successively emitted photons and b. integrated counts as a function of the width of the detection temporal window considered.

Figure 3 .

 3 31 shows two measured aucorrelation functions. They are measured with the same QD but the histogram a.

Figure 3 . 31 :

 331 Figure 3.31: Measured autocorrelation functions : a. under a pulsed quasiresonant excitation (acquisition time: 6 minutes) and b. under a pulsed non resonant excitation (acquisition time: 11 minutes). Blue solid line shows the coincidences histogram and the red dashed line shows a exponential fit of the envelop of the autocorrelation function.
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 332 Figure 3.32: Schematics of the blinking model

92 at

 92 fig.3.31 by a two-sided exponential function. Our model shows that in the example shown by the fig.a., the typical time for the QD to be in a charged state from a neutral state is approximately 100ns.

  2001, Findeis et al. [152] studied the dependence of the photocurrent and of the photoluminescence of single QDs as a function of the applied electric field. The electrical control of the spin in a single QD has been shown by Sabine Laurent et al. in the group of O. Krebs at the LPN in 2005[START_REF] Laurent | Electrical Control of Hole Spin Relaxation in Charge Tunable \mathrm{InAs}/\mathrm{GaAs} Quantum Dots[END_REF]. The manipulation of the fine structure splitting of the exciton was also demonstrated by Kowalik et al.[START_REF] Kowalik | Manipulating the exciton fine structure of single CdTe/ZnTe quantum dots by an in-plane magnetic field[END_REF][START_REF] Kowalik | Influence of an in-plane electric field on exciton fine structure in InAs-GaAs self-assembled quantum dots[END_REF]. In 2010, Bennett et al.[START_REF] Bennett | Electricfield-induced coherent coupling of the exciton states in a single quantum dot[END_REF] used this key feature to study the coherent coupling of the exciton states in single QDs in a doped structure and the generation of entangled photon pairs. In addition, numerous works based on the emission properties of QDs in p-i-n diode have been published[START_REF] Gerardot | Manipulating exciton fine structure in quantum dots with a lateral electric field[END_REF][START_REF] Högele | Voltage-controlled optics of a quantum dot[END_REF][START_REF] Vogel | Influence of lateral electric fields on multiexcitonic transitions and fine structure of single quantum dots[END_REF]. An important challenge is then to combine these results with the control of spontaneous emission by the Purcell effect.Only a few works have demonstrated an electrical control of a QD coupled to a cavity, showing how challenging such a fabrication is. In 2007, Strauf et al. showed the first coupling of a QD in a high-Q microcavity with electrical contacts[START_REF] Strauf | High-frequency single-photon source with polarization control[END_REF].

Figure 4 . 1 shows a schematic

 41 of the device they fabricated. By defining trenches in the planar cavity (as shown by fig.4.1b.), they used a controlled AlOx oxidation to confine the light in the cavity providing an enhancement of the spontaneous emission and a photon extraction as high as 0.38. In 2008, an electrically driven QD coupled to micropillar with a Purcell enhancement of about 10 was demonstrated by Bockler et al. [161]. To fabricate these devices, extremely delicate processing steps are necessary. Starting from a planar structure, they first fabricated micropillars by means of electron-beam lithography relying on statistics to find one pillar containing one QD. The sample is then planarized using benzocyclobutene (BCB) which acts as a insulator, and a ringshaped gold contact is patterned on top of the pillar as shown by fig.4.2. The contact qyality relies on a very small area within 100 nm from the pillar edge. In 2010, Heindel et al. from the same group used this technique to fabricate an electrically injected b. a.

Figure 4 . 1 :

 41 Figure 4.1: Figure reproduced from [160]. a. Three-dimensional schematic view of the fabricated device by Strauf et al. A λ-cavity is embedded between AlGaAs/GaAs DBR. Two contacts allow to apply an electric field gradient inside the cavity. b. SEM images of various geometries used to confine the light. The electrical contact is provided by the small lateral contacts.

Figure 4 . 2 :

 42 Figure 4.2: Figure reproduced from [161]. a. SEM image showing a micropillar before the planarization b. Top view of a fully processed device showing the uncapped upper surface of the micropillar at the center of the gold ring. c. Schematic view of the electrically driven micropillar fabricated in [161]

Figure 4 . 3 :

 43 Figure 4.3: 3D schematic of the device: a micropillar is connected to a surrounding frame through four 1-µm wide 1D wires. The electrical contacts are defined on the frame (yellow contacts).
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 12 Deterministic Fabrication of a Bright Tunable QD Based Source The cavity proposed by the group is sketched in fig.4.3. It consists of a micropillar connected to a surrounding frame by 1D wires with typical width of 1 µm. The electrical contacts are defined on a diode connected to the frame. The optical modes in this new cavity design was first studied on devices obtained through electron-beam lithography.A planar cavity made of a standard λ-cavity spacer surrounded by two Bragg mirrors was grown. The top (bottom) mirror consists of 30 (30) pairs of alternating AlGaAs/GaAs λ/4 thick layers to obtain a high quality factor for the planar cavity. To characterize the optical properties of the cavities, a large density QD layer was embedded in the structure and a electronic-beam lithography was used to define connected pillars as well as standard "isolated" pillars. The objective was to compare the mode volume and Q-factors of connected pillars to those of isolated ones.

Figure 4 .

 4 Figure 4.4a. shows measured PL spectra from connected pillars. The width of the wire was fixed to 1µm. Arrows show the optical modes of the connected pillars. With a

Figure 4 . 4 :

 44 Figure 4.4: a. Measured PL spectra of the connected pillars with different diameters. Arrows show the cavity mode resonances. b. Energy of the fundamental mode in standard pillars (solid symbols) and connected pillars (open symbols). The dashed lines are guides to the eyes. c. Measured quality factors of the fundamental mode for the standard (solid) and connected pillars (open).

Figure 4 .

 4 3b. shows a comparison of the energy of the fundamental modes for standard cylindrical pillars (solid symbols) and for connected pillars (open symbols) as a function of the diameter. We see that for a given diameter, the energy of the fundamental mode is slightly lower in the connected pillar compared to the corresponding standard pillar. This indicates a slight penetration of the electric field in the connecting wires leading to a larger effective volume. For instance, a connected pillar with a diameter equal to 3 microns presents the same volume as a pillar with diameter of 3.5 microns. To compare their Q-factor for a given mode volume, fig.4.4c. shows the measured evolution of the Q-factor as a function of the fundamental mode energy. As expected, the Q-factor of connected pillars is slightly lower than standard ones indicating small leakage in the wire. Despite of the field penetration into the wires, the connected pillars exhibit very high Q-factors (10 4 -3.5.10 4 ).
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 45 Figure 4.5: a. Microscope photograph of the bonded sample : two connected devices are visible. b. Optical image of a pattern defined in the photoresist. Using in situ lithography, it is centered on a single QD. c. PL map measured by horizontally scanning the sample in the in situ cryostat.

Figure 4 .

 4 photograph at the end of the process: the square ohmic contact and the bonding are

Figure 4 . 6 :

 46 Figure 4.6: Measured PL spectra at 35K under a non resonant excitation for 0V (a.) and for -0.45V(b.) c. PL intensity map as a function of energy and applied voltage at 35K.

Figure 4 .

 4 Figure 4.5c. shows a PL map after etching the structure. The PL is spectrally filtered in a 5-nm wavelength range around the pillar fundamental mode. A high intensity signal is collected from the QD positioned at the center of the pillar structure, signature of the efficient collection through the Purcell effect. Emission from other QDs is visible on the sides of the structure.

Figure 4 .

 4 6c.shows the PL intensity map as a function of the photon energy and of the applied voltage at 35K. By application of a negative voltage, the QD transitions redshift, with an increase of the signal when the exciton energy transition (X) is in resonance with the fundamental mode. Figures 4.6a. and 4.6b. show the PL spectra for 0V and -0.45V. By comparing the exciton lifetime for these two voltages, a Purcell factor of F P = 0.8 ± 0.08 was deduced in agreement with the quality factor (Q = 1300) of the cavity mode. At resonance, a brightness of 0.37±0.07 was demonstrated. This brightness was partially limited by the presence of a charged exciton (visible in fig.4.6) as well as by the low value of the Q-factor. In the third year of my PhD, a new generation of devices was fabricated by Niccolo

Figure 4 . 7 :

 47 Figure 4.7: Top: Simplified description of the doped planar structure used to control the electronic environment of the QDs. Bottom: Simplified evolution of the conduction and valence in the planar structure. Fermi sea level is denoted E f .

  fig.4.8. The geometry plays an important role for resonant fluorescence measurements as described in chapter 5.

Figure 4 . 8 :

 48 Figure 4.8: a. Optical image of one source from the second generation. b. PL map measured by horizontally scanning the sample in the in situ cryostat.

Figure 4 .

 4 [START_REF] Monz | 14-Qubit Entanglement: Creation and Coherence[END_REF] shows a microscope photograph of the devices before the bonding. Three diodes (A, B and C) are made on this sample and 25 pillars in total are connected to the diodes. In the following, we show briefly the PL measurements of sources connected to diodes A and B.

Figure 4 .

 4 Figure 4.10a. shows the PL intensity as a function of the photon energy and of the voltage at 4K. All QD transitions evidence a shift over 0.5meV when the applied voltage changes. The quality factor of the fundamental mode of the cavity is Q ∼ 12000, one order of magnitude higher than the first generation of devices. This Q-factor value is also of the same order of magnitude as the adiabatic source (chapter 3). Figure 4.10b.

Figure 4 .

 4 10b.

Figure 4 .

 4 Figure 4.11 shows the spectral positions of the exciton transition and of the fundamental mode of the cavity as a function of the voltage. As a dipole in an electric field, the exciton line position E x evolves quadratically with the electric field F [74, 159]:
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 494 Figure 4.9: Microscope photograph of the three diodes denoted A, B and C. Each diode is connected to several devices made of a surrounding frame contacting the diode and a micropillar embedding a single QD.

Figure 4 . 11 :

 411 Figure 4.11: Measured energy of the exciton transition (black squares) and of the fundamental mode of the cavity (red points) as a function of the applied voltage.

Figure 4 .Figure 4 . 12 :

 4412 Figure 4.13a. shows the time-resolved spontaneous emission when the QD transition is

Figure 4 .

 4 Figure 4.13: a. Time resolved PL when the exciton emission line is tuned in the cavity (δ x-cm = 0meV). The measured decay time after deconvolution by the time response of the setup is 190±20ps. b. Pulsed autocorrelation function under a quasiresonant excitation.Here the extracted single-photon purity is g(2) = 0.04±0.01. The acquisition time is equal to 1min30s.

Figure 4 . 14 :

 414 Figure 4.14: Pillar 13A: (Left axis) Measured and corrected brightness of the source under a pulsed quasi-resonant excitation. (Right axis) Measured g(2) under the same conditions

Figure 4 .

 4 Figure 4.13b. shows a measured autocorrelation function of the pulsed emission fromthe device 13A corresponding to a g(2) (0) of 0.04 ±0.01.

Figure 4 .

 4 Figure 4.14 summarizes our measurements as a function of the excitation power at

Figure 4 .

 4 Figure 4.15: a.-b. Measured correlation histograms between the output of the HOM interferometer using the device 13A two consecutive days. The acquisition times are respectively t acq =17min and t acq =10min. c.-d. Solid lines: Extracted mean photon overlap as a function of the size of the temporal windows considered to extract M. Dashed lines: Normalized fraction of the integrated counts as a function of the width of the window considered.

Figure 4 .

 4 15c. shows the evolution of the photon overlap M

Figure 4 . 16 :

 416 Figure 4.16: Measured evolution of the g(2) (black squares, right axis) of the photon indistinguishability M (red points, right axis) and of the brightness (green triangles, left axis) as a function of the pump power for pillar 13A.

Figure 4 .

 4 Figure 4.16 summarizes the measured mean wave packet of photons (red points) as a function of the excitation power. We observe that the measurement of photon indistinguishability is repeatable and it does not depend on the pump power. More interestingly, a mean photon overlap equal to 0.83±0.02 is reached for maximum brightness (shown by the green triangles). Such indistinguishability is similar to the best M obtained by Gazzano et al. with a standard micropillar cavity using a two-color excitation excitation scheme[START_REF] Gazzano | Bright solid-state sources of indistinguishable single photons[END_REF]. Yet, as shown in chapter 3, a such method was not universal and did not allow to get a high M at the maximum of brightness. Here, we measure a

Figure 4 .

 4 Figure 4.17: a. Measured autocorrelation function at the output of the HBT setup in order to measure the single-photon purity from the pillar 15B. The area of the central peak normalized by the lateral peaks gives g(2) = 0.01 ± 0.005. The acquisition time is equal to t acq =7min30s. b. Measured autocorrelation function at the output of the interferometer. The area of the peak at 0ns gives the mean photon overlap. Acquisition time: t acq =8min

Figure 4 . 4 . 3 .

 443 17b.shows a measured correlation histograms at the output of the HOM interferometer. As with the pillar 13A, a high mean wave packet overlap of M=0.75 ±0.012 is observed.The measured performance of the pillar 15B is shown in fig.4.18. Green triangles show the measured brightness (left axis) while the red points and the black squares show the mean photon overlap and the g(2) (right axis) respectively. By exciting with a Results on Another Device: 15B

Figure 4 . 18 :

 418 Figure 4.18: Measured evolution of the g(2) (blue diamonds, right axis) of the photon indistinguishability M (red circles, right axis) and of the brightness (black squares, left axis) as a function of the pump power for pillar 15B.

Figure 4 . 19 :

 419 Figure 4.19: Figure reproduced from [162]. Calculated evolution of the mean photon overlap (solid line) and of the fraction of emitted photons in the cavity (dashed line) as a function of the Purcell effect F P .

  In 2009, a high degree of photon indistinguishability was demonstrated under a continuouswave (CW) excitation by Ates et al.[START_REF] Ates | Post-Selected Indistinguishable Photons from the Resonance Fluorescence of a Single Quantum Dot in a Microcavity[END_REF].The QDs fluorescence was collected vertically along the axis of the pillar as illustrated by fig.5.1a-b. Using a CW excitation, a visibility of 0.90 ±0.05 was extracted by post-selecting the coincidences at zero delay with

Figure 5 . 1 :

 51 Figure 5.1: Figure reproduced from [39]. a. Schematic of the experimental setups for photoluminescence (PL) and photon statistics. b. Orthogonal excitation-detection geometry on individual micropillars. Inset: sideview of micropillars at the cleaved sample edge. c. (d.) Two-photon interference data under orthogonal (parallel) polarizations of the interferometer arms.

Figure 5 . 2 : 1 = 2 =

 5212 Figure 5.2: Figure reproduced from [41]. a. Lifetime measurements (semilog scale) for resonant (black squares) and nonresonant (red stars) excitation. The decays give T R 1 = 670 ps and T N R 1 = 850 ps. b. Fourier transform spectra (semilog scale) for resonant (black square) and non resonant (red stars) excitation yielding the coherence times T R 2 = 950 ps and T N R 2 = 200 ps.

Figure 5 .

 5 Figure 5.3 shows a simplified schematic of the setup. To get the highest signal-tobackground ratio, defined as the ratio between the collected PL from the device to the collected scattered laser light, the excitation and collection path are in a crossedpolarization configuration like in He et al.[START_REF] He | On-demand semiconductor single-photon source with near-unity indistinguishability[END_REF]. The excitation beam, sent from the top of the pillar, is linearly polarized along one direction. As explained later, due to a finite fine structure splitting of the QD transition, the QD emits PL along all polarizations.

Figure 5 . 3 :

 53 Figure 5.3: Schematic of the crossed-polarization configuration. The device is excited along one linear polarization while the signal is collected along the orthogonal polarization. PBS: Polarization Beamsplitter, HWP: Half-wave plate, QWP: Quarter-wave plate

FWHM

  of 11µeV and a free spectral range of 200µeV, much smaller than the spectral width of the 3ps pulsed as shown by fig.5.4a., where the spectrum of the light transmitted

Figure 5 . 4 :

 54 Figure 5.4: a. Measured spectra of the laser pulses (blue dashed line) and of the transmitted pulses through the etalon (red solid line). b. Spectra of the pulses after the spectrometer (black line) and after the spectrometer plus the etalon (red line). c. Measured temporal profile of the pulses after the spectrometer (red points) and after the spectrometer and the etalon (blue points). Solid lines are exponential fits.

Figure 5 .

 5 Figure 5.4b. shows the laser spectrum after the spectrometer with or without the etalon.

Figure 5 .

 5 Figure 5.4c. shows the temporal profile of the pulses after the spectrometer only (red points) and after the spectrometer and the etalon (blue points) measured with SPAD

Figure 5 .

 5 5a. shows two PL spectra under a non-resonant excitation for two different PL polarizations. The cavity mode is splitted in the two linear polarizations of the collection. Figure5.5b.

Figure 5 . 5 :

 55 Figure 5.5: a. PL spectra of the device 18B under a non-resonant excitation as a function of the linear polarization. b-c. Relative spectral position of the cavity mode b. and of the exciton line c. as a function of the polarization angle. The zero has been chosen to be along the higher energy mode of the cavity.

Figure 5 .

 5 5c. shows the relative spectral position of the exciton emission line as a function of the polarization axis. Comparing with fig.5.5b., we see that the fine structure axis of the QD is shifted by an angle approximately equal to 35 •

Figure 5 .Figure 5 . 6 :

 556 Figure 5.6: a. PL spectra under a CW resonant excitation (at 1.3403 eV) for various applied voltage. Emission line associated to the exciton transition is marked as X. b. Blue points: Measure time-resolved PL of the exciton emission line in resonance with the laser. Red solid line: Double exponential fit with a decay time equal to 112ps and to 1.6ns.

Figure 5 .

 5 Figure 5.7 shows an example of PL intensity map when the polarizing elements are optimally aligned. The collected PL intensity along the V mode is plotted as a function of the photon energy and of the electrical bias voltage. At a very negative voltage, the QD exciton (X) transition is far detuned from the excitation and the scattered laser light is in the noise. When the X transition is brought in resonance with the laser and with the cavity mode (around -0.1V), the collected signal increases by four orders of magnitude.Note that the observation of a QD signal far from the QD-laser resonance is a signature of the coupling of the exciton with phonons leading to a phonon assisted QD emission at different energy from the laser.

Figure 5 . 7 :

 57 Figure 5.7: Collected PL intensity map under a resonant excitation as a function of the photon energy and of the applied voltage.
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 258251 Figure 5.8: a. Simplified schematic of the setup used to measure the reflectivity of one device. b. Measured reflectivity at low power (black points) and theoretical fit (red line).

Figure 5 . 9 :

 59 Figure 5.9: a. Measured time resolved photoluminescence from the QD in crossed polarization (blue line) and reflected laser pulse (red line). b. Calculated temporal evolution of the photon emission in the mode V (blue line) and evolution of the population of the state |H (red line) with ∆ F SS = 15µeV

Figure 5 .

 5 Figure 5.9a. shows the measured time-resolved PL in the V polarisation (blue line) and the reflection of the laser on the sample (red line). An important delay between the laser excitation (red solid line) is observed showing the delay of the rotation of the polarization. In comparison, fig.5.9b. shows the calculated evolution of the population of the state |H (red solid line) and the evolution of the emission from the V mode (blue solid line) for a 15ps-long excitation pulse. A splitting of ∆ F SS = 15µeV is considered corresponding to a typical time of 80 ps which is a good order of magnitude with the observed delay. This value is different from previously because of the different effective field induced by the excitation in pulsed regime. This model has been developed by Gaston Hornecker in Alexia Auffèves's group in Grenoble and is described in the next part.

AFigure 5 . 10 :

 510 Figure 5.10: Schematic of the theoretical model used to calculate the resonant PL.

From t = 0 Figure 5 . 11 :

 0511 Figure 5.11: Calculated state populations of the states |X , |Y , |H and |V for a pulse duration T pump = 15ps. The device parameters are ∆ F SS = 15µeV, κ = 120µeV, γ = 0.3µeV. The detuning with the V mode is 70µeV

Figure 5 . 12 :

 512 Figure 5.12: Schematics of the observation of the Rabi oscillations observed by changing the excitation power given a fixed pulse duration.

2 )Figure 5 . 13 :

 2513 Figure 5.13: Measured collected PL from a single QD under resonant excitation as a function of the square root of the excitation power.

5. 4 . 131 Figure 5 .

 41315 Figure 5.13 shows the measured PL from a QD under resonant excitation. The number of collected counts is plotted as a function of the square root of the excitation power such that Rabi oscillation resolved in power are visible. Using a short pulse (13 ps), several oscillations are visible. The indicated power is the one measured in the optical path.

Figure 5 .Figure 5 .Figure 5 . 15 :

 55515 Figure 5.15 shows the fraction of the QD total emission calculated in the V mode of the cavity as a function of the number of photons per excitation pulse for two different pulse durations (a. 15 ps and b. 56 ps) and different energy splitting ∆ F SS . Figure 5.15 is deduced from calculations like those presented in fig.5.11 by integrating the instantaneous signal over the time. We observe that the theoretical spontaneous emission

Figure 5 .

 5 Figure 5.16a. shows a measured autocorrelation histogram under a pulsed excitation corresponding to the π-pulse with a pulse duration of 40ps. The collected emission
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Figure 5 . 16 :

 516 Figure 5.16: Measured autocorrelation histogram under resonant excitation without any spectral filtering (a.) and by filtering using a Fabry Perot etalon b. Excitation power is equal to 1.5nW corresponding to π-pulse and pulse duration is about 40ps.Acquisition times are respectively t acq = 1min and t acq = 3min 40s.

Figure 5 .

 5 Figure 5.17 shows a measured autocorrelation functions using a shorter pulse excitation (∼15ps) at a power very close to the π-pulse. It is plotted in a linear scale (a.) and in a logarithmic scale (b.). The absence of peak at zero delay evidences that the collected

Figure 5 . 135 - 24

 513524 [START_REF] Gao | Observation of entanglement between a quantum dot spin and a single photon[END_REF] shows a schematic of the interferometer. The collected signal is polarized and sent into a calcite that plays the role of a 50:50 beamsplitter by setting the input polarization at 45 • from calcite axis. Then, the polarization of each arm 5.5. Characterization of the Device 18B under Resonant Excitation

Figure 5 . 17 :Figure 5 . 18 :

 517518 Figure 5.17: Measured autocorrelation histogram under resonant excitation in linear scale a. and in logarithmic scale b. The extracted g(2) is equal to 0.005 ± 0.005.Acquisition time is t acq = 14 min.

Figure 5 . 19 :

 519 Figure 5.19: Schematic of the fibered interferometer used to measure the mean wavepacket overlap.

Figure 5 .

 5 Figure 5.20 shows a measured correlation histograms between the SPADs at the output of the interferometer. With a linear scale (a.), the peak at zero delay is not visible evidencing an extremely good two-photon interference. Figure 5.20b. shows the same data in logarithmic scale. Red solid line shows the theoretical correlation peaks in the case of a perfectly indistinguishable source with = 0. Considering the area between the points and the red line over a time windows, we extract the wavepacket overlap between successively emitted photons of M=0.995 ±0.01.As a test, two-photon interferences were measured in crossed polarization (red points in fig.5.21) and in parallel polarization (green squares in fig.5.21). In crossed polarizations, the photons do not interference hence a peak at 0 ns appears. Once the photon indistinguishability is restored in parallel polarizations, the peak at 0 ns vanishes evidencing the high mean wavepacket overlap between the photons.

  5.22).
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Figure 5 . 20 :Figure 5 . 21 :

 520521 Figure 5.20: Measured correlation histogram between the HOM outputs in linear scale (a.) and in logarithmic scale (b.). Acquisition time is around t acq = 11min. The red line shows the theoretical histogram for a perfect two-photon interference.

Figure 5 . 22 :

 522 Figure 5.22: Evolution of the brightness (red open circles, top panel), of the measured photon indistinguishability M (blue squares, middle panel) and of the g (2) (0) (purple diamond, bottom panel) as a function of the excitation power

Figure 5 .

 5 Figure 5.23 provides strong evidence that the QD sources developed during this PhD bring the single-photon generation technology to a new level. Compared to SPDC sources of the same quality, the brightness of QD sources under strictly resonant excitation is enhanced by a factor 40. The single-photon purity and indistinguishability

140

  As a conclusion, embedded quantum dots in connected pillars offer a new generation of nearly-ideal single-photon sources. They offer an unique combination of high brightness with perfect single-photon purity and indistinguishability. Depending on the purpose, they can be excited either quasi-resonantly to emit high rate of photons that are highly (70-80%) indistinguishable or resonantly to provide fully indistinguishable photons with a brightness which is 2-3 orders of magnitude greater than the sources that are currently used in the quantum optics laboratories.

Figure 6 . 1 :

 61 Figure 6.1: Figure reproduced from [183]. Correlations of photons emitted by remote trapped atoms. The central peak is lower due to the quantum interferences that occur when two indistinguishable photons simultaneously arrive on the beamsplitter.

  in 2010. Each group used different techniques to implement the quantum interferences. In Shields group, Patel and coworkers developed a CW electrically tunable single photon source embedded in a p-i-n diode. By applying a voltage on one of the samples, they measured the photon overlap as a function of the spectral detuning. Figure 6.2a. shows a measured PL map as a function of the photon energy and applied electric field to one of the QDs. The points on fig.6.2b. show the extracted photon overlap (visibility) as a function of the spectral detuning between the photons emitted by the two QDs. Tuning both sources to the same energy, the measured contrast is equal to 0.33 ±0.01.In parallel, Flagg et al.[START_REF] Flagg | Interference of single photons from two separate semiconductor quantum dots[END_REF] performed similar measurements by placing one of the samples on a piezo-electric transducer in such a way that the emission energy of one of the QD is tuned by applying a strain. Both samples were excited by a.b.

Figure 6 . 2 :

 62 Figure 6.2: Figure reproduced from [132]. a. Photoluminescence map of two quantum dots simultaneously as a function of the applied voltage to QD 1. b. Measurement of the visibility extracted as a function of the detuning.

Figure 6 . 3 :

 63 Figure 6.3: Figure reproduced from[START_REF] Flagg | Interference of single photons from two separate semiconductor quantum dots[END_REF]. Correlation peak at zero delay in two different configurations: in crossed polarizations (red triangles) and in parallel polarizations (blue points). These measurements show a clear decrease in the number of coincidences from detectors at the two output ports of the BS.

Figure 6 . 4 :

 64 Figure 6.4: Measured time resolved exciton emission cooresponding to QD A (black line) in QD B (red line) in resonance with the cavity resonance (δ CM -X = 0). The decaytime of the QD A (QD B) T A 1 (T B 1 ) is equal to 140 ± 40ps (T B 1 = 470 ± 30ps).

Figure 6 . 5 :

 65 Figure 6.5: Decay time of QD A exciton line (T A 1 ) as a function of the spectral detuning between the cavity and the exciton. Decay times have been deconvoluted from the temporal resolution of the setup. The grey vertical stripe shows the range of temperature used for the two-source interference.

Figure 6 . 6 :

 66 Figure 6.6: a. Autocorrelation measurement of the QD A under a pulsed excitation below the wetting layer gap, at 1.370 eV (t acq = 10min.) b. Autocorrelation measurement of the QD B under the same conditions of excitation used for a. (t acq = 24min.)

Figure 6 . 7 :

 67 Figure 6.7: a. b. Correlation histograms between the outputs of the HOM interferometer. The 0 ns peak area gives the interference probability between successively emitted photons from QD A (a.) and from QD B (b.) under the same excitation conditions. Blue lines are fittings to the experimental data with M A = 0.77 for QD A and M A = 0.19. Acquisition times are 10 minutes and 30 minutes, respectively. Red lines are theoretical correlations for M = 1 considering the measured single-photon purity, and the BS coefficients R and T .

Figure 6 . 8 :

 68 Figure 6.8: Colormap of the theoretical indistinguishability (photon overlap) M as a function of the decay time T 1 and the pure dephasing time T * 2 .

Figure 6 . 9 :

 69 Figure 6.9: Schematics of the optical setup using the common excitation technique

Figure 6 .

 6 Figure 6.4 shows the emission from QD A (black line) and QD B (red line) after their emission has been synchronized. The delay between excitation has been chosen to synchronize their rising time (with a temporal resolution of 16 ps). In this case, the simultaneity of the photons arriving on the beamsplitter is mainly limited by the incoherent relaxation of charges induced by the quasi-resonant excitation. The order of magnitude of the time jitter is about 50 ps.

154 -Figure 6 . 11 :

 154611 Figure 6.11: Measured photon overlap M (A+B) as a function of the detuning between the emission of QD A and QD B ∆E. Lines correspond to the calculated photon overlap using the parameters indicated.
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  .12a. show the calculated photon overlap at zero detuning M (A+B) (∆E = 0) as a function of T A 1 for different degrees of photon indistinguishability M B (i.e. different pure dephasing rate γ * B ). The decay time of QD B is fixed to T B 1 = 470ps and the photon indistinguishability of QD A to M A = 0.75. For a given M B , we can observe a general trend of the evolution of M (A+B) as a function of T A 1 . If the decay time T A 1 of QD A is too short compared to the one of QD B T B 1 , the overlap is not maximized due to the important mismatch between the wavepacket envelops. Then M (A+B) increases and reaches a maximum for T A 1 = T A 1,opt which is strongly dependent of the QD B indistinguishability degree M B .

Fabricating

  pure and efficient single photon sources has been an important motivation of the QD community in the last decade, with many progresses obtained in various groups in the last few years. Benefiting from the experience developed in the group of Pascale Senellart at the LPN, the results obtained during this last year bring the QD sources to a level where they can significantly surpass the SPDC sources currently used in optical quantum technologies. Moreover, we demonstrated an extremely good coupling between a.b.

Figure 7 . 1 :

 71 Figure 7.1: a. Schematic of a micropillar containing a single QD (yellow triangle). A 1D wire is connected to the pillar in a such way that a laser pulse is sent through this wire to resonantly the excite the QD in the pillar. b. Top view of the schemed structure of the electrically controlled source with a waveguide for the lateral excitation
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 2 Toward Ultrabright and Highly Indistinguishable Sources of Entangled Photon Pairs 163 a. b.

Figure 7 . 2 :

 72 Figure 7.2: Figure reproduced from [46] a. Sketch of the radiative cascade in a single quantum dot. b. SEM image of the photonic molecule containing a single QD (yellow triangle).

  7.1. Carlos Anton joined the group as a post-doc in 2015 and will address this challenge in collaboration with the group of Pr. Peter Michler from the University of Stuttgart in Germany.

7. 2

 2 Toward Ultrabright and Highly Indistinguishable Sources of Entangled Photon Pairs A source of triggered entangled photon pairs is a key component in quantum information processing protocols. Polarization entangled photon pairs can be generated using PDC sources or by making use of the radiative cascade of a biexciton trapped in a QD. A biexciton (XX) recombines radiatively through a two-photon cascade. As shown by fig.7.2a., two radiative recombination paths are possible through two exciton states (XX) of orthogonal polarization. The two paths are indistinguishable if the exciton fine structure splitting is negligible with respect to its linewidth leading to the emission of a polarization entangled photon pair. In 2010, Dousse et al. [46] used the in

Figure 7 . 4 :Figure 7 . 5 :

 7475 Figure 7.4: Figure reproduced from [196]. Coincidence measurements demonstrating N-fold super-resolution for N=2, 3, 4 and 5 with no background subtraction. a. b. Two-photon rate with N 1 , N 2 = 1, 1 (a.) and N 1 , N 2 = 2, 0 (b.) c. d. Three-photon rate with N 1 , N 2 = 2, 1 (c.) and N 1 , N 2 = 3, 0 (d.) e. f. Four-photon rate with N 1 , N 2 = 3, 1 (e.) and N 1 , N 2 = 2, 2 (f.) g. Five-photon rate with N 1 , N 2 = 3, 2

  quantum computing schemes have been proposed. Aaronson and Arkhipov showed that the interferences of single photons in a random network can give a measurement of the output of a boson sampling problem, a prediction that is not possible with a classical computer. The problem consists in predicting the output distribution of n single and indistinguishable photons that travelled through a photonic circuit with m modes. An optical circuit can be modelled by an unitary m × m matrix U . The probability of finding a given state at the output is given by the square of the permanent of the n × n submatrices U IO related to the output and input states. More precisely, if the input state is noted I = (I 1 , ..., I m ) and the output state is noted O = (O 1 , .., O m ) where I k and O k are the boson occupation numbers, a first n × m matrix is produced by taking O k copies of the k th column of U . Then the submatrix U IO is obtained by taking I k copies of the k th row of the last submatrix. The probability of finding the output state O given the input state I reads:

Figure 7 . 6 :

 76 Figure 7.6: a. b. Figures reproduced from [200]. a. Schematic of the photonic circuit. It consists of five input modes, five output modes, eight directional couplers and eleven phase shifters. Each output mode is connected to a single-photon detector. b. Fluorescence image, a laser light at a wavelength of 633nm was launched into input modes 2 to 4 of an optical network. Colour centre are excited by the propagating beam and emit fluorescent light at 650nm. c. Figure reproduced from [201]. Schematic of an arbitrary 5×5 mode transformation. The blue and red circles indicate different phase shifters.

Figure 7 . 7 :

 77 Figure 7.7: Schematic of a possible experiment with one electrically controlled device as a single-photon source used to emit single photon before a Fock state is prepared and is sent into a unitary transformer.

Figure 7 . 8 :

 78 Figure 7.8: Data from Juan Loredo et al. Two-photon interference visibility between successively emitted photons as a function of the delay between the emission of these photons. Points are the mean of the all visibilities taken for excitation powers P < 0.65P sat . Solid line corresponds to theoretical predictions from [204].
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 5 AStep Closer to the Quantum Repeater and the Single-Photon Router ?

Figure 7 . 9 :

 79 Figure 7.9: Figure reproduced from [172]. Symbols: measurement of the Kerr rotation angle as a function of the probe laser energy. Macroscopic Kerr rotation angles up to ±6 • are obtained by pumping a single spin. Solid lines correspond to theoretical fits.

Figure 7 . 10 :

 710 Figure 7.10: Schematics of an elementary quantum network using the devices described in this work as a single photon router a. or as a quantum memory b.

Figure A. 4 :

 4 Figure A.4: a. Evolution of the brightness as a function of the excitation power P , normalized to the power at saturation P sat . b. Total brightness (black squares, left scale) compared to calculated mode coupling β (right scale) as a function of the detuning for different values of Purcell factors F P .

  The fig. A.4 shows the measurement of the brightness when the X transition is spectrally matched with the cavity or when it is detuned. The fig. A.4 (a) shows the number of photons collected as a function of the excitation power at two different detunings (δ X,C = 0 in black and δ X,C = -0.5nm in red). The red curves show the separate contribution of the exciton line (X) and the cavity line (C). It shows that the

  

  

  

  

  be written by changing the variables x = ρ 11 , y = ρ 22 and z = ρ 12 +ρ 21 .

	2.3. Cavity Quantum ElectroDynamics (CQED)	35
	This system can			
					1)
					1 2	(ρ 12 + ρ 21 )	(2.60)
		dρ 22 dt	=	(1) Ω 1 2	(ρ 12 + ρ 21 ) -κρ 22	(2.61)
	d dt	(ρ 12 + ρ 21 ) =Ω (1) 1 (ρ 11 + ρ 22 ) -	κ 2	(ρ 12 + ρ 21 )	(2.62)
		dρ 33 dt	=κρ 22		(2.63)

Table 3 .

 3 

1: Transmission and overall efficiency of all setup components.
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 32 Different scenarios when a pair of photons crosses the interferometer

	One drawback of the interferometer appears here: not all the pairs of photons can
	interfere, only one pair over four is used for the HOM experiment (when (A) takes the
	long path and (B) the short path). Nevertheless, since no quantum interferences occurs
	with ±2ns and ±4ns signals, these peaks are useful to deduce the quantum interference
	at zero delay.

The table

3.3 

shows the events that are associated to each peaks considering the actual reflected intensity R and the transmitted intensity T of the cube. The area of the peaks

Table 3 . 3 :

 33 Weight of the peaks as a function of the different possible scenarios. The probability of detection when two photons meet simultaneously the beam splitter is

	2) (0)

Table 4 . 1 :

 41 Transmission and overall efficiency of all setup components. The detection refers to the transmission of the spectrometer with the detection efficiency.

Table 5 . 1 :

 51 Transmission of the optical elements used for the coherent control of the QD

  Comparison of the sources developed in this work with heralded single photon sources based on Parametric Down Conversion (PDC) sources (black points, data from Juan Loredo in Queensland University)
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							photons
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			Pil 18B -Resonant Excitation		
			Pil 15B -Quasi Resonant Excitation		
		10 -3	From He et al. -Resonant Excitation Pil 13A -Quasi Resonant Excitation			Source of purely
							indistinguishable
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			Photon Indistinguishability M	
	Figure 5.23:			

Table 6 . 1 :

 61 Measured characteristics of QD A and QD B used for the measurement of quantum interferences using remote single photon sources

	Ti-Sapph
	Laser
	QD B

  6.6 read 

		+∞				
			dt â †			)	(6.13)
	0				
			=	T n A γ A	+	Rn B γ B
	0	+∞	dt â † D (t)â D (t) =	Rn A γ A	+	T n B γ B

C (t)â C (t) = +∞ 0 dt T â † A (t)â A (t) + R â † B (t)â B (t

Table 6 . 2 :

 62 Decay Rate γ 7.1 ns -1 2.1 ns -1 5.6 ns -1 2.1 ns -1 Parameters of QD A and QD B used to calculate the wavepacket overlap between the photons emitted by both QDs rates (γ * ): the wavepackets overlap over a detuning range given by γ A +γ * A +γ B +γ *

				Red solid line	Blue dashed line
				QD A	QD B	QD A	QD B
	Equivalent Decay Time T 1	140ps	470ps	180ps	470ps
	Pure dephasing Rate γ *	2.5 ns -1	8 ns -1	1.8 ns -1	5 ns -1
	Equivalent pure dephasing	800 ps	250 ps	1100 ps	400 ps
	time T * 2					
	Corresponding	successive	75 %	20 %	75 %	30 %
	photon	indistinguishability			
	M = γ γ+γ *					

B 2

The three lines have been focused and aligned cautiously by measuring the reflections of lines on a metallic grating in the cryostat.

The blazed grating of the spectrometer is more efficient with a incident TM polarization.

Remerciements

the same pulsed excitation at high energy (above the GaAs gap). The contrast of interferences was measured by comparing the number of coincidences at zero delay when the photons are in parallel or crossed polarizations. Figure 6.3 shows the measured correlations when the polarizations are parallel (blue) and when the polarizations are crossed (red). A coalescence probability of 0.180 ±0.004 below the classical limit was reported which reached 0.47 ±0.06 by post-selecting temporally the photons.

In 2013, Gao and coworkers [START_REF] Gao | Quantum teleportation from a propagating photon to a solidstate spin qubit[END_REF] showed the coalescence of photons emitted by remote QDs using a common strictly resonant excitation. Such scheme is similar to the one used with ions and atoms. Using a ns excitation pulse duration, temporally post-selected photons demonstrate an interference visibility of 0.82 ±0.02.

Their result shows that resonant excitation in a low excitation regime allows a high interference visibility between photons emitted from remote QDs. Note that in this regime, the light scattered by the QDs presents the coherence of the laser.

Recently, Gold et al. [START_REF] Gold | Two-photon interference from remote quantum dots with inhomogeneously broadened linewidths[END_REF] demonstrated a contrast of 0.39 ±0.02 by using a quasi resonant excitation of remote QDs. However, it must be noted that, surprisingly, the measured two-photon interferences visibility was not zero for high detuning of the sources.

The quantum interferences using remote sources -of any kind-has not been investigated placing the emitters in a cavity to (i) efficiently collect the photons (ii) have an additional parameter, the Purcell factor, to control the interferences.

In this chapter, we report on such a study for photons emitted by QDs in micropillars operating in a high Purcell regime. First, we describe the two sources chosen for this experiment. They both exhibit a bright emission of photons at the same energy. The properties of each source are studied using the same excitation laser, this will impose an experimental limitation, as discussed later. The results of the two-photon interference between photons emitted by the two sources are then discussed.

Photons Emitted With a Common Excitation

The sample under study is the one studied in chapter 3. During the fabrication, we processed two parts of the sample and cleaved it to get two pieces. We chose a device on each piece presenting the same pillar diameter. We will refer to them as QD A and QD B. QD A is the source presented in chapter 3 with a brightness of 0.74. Since both pillars present the same diameter, their fundamental optical mode are at the same energy (of 1.3115 eV). Each sample is placed in a different cryostat so their temperature From eq.6.4, we calculate the optimal decay time of QD A T A 1,opt as a function of the characteristics of QD A and QD B: An interesting perspective to emit indistinguishable pairs of entangled photons is the resonance fluorescence from the biexciton state. Two solutions are then possible: (i) exciting the QD using a set of two laser excitation at the wavelengths of the exciton λ x and of the biexciton λ xx or (ii) using the two-photon absorption of a laser at an energy

In most of the works reported the resonant excitation of the biexcitonic transition, the excitation scheme using one laser is implemented. In 2006, Stufler et al. [START_REF] Stufler | Two-photon Rabi oscillations in a single In x Ga 1 x As Ga As quantum dot[END_REF] reported the two-photon Rabi oscillation of the biexciton by monitoring the current. In 2013, Jayakumar et al. [START_REF] Huber | Deterministic Photon Pairs via Coherent Optical Control of a Single Quantum Dot[END_REF] focused pulsed and shaped laser excitation from the side of the sample and collected the resonant fluorescence of both the biexciton and the exciton lines from the top of the sample. In 2014, Muller et al. [START_REF] Müller | On-demand generation of indistinguishable polarization-entangled photon pairs[END_REF] used a similar method to demonstrate the emission of indistinguishable and polarization-entangled photon pairs by using a two-photon excitation scheme. Indistinguishabilities of M x = 0.71 ± 0.04 and of M xx = 0.86 ± 0.03 were demonstrated for the exciton and the biexciton photons, respectively.

These works are very promising since they combine entanglement in polarization and high indistinguishability allowed by the resonant excitation of the biexciton. The next step is obviously to combine these techniques with efficient photon collection, using electrically controlled photonic molecules [START_REF] Dousse | Ultrabright source of entangled photon pairs[END_REF].

Generation of a High Photonic NOON States using

QDs

With the already developed sources, 40 times brighter than PDC-based sources of the same quality, many exciting experiments can be foreseen.

A NOON state is a multiphoton state that can be written as

. In a context of quantum metrology [START_REF] Joo | Quantum Metrology with Entangled Coherent States[END_REF] or quantum sensing, replacing single photons by maximally entangled N -photon NOON state in an interferometer leads to a strong enhancement of the phase uncertainty. For instance, it offers the possibility to obtain a higher precision [START_REF] Israel | Supersensitive Polarization Microscopy Using NOON States of Light[END_REF].

Historically, the first NOON state was studied in 1990 by Ou et al. [START_REF] Ou | Experiment on nonclassical fourth-order interference[END_REF] with N=2 after the demonstration of the Hong-Ou-Mandel (HOM) experiment. Indeed, after the beamsplitter where the two-photon interference takes place, the two photon state |20 +|02 √ 2 is a path entangled state since both photons exit by either one or the other output. Later, NOON states were studied with N=3 and N=4 [22,[START_REF] Walther | De Broglie wavelength of a non-local four-photon state[END_REF][START_REF] Nagata | Beating the standard quantum limit with four-entangled photons[END_REF]. To our knowledge, Afek et al. [START_REF] Afek | High-NOON states by mixing quantum and classical light[END_REF] measured the highest NOON state (N=5) in 2010. Appendix A Phonon influence on the emission of a QD coupled to a cavity

We showed how a QD can be coupled with the optical mode of a cavity and how the electromagnetic confinement modifies its spontaneous emission. In parallel, vibrations of the semiconductor lattice make the QD emission associated with the emission or absorption of phonons, via the presence of phonon side bands (PSB) on the emission spectra.

In this section, we see how the coupling bath is modified when the spontaneous emission of a QD is modified due to the coupling with a cavity (in the weak coupling regime).

A.1 Spontaneous emission of a quantum dot in a cavity assisted by phonons bath

In 2009, Hohenester et al. showed that the exciton transition could be assisted by phonons, even when the cavity-exciton is few meV [START_REF] Hohenester | Phonon-assisted transitions from quantum dot excitons to cavity photons[END_REF]. In 2013, Madsen et al. used this property to measure the effective phonon density [START_REF] Madsen | Measuring the effective phonon density of states of a quantum dot[END_REF]. Furthermore, phonons has been shown as a strong link between the cavity and the emitter which can pull the cavity energy through the phonon coupling [START_REF] Valente | Frequency cavity pulling induced by a single semiconductor quantum dot[END_REF].

Compared to the previous section 2. where ω x is the pulsation of the exciton transition, H phonons and H EM are respectively the Hamiltonian involving respectively the phononic and the EM modes.

where b q and ρ ph (ω q ) are the ladder operator and the density of states (DOS) of the LA phonon mode of wavevector q respectively ; M (ω q ) is the deformation potential coupling between this phonon mode and the exciton. Considering a linear dispersion relation for the LA phonons, and a spherical wave functions for the electron (hole) with a gaussian shape, one can write the DOS and coupling terms respectively:

by taking a sound velocity c s = 5000m/s, a density of mass ρ m = 5320kg/m 3 , a defor-

By calculating the DOS of the EM modes and the QD spectrum modified by the polaron shift (ω X QD = 2πc/λ X = ω 0 -dω q ρ ph (ω q )M (ω q )/ω q ), the spectrum of the QD reads b. a. we compare the blue line and the black line, we observe that the height of the ZPL is lower. The cavity mode acts as a filter of the PSB. Moreover, the cavity concentrates the emission of the PSB in order to have a bright emission at the mode energy. This is why one can define an effective Purcell factor taking into account this phenomenon :

τ X (τ 0 X ) being the decay time of the QD in the cavity mode (planar cavity). The symbols || and ⊥ designates the two possible channels for the QD relaxation : in the cavity mode or the plane mode. Finally, when the detuning between the exciton transition and the cavity mode is larger than the cavity linewidth, we showed that the phonon bath assist and even enhances the coupling between the emitter and the optical mode.

A.2 Photon statistics

We measured the correlations of the photons emitted at the energy of the optical mode of the cavity with the QD. This is done by spectrally filtering the signal impinging both SPADs with different spectrometers filtering different wavelengths. We tuned one of the spectrometer on the cavity line while the other spectrometer was set to send the ZPL emission on the SPAD, as shown by the fig. A.2.

The figure A.3 shows the photon correlation measurements in the three possible configurations : the autocorrelations X-X (blue) and C-C (red) and the cross-correlation X-C (black). First we see that the autocorrelation X-X shows a strong antibunching at zero delay as predicted (g (2) X-X = 0.03 ± 0.02). The main point comes from the main contribution of the signal is from the cavity which is fed by the phonon side bands These results show that, even if the phonon side bands can be detrimental to the source coherence [START_REF] Peter | Phonon sidebands in exciton and biexciton emission from single GaAs quantum dots[END_REF][START_REF] Gammon | Homogeneous Linewidths in the Optical Spectrum of a Single Gallium Arsenide Bibliography Quantum Dot[END_REF], it does also assist the coupling to fabricate a bright single-photon source. They are also a good proof of principle that can be applied to other solid-state emitters : for example with NV centers. Actually the PSB of NV centers represent 90% of the emission over 100nm [START_REF] Shen | Zero-phonon linewidth of single nitrogen vacancy centers in diamond nanocrystals[END_REF].

i Cavity-Enhanced Photon-Photon Interactions Using Bright Quantum Dot Sources

Summary

In the pursuit of developing a quantum information network, photons appear to be the most convenient carriers to interconnect distant ports. The need to get on-demand single photons that is one and only one photon is the main driving force for the development of bright solid-state sources. One important parameter is the brightness defined as the probability that one collected pulse contains a single photon.

For some applications, the emitted single photons must be also indistinguishable, so that the photons can interfere. By coupling a semiconductor quantum dot to an optical cavity, the spontaneous emission of the emitter can be modified to obtain bright single-photon sources. An innovative technique was developed by Pr. Pascale Senellart and her team at the Laboratory of Photonics and Nanostructures (LPN) from CNRS that allows making such sources in a very reproducible way.

This work explores the performance of single quantum dot coupled to micropillars. First, the cavity was modified using an adiabatic architecture such that the spontaneous emission was accelerated further.

Then, a technique to apply an electric bias on the micropillars has been developed. The combination of the electric bias with a resonant optical excitation of the quantum dot allows to collect purely indistinguishable photons with a brightness greater by one order of magnitude compared to other sources.

The results developed in this thesis open a vast field of novel applications in quantum technologies, from quantum cryptography, metrology to quantum imaging. Les résultats présentés ouvrent de nombreuses perspectives pour diverses applications telles que la fabrication d'un réseau quantique, pour la cryptographie quantique, pour la métrologie ou pour la microscopie.

Mot-Clés: Boîtes Quantiques (BQs), CQED, Semiconducteur, Optique Quantique