Habilitation à diriger des recherches

III-V semiconductors on Silicon hybrid Nanophotonics

A. Summary of my research activities

My research activity is focused on the exploration of light-matter interaction in III-V semiconductor/Silicon hybrid photonic crystal (PhC) structures and its exploitation for the achievement of smaller, smarter, faster energy-efficient optoelectronic components which will revolutionize our world, governed by information and communication technology! Indeed, these hybrid structures combine the best of Silicon and III-V semiconductor photonics, merging the fantastic capacity of Silicon and especially Silicon on insulator (SOI) to provide an excellent way to achieve highly compact low loss passive optical circuitries, with the optical gain and nonlinearity of the III-V semiconductor compounds.

My aim is to build a new panel of optoelectronic devices, ultimate in terms of power consumption as well as in speed. My goal too is to trace new paths in nonlinear and quantum optics through the use of unprecedented optical configurations enabled by the hybrid approach. Besides the fascinating physics underlying these devices, the potential impact of such light sources could be tremendous as they should be essential elements for the convergence of microelectronics and photonics on a chip. The ultimate goal was to achieve the first continuouswave (CW) electrically driven PhC nanolaser integrated on and coupled to a SOI waveguide circuitry [START_REF] Crosnier | Hybrid indium phosphide-on-silicon nanolaser diode[END_REF]. In order to achieve this, it was necessary to invent approaches in every aspect of the nanolaser starting from the concept, the design, the development of the technology anew, necessary to their fabrication and their characterisation.

As a first step, 3 concepts of PhC quantum wells (QW) lasers on Si were explored under optical pumping: surface emitting band-edge lasers [Vecchi07-1][Vecchi07-2], slow-light lasers [START_REF] Halioua | Hybrid InP-based photonic crystal lasers on silicon on insulator wires[END_REF] and nanocavity-based lasers [START_REF] Halioua | III-V photonic crystal wire cavity laser on silicon wafer[END_REF]. Detailed theoretical and experimental investigations on the static and dynamical properties of band edge lasers on blank Si substrate were carried out and allowed us to highlight the large spontaneous emission factor ( present in PhC lasers. Subsequently, the impact of the high -factor on the acceleration of gain switching dynamics was demonstrated [START_REF] Raineri | Dynamics of band-edge photonic crystal lasers[END_REF].

2007 marked a turn in the direction of my research which lead me to concentrating the effort towards integrated and waveguided photonics. The focus was to build a hybrid structure where InP-based PhC lasers were integrated on to SOI waveguides. Lasers based on PhC slow light waveguides [START_REF] Karle | Heterogeneous integration and precise alignment of InPbased photonic crystal lasers to complementary metal-oxide semiconductor fabricated silicon-on-insulator wire waveguides[END_REF] and nanobeam cavities [START_REF] Halioua | Hybrid III-V semiconductor/silicon nanolaser[END_REF] were chosen. To begin with, this involved the design of specific PhC structures compatible with an environing material made of a low refractive index material and not air as the immense majority of the configurations found in the literature at the time. In particular, excellent nanobeam cavities encapsulated in Silica were designed to exhibit quality (Q) factor beyond 10 6 with modal volume (V) of the order of (/n) 3 where n is the semiconductor refractive index [Bazin14 -1]. A thorough investigation of the evanescent wave coupling of these lasers to SOI waveguides was then conducted. We demonstrated that it is possible to tune almost at will, the coupling strength by engineering the overlap between the electromagnetic (EM) field distribution in the cavity and that of propagating in the SOI waveguide. 90% of the emitted light can be harvested in a SOI waveguide. The subsequent step was to obtain CW operation of these lasers. This was rendered possible only through the enhancement of thermal heat sinking as well as by subduing non radiative surface recombination of carriers occurring at the etched InP-based material sidewalls which usually dominates carrier dynamics [START_REF] Crosnier | Subduing surface recombination for continuous-wave operation of photonic crystal nanolasers integrated on Silicon waveguides[END_REF]. Finally, the stage was set for the electrical driving of the hybrid lasers. A nanorib cavity was implemented in a vertical NIP heterojunction so that electron-hole pairs could be efficiently injected right in the centre of the nanocavity by side contacting [START_REF] Crosnier | Hybrid indium phosphide-on-silicon nanolaser diode[END_REF]. These lasers, fully integrated with Si waveguide circuitries, exhibit outstanding performance in terms of footprint (<100µm²) and wall plug efficiency (14%). I believe that the convergence of microelectronics and photonics comes closer to a reality and new generation of complex optoelectronic circuits may be envisaged.

Nonlinear nanophotonic devices:

The harnessing of optical nonlinearities in active PhC cavities for all-optical switching, flipflops and memories is another domain in which I am deeply interested. Ultrafast all-optical switching, flip-flops and memories are some of the key functionalities in an optical network to process information by routing, gating, converting, storing, etc., data at high bit rates. The drive towards the miniaturisation and the energy efficiency of such devices motivated my research effort. The goal here was to propose novel paths for nanodevices able to simultaneously operate with low powers, picoseconds range switching dynamics and above all, to handle high-bit rate signals.

To build all-optical switches, carrier induced change in refractive index due to photo-excitation is widely used, giving a switching dynamics directly governed by the carrier lifetime. With the view of obtaining high speed operation, carrier lifetime was reduced by enhancing non radiative recombination through surface growth of quantum wells (QWs) and material processing.

Nanobeam cavities made of such an engineered material were heterogeneously integrated on SOI waveguides. Switching time of 10ps and activation energy of 40fJ were achieved. We demonstrated, for the first time in system experiments, that these features enable error-free wavelength conversion at 10Gbits/s [Bazin14-3] and 20Gbits/s [START_REF] Lengle | Modulation contrast optimization for wavelength conversion of a 20 Gbit/s data signal in hybrid InP/SOI photonic crystal nanocavity[END_REF], as well as 20Gbits/s signal regeneration through nonlinear power limitation [START_REF] Trung-Hien | Phase-Preserving Power Limiting Function Using InP on SoI Photonic Crystal Nanocavity[END_REF].

Our results on optically pumped hybrid nanolasers rapidly appeared to us as a very interesting strategy to achieve all-optical flip-flops and memories. The idea was to take of advantage of the optical bistability occurring in injection locked lasers to produce low power ultrafast flipflops and memories. This was materialized through experiments which showed highly contrasted hysteresis cycles, fJ switching energies, switching times less than 50ps and memory times of 2s. Bit-level set-reset flip-flop memory operation revealed error free operation with a negative power penalty at 5Gb/s [START_REF] Fitsios | Ultracompact III-V-on-Si photonic crystal memory for flip-flop operation at 5 Gb/s[END_REF].

Parametric nonlinear nanophotonics:

We tapped the properties of semiconductor photonic crystals for nonlinear optics, especially for second and third order nonlinear effects at telecom wavelengths. This opens up a vast panoply of devices and functionalities such as frequency doublers, parametric amplifiers, frequency combs or entangled photon sources, which may be integrated into a photonic circuit.

Before considering the hybrid platform, optical investigations of the inherent nonlinearity were scrutinized on air-bridged semiconductor PhCs. Inspired by the collaborative work lead by Thales Research and Technology [Colman2010], InGaP was firstly picked up as "the" material for our studies related to nonlinear optics as the detrimental 2-photon absorption at 1.55µm is hindered by the large electronic bandgap of this material. Soliton propagation in InGaP based slow-light PhC waveguide was carefully inspected by mapping the progression of a short pulse in the temporal domain. Besides the observation of temporal compression, a surprising acceleration of the pulse was observed as the input energy was increased [START_REF] Raineri | Time-domain mapping of nonlinear pulse propagation in photonic-crystal slow-light waveguides[END_REF].

The hybrid approach was implemented for producing GaInP on Insulator (GaInP/SiO2/Si) heterostructure to study four-wave mixing (FWM) process. In collaboration with Ghent University, FWM [Dave15-1] and super continuum generation [Dave15-2] were demonstrated in wire waveguides.

FWM was also demonstrated with record efficiency in this platform using PhC slow-light waveguide. Most importantly, this was put in evidence in the CW regime thanks to the enhanced thermal sinking in the hybrid platform [START_REF] Martin | Nonlinear gallium phosphide nanoscale photonics[END_REF].

All this work was only possible by expending huge personal effort in the development of the nanotechnology necessary for the fabrication of the many and varied structures, from the wafer bonding technique, the plasma etching processes, etc., to the electron beam lithography. Not only was this effort worthwhile for my own research but it is my satisfaction that it also helped take off many subjects within and outside the laboratory [START_REF] Hamel | Spontaneous mirror-symmetry breaking in coupled photonic-crystal nanolasers[END_REF] [START_REF] Tsvirkun | Integrated III-V Photonic Crystal -Si waveguide platform with tailored optomechanical coupling[END_REF].

B. Habilitation Manuscript

This manuscript deals with research I have been carrying out at the former Laboratoire de 

I. Background and salient concepts

Foreword: The beginning of our "hybrid story" may be traced back to CLEO US 2004 conference where Rama Raj and I realised that the impact of our work on band-edge lasers [START_REF] Raineri | Doubly resonant photonic crystal for efficient laser operation: Pumping and lasing at low group velocity photonic modes[END_REF] and switches [START_REF] Raineri | Ultrafast dynamics of the third-order nonlinear response in a two-dimensional InP-based photonic crystal[END_REF] did not meet our expectations. We understood that the crux of nanophotonics was in the promise of achieving dense integration of optical devices communicating with each other on a single optical circuit. Indeed, our work up until then was exclusively concentrated on perfectly periodic 2D semiconductor photonic crystals (PhCs) in order to take benefit from the easy accessibility in the vertical direction (orthogonal to the plane of periodicity) to slow-light band edge modes.

Inspired by the work done in Japan at Kyoto University by Prof. Noda and at NTT by M.

Notomi, we decided it was time to work with PhC nanocavities. This is why, when I joined LPN as Maître de conferences, under the impulse of Rama Raj, we formed together a new team to work on to find a way to unleash the possibilities offered by active PhC nanocavities, that is how to insert and extract light through waveguides from these nano-objects. The condition, as we worked with structures embedding quantum wells, was to find a way to achieve the monolithic integration of active and passive materials. Definition of active and passive areas using III-V semiconductors regrowth was dismissed due to its increasing complexity when the areas are less than 1µm 2 . Concomitantly, Silicon photonics started to emerge as a fantastic solution to produce compact (220nmx500nm) low loss wire waveguides formed into Silicon on Insulator wafers thanks to technological development in CMOS pilot lines. Integrating III-V semiconductor active PhC structures on SOI waveguides seemed then to us the perfect solution!

We therefore started a fruitful collaboration with Ghent University and IMEC via firstly a shared PhD student to put into practice this perfect solution… Photonic devices play a crucial role in the domain of information and communication technology, due to their ability to bring efficient solutions to data transmission and processing.

Tremendous development, through optical fibres backed by related devices and circuits composed of light sources, optical amplifiers, wavelength multiplexers, photodetectors, etc., have greatly revolutionized communication in general. As a necessary evolution, attention is currently directed towards optical datacom and computercom which concern data links down to the mm-scales. For these, the issues that need to be tackled are the dispatching and sorting of the mind-boggling amount of information. The very nature of optics offers the potential to obtain the required high data transmission and processing rates with low power consumption.

By capitalising on nonlinear optical phenomena, it was my aim to attain a control of light and all of its properties, so light can be a sensor, manipulator or a carrier of information.

The domain of integrated optics has emerged as a major actor both in the industrial and academic scientific community. In photonics, the challenges which must be faced, swirls around providing simultaneously the necessary active and passive functionalities fully integrated into a chip. These functionalities are, among others, light emission (laser), filtering, wavelength routing ((de)multiplexing), detection, switching or storing. Because all of these functionalities have to comply with ultra-compactness and low-loss circuitry while maintaining low cost production in microelectronics fabs, few materials can claim to fit in. Besides, it is very unlikely that a single material will be able to provide all of them at once with the desired performances. In this context, Silicon photonics, enhanced by III-V semiconductors based optical devices is a key technology combining the best of both materials leading to a highly versatile hybrid photonic platform which opens the way to large scale integration. Indeed, silicon's transparency at telecom wavelengths and its high-index contrast with silica allows the fabrication of extremely compact low-loss single mode waveguides (~2dB/cm) [START_REF] Vlasov | Losses in single-mode silicon-on-insulator strip waveguides and bends[END_REF] that can be used to route information through a circuit. Critically, the mature complementary metal oxide semiconductor (CMOS) fabrication processing technology renders possible large-scale integration of functional optical devices, including integration with electronic components. However, due to its indirect electronic band gap, Silicon is definitely not an ideal material for light emission and light control whereas the direct bandgap of III-V materials allow efficient stimulated emission enabling thereby the fabrication of lasers, amplifiers, detectors and modulators. Indeed, these materials permit tailor-made electronic band structures through the engineering of their composition to form suitable alloys. Radiative transitions can thus be obtained at the desired wavelength, ranging from 0.4μm to 20μm. Heterogeneous integration of III-V semiconductors on Silicon on Insulator (SOI) waveguides has recently succeeded in producing very exciting results such as the realisation of laser sources [Fang08][Campenhout08], amplifiers [START_REF] Park | A hybrid AlGaInAs-silicon evanescent preamplifier and photodetector[END_REF], modulators [Chen08][Liu08], detectors [Spuesens] and flip-flops [START_REF] Liu | An ultra-small, low-power, all-optical flip-flop memory on a silicon chip[END_REF], albeit in fairly large structures with power consumption incompatible with on chip applications.

During the past years, we took forward this domain to the nanophotonic world by demonstrating III-V on SOI active devices based on PhCs to address the issues of compactness and power efficiency. The concept of PhC was introduced in 1987 by E. Yablonivitch [START_REF] Yablonovitch | Inhibited spontaneous emission in solid state physics and electronics[END_REF] and S. John [START_REF] John | Strong localization of photons in certain disordered dielectric superlattices[END_REF] in the context of the control of the spontaneous emission of a light emitter.

The designation of PhC refers to structures presenting a wavelength-scale periodic refractive index modulation in the space. The idea was to design and fabricate a structure enabling the tailoring of the electromagnetic (EM) environment of an emitter in order to suppress [START_REF] Yablonovitch | Inhibited spontaneous emission in solid state physics and electronics[END_REF] or accelerate spontaneous emission [START_REF] John | Strong localization of photons in certain disordered dielectric superlattices[END_REF]. Indeed, these structures are the photonic analogue of atomic lattices where the spatially varying dielectric constant plays the role of an atomic potential. The opening of photonic band gaps (PBG), frequencies ranges at which the propagation of light is forbidden, becomes possible and renders available such tailoring.

II. Nanolasers

During the last 20 years, PhCs showed their ability to control quasi perfectly the propagation of light and proved to be particularly interesting for obtaining photonic resonators of very good quality, which exhibit record Q/V ratios where Q is the resonator quality factor and V the modal volume of the resonant mode. This is, of course, what triggered the huge research effort on PhC lasers. It was the path to take to achieve the ultimate laser in terms of compactness (with V of the order of a cubic half wavelength in the material), power consumption (fJ pumping energy) and speed (>>10Ghz).

In this part of the manuscript, I will describe the road that we took to reach our ultimate goal which was to demonstrate an electrically driven nanolaser integrated on top of a SOI waveguide circuitry. It regroups the work done during 3 PhDs, Yacine Halioua's (2007-11), Alexandre Bazin's (2009-13) and Guillaume Crosnier's (2012-15) and during the stay of 3 postdoctoral researchers, Gabriele Vecchi (2006-07), Timothy Karle (2007-10) and Dorian Sanchez . I will first present the different approaches that we followed using InP-based PhCs on Silicon to obtain laser emission. The static and dynamic properties of these lasers will be depicted. I will then detail the work accomplished on their integration with SOI waveguides to establish our hybrid III-V semiconductor on SOI nanophotonic platform. I will pursue with the specific issues that we encountered as our work was progressing to achieve continuous wave emission at room temperature. Finally, I will show how we solved the problem of electrical injection of these tiny lasers.

II.1. Conception of PhC lasers: the different approaches

PhCs optical properties are mostly determined by their photonic band structure, i.e. the diagram giving the optical modes frequencies as a function of the wavevector [Joanopoulos08].

The band structure depends obviously on the opto-geometrical parameters of the PhCs such as the lattice configuration or the refractive index of the constituting materials. By choosing properly their parameters, the photonic band diagram can be engineered almost at will. The photonic band structure of a 2D PhC made of a triangular lattice of cylindrical air holes drilled into a semiconductor slab (certainly the most studied) can be found in Fig. 1. Looking at the figure, 2 striking features appear:

-Large PBGs may be obtained. It is the case when the refractive index contrast between the constituting materials of the PhC is sufficiently large and when the lattice parameters are of the order the light wavelength in these materials. For certain ranges of frequencies and for every direction of the crystal, the wavevector value has a non-zero imaginary part attesting for an exponentially decaying EM field in the structure and no propagating mode.

-We can also observe that, at some particular frequencies, the bands flatten when the wavevector value and direction corresponds to the high symmetry points of the first Brillouin zone. Thus, at these "band-edge" frequencies, the group velocity (vg) goes to zero attesting for an increase of the optical density of states [START_REF] Sakoda | Optical properties of photonic crystals[END_REF].

These features allow the achievement of excellent optical resonators on which PhC lasers rely. In the following, I will show how we implemented these features to realise optically pumped band-edge lasers, slow-light lasers and nanocavity based lasers. We will consider structures made of InP-based PhC slabs embedding QWs bonded on top of a Silicon substrate.

 Band-edge and slow light lasers

One of the ways to achieve an optical resonator using PhCs is by taking advantage of the low vg modes which exist at frequencies corresponding to "band-edges" in perfectly periodic structures or to "mode edges" in PhC waveguides. Usually these modes correspond to wavevectors with the values and directions of the high symmetry points of the first Brillouin zone [START_REF] Sakoda | Optical properties of photonic crystals[END_REF] of the lattice. From the band structure (Fig. 1), we can see these modes show a null group velocity which is equivalent to saying that these modes are stationary like in a cavity. A large increase in the optical density of states which can be exploited to obtain laser emission results, indeed, from the distributed feedback induced by the PhC lattice as the EM field propagates [START_REF] Sakoda | Enhanced light amplication due to group-velocity anomaly peculiar to two-and threedimensional photonic crystals[END_REF]. Let's consider such a type of resonator made in 2D structures for achieving laser emission. Their properties depend on the strength of the feedback and on the rate of the light leakage out of structure due to the coupling to the continuum of radiative modes as shown in [START_REF] Letartre | Analytical modeg and an experimental investigation of two-dimensional photonic crystal microlasers: defect state (microcavity) versus band-edge state (distributed feedback) structures[END_REF]. The photon lifetime  in the resonator can be expressed as:
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where 0 represents the photon lifetime in the absence of coupling to the radiative modes and c the time associated with the losses due to the coupling to the external world (e.g. to the radiative modes). For these resonators, it can be shown in a first approximation that 0 is inversely proportional to the curvature () of the photonic band and proportional to the surface of the PhC. This writes:
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where R is the lateral dimension of the PhC. It should be noted that the curvature of the photonic bands is a direct signature of the strength of the distributed feedback, diminishing when the latter increases.  depends intimately on the design of the periodic structure. For example,  is greatly reduced when fully etched 2D PhCs, in a semiconductor air bridge membrane, are considered. Indeed, it takes a much lower value than in the case of shallow etched gratings like in regular DFB lasers [START_REF] Kogelnik | Stimulated emission in a period structure[END_REF]. This is the reason why a large 0 can be obtained within rather small structures (~10µmx10µm) using 2D PhC membranes.

The band-edge approach is particularly interesting to obtain laser emission in the direction normal to the plane of periodicity. As can be seen in Fig. 1, the band structure exhibits flat bands at certain frequencies at the  point of the first Brillouin zone (null in-plane wavevector).

Surface normal laser operation can then be achieved by designing the periodic lattice in such a way that the frequency of one of these modes falls in the gain bandwidth of the embedded active material. However, extra care has to be taken in the choice of the mode at the  point in order to build a resonator with sufficiently small losses to enable laser emission. Indeed, modes at the  point being situated always above the light line, large losses may be expected due to the coupling to the radiative modes. This is not always true as the coupling of some modes at the  point to the radiative modes is not allowed due the symmetry mismatch of their spatial field distribution with those of the radiative modes The InP slab is separated from the gold layer which acts as a mirror by a 785nm thick (3/4) SiO2 layer. This enables an increase of the overall quality factor of the resonator by increasing c. As indicated by Fig. 3, laser emission was observed at 1585nm under optical pumping with a doughnut shaped beam emitted by surface in the vertical direction. In [START_REF] Halioua | Hybrid InP-based photonic crystal lasers on silicon on insulator wires[END_REF], laser emission was attained by using a low-vg edges mode (denoted A in Fig. 4). Fig. 4 shows an SEM picture of the InP-based fabricated sample (here on top of a SOI waveguide) as well as the dispersion relation of the waveguide with corresponding photoluminescence spectrum obtained under optical pumping. Increasing the Q factor of PhC cavities while keeping their modal volume comparable to a cubic wavelength has been for 15 years one of the important goals of research in this domain.

Nowadays, many designs are available to obtain Q factors higher than 10 6 [Asano06]

[Kuramochi06][Quan11][Ahn10] with V comparable to (/n) 3 . They all rely on the precise analysis of the losses of the cavities. In these types of structures losses arise from in-plane and out-of-plane coupling to the outside world. The in-plane losses depend directly on the number of holes etched on the side of the cavity and can be in principle as low as desired just by increasing this number. The out-of-plane losses come from the diffraction of light occurring at In our case, the design of the nanocavities is particularly tricky as the surrounding medium to consider is not air but most of the time, silica. This immediately expands the light cone in the Fourier space making it difficult to reach high Qs. 1D PhC nanobeam cavities are the structures we have been privileging. They consist of wire waveguides drilled with a periodic array of holes as indicated by the schematics of Fig. 5. Here, the waveguide dimensions are extremely compact in the transverse direction, typically 250 nm thick and 500 nm wide, which renders it single mode for the TE polarisation. In the course of the past 8 years, the design of our nanobeam cavities has evolved from we call the "tapered defect" to the "apodised" design in order to maximise Q (see Fig. 6).

Tapered defect nanobeam cavity [Halioua10]

In our tapered defect design, 2 sets of holes are drilled along the waveguide to form the high reflectivity mirrors, spaced by a gap of length L to form a cavity. Without proper designing the defect/mirror interfaces, huge diffraction losses occur due to the modal mismatch between the propagative mode in the defect part and the evanescent mode in the mirror section [Palamaru01][Lalanne03]. A taper zone (see Fig. 6) is introduced between the defect the periodic part of the mirrors by varying the radius and the hole-to-hole distance of the 3 adjacent holes. Q factors of the order of a few 10000's were calculated using 3D finite difference time domain (FTDT) simulations. The structures were fabricated and laser emission was characterised. The fabrication of the sample was based on the die to wafer adhsive bonding of the InP based heterostructure on silicon. The PhC was drilled using inductively coupled plasma (ICP) etching through a SiN mask defined by electron beam lithography followed by reactive ion etching. A schematics of the crossection and a top view SEM image is represented on Fig. 7. The influence of the cavity length upon the resonant wavelength, the Q factor, the modal volume, and the confinement factor were meticulously analysed both numerically and experimentally. Our results showed that an optimal value for the cavity length could be found in order to obtain the lowest laser threshold. Moreover, the close correspondence between the experimental measurements and the numerical calculations illustrates the quality and the accuracy of the processing technology.

Apodised nanobeam cavities [Bazin14-1][Crosnier16]

Our second design that we continue using to date, is based on the concept of gentle confinement [START_REF] Akahane | High-Q photonic nanocavity in a two-dimensional photonic crystal[END_REF]. It uses a variation of the lattice constant along the structure to obtain a Gaussian envelope of the EM field which has for consequence to drastically reduce the out-of-plane losses. The reason for this choice hinges on the necessity for an extreme precision of the hole positioning during the fabrication process, as this precision is directly related to the e-beam lithographic system which today, can be as small as a fraction of nm.

A fully analytical method was developed to position the holes in the nanobeam to obtain cavity modes with Gaussian profiles which results in high Q factors above 10 6 and modal volumes close to (λ/n) 3 .

The method consists in:

(i) Calculating the spatial extinction rate, q, of the amplitude of the EM field propagating in the periodic 1D nanobeam PhC as function of the frequency for different values of the lattice constant.

(ii) Calculating the modification induced by a change of the lattice constant on the band structure of the 1D nanobeam PhC.

(iii) Finally, calculating the variation of the lattice constant needed along the PhC to obtain a Gaussian field profile. The calculated distribution of the lattice constant over the structure is represented on Fig. 9a for one of the designed cavity fully encapsulated in SiO2. As can be seen on Fig. 9b, the fundamental mode here at 1575nm has a Gaussian envelop. The Q factor of the cavity was calculated as a function of the imposed full width at half maximum of the Gaussian profile (Fig. 9c). For this particular calculation, Q peaked right above 10 6 but in general it continues increasing as FWHM increases.

The cavities were fabricating in both active and passive InP-based membranes. The fabrication process was similar to that previously described, except for the electron beam lithography and the ICP etching. Indeed, as the simulations of these cavities showed that the expected Q exceeded by far that of the previous design, I decided it was time to push the limit of our fabrication technology. The first change was to switch from positive to negative tone electron beam lithography using Hydrogen silsesquioxane (HSQ) which can be used directly as a mask for the semiconductor etching (mask on Fig. 10a). Then, the ICP process was optimized using HBr/O2/He chemistry following the footsteps of [START_REF] Bouchoule | Anisotropic and Smooth Inductively Coupled Plasma Etching of III-V Laser Waveguides Using HBr-O2 Chemistry[END_REF]. The association of these 2 improvements led to the fabrication of 1D PhC with perfectly vertical sidewalls (Fig. 10b).

Roughness below 1nm was measured using atomic force microscopy by E. Pargon at CNRS-LTM (Fig. 10c). 

II.2. Static and dynamic properties of the lasers

This part is dedicated to our studies on both static and dynamical characteristics of semiconductor PhC lasers. This allowed us to highlight the particularities of such lasers and what makes them so interesting for further research and applications.

 Static properties:

As for all semiconductor lasers, the general behaviour of PhC lasers can be approximately described by using a simple rate equations model. For a single mode laser, the evolution of the carrier density (N) and the photon number (S) in the cavity mode write [START_REF] Coldren | Diode lasers and Photonic integrated circuits[END_REF]:
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where Rpump is the injection rate of carrier density due to pumping, Rsp the spontaneous photon generation rate per unit volume emission, Rnr the non-radiative recombination rate per unit volume and Rst the stimulated photon generation rate per unit volume. Finally, p denotes the photon lifetime, Va the volume of the active material participating in the laser emission and  the spontaneous emission factor. Rsp, Rnr and Rst write differently depending on the active material. PhC lasers have been under the spotlight for laser physicists for quite some time due to their capacity of offering low laser thresholds or even thresholdless characteristics. It is due to the particular EM environment of PhC which permits the quasi complete capture of spontaneously emitted photons into the laser mode [START_REF] Bjork | Analysis of Semiconductor Microcavity Lasers Using Rate Equations[END_REF]. This feature, till today, has mainly been observed in quantum dot lasers at cryogenic temperature [START_REF] Strauf | Self-tuned quantum dot gain in photonic crystal lasers[END_REF].

For our QW lasers at room temperature, the different rates maybe expressed by: Rsp=FpBN 2 , Rnr=N/nr and Rst=G0ln(N/Ntr)S

Where Fp is the Purcell Factor [], B the bimolecular recombination coefficient, nr the nonradiative recombination lifetime and G0 the gain parameter.

The Purcell factor writes:
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where V is the modal volume and n the refractive index. Qp is the quality factor linked to the cavity photon lifetime and the dephasing time T2 of the emitter by [Xu00]:
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From the Einstein relations, linking the rate of spontaneous emission and the rates of stimulated absorption and emission, we can write :

G0=FpB/A'
The constant A' is fundamentally a material related parameter and does not depend on the optical mode density of the cavity.

On solving these equations in the stationary regime, the laser behaviour can be faithfully described. We plot in Fig. 11, the calculated (a, b, c) and the measured (d, e, f) static properties of a PhC laser based on an apodised nanobeam cavity. For the calculations, the following set of parameter were fixed as indicated in the table below:

λtr =1550nm A′ = 5 × 10 -36 cm 6 Q = 10000 τNR = 200ps β = 0.1 Fp=2.3
Ntr = 10 18 cm -3 Va=6.8 ×10 -14 cm 3 B= 3 ×10 -10 cm 3 /s αH = 6  Dynamic properties:

Right from the outset, the dynamics of PhC lasers has grabbed the attention of many as their small size and their high  factor promise ultrafast modulation bandwidth [Bjork]. The dynamics of nanocavity based PhC lasers was measured in [START_REF] Altug | Ultrafast photonic crystal nanocavity laser[END_REF]. This concerned GaAsbased QDs lasers at low temperature. These controversial measurements evoked to the possibility of modulating the lasers at 100GHz.

In 2008, we focused our attention on the measurements of the dynamics of InP-based PhC bandedge lasers on Si emitting at 1.55µm by performing gain switching experiments (see Fig. 12). The measurement is based on the temporal resolution of the laser emission triggered by a short optical pump pulse. We used a dedicated up-conversion system based on the nonlinear mixing in BBO crystal of an intense gate pulse at 0.8µm and the signal at 1.55µm [START_REF] Karle | Temporal ringdown of silicon-on-insulator racetrack resonators[END_REF] [Bouché98]. The result of this high resolution technique is reported on Fig. 13 where the time domain evolution of the emission is represented when the laser is pumped with pulses of different energy (green 260pJ, blue 290 pJ and red 500pJ). For the highest pump, the build-up and the fall times are found to be 17ps and 15ps. The times obtained as a function of the pump energy allowed the authors to retrieve a value of  of 3x10 -2 for this type of laser. 

II.3. Integration to SOI waveguides

The extraction (insertion) of light from (into) PhCs cavities was for a long-time a major drawback to their use in real applications, as, in practice, only a small amount of the light stored in these nanocavities is efficiently collected into useful signals. Indeed, even though PhCs cavities exhibit the most remarkable features for the enhancement of light matter interaction, devices based on the use of these structures do not hold their promises in terms of overall power efficiencies because of this problem of interfacing with the outside world.

Furthermore, in order to go from single PhC-based elements to a large scale photonic circuit, an important step needs to be taken: that of optimal intercoupling. In such an optical circuit, the passive waveguides shouldn't be fabricated in the same material as that of the lasers in order to avoid absorption losses during propagation. To overcome this issue, two approaches may be explored, the first is an all III-V semiconductor based approach [START_REF] Watanabe | Active/passive-integrated photonic crystal slab microlaser[END_REF][Matsuo10] like for telecom devices, making use of epitaxial regrowth to separate the active regions from the passive ones and, the second one relies on the heterogeneous integration of III-V active materials on to Silicon on insulator (SOI) passive optical circuitry [START_REF] Halioua | Hybrid InP-based photonic crystal lasers on silicon on insulator wires[END_REF]. This latter was our choice for its elegance, efficiency and the promise it holds for the convergence of microelectronics and photonics. The hybrid structure that we established for our investigations, is, as displayed in Fig. 14,a  Engineering of the evanescent wave coupling Explorations of the coupling of laser emission from slow-light PhC waveguides [START_REF] Halioua | Hybrid InP-based photonic crystal lasers on silicon on insulator wires[END_REF] and nanobeam cavities [START_REF] Halioua | Hybrid III-V semiconductor/silicon nanolaser[END_REF] to single mode SOI waveguides were carried out. The evanescent wave coupling occurring in our hybrid structure between a PhC cavity laser and a SOI waveguide was minutely studied theoretically and experimentally. In the approximation where the presence of the SOI waveguide weakly perturbs the cavity mode, the evolution of the intra-cavity EM field can be described by the temporal coupled mode theory (TCMT) [START_REF] Suh | Temporal coupled-mode theory and the presence ofnon-orthogonal modes in lossless multimode cavities[END_REF].

In this theory, the cavity optical losses are determined by two independent terms, one related to the intrinsic losses of the cavity, i.e. the losses in absence of the waveguide and one related to the coupling to the SOI waveguide mode. These are inversely proportional to the quality factors Q0 and Qc, respectively. We define the coupling efficiency in the SOI waveguide, , as

𝜂 = 𝑙𝑜𝑠𝑠 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑆𝑂𝐼 𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑠𝑠 𝑟𝑎𝑡𝑒 = (𝑄 𝑐 ) -1 (𝑄 𝑐 ) -1 + (𝑄 0 ) -1 
It is clear that, in order to obtain a large efficiency, the coupling losses must be much larger than the intrinsic cavity ones (Qc<<Q0). As shown in Fig. 16a, the ratio Q0/Qc must be larger than 10 to have  greater than 90%. Let's also remember that the loaded Q factor, Q (Q -1 =Q0 -1 + Qc -1 ) should be kept high in order to maintain a low laser threshold.

The coupling losses are governed by the overlap of the cavity mode with the SOI wire mode in the direct space [START_REF] Haus | Waves and Fields in Optoelectronics[END_REF] or by their product in the reciprocal space (k-space). Of course, the spatial overlap can be controlled by adjusting the vertical separation of the cavity with the SOI wire and the lateral offset of the 2 levels. However, the matching of the modes wavevector is the key for optimal coupling. As we deal with a localised stationary mode in our PhC cavities, the EM field distribution has a 2D extension in the k-space (see Fig. 16 a), differing from waveguides which exhibit 1D distribution around the kx = 2neff /  where neff is the effective index of the propagating mode. The product in the k-space can be tuned almost at will by adjusting the opto-geometrical features of the cavity and the SOI wire giving a handle on the coupling efficiency. Indeed, the beauty of our hybrid III-V/SOI structure is that, by using these two materials which possess almost identical refractive index, it is possible to control the coupling strength just by changing the design of the III-V or the SOI level. By construction, the tapered cavity shows an EM field distribution in the k-space centred closely to kx = /a0, a0 being the PhC lattice constant in the centre of the nanocavity. As can be seen in Fig. 16b, the propagation constant of an SOI waveguide can be widely varied by changing its width. This type of control, for example, is not possible using an optical fibre instead of the SOI wire as the silica refractive is half that of the III-V. Q0, Qc and  were numerically and experimentally evaluated for both passive [START_REF] Crosnier | High Q factor InP photonic crystal nanobeam cavities on silicon wire waveguides[END_REF] and active cavities [START_REF] Halioua | Hybrid III-V semiconductor/silicon nanolaser[END_REF]. Our first study concerned hybrid nanolasers using the tapereddefect cavity design. Qc was determined using pump-probe spectroscopy which consisted in measuring the transmission optical spectrum as a function of the gain (or absorption) in the system. Such a measurement is shown in Fig. 17a. Using TCMT (verified experimentally in Fig. 17b), it is possible to show as the pump power is increased to the point when the gain compensates exactly the intrinsic losses of the cavity, the transmission of the systems drops to zero at resonance and the apparent linewidth of resonance becomes =/Qc. The experimental Qc is plotted on Fig. 17c as a function of the SOI waveguide width for 3 samples where the distance, z, between the InP-based layer and the SOI waveguide was varied from 200nm to 400nm. As expected from theory [START_REF] Haus | Waves and Fields in Optoelectronics[END_REF], Qc strongly increases with z for a fixed value of w as the evanescent tail of the field of each level rapidly decays with the distance. For all z, as w is varied, Qc reaches a minimum at w = 400nm, a width corresponding to a propagating mode in the SOI waveguide with an effective index of 2.26 and to the maximum transfer of light from the cavity to the waveguide. Qc could be tuned from 1400 to 32000. Considering that, for this type of structure, Q0 was evaluated to be between 10 4 and 3x10 4 , we showed that  could be adjusted between 20% to 90% by changing w and z (see Fig. 17 d). Similarly, in [START_REF] Crosnier | High Q factor InP photonic crystal nanobeam cavities on silicon wire waveguides[END_REF], we studied the coupling of passive InP-based apodised nanobeam cavities to SOI waveguides. The simulations and experimental results are summed up in Fig. 18. As seen, In Fig. 18 b, Qc could be varied over almost 2 decades by changing w, with a minimum for w=400nm. Noticeably, experiments followed precisely the FDTD simulations.

Moreover, an unexpected variation of Q0 was also observed as w was varied, especially around w=400nm where coupling is maximal. It proved that such an increase of the coupling to the waveguide perturbs sufficiently the cavity mode to observe a decrease in Q0. Further optimisation of the cavity design should be done, taking into account, the coupling to the waveguide. It was also interesting here, to show that the waveguide width giving the maximum coupling, wmax, can be tune by adjusting the design of the cavity (see Fig. 18 c). As previously mentioned, the apodised nanobeam cavities are constructed so that the EM field distribution in the kx of the reciprocal space is a Gaussian centred close to |kx|=/a0, inferring thereby a proportionality of the SOI waveguide propagation constant giving the maximum coupling, max, with 1/a0. This is exactly what can be seen on Fig. 18c where max and wmax are plotted versus 1/a0.

II.4. CW operation

Obtaining CW operation at RT in PhC lasers, right from their inception, has occupied a major place in the PhC laser community. This difficulty arises from two very obvious reasons: the confinement of EM field which provides the extraordinary properties in PhCs is based on the contrast of refractive index both in the horizontal (patterning with holes) and vertical directions and what better contrast for a material (ensconcing the active region) than with air? Thus, air clad membranes confine light vertically, efficiently but it comes with a cost: the poor thermal conductivity of air. The second obvious reason lies in the very construction of PhCs: etched holes or pillars which expose a huge surface rendering it a prey to surface non radiative recombination of carriers.

The way my team and I solved these issues is described below.

 Thermal management

In PhC lasers ensconcing QWs, a significant part the pump energy is released in the material through phonons. If the heat sink that constitutes the environment of the cavity is inefficient, the increase of temperature can be high and can have dramatic consequences for the structure.

Indeed, an excess of heat can diminish the laser performances, in terms of output power and stability, and, in the worst case, totally and irreversibly kill the laser emission.

In order to overcome the hurdle of the poor thermal evacuation in PhCs, 2 main channels were explored by different groups: heat sinking substrates [START_REF] Bagheri | ewidth and modulation response of two-dimensional microcavity photonic crystal lattice defect lasers[END_REF][Vecchi07-2] and the use of constituting material with higher thermal conductivity [START_REF] Matsuo | Highspeed ultracompact buried heterostructure photonic-crystal laser with 13 fJ of energy consumed per bit transmitted[END_REF]. In air-bridged PhC nanolasers, it was demonstrated in [START_REF] Moreau | Transient thermoreflectance imaging of active photonic crystals[END_REF] that the generated heat in the cavity has no choice but to spread laterally in the semiconductor membrane because the air cladding acts as a thermal insulator. As in NTT's work on PhC lasers [START_REF] Matsuo | Highspeed ultracompact buried heterostructure photonic-crystal laser with 13 fJ of energy consumed per bit transmitted[END_REF], heat sinking may be increased by using as much as possible highly thermally conductive materials to form the PhC.

The thermal properties of the different materials used in this work are given in Table 2 Since the beginning of my work, my choice to work with semiconductor PhC slabs bonded onto a substrate has been greatly motivated by the possible tackling of the heat sinking issues. It was quite obvious that encapsulating the PhCs in a dielectric material exhibiting a larger thermal conductivity than air would help. Indeed, we experimentally showed in the latter structures, heat flows directly towards the substrate [START_REF] Moreau | Transient thermoreflectance imaging of active photonic crystals[END_REF] which acts as a thermostat.

However, in order to preserve the extraordinary optical confinement in PhCs, it is absolutely necessary to use a transparent encapsulating material with a refractive index as low as possible.

We restricted ourselves to materials with a refractive index below 1.5 so that high-Q nanobeam cavities with modal volumes of about (/n) 3 could be designed. We studied in [Bazin14 -2] precisely the case of our hybrid nanolasers based on the heterogeneous integration of InP-based nanobeam cavities on SOI waveguides (layer stack on Fig. 19). We explored the impact on the heat sinking, of the composition of the layer which bonds the III-V nanocavity (BCB+ "low index material") to the SOI circuitry as well as to that of the deposition of an over-cladding material. We firstly carried out numerical investigations (3D finite element method (FEM) -COMSOL) of the thermal resistance Rth, defined as the ratio of the temperature elevation to the dissipated thermal power, for structural configurations with different composition of the bonding layer but with an air over-cladding. The results are plotted in Fig. 20a. For the configuration which serves as a reference, the airbridged nanobeam cavity, we obtain the large Rth=720K/mW. Let's note that this value is higher than values reported for 2D PhC InP based lasers (e.g. in [START_REF] Nozaki | Sub-femtojoule all-optical switching using a photonic crystal nanocavity[END_REF]], Rth=510K/mW).

Indeed, heat can only diffuse along the direction of the nanobeam and not isotropically in the plane as in 2D PhCs. As can be seen in Table 2, BCB which is used for the adhesive bonding is not a good thermal conductor with a thermal conductivity and a specific heat capacity comparable to that of wood. When the bonding layer is only composed of BCB (750nm thick in the calculation), Rth= 304K/mW. As shown in Fig. 20a, Rth can almost be divided by 3 by reducing its thickness to 300nm (80nm above the SOI waveguide) and being partly replaced a 450nm SiO2 layer. These measurements are in excellent agreement with the simulations especially for configurations using air, BCB and SiO2 when comparing the changes in Rth and in 𝑅 𝑡ℎ 𝑎𝑝𝑝 . When

MgF2 is used, the experimental decrease in 𝑅 𝑡ℎ 𝑎𝑝𝑝 is slightly less that what was expected from the simulations certainly due to the porosity of the deposited material.

It is now clear that the full encapsulation of our nanolaser in a dielectric material enables a large increase of heat sinking. Thus, MgF2 seems to be a very appealing material for our goal combining a low refractive index (1.38) and a relatively large thermal conductivity (10 times that of SiO2). However, from a practical point of view, its use may be restricted as it is a rugged material, resistant to chemical etching and very difficult to remove. Moreover, the deposited films are strained to the point of cracking when its thickness is beyond 100nm.

Despite the proof of the improved thermal sinking, the fabricated hybrid lasers were not able to exhibit stable CW operation, with performance declining after only few tens of minutes of pumping. Surface non radiative recombination had to be taken care of.

 Subduing surface non radiative recombination of carriers

During the processing of PhCs, plasma etching of the holes through the semiconductor slab exposes a large surface of active material with an increased density of non-radiative recombination centres for carriers, due to the bombardment of high energy ions [Kash88].

Moreover, as the typical dimension associated to the PhC structuration (~100nm) are well below the diffusion length of the carriers during their lifetime (~1μm), the effect of the increase of the surface recombination velocity is even more important and results in impressive carrier lifetime reductions from few ns to less than 10ps in GaAs-based PhCs [Yacomotti05], to 200ps in InP-based PhCs [START_REF] Raineri | Doubly resonant photonic crystal for efficient laser operation: Pumping and lasing at low group velocity photonic modes[END_REF]. Even though this can be advantageously implemented to achieve ultrafast switching (see part III.1), for laser emission, the consequences are nefarious.

The large rate of non-radiative recombination participates in heating the material which implies a decrease in the radiative efficiency. Then, it also directly raises the laser threshold [START_REF] Coldren | Diode lasers and Photonic integrated circuits[END_REF], as the injected carriers recombine before they can participate towards increasing the photon number in the cavity. This laser threshold rise leads also to further heating in the structure, possibly preventing the laser effect and at times even inducing material degradation.

This is, of course, particularly hampering in the CW regime.

In order to tackle this issue, two main approaches have been deployed, the first one consists in choosing active materials that are minimally affected by surface recombination like quantum dots (QDs) and quantum wires which confine carriers and suppress diffusion towards the surface [Nomura06] [START_REF] Martínez | Room temperature continuous wave operation in a photonic crystal microcavity laser with a single layer of InAs/InP self-assembled quantum wires[END_REF]. However, QW-based active materials, which are often desirable as they exhibit higher gain and higher saturation power, are not of this type. The second approach, which suits QWs, makes use of specific processing technology as plasma [START_REF] Ichikawa | Reduction in surface recombination of GaInAsP microcolumns by CH4 plasma irradiation[END_REF] or chemical treatment [START_REF] Englund | Low-threshold surface-passivated photonic crystal nanocavity laser[END_REF] to eliminate centres of recombination. For our InGaAsP QWs-based nanolasers, we chose to develop a technology based on chemical surface passivation to get rid of the non-radiative recombination centres and enable CW operation [START_REF] Crosnier | Subduing surface recombination for continuous-wave operation of photonic crystal nanolasers integrated on Silicon waveguides[END_REF].

To passivate the surface of our hybrid nanolasers in order to reduce the surface recombination, we use a procedure consisting in a 2-steps chemical treatment [START_REF] Boroditsky | Surface recombination measurements on III-V candidate materials for nanostructure lightemitting diodes[END_REF]. First, H2SO4:H2O2:H2O solution at a ratio 1:8:5000 is used during 10s to gently etch the surface of the InGaAsP material (QWs and barriers) in order to remove the material on the side walls damaged by the bombardment of the ions during the ICP etching. The sample is then plunged for 10min in a bath of (NH4)2S solution at a 10% concentration heated to 45°C which deoxidises the structures and fills the dangling bonds at their surface with sulphur atoms and remove the recombination centres [START_REF] Oigawa | Universal passivation effect of (NH4)2Sx treatment on the surface of III-V compound semiconductors[END_REF]. To stabilise the surface, the sample is coated with a thin film of SiO2 deposited using atomic layer deposition (ALD).

The carrier lifetime is measured at RT on the samples prior to and after passivation. We use a fs pump-probe set-up where the pump laser is a pulsed source at 810nm and the probe laser, synchronous with the pump, a source delivering 150fs pulses adjustable in wavelength to match the cavities resonances (in the 1.55μm range). The pump is focused on the cavity surface whereas the probe is injected into the SOI waveguides through the grating couplers. When the sample is pumped, carriers are created leading to a change in the refractive index of the material and to a consequent change in the resonant wavelength of the cavity. After the passage of the pump, the carriers recombine so the material refractive index recovers to its original value over the duration of the carrier lifetime. Thus, by following the shift of the resonance wavelength in the probe transmission spectrum as a function of the delay between the pump and the probe, the entire carrier dynamics may be traced. At the inflection point of the S-shaped curve, we can read the laser threshold at 5µW of absorbed pump power. In order to evaluate the impact of the carrier lifetime increase on the laser threshold, we characterise, in the pulsed regime, unpassivated and passivated cavities resonant at the same wavelength in order to keep the material gain constant. As can be seen on Fig. 22b, we measure a threshold reduction of a factor 2.5 which is in agreement with a rate equation modelling of our quantum well laser.

II.5. Electrical injection

Among all the issues to be tackled in PhC nanolasers, electrical powering is without any doubt, the most challenging. Indeed, the crux is to inject current efficiently in the nanocavity where the maximum EM field intensity is located without inducing disastrous optical loss with metallic contacts. This excludes, of course, contacting right on top of the cavity. of their active material which is locally regrown in the nanocavity defect. However, the measured electro-optic conversion efficiency (EOCE) is lower than 1.5% probably due to a relatively bad interfacing of these laser diodes with waveguides. All of these devices make use of air-bridged semiconductor PhCs, which are unsuitable as regards mechanical stability, environment isolation and heat sinking, and are not integrated with Si photonics. In what follows, I will describe our approach to the fabrication and the characterization of hybrid nanolasers [START_REF] Crosnier | Hybrid indium phosphide-on-silicon nanolaser diode[END_REF] which provide a solution to the previously cited issues.

 Principle and electro-optical design

Our nanolaser diodes is based on a 1D apodised PhC cavity made in a vertical InP-based PIN junction. As indicated in Fig. 24, the holes are not drilled as in the optically pumped structures into a ridge waveguide but into a rib waveguide which possesses a base extending on both side of the stripe. More in detail, the nanolaser is composed of a 450nm thick, 600nm wide and 15μm long InPbased rib waveguide drilled with a single row of equally sized holes (radius of 90nm). The semiconductor base (in blue in Fig. 24) on the side of the strip is 100nm thick and 5μm wide.

The hole-to-hole distance gradually increases from 300 nm in the centre of the structure to 330nm towards its sides moulding thereby, the spatial profile of the resonant EM field (at λ ≈ 1.55μm) into a Gaussian.

The electrical injection of our hybrid nanolasers relies on the exploitation of the large difference in mobility of electrons and holes in doped semiconductor, i. e. µe ≈ 70µh. It is engineered in a vertical n-i-p (NIP) heterojunction where the n-and p-doped layers are made of InP and In0.84Ga0.16As0.48P0.52 (see Fig. 24c), respectively, which thus avoids interband absorption at 1.55μm. Electrons are provided by n metallic contacts positioned on top of the structure at its far ends, whereas holes are provided by p metallic contacts situated on top of the semiconductor base at a distance d from the sides of the cavity region. In this configuration, as shown in Fig. 25a, the electrons travel in the n-doped layer along the semiconductor strip etched with the PhC, whereas the holes move in the p-doped layer towards the strip from its sides. 3D electrical simulations based on FEM were carried out to determine the radiative recombination spatial profile as a function of the metallic contacts positioning as well as their dimensions. These calculations show that, because of the large difference between μe and μh, the maximum carrier radiative recombination rate occurs in the centre of the cavity in front of the p contacts (blue curve in Fig. 25a. Finally, the p metallic contacts are placed in such a way as to draw a trade-off between the electrical injection efficiency and the optical losses they induce. 3D FDTD calculations taking into account free carrier absorption in the doped layers show that d must be larger than 0.5μm to maintain Q beyond 3×10 4 (Fig. 26b). As shown in Fig. 26a, the spatial overlap (SOv) of the carrier radiative recombination with the EM field intensity is better that 60% for d < 1μm. The product of SOv with Q and the overall radiative recombination rate (orange dots in Fig. 26a) defines a figure of merit whose maximum corresponds to a structure exhibiting the lowest laser current threshold (Supplementary [Crosnier Nat-phot]). Here, the optimal trade-off (Fig. 27b) is met when 0.5μm < d < 0.75μm.

 Fabrication and characterization

As for the optically pumped hybrid nanolasers, the fabrication consists in bonding the III-V semiconductor slab onto the SOI waveguide circuitry and then processing it to obtain the desired PhC structure. The full process flow of the nanolaser diodes is shown on Fig. 27. The specificity here is that the nanocavity patterning is done in 2 steps as 2 etched depths are necessary. First the holes are fully etched into the semiconductor slab and then, the base is formed by etching down the heterostructure till the p doped region. Subsequently, the metallic contacts are deposited (d = 1μm) and annealed at temperatures below 400 °C, which ensures compatibility with the CMOS backend of the line processing. Finally, the structure is passivated chemically to reduce the surface non-radiative carrier recombination and is encapsulated in SiO2. The hybrid nanolaser diodes were characterized at RT by applying a CW current (I). The emission is collected with single-mode optical fibres from grating couplers etched at the extremities of the SOI waveguides. Single-mode laser emission is obtained at 1.56μm (Fig. 28ainset) with a side-mode suppression ratio larger than 60dB for I less than 300μA. The voltagecurrent (V-I) curve of Fig. 28b shows a typical diode characteristic with a 0.75 V turn-on voltage and 1.8kΩ serial resistance, which is expected for a device of this dimension. A lasing threshold current of 100μA (at 1V applied voltage) can be deduced from the power-current (P-I) curve shown in Fig. 28b. The threshold value is confirmed by the abrupt change of variation in the linewidth and the central wavelength of the emission spectrum (Fig. 28a) at 100μA attesting to the carrier clamping at the transition from spontaneous to stimulated emission. The optical power coupled to the SOI waveguide is remarkably high. It reaches the value of 95µW.

The wall-plug efficiency is as high as 14% for I=300µA and the differential quantum efficiency is found to be 35%. These are record values in the world of small lasers.

II.6. Conclusion

During the past years, my team an I tackled each and every issue faced to demonstrate power- 

III. Nonlinear nanophotonic devices: all-optical switching and memories

Research on all-optical data processing is currently regaining momentum as the available technologies allow its consideration afresh for applications in datacom [START_REF] Slavík | All-optical phase and amplitude regenerator for nextgeneration telecommunications systems[END_REF],

analogic [START_REF] Daniel | Analog optical computing[END_REF] or neuromimetic [START_REF] Shastri | Principles of Neuromorphic Photonics[END_REF] computing. Indeed, the recent progress in the production of ultra-compact photonic micro/nanostructures where the EM field is tightly confined renders possible the active control of light by light with optical powers well below the mW range! For more than 30 years, research in nonlinear optics has aimed at increasing the power efficiency and the operating speed but also the capacity of these devices to be integrated together in a circuit and to perform in real life conditions. This constitutes one of the very stimulating research lines that I conducted during the last 10 years.

In this chapter, I will describe the work that I carried out on all optical switches and memories based on hybrid InP on SOI nanocavities. The operating principles of these devices rely on the exploitation of dynamic nonlinearities in semiconductor QWs in the weak absorption or gain regime. Most of the presented work was done during Alexandre Bazin's PhD.

III.1 All-optical switches

Ultrafast all-optical switching is one of the key functionalities in an optical network to process information by routing, gating, converting, etc., data at high bit rates. One of the ways to achieve these functionalities is to exploit optical cavities made of a nonlinear material.

Indeed, by tuning the optical properties (refractive index and absorption) of their constituting material via a nonlinear effect, their optical response can be dynamically modified. 2 optical configurations which are often used for all optical switching are represented in Fig. 29. The simplest one is a 2-port system (Fig. 29a) where an optical resonator is side coupled to a waveguide, the second one is a 4-port system (Fig. 29b) where it is coupled to 2 waveguides, usually used when spatial routing is necessary. The optical transmission (T) and reflexion (R) at the different ports are entirely determined by the resonator properties and its coupling to the waveguides. As an example, the transmission spectrum around the resonant wavelength of a PhC resonator coupled by evanescent wave to a waveguide is plotted in Fig. 30a. A dip is observed at resonance, its width and depth depending on the intrinsic, Q0, and coupling, Qc, quality factors. The transmission writes, with n and  the refractive index (RI) and absorption coefficient of the constituting material of the PhC cavity, as in [START_REF] Halioua | Hybrid III-V semiconductor/silicon nanolaser[END_REF],:

𝑇(𝜔) = |1 - 1 𝑄 𝑐 ⁄ 2𝑗 𝜔 -𝜔 0 (𝑛) 𝜔 0 (𝑛) + 1 𝑄 0 (𝛼) ⁄ + 1 𝑄 𝑐 ⁄ | 2
As indicated in Fig. 30a, a change in the RI and/or the absorption coefficient of the cavity, will result in a wavelength shift and/or a deepening of the dip observed in transmission spectrum. By probing such a system at a fixed wavelength (red and blue curves on Fig. 30b) as the refractive index and the absorption are changed, the transmission experiences a strong modification which can be used to switch a signal.

 Enabling nonlinear effects

The optical properties of a material can be tuned via different physical phenomena exhibiting different efficiencies (nonlinear refractive index) and time constants. The most important ones are the well-known thermo-optical effects, carrier induced effects (dynamic nonlinearity) and the Kerr effect. The typical characteristics of such effects when used for all optical switching with semiconductor bulk materials are summed up in Table 4. All these effects were exploited to achieve all-optical switching using semiconductor micro/nano resonators. 

Thermo-optical switching:

This effect is interesting due to its simplicity of implementation but speed must not be a crucial issue. In most cases, the heating of the structure is optically induced through 2-photon (or multiphotonic) absorption (TPA) and free carrier absorption (FCA), the excited carriers relaxing their energy with phonon emission [Barclay15]. The recovery time is usually in the µs scale, the time needed for the cooling down [START_REF] Moreau | Transient thermoreflectance imaging of active photonic crystals[END_REF].

Kerr effect switching:

On the other side of the chessboard, the optical Kerr effect which is an intrinsic nonlinear effect, allows quasi instantaneous recovery times only limited by the photon lifetime in the resonator.

However, due to its poor energetic efficiency, very large EM field intensities are necessary for all-optical switching [START_REF] Boyd | Nonlinear optics[END_REF]. Indeed, n2, the intensity dependant part of the refractive index, is at least 4 orders of magnitude weaker than that of the other physical effects presented in Table 4.

Carrier induced switching:

Carrier induced nonlinear effects seem to be ideal for all optical switching as they allow, in principle, excellent performance both in terms of power efficiency and speed. These are the effects I chose to implement. There, the RI and/or the absorption (gain) of the material are changed by modifying the carrier density with photoexcitation [START_REF] Koch | Band-edge nonlinearities in direct gap semiconductors and their applications in bistability[END_REF]. The switching dynamics, in this case, is directly governed by the carrier lifetime. The power efficiency of such a process is linked to the nature of the photoexcitation which is usually due to linear absorption (LA) when the switch is activated with photons with energy (h) below or at the edge of the semiconductor bandgap (Eg) or due to TPA when Eg < h< 2Eg. It depends, of course, also on the material used. Amongst all the materials used for integrated optics, Silicon and III-V semiconductors are the most exploited for this purpose. For the past 15 years, micro/nano resonators such as microrings and PhC cavities have been intensively explored for all optical switching of signal in the 1.55µm telecom window. When Silicon or GaAs is used, the carrier density in the material is modified through TPA of a pump beam. In 2004, Almeida et al [START_REF] Almeida | All-optical control of light on a silicon chip[END_REF] demonstrated switching using very compact SOI ring resonators (10µm diameter) coupled to a single waveguide. They produced a transmission change of about 94% with 25pJ 10ps long pump pulses at a repetition rate of 78MHz. The recovery time was measured to be 450ps. PhC nanocavities were considered with the view to diminishing the switching energy.

In [START_REF] Tanabe | All-optical switches on a silicon chip realized using photonic crystal nanocavities[END_REF], the authors demonstrated all optical switching in suspended PhC cavities made in suspended Si membranes. For a switching energy of about 0.4pJ (6ps long pulse at 10MHz repetition rate), the author observed an almost 90% change in the transmission of the sample.

The recovery time was measured to be around 270ps. The speed of the switches can be dramatically reduced using III-V semiconductors structures, especially with GaAs-based PhC resonators. GaAs is a material exhibiting a particularly large surface recombination velocity (vs=10 5 cm.s -1 ) compared to Si (10 2 cm.s -1 ) and InP (5x10 3 cm.s - 1 ). I demonstrated during my PhD that in GaAs-based PhC the carrier lifetime drops from few ns to less than 10ps due to the increased ratio of surface over volume in such structures They also showed that the switching time is strongly affected by the diffusion of carriers out of the cavity which can be as fast as 20ps. However, this fast diffusion is not the sole mechanism for the recovery of the system and it takes in fact a much longer time (few hundreds of ps) to come back to its initial stage. These results are summed up in Table 5 where I also added our results on all-optical switching using hybrid InP-on-SOI nanocavities.

All the previously described studies report the demonstration of all optical switching enabled by carrier induced nonlinear effect with interesting performance in terms of switching energy and speed, but using low repetition rate pump pulsed source (typically few 10s of MHz). This Further, it is possible to reduce even more the lifetime of the carriers by material engineering as using surface growth of QWs [Symonds05]. Our idea was to judiciously combine the manipulation of the carrier lifetime in InP-based materials through surface growth of quantum wells (QWs) and material processing so as to maximise the speed of the nonlinear process. The structure under investigation is represented on Fig. 32a. Here, the nanobeam cavity is made in a 260nm thick InP slab flanked by 2 InGaAs QWs (~10nm thick). It was designed to exhibit its first order resonant mode close to 1.55µm.

As can be seen on the transmission spectrum of Fig. 32b, resonant modes are visible as dips in the transmission, at 1554.7 nm and 1586.9 nm. The loaded (QL), coupling (QC), intrinsic (Q0)

and absorption (Qabs) Q factors deduced from the measurements and coupled mode theory are reported on Table 6.

QL QC Q0 Qabs
Mode 1 1720 3100 17000 5000

Mode 2 1250 1800 4100

Table 6: Loaded (QL), coupling (QC), intrinsic (Q0) and absorption (Qabs) Q factors. For Mode 2, the Q factor associated to the sum of the intrinsic loss and absorption was deduced.

In particular, Qabs was experimentally retrieved by saturating the absorption using ps pulses and measuring the transmission spectrum (this was only possible for Mode 1 due to the limited wavelength tuning range of our ps laser source).

In order to demonstrate the capacity of this system to be used as a fast and efficient switch, we perform non-degenerate (100fs Ti:Saph laser pump@810nm and OPO probe around 1550nm)

as well as degenerate pump-probe experiments (2ps modelocked fibre laser). The former technique allows us to determine without any ambiguity the carrier lifetime in the structure. The spectrum of the probe pulses transmitted through the sample is plotted in Fig. 33a as a function of t, for an absorbed pump energy of 6fJ. Immediately after the arrival of the pump, we can see that the resonance blue-shifts by max=1.8nm due to the associated rise in the carrier density in the semiconductor (rise time ~0.9ps). Then, as the pump-probe delay is increased, the resonance gradually shifts back to its initial wavelength due to the recombination of the carriers. To extract the carrier lifetime, we plot in Fig. 33b, the resonant wavelength as a function of t and fit the obtained experimental data with a single exponential decay function.

We find that the exponential function fits closely the experiment for nr equal to 30ps. This indicates that the carrier lifetime is entirely determined by the non-radiative recombination processes which are here greatly enhanced by the deliberate manipulation of the material. This fast return of the carrier gives a first estimation of the speed (~30 GHz) of operation of a switch based on this type of sample. To determine accurately the switching speed, it is necessary to perform a pump probe experiments where the probe pulse bandwidth is of the order of the resonance linewidth of the cavity as it is in this configuration that the system should be operated

In order to obtain maximum switching contrast. Degenerate pump-probe experiment using a heterodyne detection scheme [] (depicted in Fig. 34a), is carried out to measure the switching speed. We plot in Fig. 5, the measured probe transmission normalized to its peak value as a function of the pump-probe delay. Right after the pump pulses arrival, the probe transmission rapidly jumps to its peak value as the resonance shifts away from the probe wavelength. When the pump pulses energy is set at 40 fJ (inside the SOI waveguide), a contrast greater than 50% is obtained in the probe transmission. As the pump-probe delay is increased, the system returns to its equilibrium state leading to a decrease in the probe transmission. An exponential fit of the return of the probe transmission to its initial value gives a switching time of 10ps, 3 times faster than the carrier lifetime letting us envisage switching experiments on high bit rate data stream.

Comparison with NTT's work:

NTT's work which was previously described constitutes a landmark demonstration for using

PhC nanocavities for all optical switching. The demonstrated switching energy of the order of the fJ is outstanding. However, I believe their claim of 20ps switching time to be inaccurate as they observe a full recovery of their system for much longer times (200ps).

As they use similar nonlinearities and material, the comparison with our system is particularly relevant. The characteristics and the results obtained in both systems are shown in Table 7.

System Vmod (µm NTT worked with a cavity exhibiting a smaller modal volume and a higher loaded Q. They also claim that the InGaAsP material constituting their cavity possesses a higher coefficient of refractive index change with carrier density. The confinement factor ratio of the volume of the active material to that of the modal volume)in their structure is also 16 times greater. The switching energy necessary to obtain a 3dB change in transmission was measured to be 2 orders of magnitude smaller than for our system. However, our switching time is 20 times faster. To explain such a difference, let's derive the expression of the switching energy which is defined as the energy of the optical pulse to insert in the nanocavity to shift its resonant wavelength by 0.5 FWHM. Assuming a 100% quantum efficiency in the photon-carrier conversion, the rate equations ruling de carrier density (N) and photon number (S) in the system writes:

𝑑𝑁 𝑑𝑡 = - 𝑁 𝜏 𝑛𝑟 + 1 𝑉 𝑚𝑜𝑑 𝑆 𝜏 𝑎𝑏𝑠 𝑑𝑆 𝑑𝑡 = -( 1 𝜏 𝑝 + 1 𝜏 𝑎𝑏𝑠 ) 𝑆 + 𝑃 𝑖𝑛 ℎ𝜈
Where Vmod is the modal volume, Pin the incident pump power, nr and p the non-radiative carrier recombination and cavity photon lifetimes and abs the time constant associated to the absorption of the material. The steady state solutions of the equations are:

𝑆 0 = 𝑃 𝑖𝑛 ℎ𝜈 ( 1 𝜏 𝑝 + 1 𝜏 𝑎𝑏𝑠 ) -1 𝑁 0 = 𝜏 𝑛𝑟 𝑃 𝑖𝑛 𝑉 𝑚𝑜𝑑 𝜏 𝑎𝑏𝑠 ℎ𝜈 ( 1 𝜏 𝑝 + 1 𝜏 𝑎𝑏𝑠 ) -1
The condition to shift the resonant wavelength by 0.5 FWHM (=) can be expressed as:

𝛿𝜆 𝜆 = 1 2𝑄 𝐿 = 𝛿𝑛 𝑛 = -𝜎 𝑐 Γ𝑁 0 𝑛
Where n is the refractive index. We obtain for the switching power, Psw:

𝑃 𝑠𝑤 = 𝜋𝑛ℎ𝜈 2 𝑉 𝑚𝑜𝑑 𝜏 𝑎𝑏𝑠 -𝜏 𝑛𝑟 𝜎 𝑐 𝑄 𝐿 2 Γ 𝑄 𝐿 𝑄 𝑐
Noticeably, Psw is proportional to Vmod/QL 2 , which shows clearly why PhC nanocavities are ideal for all-optical switching. By feeding the model results with the parameters of Esw is determined by solving the rate equations in the time domain by considering square input pulses of duration pulse. As an example, the blueshift  is plotted as a function of the input pulse energy on Fig. 35, for our structure. The calculated and measured switching energies closely match for both structures.

It is clear that, in order to compete with NTT's structure in terms of switching energy, more work should be put in the engineering of the material constituting our PhC nanocavity. The surface QWs allow us to decrease drastically the carrier lifetime but at the expense of a less efficient nonlinear effect. A combination of the use of InGaAsP material similar to NTT's with the surface QWs could be an interesting solution.

 Demonstration of high-bit rate operation

Even though our approach may not be the best in terms of switching energy, it is the only one which has demonstrated its capacity to process data at the system level at speeds beyond 10Gbits/s. In collaboration with CNRS-FOTON (PERSYST platform), we performed 2 types of operation using our hybrid all-optical switch: wavelength conversion [Bazin14-3]

[Lengle14] and power limitation for signal regeneration [START_REF] Trung-Hien | Phase-Preserving Power Limiting Function Using InP on SoI Photonic Crystal Nanocavity[END_REF].

Wavelength conversion:[Bazin14-3][Lengle14]

The operation principle of wavelength conversion is depicted in Fig. 36. It consists in transferring the data pattern encoded at 1 wavelength (pump) onto another signal at 2 (probe).

This was performed at 10Gbits/s [Bazin14-3] on the sample described above and at 20Gbits/s

[Lengle14] onto a slightly different sample which exhibits the transmission spectrum of Fig.

36.

Fig. 36: Wavelength conversion principle of operation.

A pseudorandom binary sequence was injected at 1 = 1532nm as a pump signal. A continuous probe signal was sent at 2 = 1563nm. When the cavity resonance shifts dynamically under the pump action (here of about 0.5 nm), the probe transmission increases converting thereby the signal at the probe wavelength. For a coupled pump peak power of 6 mW, a fully open converted eye diagram with no signal distortion is obtained (see Fig. 37a). Gbit/s versus the receiver input power for the reference (blue circles) and for the converted signal (red triangles).

The black dots indicate the bit error rate of the reference with a degraded extinction ratio (ER) of 3.6 dB.

As indicated in Fig. 37b, the bit-error rate (BER) measurements show error free operation on the converted signal (red triangles) with a power penalty of 4 dB compared to the reference.

The low extinction ratio (ER) of the converted signal was demonstrated to be at the origin of the BER degradation and that the time response of the device has no impact on the BER 10Gbits/s and 20Gbits/s. This clearly demonstrates that the BER is not limited by the dynamics of the switching mechanism provided by our hybrid InP/SOI PhC cavities with InGaAs surface QWs.

Power limitation for signal regeneration: [START_REF] Trung-Hien | Phase-Preserving Power Limiting Function Using InP on SoI Photonic Crystal Nanocavity[END_REF] Power limitation functionality allows the clamping of the output power of the device at a certain level. In our case, it is based on the nonlinear response of the nanocavity with the input power.

As indicated in Fig. 38a, the transmission (Pout/Pin) of a signal set a wavelength on the blue side of the resonance will decrease when its power is increased due to the induced blueshift of the resonant mode. By properly adjusting the wavelength of the input signal with respect to that of the resonance, it is possible to obtain a flat response of the device in output power versus the input power.

One of the interesting applications to this power limiting functionality is signal regeneration.

Noise was added on the "1" level of the optical signal modulated at 20Gbits/s inserted in the device. When the wavelength and the input power were correctly set, a strong reduction of the noise was measured in the output power (see eye diagram of Fig 38b). It resulted in important power penalty reductions on the BER (11.5dB for "strong" noise and 4.5dB on "slight" noise) as observed in Fig. 38c, demonstrating thereby the signal regeneration.

III.2 Flip-flops and memories

Optical flip-flops are of great importance for applications as they are at the base of logical data processing but also of functionalities such as signal regeneration [START_REF] Nonaka | Digital signal regeneration with side-injection-light-controlled bistable laser diode as awavelength converter[END_REF] and random access memory (RAM) [START_REF] Nozaki | Ultralow-power all-optical RAM based on nanocavities[END_REF]. Optics and photonics have been envisioned since the sixties [START_REF] Szöke | Bistable optical element and its applications[END_REF] as providers of bistable systems for the production of flip-flops.

Optical bistability, as its name indicates, refers to a situation in which an optical system can generate two different stable output powers from a single ensemble of input parameters. This phenomenon is often characterised by the observation of a hysteresis cycle in the graph depicting the output power versus the input power (Fig. 39). For a given input, either the upper or the lower branch output values are obtained, depending on how the system is prepared. This cycle may be clockwise or anticlockwise which indicates the way of acting on the system in order to switch from one state to the other. of ns for thermal effects). PhCs allow bistable switching with powers as low as few tens of nW [START_REF] Nozaki | Ultralow-power all-optical RAM based on nanocavities[END_REF] thanks to the strong light localisation occurring in these structures. However, the achievement of continuous operation of these bistable devices remains a challenge mainly due to the poor heat evacuation in the structure and the extreme sensitivity of its optical properties to the environment. Only one recent work, again by NTT [START_REF] Nozaki | Ultralow-power all-optical RAM based on nanocavities[END_REF], put in evidence a stable bistable operation over 10s. This was achieved thanks to a fine optimisation of the structure material (use of buried heterostructure) which facilitates very low operating powers reducing thereby heat generation. Nevertheless, this system is still not optimal as the measured memory dynamics, characterised by a switching time of 44 ps and a recovery time of about 7ns, is rather slow and should be improved to compete with electronic devices.

For the last few years, we focused our attention on the bistable operation that can be obtained with our hybrid PhCs operated in the laser regime. This type of bistability is based on the injection locking mechanism, which was studied in other types of semiconductor lasers such as edge emitters [Kobayahi82 and VCSELs [START_REF] Hong | Power and frequency dependence of hysteresis in optically bistable injection locked VCSELs[END_REF], but also more recently in InP-based PhC lasers [START_REF] Chen | All-optical memory based on injection-locking bistability in photonic crystal lasers[END_REF]. It allows both low power consumption and fast dynamics.

 Injection locking based bistability in hybrid InP-on-SOI PhC nanolasers [START_REF] Fitsios | Ultracompact III-V-on-Si photonic crystal memory for flip-flop operation at 5 Gb/s[END_REF] Optically injected semiconductor lasers have also been widely studied due to their potential for obtaining amplifiers [START_REF] Bouche | Vertical-cavity amplifying photonic switch at 1.5 μm[END_REF], narrow linewidth sources [START_REF] Mogensen | FM noise suppression and linewidth reduction in an injection-locked semiconductor laser[END_REF], or nonlinear devices [START_REF] Barland | Cavity solitons as pixels in semiconductor microcavities[END_REF]. Since the beginning of my work on nanolasers, the study of an efficient bistable and memory effect was one of my principal aims. The hybrid platform was once again ideal to reach this goal.

Under optical injection, a laser may exhibit a strong nonlinear response due to the particularly high optical nonlinearity resulting from stimulated emission. Indeed, the stimulated emission rate, Rst is directly proportional to the intracavity photon number which is changed when light is injected. As can be seen in the rate equation model in part II.2, both carrier density and photon numbers are impacted by such a change affecting thereby the overall optical response.

Optical bistability may be obtained in the way depicted in Fig. 40. Light is injected in the laser at ext, red-detuned with respect to the free running laser emitting wavelength (f) (Fig. 40a i). For low injection powers, the carrier density is close to Nth (carrier density at the laser threshold) and the cavity resonant wavelength to λf so that the injection is very inefficient. Indeed, here, the detuning is around 3 times greater than the loaded cavity linewidth. When the injection power increases, stimulated recombination of carriers increases giving thereby a lower carriers density. As a consequence, the cavity resonance is pulled towards the injection wavelength (due to the change of refractive index with N), rendering the injection more and more efficient which explains the very nonlinear increase of the locked photons around Plock ≈ 5.2 μW (Fig. 40c) and decrease of carrier density (Fig. 40d). Beyond this power, the system is in the locked state (Fig. 40a ii). In order to come back to the unlocked state, the injected power has to be decreased to a level Punlock smaller than Plock to obtain intracavity intensities sufficiently low to retrieve the initial carrier density (Fig. 40a iii).

Experimental demonstration of bistability and memory effect:

In order to observe the predicted bistable behaviour, we experimentally inject our integrated PhC nanolaser with an external CW laser, brought in through the SOI waveguide, and whose frequency is red detuned with respect to the laser emission. As indicated in the schematics of the experimental set-up on Fig. 41a, the injection ("Tunable laser source") is reinforced by a femtosecond (or picosecond) mode-locked laser pulse centred at the same wavelength. The role of the CW external injection is to maintain a constant light injection bias while the short pulse gives the necessary "kick" in the power to switch (if the required conditions are met) the laser emission from the unlocked state to the locked state. The sample under investigation is an optically pumped hybrid nanolaser is emitting at 1571.2nm

with an apodised nanobeam cavity. The laser threshold is measured at a pump power of 665µW, corresponding to 4µW of absorbed power. Bistable operation is demonstrating by measuring the emission power spectrally filtered at the free running laser wavelength as the nanolaser is injected. When the injection power is set to a value in the bistable range of the sample, the situation illustrated by Fig. 41b occurs. The filtered emission (black trace) rapidly switches from the unlocked state (up state) to the locked state (down state) and stays locked after the "Set" pulse arrival (red trace). The blue trace shows the injection power which is periodically briefly turned off ("reset") with an acousto-optic modulator to let the PhC laser return to its free-running state and be able to restart the bistability process. Here, the experiments are performed at a 0.5 Hz repetition rate which allowed us to demonstrate that the system stays in the stable locked state for at least 2s! This clearly shows that our surface passivated encapsulated hybrid PhC lasers may be used as an optical memory with extremely long memory time. These measurements are repeated as a function of the injected power. We plot, in Fig. 42, the filtered emission levels before and after the "Set" pulse arrival. When the injection power is less than 8 μW (bistable threshold), the emission levels before and after the "Set" pulse are measured to be identical showing that the system is not operated in its bistability range and stays unlocked. When the injection power is between 8μW and 18μW, the system is operated in its bistability range as 2 different values are obtained for the output. When the injection power is greater than 18 μW, the system is locked, its output is not impacted by the arrival of the "Set" pulse any more. We are out of the bistability range. Thus, by looking at Fig. 42, we clearly obtain a clockwise hysteresis cycle in the system response which is a typical feature of such bistable system as expected from the theory. Bistability is observed for weak injected powers of few μW with a bistability range of about 10μW (width of the hysteresis cycle) which shows how power efficient these devices can be. The switching energy necessary to flip the system is as low as 0.4fJ and the contrast between the 2 states is measured to be of about 40dB! It is also worth noting that these values nicely correspond to those of the modelling (Fig. 40) where the parameters of the PhC lasers were plugged-in.

High bit-rate operation:

In order to fully evaluate the possibility of our devices, system measurements at 5Gbits/s

[Fitsios16] and 10Gbit/s [START_REF] Alexoudi | III-V-on-Si Photonic Crystal Nanocavity Laser Technology for Optical Static Random Access Memories[END_REF] were performed. This was done in collaboration with Aristotle University of Thessaloniki in Greece. This allowed us to gather information about the dynamics of our bistable switches as well as their capacity to act as set-reset flip flops (SR-FF)

for high speed data processing.

Based on the hysteresis cycle of Fig. 42, the Set and Reset signals which drive an SR-FF can be simultaneously encoded on the same injection signal, as shown in Fig. 43a. The Set signal is being represented by the high-level logical '1' pulses exceeding the bias threshold and the Reset signal by reversely biased pulses appearing as logical '0's and corresponding to the absence of optical power. The offset power level of the injection signal acts as the biasing threshold and is employed to enable operation in the bistable regime so that the laser retains its state. Fig. 43a shows all the possible states of the SR-FF as a function of the injection. When a Set pulse inputs the device (S=1), the SR-FF enters its locked state meaning no optical power exits the device, corresponding to a '0' logical output (Q=0). When a reset signal is inserted (R=1), the device returns to its unlocked state giving a large power level at the output (logical '1', Q=1). Whenever the injected signal power equal the bias threshold, the SR-FF keeps its previous state operating in its storage regime.

The experimental set-up used to evaluate the nanolasers as SR-FF is shown on Fig. 3. In particular, a dedicated set-up was mounted for the generation of the optical signal which encodes the set and reset signals as well as the bias. 

IV. Conclusion

In the last chapters, I presented my work focused on III-V on Si nanophotonics, especially on nanolasers and nonlinear photonic devices. This work ranges from understanding light propagation in semiconductor based nanostructures and its nonlinear interaction with matter, to technological developments and device assessments. I strongly believe that the research achievements of my team and I, all constitute original progress and greatly contribute to let grow nanophotonics to maturity.

For the sake of personal economy and that of the readers, I decided not to write in detail about other research projects in which I was involved. But I cannot resist sharing through a brief description the most important one which concerns nonlinear parametric interactions. Maybe the most important one concerns nonlinear parametric interactions. Right from the start of my research career, I was particularly interested in tapping the properties of semiconductor photonic crystals for nonlinear optics, especially for second and third order nonlinear effects at telecom wavelengths. This opens up a vast panoply of devices and functionalities such as frequency doublers, parametric amplifiers, frequency combs or entangled photon sources, which may be integrated into a photonic circuit. Before considering the hybrid platform, optical investigations of the inherent nonlinearity were scrutinized on air-bridged semiconductor PhCs.

Inspired by the collaborative work lead by Thales Research and Technology [Colman2010],

InGaP was firstly picked up as "the" material for our studies related to nonlinear optics as the detrimental 2-photon absorption at 1.55µm is hindered by the large electronic bandgap of this material. Soliton propagation in InGaP based slow-light PhC waveguide was carefully inspected by mapping the progression of a short pulse in the temporal domain. Besides the observation of temporal compression, a surprising acceleration of the pulse was observed as the input energy was increased [START_REF] Raineri | Time-domain mapping of nonlinear pulse propagation in photonic-crystal slow-light waveguides[END_REF]. The hybrid approach was implemented for producing GaInP on Insulator (GaInP/SiO2/Si) heterostructure to study four-wave mixing (FWM) process.

In collaboration with Ghent University, FWM [Dave15-1] and super continuum generation were demonstrated in wire waveguides. FWM was also demonstrated with record efficiency in this platform using PhC slow-light waveguide. Most importantly, this was put in evidence in the CW regime thanks to the enhanced thermal sinking in the hybrid platform [START_REF] Martin | GaInP on oxide nonlinear photonic crystal technology[END_REF]. 

V. On-going and future work

In this final part of the manuscript, I will briefly describe my on-going and future research projects.

 Nano-optoelectronic devices

Up to now, most of my efforts in this domain has been devoted to investigations on nanolasers.

Achieving a near perfect compact nanolaser diode is one my obsessions. This goes necessarily with a systematic exploration of each and every aspect defining the laser characteristics, both static and dynamical. My team and I keep on carrying out thorough theoretical and experimental investigations of the impact of the cavity optical design, the optical coupling to the SOI circuitry, the carrier injection schemes, and the choice of quantum-confined material for gain, on the performance. Of particular interest, the 3D integration of the InP-based semiconductors with SOI offers new avenues for the conception of the lasers by, for example, combining nanostructuration in both the passive and active materials to form a cavity.

Our findings on how to achieve electrical injection and the integration to Si based photonic circuits unlock a myriad of possibilities for the development of other nano-optoelectronic devices such as amplifiers, modulators and photodetectors. Lately, we proposed a novel optical configuration suitable for achieving these functionalities.

The configuration is displayed on Ultimately, it is crucial to assess the co-integration of these devices in the same photonic circuit and to know how densely it can be made. This way it will be possible to access a photonic technology enabling unprecedented complexity and performance in terms of speed and power consumption.

 Coherently coupled active nanocavities: photonic analogue to atomic systems

This study is inspired by the analogy between atomic and photonic coherence effects occurring in multilevel atoms [START_REF] Harris | Lasers without inversion: Interference of lifetime-broadened resonances[END_REF] [Rehler71] and in multiple coupled resonators [START_REF] Smith | Coherence phenomena in coupled optical resonators[END_REF],

respectively. Amongst these effects, superradiance and lasing without population inversion in a different context, on spontaneous symmetry breaking of 2 optically pumped evanescently coupled PhC lasers, there has been no report on the coupling of active nanocavities.

The hybrid platform where III-V semiconductors nanostructures are heterogeneously integrated onto a SOI waveguide is one of a kind for our objective as it enables an extensive control over the optical intercoupling of active nanocavities through quasi-lossless SOI waveguides. Indeed, the coupling strength as well as the coupling phase () can easily be tuned with great accuracy by simply adjusting the geometry of these structures. Moreover, these parameters can be kept perfectly stable over time as we deal with integrated structures. One of the simplest coupling schemes consists, as shown in Fig. 46, in fabricating 2 active nanocavities on top of the same SOI waveguide. The demonstration of superradiance and LWPI will be our target. These phenomena arise from the linear coupling of 2 active optical cavities resonating at the same wavelength. In superradiance or cooperative cavity emission, the proper coupling and phasing ( =p, p an integer) of 2 active resonators induce a strong reduction in the laser threshold and a redirection of the emitted light into a useful path (here in the SOI waveguide). In LWPI, lasing can occur even though the total gain per unit length in the material does not exceed the loss per unit length.

The resonators are pumped so that population inversion is obtained in one of them (gain=G1>1) whereas it is not the case in the second one (G2<0). Globally, the product G1G2 is less than 1.

Lasing can occur due to the coherent trapping of light in paths only localised in the resonator with gain, thanks to intricate constructive and destructive interferences provoked by the coupling of the 2 resonators. This is an unprecedented way of reducing the laser threshold. On the other hand, we will also take advantage of these specific optical configurations with intertwined cavities to induce faster dynamics and modulation bandwidth of the so-formed laser. For this purpose, we will, for example, study one of the novel aspects, which is the impact of the modulation of the pumping of one of the cavities on the overall laser behaviour.

 All-optical photonic computing

Up to now, an important of my work has been concentrated on the development of nonlinear nanodevices such as ultrafast all-optical switches and flip-flops. As the performance of nanophotonic devices in terms of footprint, power consumption and speed, exceed by far that of traditional ones, applications which were dismissed in the past are now back into consideration. Computing is one of them. The idea is not to completely replace electronics by photonics but to take advantage of both within the same platform. For example, some recent visions [START_REF] Maniotis | Optical Buffering for Chip Multiprocessors: A 16GHz Optical Cache Memory Architecture[END_REF] indicate that it is possible to relax the existing electronic memory bottleneck within central processing units (CPUs). Indeed, this should overcome the long access times and limited bandwidth of current off-chip electronic random access memories which limit today the overall computational power.

I intend to contribute in this domain, firstly by pushing my work on ultrafast all-optical gates, in Collaboration with THALES, towards applications related to analogic signal sampling for digital conversion. Besides improving the power consumption of our devices, the key issue is to interlace several gates on the same chip to achieve the desired functionality. An example of such a circuit is represented on Fig. 47a. Last but not least, the hybrid nanophotonics technology represents a very interesting opportunity for developing efficient devices acting like neurons for brain inspired computing.

Of particular interest is the possibility to obtain electrically pumped spiking nanolasers using a coupled cavity approach. As theoretically predicted in [START_REF] Giacomotti | Self-pulsing nanocavity laser[END_REF], by coupling a cavity driven in the gain regime to another one in the saturable absorption regime (Fig. 47b), it is possible to enter dynamical operation regimes such as self-pulsing or excitable regimes which mimic the activity of a neuron.

 Nonlinear parametric sources

Resonant four wave mixing has been extensively studied in integrated microrings resonators which led to impressive demonstrations of optical parametric oscillators [START_REF] Levy | CMOScompatible multiple-wavelength oscillator for on-chip optical interconnects[END_REF], frequency combs sources [START_REF] Pu | Efficient frequency comb generation in AlGaAs-oninsulator[END_REF] [Del'Haye11], entangled pairs of photons [START_REF] Grassani | Micrometer-scale integrated silicon source of time-energy entangled photons[END_REF] or heralded single photon generation [START_REF] Clemmen | Continuous wave photon pair generation in silicon-on-insulator waveguides and ring resonators[END_REF], squeezed light generation [Dutt2015]. These structures are particularly interesting because the energy conservation condition of the FWM process is ensured by solely tailoring the dispersion of their constituting waveguide. The strength of the parametric interaction inversely scales, in these structures, with their radius, its minimum value being determined by the maximum acceptable bending losses. On the other hand, PhC cavities offer very strong light matter interaction thanks to the provided tight optical confinement in diffraction limited volume. However, satisfying the energy and phase matching conditions is not trivial in these nanophotonic structures. The fundamental issue is the spectral alignment of 3 resonances which becomes increasingly challenging as the Q factor increases. It is only lately that we realised that the very same cavity design (apodised nanobeam cavity) we use for nanolasers are suitable for triply resonant FWM.

Indeed, in these cavities, photons are trapped, by construction, in a parabolic potential to shape the EM field amplitude in the fundamental resonant mode as a Gaussian. Interestingly, as in a harmonic oscillator, the higher order modes are distributed in the cavity in shapes depicted by Hermite Gauss functions (see Fig. 48) and their resonant frequencies are perfectly equispaced.

It is ideal for FWM applications. We are currently working on Hybrid structures where InGaP nanobeam cavities are integrated on SOI waveguides. The main issue, here, is to optimise the processing technology in order to obtain cavities with Qs well beyond 10 5 and to reduce as much as possible the structural disorder in order to maintain the frequency mode spacing constant. Optical parametric oscillation with sub-mW threshold is within reach. I also intend to expand through collaborations, the impact of such nonlinear structures to quantum optics by using them to generate heralded single photons or squeezed light. I would like to highlight here the « nanosciences projects » teaching that I conducted along with my colleagues (A. Anthore then M.L Della Rocca). This teaching unit aims at initiating and training students in Nanosciences following an experimental approach which includes device fabrication by standard micro and nano-processing techniques in clean room, device characterization using microscopy and optical or transport measurements. The proposed topics cover optics and photonics with projects on photonic crystals, plasmonics and vertical extended-cavity surface emitting lasers; nano-electronics with projects on conductance quantum, quantum transport and organic transistor; and materials science with projects on Graphene, Carbon Nanotubes, Nanomagnetism and MicroElectroMechanical systems. This teaching unit was recently the object of a book chapter. 
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  More in detail, I lead my work along 3 research directions namely, nanolasers, nonlinear nanophotonic devices and parametric nonlinear nanophotonics. Nanolasers: Since my recruitment in 2005 at Paris Diderot University, the major part of my research activity at formerly Laboratoire de Photonique et de Nanostructures (LPN), now Centre de Nanosciences et de Nanotechnologies (C2N) is on the development of InP on Silicon photonic crystal nanolasers emitting in the telecom window and the exploration of their properties.

  Photonique et de Nanostructures (LPN), now Centre de Nanosciences et de Nanotechnologies (C2N), since my recruitment at Université Paris Diderot in September 2005. I will not be presenting an exhaustive description of all the work I have done since the completion of my PhD but a selection of what I feel represents the main body of my research activities which is on III-V semiconductors on Silicon hybrid nanophotonics. In the first part, I will briefly present the background of this research domain introducing the salient concepts involved. Then I will describe individually the 2 research directions I chose to follow which are nanolasers and nonlinear nanophotonic devices.

Fig. 1 :

 1 Fig. 1: Photonic band structure of a 2D PhC made of a triangular lattice of cylindrical air holes drilled into a semiconductor slab [Joannopoulos97] and the 2 types of PhC resonator.

  [START_REF] Paddon | Two-dimensional vector-coupled-mode theory for textured planar waveguides[END_REF] [START_REF] Ochiai | Dispersion relation and optical transmittance of a hexagonal photonic crystal slab[END_REF]. Obviously, these are the modes that should be used to build low threshold surface emitting PhC lasers. Our demonstration of surface laser emission in [Vecchi07-1] [Vecchi07-2] relies on the use of these particular modes occurring in graphite lattices[START_REF] Mouette | Very low threshold vertical emitting laser operation in InP graphite photonic crystal slab on silicon[END_REF] of air holes drilled into an InP based membrane. More in detail, in, the InP-based PhC is bonded on a Si substrate via Au-In eutectic bonding. A schematic representation as well as a scanning electron microscope (SEM) picture can be seen in Fig.2.

Fig. 2 .

 2 Fig. 2.: From [Vecchi-2]. a) Schematic cross-section of the investigated PhC structure. SEM picture of the surface of sample.

Fig. 3 .

 3 Fig. 3. From [Vecchi-2]. a) Spectrum of the laser emission from the fabricated sample. b) zoom of a). c) IR image of emitted beam.

Fig. 4 :

 4 Fig. 4: From [Halioua09]. SEM picture of the PhC slow light waveguide laser. Right: Dispersion relation of the PhC waveguide together with the photoluminescence spectrum obtained under optical pumping.

  the defect cavity and the periodic mirrors. In PhC, an in-plane propagating EM field may perfectly be confined in the third direction thanks to total internal reflection as long as the modulus of the in-plane wavevector k// obeys:k// > 2ns/where  is the wavelength of light and ns the refractive index of the surrounding medium of the PhC. This relation defines what is commonly referred as the "light cone". When a defect cavity is considered, the EM field is tightly spatially confined in the plane of periodicity in dimensions comparable to the square of the lattice constant. The distribution of the EM field amplitude in the wavevector-space for the cavity mode can be obtained by Fourier transforming its spatial distribution at the surface of the semiconductor slab. Due to the small size of such a cavity, the EM field components may have a rather broad distribution in the reciprocal space with, in general, a significant part lying in the light cone. It can be shown that the Q factor of PhC cavities depends directly on the amount of the field distribution which lies within the light cone [Vuckovic02]. Several groups [Akahane03][Kuramochi06][Asano06] proposed and demonstrated that the Q factors can be significantly improved by diminishing these components.

Fig. 5 .

 5 Fig. 5. Schematics of a 1D PhC nanobeam

Fig. 6 :

 6 Fig. 6: Schematics of the tapered and apodised cavity designs

Fig. 7 .

 7 Fig. 7. From [Halioua10] SEM image and cross-section of the tapered nanobeam cavity Laser operation was demonstrated with fairly low thresholds. By varying the cavity length, the wavelength of operation could be tuned over a wide wavelength range from 1437nm to 1565nm as depicted in Fig. 8.

Fig. 8

 8 Fig. 8 From [Halioua10] Resonance wavelength plotted against cavity length. 3D FDTD simulation results are joined by dashed lines, and the dots show the corresponding experimental measurements

Fig. 9 :

 9 Fig. 9: a) from [Crosnier16] Spatial distribution of the lattice constant along the structure for an apodised nanobeam cavity. b) From [Bazin14-1] spatial distribution of the y component of the EM field of the fundamental resonant mode of the cavity. c) From [Bazin14-1] Q factors of cavities of different FHWM of the Gaussian profile (red diamonds). The green crosses indicate the calculated integral ξ of the spatial Fourier Transform of the resonant mode along the direction kx within the SiO2 line cone.

Fig. 10 .

 10 Fig. 10. SEM pictures of a) the HSQ mask after electron beam lithography, b) of the etched 1D PhC nanobeam. c) AFM measurements of the sidewall roughness.

  Similar S-shaped curves for the light-light characteristic (Fig.11 a and d) attesting from the transition from spontaneous to stimulated emission are obtained. A low laser threshold is measured to be 10µW of absorbed pump power. Below the laser threshold, as the pump power is increased, carrier density in the semiconductor increases inducing a blueshift in the emission wavelength (Fig.11 b and e) and a narrowing of its linewidth (Fig.11 c and f). Beyond the laser threshold, carrier density is clamped, the emission wavelength is fixed and the emission linewidth should follow the Shawlow-Townes formula[START_REF] Coldren | Diode lasers and Photonic integrated circuits[END_REF]. For the latter, the linewidth measurement is limited by the resolution of the used spectrometer.

Fig. 11 .

 11 Fig. 11. Calculated (a,b,c) and measured (d,e,f) static properties of the a laser based on the apodised PhC nanobeam cavity.

Fig. 12 :

 12 Fig. 12: Schematic of optical set-up used for the temporally resolved gain switching experiment.

Fig. 13 :

 13 Fig. 13: From [Raineri09]: time domain measurements using up-conversion optical gating technique on an InPbased PhC band-edge laser for several pump powers.

Fig. 14 :

 14 Fig. 14: 3D schematics (a) and cross-section (b) of the hybrid nanolasers

2 optical

 2 level structure where the lower level is made of a single mode SOI waveguide and the top level made of an InP-based active photonic crystal (either PhC waveguide or nanocavity) that contains InGaAsP quantum wells emitting around 1.55μm. The two levels are separated by a thin low index layer composed of SiO2 and benzocyclobutene (BCB) (further detail will be given in the fabrication section below). Light channels from one level to the other through evanescent wave coupling. Fabrication of the hybrid structuresThe hybridisation relies on the adhesive bonding of the InP-based heterostructure on the SOI wires through the use of the planarising polymer BCB. The success of the fabrication depends, obviously, on the quality of the two parts (SOI and InP structures) and to a very large extent on the accuracy and the repeatability of the alignment of the PhC structures with the subjacent waveguide which was demonstrated to be better than 30nm using mix and match Deep UV electron beam lithography[START_REF] Karle | Heterogeneous integration and precise alignment of InPbased photonic crystal lasers to complementary metal-oxide semiconductor fabricated silicon-on-insulator wire waveguides[END_REF].

Fig. 15 :

 15 Fig. 15: SEM pictures of the sample cross-cut after bonding (left), and top views of slow-light waveguide (middle) and nanocavity (right) aligned to a SOI waveguide.

Fig. 16

 16 Fig. 16: a) Coupling efficiency and loaded Q versus Q0/Qc. b) From [Crosnier16]. EM field distribution in the wavector space for a tapered nanobeam cavity. c) Propagation constant (kx) at 1.55µm in a 220nm thick SOI waveguide as a function of its width (w).

Fig. 17 .

 17 Fig. 17. From [Halioua11]. Experimental assessment of the coupling efficiency of our nanolaser based on a tapered defect cavity. Transmission spectra (a) and transmission at resonance (b) of the hybrid system as a function of the absorbed pump power. Measured quality factor related to coupling loss and deduced coupling efficiency as a function of the SOI waveguide width.

Fig. 18 .

 18 Fig. 18. From [Crosnier16] a) Intrinsic Q factor versus waveguide width. b) Coupling Q factor against waveguide width. In a) and b) simulated and experimental data are represented in coloured symbols and black stars, respectively.  is the absorption considered in the simulations to fit the intrinsic losses of the fabricated samples. c) Propagation constant and width of the SOI waveguide giving the highest Qc against 1∕a.

Fig. 19 :

 19 Fig. 19: Perspective view a) and cross section b) of the hybrid structure.

Fig. 20 :

 20 Fig. 20: From [Bazin OE] a) Temperature elevation in the centre of the nanolaser calculated for the different configurations. (b) Spatial temperature distributions in the median plane of the nanolaser for different overcladding materials. Here, the bonding layer is BCB+SiO2 and the thermal power 100µW.

Fig. 21 :

 21 Fig. 21: From [Crosnier15] a) Pump-probe measurement of the cavity resonance wavelength shift for passivated (blue diamonds) and unpassivated (red circles) samples. The dotted lines indicate the fits of the experimental datas with single exponential decay function giving the carrier lifetime. b) Time resolved photoluminescence of the QWs measured on unpatterned InP-based slab. The dotted line shows the single exponential decay fit of the data.

Fig. 22 :

 22 Fig. 22: From [Crosnier15] a) CW operation: measured emission power (red dots) and linewidth (black triangles) as a function of the pump power.b) Pulsed operation: Emission power as a function of the pump power for unpassivated and passivated PhC nanolasers.

Fig. 23 :

 23 Fig. 23: State of the art for electrically powered photonic crystal lasers.

Fig. 24 :

 24 Fig. 24: Schematics of the hybrid nanolaser diode. a) 3D representation and principle of electrical injection. e -and h + represent respectively electrons and holes. b) Cross-section. c) Composition of the InP-based heterostructure and doping profile.

Fig. 25 :

 25 Fig. 25: a) Carrier radiative recombination rate (blue) and EM field intensity profiles along the nanorib cavity, d=1µm and L=1µm. b) Q factor versus d, the distance of the p metallic contact to the edge of the strip.

Fig. 26 :

 26 Fig. 26: a) Spatial overlap (SOv) of the EM field intensity in the cavity with the carrier radiative recombination profile (black squares) and overall carrier recombination rate (integrated in space and normalised to its maximum) (orange circles).b) Figure of merit (normalised to its maximum) equals to Q x SOv x (overall carrier radiative recombination).

Fig. 27 :

 27 Fig. 27: Process flow for the fabrication of the hybrid nanolaser diodes.

Fig. 28 :

 28 Fig. 28: Electro-optical RT characterization of the nanolaser diode in CW. a) Wavelength and linewidth of the emission as a function of the current. Inset: optical spectrum of the emitted light at I=150µA. b) Electrical (in red) and optical (blue) characteristic curves of the nanolaser diode. C) Wall-plug efficiency of the nanolaser diode.

Fig. 29 :

 29 Fig. 29: Common optical configurations involving a resonator for all optical switching. a) 2-ports system. b) 4ports system.

Fig. 30 :

 30 Fig. 30: a) Transmission spectrum of a PhC cavity evanescently coupled to a waveguide. Qc=5000. For the red curve, Q0=10000, res=1550nm. For the blue curve, Q0=20000, res=1546nm which may correspond to a decrease of the refractive index and of the absorption coefficient of the constituting material of the cavity. b) Transmission at resonance (1550nm for the blue curve and 1546nm for the red curve) as a function of the refractive index change.

Table 4 :

 4 Nonlinear effects characteristics for all-optical switching. The n2 are roughly estimated with the measurements performed in the given references. TPA and DA stand for two-photon absorption and linear absorption.

Fig. 31 :

 31 Fig. 31: [Husko09] All-optical switching in GaAs-based in PhC nanocavity.

[

  Yacomotti05]. In 2009, in collaboration with Thales and Columbia University, we demonstrated ultrafast all-optical switching in PhC nanocavities made in an air-bridged GaAs membrane[START_REF] Husko | Ultrafast all-optical modulation in GaAs photonic crystal cavities[END_REF]. The switch was triggered by the TPA of optical pulses set at the resonant wavelength. As indicated in Fig.31, with 4ps pump pulses (rep. rate 22MHz) and for 30mW peak power, we obtained a large change in the transmission (>10dB). The system recovered in only 6ps.One of the most remarkable work in the domain was carried out by researchers in NTT who used suspended InGaAsP-based PhC nanocavities[START_REF] Nozaki | Sub-femtojoule all-optical switching using a photonic crystal nanocavity[END_REF]. The composition of the semiconductor compound (bandgap at 1.47µm) was tuned in order to enable a slight linear absorption (3cm -1 ) of light at 1.55µm which gave in turn the change of RI for the switching. As they work with optical signals at wavelengths relatively close to an electronic transition, the induced change of RI by light linear absorption is several orders of magnitude larger than the case of TPA. They demonstrated impressive sub-fJ all optical switching with contrast of 10dB.

  is due to the fact that carrier induced effects are in competition with thermal effects which become predominant as the operating frequency increases. The demonstration of all-optical switching operating at several 10s of GHz was missing until the work that we carried out on hybrid InP-on-SOI PhC. The description of this work is the object of the next paragraphs. All optical switching in hybrid InP-on-SOI PhC [Bazin14-3] Several approaches have been explored for reducing the carrier lifetime, such as carrier diffusion[START_REF] Tanabe | Carrier Diffusion and Recombination in Photonic Crystal Nanocavity Optical Switches[END_REF], low temperature growth[START_REF] Lahiri | Ultrafast-lifetime quantum wells with sharp exciton spectra[END_REF], stimulated recombination of carriers[START_REF] Raineri | Ultrafast dynamics of the third-order nonlinear response in a two-dimensional InP-based photonic crystal[END_REF], ion implantation[START_REF] Lugagne Delpon | Ultrafast excitonic saturable absorption in ion-implanted InGaAs/InAlAs multiple quantum wells[END_REF][Tanabe07], carrier sweeping[START_REF] Preble | Ultrafast all-optical modulation on a silicon chip[END_REF] or surface recombination[Symonds05]. In particular, as previously mentioned, in planar PhCs, the carrier lifetime is strongly affected by surface recombination at the walls of the etched holes[START_REF] Tai | Optical measurement of surface recombination in InGaAs quantum well mesa structures[END_REF].Indeed, the typical patterning dimensions of these structures (~100 nm) are well below the diffusion length of the carriers which results in a decrease of the carrier lifetime, from nanoseconds to 200ps in InP-based material[START_REF] Raineri | Ultrafast dynamics of the third-order nonlinear response in a two-dimensional InP-based photonic crystal[END_REF].

Fig. 32 :

 32 Fig. 32: a) Schematics of the hybrid structure for all optical switching. b) Measured transmission of the evanescently coupled hybrid InP on SOI system loaded with the surface QWs absorption.

Fig. 33 :

 33 Fig. 33: a) Spectrum of the transmitted probe as a function of the pump-probe delay. b) Resonant wavelength as a function of the pump-probe delay (red dots).

Fig. 34 :

 34 Fig. 34: a) Degenerate pump-probe set-up with heterodyne detection. PFL: Picosecond fibre laser. Pol: Polarizer. DL: Delay line. Att: Attenuator. FI: Fibre injector. Split: 50/50 fibre splitter. AOM: Acousto-optic modulator. IR SPECTRO: Spectrometer equipped with a cooled array of InGaAs detectors. PD: Balanced photodetectors. SA: Electrical spectral analyser. b) Normalised probe transmission versus pump-probe delay for 40 fJ pump energy for degenerate pump-probe experiment.

Table 7 :

 7 Comparison with NTT's work. V is the modal volume, p the photon lifetime, abs the time constant associated to the material absorption, c the index change with carrier density, Esw and sw the switching energy and time. is the confinement factor defined as the ratio of the volume of the active material to that of the modal volume.

Fig. 35 :

 35 Fig. 35: Calculated blueshift as a function of the switching energy. The dotted line indicates where the blueshift attains 0.5xFWHM.

Fig. 37 :

 37 Fig. 37: a) Eye diagram of the NRZ wavelength converted signal at 10 Gbit/s. b) Measured bit error rate at 10

Fig. 38 :

 38 Fig. 38: a) Operation principle of the power limiter. b) Eye diagram of a noisy 20Gbits/s signal before and after the device. c) Measurement of the impact of the device on the bit-error rate.

Fig. 39 :

 39 Fig. 39: Hysteresis cycle.

Fig. 40 .

 40 Fig. 40. a) Bistable operation principle of injected semiconductor nanolaser. Calculated unlocked (b) and carrier density (b) and locked photon number (c) as a function of the injected light power. The calculations were performed using the rate equation model described in [bazin_PhD].Here, the injection is red detuned by 0.2nm with respect to the free running wavelength (unlock). The pump power is fixed at 1.5 times that of the laser threshold.

Fig. 41 .

 41 Fig. 41. a) Experimental set-up for the demonstration of bistability in optically injected nanolasers (AOM: acousto optic modulator -SMF: single mode fibre). b) Optical memory demonstration using bistable injected PhC nanolaser. A fs-pulse (red trace) is used to switch the laser emission (black trace) from the unlocked state to the locked state. In this scheme, the laser emission is put back to the unlocked state by briefly turning off the injection bias (blue trace).

Fig. 42 .

 42 Fig. 42. Hysteresis cycle. Output power of the filtered emission as a function of the injection power.

Fig. 43 :

 43 Fig. 43: a) Input and output signals for the SR-FF operation. S, R and Q indicates the states of the Set, Reset and laser output. b) Experimental set-up.

Fig. 44 .

 44 Fig. 44. a) Input signal with 3 logical levels (logical one, bias, logical zero) inserted into the PhC-based SR-FF. b) Output signal obtained at the exit of the SR-FF, c) Rise and d) fall time of the FF output pulses, e) Set/Reset/Bias eye diagram, f) SR-FF output eye diagram, g) BER curves for PhC-based SR-FF operation at 5Gb/s.

[

  [START_REF] Hamel | Spontaneous mirror-symmetry breaking in coupled photonic-crystal nanolasers[END_REF] and to Remy Braive for his research in optomechanics[START_REF] Tsvirkun | Integrated III-V Photonic Crystal -Si waveguide platform with tailored optomechanical coupling[END_REF].Of course, all of this work was a collaborative work and wouldn't have been possible without the contributions of the 5 Postdoctoral researchers the 10 PhD students I worked or still work with (see Fig.44), and of my colleague Rama Raj.

Fig. 44 :

 44 Fig. 44: Timeline of PhD students and postdoctoral researchers involvement, and projects participation.

Fig. 45 :

 45 Fig. 45: a) Schematics of a hybrid InP on SOI PhC waveguide for amplifiers, modulators and detectors. b) SEM picture of a fabricated hybrid InP on SOI PhC waveguide.

Fig. 45 .

 45 The structure consists in an asymmetric PhC waveguide made in an InP-based PIN heterojunction embedding an active material (QDs or QWs). Optical confinement is ensured on 1 side at the etched sidewall of the waveguide by total internal reflection and on the other side by the PhC lattice. As for the previously demonstrated nanolaser diodes, the semiconductor is partially etched on the side of the waveguide in order to access to the P doped layer for contacting. The structure is electrically contacted as indicated in the figure. Light is coupled from and to a SOI waveguide through mode converters conceived in the III-V semiconductor device. This configuration is particularly interesting as it allows quasi lossless light propagation and efficient electrical injection in the active material situated in the PhC waveguide. Light is tightly confined in such compact waveguides which enables a larger overlap of the EM field with the active material (confinement factor ~ 15%) compared to more standard approaches (confinement factor ~ 5%), and consequently higher performance. It is also interesting to note that the regime of slow light propagation can be exploited to notably reduce the device length.

(

  LWPI) are amongst the most attractive for the achievement of disruptive photonic emitting devices. Despite the huge possibilities of these coupled optical systems, very few experimental studies have been carried out so far. Most of the studies have concerned essentially the realisation of delay lines using coupled resonators optical waveguides [Notomi08] [Xia07] or coupled resonator induced transparency [Yang09]. Besides A. Giacomotti's work [Hammel15],

Fig. 46 .

 46 Fig. 46. a) Schematics of the active cavities coupled through the SOI waveguide. b) SEM pictures of hybrid InP on SOI coupled nanocavities.

Fig. 47 :

 47 Fig. 47: a) Exemple of a SOI photonic circuit with interlaced InP-based nanophotonic all optical gates. b) Coupled active nanocavities for memories or spiking neurons.

Fig. 48 :

 48 Fig. 48: a) Electromagnetic field intensity spatial distribution of the 4 first order modes in an apodised nanobeam cavity. b) Parabolic potential for photons in the nanobeam cavity and intensity spatial distribution of the resonant modes. The dashed lines correspond to the fitting of the modes with Hermite Gauss functions.
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. Numerical parameters used in the steady-state resolution of the laser rate equations. αH is the Henry factor

Table 2 :

 2 . Thermal conductivity and specific heat capacity of the materials used in my work.

	Material	Index	Thermal conductivity 	Specific heat capacity
			(W/(K.m))	C (J/(kg.K))
	Si	3.46	130	700

Table 3 .

 3 

	Configuration	BCB/air (BCB+SiO2)/air (BCB+SiO2)/ SiO2 (BCB+SiO2)/ MgF2
	𝑅 𝑡ℎ 𝑎𝑝𝑝 (K/mW)	1.55	0.56	0.35	0.15

Table 3 :

 3 Measured 𝑅 𝑡ℎ 𝑎𝑝𝑝 for the different studied configurations in terms of bonding and over-cladding layers.

Table 5 :

 5 

Selection of the state of the art on all-optical switching based on carrier induced nonlinear effect.

Table 7

 7 

	, we

Table 7 :

 7 Calculated switching power and energy.

  The developed know-hows in simulation, cleanroom technology and optical experiments as well as the acquired knowledge in nanophotonics in general allowed me to have exciting collaborations with other researchers from C2N, THALES, Ghent University, Aristotle University of Thessaloniki, …. In particular, I am very happy that my work is helpful to Alejandro Giacomotti for his research on nonlinear dynamics in coupled nanocavities
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