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BROUILLON : In this paper, we discuss recent progress toward the development of integrated quantum photonic technologies and discuss current challenges and future directions. This Perspective paper describes state-of-the-art experiments, and highlights the potential of such devices for quantum technologies. This article outlines a selection of current and emerging directions in integrated quantum photonics research. It aims at providing a pedagogical and forward-looking introduction for researchers new to the field and a road map of open challenges and future directions that may appeal to those established in the area.

I. INTRODUCTION

A. Quantum photonics Since Antiquity, the fabulous properties of light have attracted the interest of the greatest scientists and shaped the history of science. We know for about one century that light is actually a quantum object and the coherent manipulation of photons (i.e. the individual quanta of the light field) is what the science of quantum photonics is dedicated to. Such a field and more generaly quantum physics have initiated two quantum revolutions as coined by J.P. Dowling in 2003 [1]. "We are currently in the midst of a second quantum revolution. The first quantum revolution gave us new rules that govern physical reality. The second quantum revolution will take these rules and use them to develop new technologies". Quantum superposition and entanglement are indeed the physical resources of quantum technologies finding striking applications in computation, communication but also metrology [2]. In this context, photonics has a central role since photons are model two-level quantum systems : they suffer negligible noise, admit high-speed transmission, and are relatively easy to manipulate and detect. They obviously are well adapted for communication but they have also shown practical advantages for metrology [3] and also on-the-fly computing [4].

B. Integrated photonics

A introduction to integrated photonics would be to understand its similarities and differences with traditional electronic circuits. When integrated electronics deals * Electronic address: sebastien.tanzilli@univ-cotedazur.fr with the control of electrons on a chip, integrated photonics does the same with photons. Photons move at the speed of light with almost no interference from other photons. This greatly increases the bandwidth (the data transfer rate) and speed of the circuit, without big energy losses making photonics integrated circuits significantly more efficient than their electronic counterparts.

One should bear in mind that emerging applications such as cloud-based storage services, high definition streaming services, machine-to-machine communications, and 5G radio networks require very large operating bandwidth as well as reduced fabrication cost, power consumption, footprint, and complexity that only integrated integrated photonics devices are able to meet [START_REF] Chen | Guided Wave Optical and Surface Acoustic Wave Devices: Systems and Applications[END_REF].

C. Genesis & revolution of Integrated quantum photonics

Similarly to optical communication, integrated photonics have also acted as "enabling technologies" and provided a boost effect for experimental quantum photonic to break on through laboratory proof-of-principles, and to evolve from unscalable photon sources, modest efficiency single photon detectors, and optical circuits constructed from bulk optical elements bolted to room-sized optical tables, toward practical real-field prototypes. Essentially, the "lever effect" of guided wave optics lies in the enhanced efficiency of optical nonlinear and electrooptical interactions but also the possibility of assembling many components on a single chip, enormously simplifying the realization and use of interferometric quantum circuits.

From the historical point of view, the first use of guided wave optics as an enabling technology for quantum optics was demonstrated in the seminal experiment of the Geneva group in 1998 [START_REF] Tittel | [END_REF]. In this experiment, fiber-based interferometers, were used to perform for the first time a Bell inequality experiment with the detectors placed in two villages separated by over 10 kms of optical fiber. However, integrated photonics has truly set a gamechanging landmark in quantum science when the Bristol group performed an experiment otherwise unreachable using bulk approach in 2010 [7]. A quantum random walks was implemented via a constant splitting of photons into 21 waveguides. Experimentally, it amounts to chaining 50/50 beam-splitters, but the price to pay is the rapidly growing size of the setup, limiting any bulk optics realisation to 5 modes system.

Since then we have observed a growing complexity in the demonstrated circuits, but the most striking feature of quantum photonics since when the first elementary waveguides on lithium niobate offered an unprecedented brightness in 2001 [8,9], to the recent highly functionalized devices gathering several high-performance photon sources combined to interference circuitry [10][11][12][13][14], is the explosion of investigated materials.

To cite a few, silicon photonics (including SiN and SiC), III-V and III-N semi-conductors (such as GaAs, InP, AlN, GaN), ferroelectrics such as lithium niobate and silica bring their technological assets to the quantum realm based on their independent developments in classical photonic integration. All these platforms share experimental efforts aiming for scalability, low energy cost, high-efficiency entanglement sources and/or quantum storage, and fast and convenient phase modulation for enabling multiple high-fidelity quantum operations on a single chip. More specifically, such features meet the requirement of quantum photonics for producing efficiently multiple pairs of entangled photons efficiently to be coherently manipulated using frequency-conversion stages, dynamical routers and phase shifters, combined with external photons, and eventually detected. However, there is not a single integrated photonic platform that offers all the desired functionalities and manufacturability. The exploration of integrated quantum devices has always been shaped /constrained by the material and it is no surprise that there are now strong correlations between the range of feasible circuit and the platform.

Hybrid photonic devices have emerged in 2014 as a solution to the challenges of monolithic integration by combining components which are optimised for their individual function [15,16]. Hybridisation of different platforms is a promising route to exploiting the advantages of existing technology [17] and the recent progress in material processing and their level of technological maturity have led those platforms to compensate their identified weakness through heterogeneous integration. New hybrid platforms such as lithium niobate on insulator (LNOI), III-V on silicon-nitride, silicon-carbide on Silica or even Aln on SiN are currently emerging and they require a variety of materials, device design and integration strategies aiming for optimized functionalities for quantum technologies.

In this perspective paper, we discuss recent progress toward the development of integrated quantum photonic technologies and discuss current challenges and future directions. Accordingly, we perform a non-exhaustive presentation of the various integrations techniques and a classification of their pro and cons in a synthetic way in Sec. II. Based on selected monolithic components, we will describes state-of-the-art experiments, and highlights the potential of such devices for quantum technologies along the communication and metrology application, in Sec. III and Sec. IV. Finally, we conclude this perspective paper in Sec. V by proposing several examples of hybrid integration of key physical quantum elements that would be required for beyond-state-of-the-art and practical devices.

II. VARIOUS INTEGRATION TECHNIQUES

Several platforms have achieved notable success worldwide, including lithium niobate, III-V or III-N semiconductors, silica and silicon in integrating the necessary building-block functionalities that permit to both create and manipulate single and entangled photons on a single chip. We will provide a short review of the main waveguide platforms currently investigated, that will be further explored in the following subsection dedicated to applications.

Making a short list of demand for an ideal integrated quantum platform, we highlighted seven criteria of relative importance:

• Non classical light generation: Whether it is based on three-wave, four-wave mixing or biexciton desexcitation such an feature is directly related to photonic entanglement and encompasses discrete photon pair description but also vacuum-squeezed state of light as well as hybrid states.

• Single photon generation: Such a feature includes the potential for integrating deterministic true single photon emitters on the contrary to probabilistic single photon emiters based on the aforementionned photon pair generation.

• Linear and nonlinear element: It correspond to the capacity to passively route the photons (filter, beam-splitter) but also to actively manipulate their quantum states on chip by means of electro-optic modulation.

• Scalability: It corresponds to the potential for higher integration capacity. It includes the material propagation losses and the effective size of the individual components allowing to estimate the integration scaling factor.

• Quantum light detector: For some applications, quantum states of light should be detected on chip with high efficiency and low-jitter. Such detectors could be single photon resolving detectors but also high performance intensity photodiode for measuring the field amplitude of squeezed light.

• CMOS compatibility: It indicates the potential for integration with electronics components but also the potential for designing electrically driven devices.

• Memory compatibility: Such a criteria needs further clarification. In the context of quantum communication, memories can be designed as absorptive memory (it actually absorbs and stores an incoming qubit) or an emisive memory (it emits on demand a photonic qubit whose state is entangled with an internal degree of freedom of the memory and then exploit quantum state teleportation for "storing" the quantum state). Practically, most of the emissive memory devices haven't reach a level of readiness for exploiting IO. We won't discuss those kind of memory in this perspective paper.

In addition, one cannot forget a problem which has haunted IO since it's birth: that of coupling the devices to beams propagating in fibers or free space. We purposely avoid discussing those extraction losses here since, we believe, it is beyond the scope of this perspective paper but significant efforts should be kept in mind and addressed when designing new devices [18].

FIG. 1: comparison

A. Silicon photonics

Silicon photonics has stepped into the quantum world recently: it has emerged as a novel and promising platform, enabling both on-chip generation, manipulation of quantum states of near-infrared light and full compatibility with CMOS technologies. Technically speaking, silicon quantum photonics drew attention for its superior integration density factor, its effective strong optical nonlinearities and the highly mature designing and processing. Despite its lack of natural electro-optical coefficient leading to slow optical modulation via local heating, one can also address various further functionalities, such as wavelength add/drop and photon routing components [19].

Currently, the propagation losses in silicon waveguides are still relatively high and are the main limitation of the platform in terms of scalability. Such an issue is being addressed by silicon-nitride (Si-N) lowering the propagation losses down to ≤ 0.1 dB/cm but also extending the transparency range to visible and improving high power handling.

In terms of single photon emission, thanks to efficient nanofabrication techniques, nitrogen-vacancy (NV) center in silicon [20] and silicon carbide, are the most-studied systems among solid-state emitters. In the specific case of Si-C, due to non compatible wavelength with telecom networks as well as recent major advances in nuclear magnetic resonance spectroscopy [START_REF] Babin | Nanofabricated and integrated colour centres in silicon carbide with high-coherence spin-optical properties[END_REF], the platform has reoriented itself mostly toward quantum computation and simulation [START_REF] Rudolph | [END_REF].

B. Lithium niobate

Historically speaking, crystalline lithium niobate (LN) is a major player for quantum integrated photonics. LN waveguides are known for their superior optical performance from ultraviolet to mid-infrared, such as low optical transmission losses, large second-order nonlinear coefficients (optics-optics as well as electro-optics) making it a serious contender for the fabrication of top-notch integrated photonics devices for both classical and quantum information applications [23]. Compared to spontaneous four-wave mixing in silicon (χ (3) -based), quantum states can be generated in LN with unparalleled brightness by spontaneous parametric down-conversion (χ (2) based), further tailored and modulated by domain engineering simplifying the pump rejection [24,25]. Furthermore, the recent development and commercialization of LN-on-insulator (LNOI) technology has opened an avenue for the realization of new photonic devices with unprecedented performances in terms of scalability and performances [26] because of its compact waveguide footprint. For instance, electro-optic modulation bandwidth has reached up to 100 GHz [27] and the scaling factor becomes comparable to silicon photonics even if less mature in terms of fabrication. The essential feature of LNOI also lies in creating electro-optically reconfigurable circuits, which can be efficiently operated at cryogenic temperature. Their integration with superconducting nanowire single-photon detectors has been demonstrated by patterning niobium titanium nitride stripes on top of waveguides [28][START_REF] Dutta | An atomic frequency comb memory in rare-earth doped thin-film lithium niobate[END_REF][START_REF] Lomonte | [END_REF]. Finally, even at early stage of development, LN waveguides are also compatible with quantum memory [31] by use of rare-earth-ion-doped LN.

C. III-V and III-N semi-conductors Historically, semi-conductor materials have taken advantage of their well-mastered growth and processing techniques, as well as a direct band-gap to demonstrate quantum dot (QD) structures for deterministic generation of single photons [32] while the bi-exciton cascade has been used later to for deterministic entanglement generation [33]. By spectrally and spatially coupling the QD emission to a microcavity mode one can accelerate its spontaneous emission rate and achieve high purity singlephoton emission. Beyond the use of a photonic structure to optimize the extraction of single photon to an optical fiber, there is no significant report of single photon sources coupled to IO circuit.

However, the story doesn't end here. GaAs and related compounds exhibit a huge potential in terms of integration since this platform combines a large second order optical susceptibility enabling the integration of entangled photon sources with superconducting nanowire single-photon detectors (SNSPD) and integration of active lasing region directly on chip [34] opening the way for electrically driven devices. Similarly, GaN is indeed the second semiconductor worldwide in terms of business share, behind silicon, and one can take full advantage of the technological know-how developed so far for solid-state lighting and high power/high-frequency electronics. Electrical injection as well as photonic building blocks (e.g. Air/GaN Distributed Bragg Reflectors, optical waveguides, in-and out-couplers, photonic crystals, etc.) already exist in the GaN community worldwide. Aluminum nitride (AlN) is a new material suitable for scalable photonic integrated circuits. Its strong intrinsic second-order nonlinearity (χ (2) ) not only shows great potential for realizing on-chip photon-pair sources based on SPDC but also permits integrated low-loss, high-speed electro-optic phase modulation [35]. The high refractive index contrast between the AlN waveguides and a silicondioxide (SiO2) cladding layer allows for small device footprint and enables dense integration.

D. Silica

Silica has weak third-order nonlinear coefficient, no electro-optic coefficient but strongly compensates by a very versatile and powerfull waveguide technology. Benefiting from the lowest intrinsic propagation loss of any material in the IR region, femtosecond laser direct-write (FLDW) technique has attracted interest for the fabrication of complex linear waveguide circuits. Requiring no lithographic masks, it allows high speed device fabrication and offers an inherently 3D routing capability. The field of quantum information through the quantum science has exploited the rapid prototyping of small scale circuits for previously unfeasible quantum random walks on a ring and boson sampling experiment [13,36,37]. Quantum key distribution (QKD) relies on sharing randomness between two distant users, namely Alice and Bob. This allows to generate encryption keys where the security is guaranteed by the laws of the quantum physics and not the complexity of an algorithm. The first protocol was introduced by Bennett and Brassard in 1984, based on prepare-and-mesure scenario, i.e. Alice prepares a quantum state on a specific degree of freedom of a single photon and Bob performs the adapted measurement [START_REF] Bennett | Ifip Adv Inf Comm Te[END_REF]. Since then, a large number of protocols have been developed to simplify the experimental implementation, and improved the performance and the robustness against device attacks. The aim of this section lies in providing an overview of recent published research and should give some trends of current thinking on the field, complementing existing reviews [START_REF] Gisin | [END_REF][40][41].

QKD was immediately of commercial interest as it addresses the security issue of asymmetric key protocols like RSA. Within a short-time frame, the objective was to realize compact, stable and efficient systems in the perspective of creating a new market. This trend has been boosted by the development of integrated photonics for classical communication. As example, the plugand-play system developed by the Geneva group's in 1996 employ integrated phase modulator to prepare the state [42]. The systems still exploit phase and amplitude modulators to demonstrate the fastest communication links (5 GHz) [43], the longest (421 km) [44], or other approaches like measurement device independent (MDI) QKD [45] or Twin-Field (TF) QKD [46]. Moreover, these two components offer the possibility to address a large number of degrees of freedom, e.g. the polarization [47], time [48,49] or frequency [50].

Another approach consists in developing dedicated devices. The first realization, in 2004, used a planar lightwave circuit (PLC) unbalanced Mach-Zehnder interferometer integrated on SiO 2 to measure the phase difference between two sequential pulses in a differentialphase-shift (DPS) QKD experiment [63]. This way, they significantly reduced the size of the standard interferometer based on fiber components and improved the phase stability by controlling the temperature within 0.05 • C. This work was improved by many research groups to reduce the polarization sensitivity and phase fluctuations [64,65] The next step lies in integrating a full QKD system, i.e both the optics and the electronics, to reduce the size with respect to the one of standard SFP used in classical communications. The first realization was the QKarD, which incorporates a distributed feedback laser and modulator in the same packaging than an electrooptic modulator [START_REF] Hughes | Network-Centric Quantum Communications with Application to Critical Infrastructure Protection[END_REF], see FIG. 2. The device allows to produce polarization BB84 states at 1550 nm with three levels of intensity to implement decoy state QKD proto- col [START_REF] Lo | [END_REF]. The device operates at a frequency of 10 MHz.

FIG. 2: First generation of QKarD. Extracted from [START_REF] Hughes | Network-Centric Quantum Communications with Application to Critical Infrastructure Protection[END_REF] (permission! ArXiv ?? ).

The size of the transmitters can be reduced by realizing photonics chips on platforms offering a high integration density. A summary of all the QKD chip transmitter is given in TABLE I. In 2016, standard silicon (Si) photonics foundry process was exploited to realize a QKD transmitter containing two ring modulators, four variable optical attenuator (VOA) and a polarization modulator [51]. A QKD link based on polarization-encoded BB84 protocol was demonstrated at a rate of 10MHz. Within the same time, another group has developed three transmitters in Si to prepare states for coherent oneway (COW), polarization encoded BB84, and time-bin encoded BB84 QKD protocols, respectively [53]. Moreover, the qbit analysis is ensured using silicon oxynitride (SiOxNy) photonic receiver circuit with off-chip single photon detectors.

All these implementations require an external laser to generate the photons that will carry the quantum states. The first fully integrated QKD link was implemented with the transmitter and the receiver made in InP and SiOxNy, respectively [52]. The transmitter chip includes a continuous tunable laser diode, an amplitude a phase modulator, and variable optical attenuator (VOA). This QKD link allowed to realize all the time based QKD protocols, i.e. COW, BB84, and DPS at a repetition rate of 560 MHz, 860 MHz and 1.76 GHz, respectively, which makes this approach fully versatile. Photonic integration also concerns other QKD protocols. We can mention high dimension (HD) QKD which consists in working with states in N-dimentional Hilbert space instead of 2, allowing an increase of the number of secret bit per try. Ref. [54] proposes an integrated transmitter and receiver on Si-chips to perform QKD link based on path observable. The two devices are able to prepare and analyze single photon states delocalized over 4 spatial modes transmitted in four cores of a multi-core single-mode fiber.

Groups are also developing photonics platforms for MDI-QKD (measurement device independent) protocol. The transmitters are similar to the one used for BB84 protocols, but an Hong-Ou-Mandel interference needs to be observed between the states emit by two independent transmitters. The challenge is to realize two transmitters that emit a perfectly indistinguishable coherent state on all degrees of freedom different from the one used to encode the state. Three experiments demonstrate the feasibility of this approach, one based on InP transmitters [59] and two on Si [60,61].

Recent developments in the domain of single photon detector offer the possibility to integrate it directly on a photonics circuit [68]. Notably, in Ref. [69], the authors realize a photonics circuit in Si 3 N 4 to analyse time-bin qbit with to integrated superconducting nanowire single-photon detectors (SNSPDs). Another group develop a superconducting Si-photonic platform to perform the Bell state measurement for MDI-QKD link [70].

Ajouter une phrase sur l'intrication bi-partite : les analyseurs sont les mêmes, et renvoyer vers les sources de paires de photons intriqués. CV-QKD avec Virginia ?Voici une rapide mention a la CV QKD Vi. To conclude, note that beside QKD schemes exploiting quantum optical states at the single photon level, an increasing number of demonstrations focuses on continuous variable (CV) QKD, where, quantum information is encoded in the amplitude and phase quadratures of the electro-magnetic field, that are continuous spectrum observables. Most used protocols rely on Gaussian modulation of a coherent state and on the homodyne detection of its quadratures at the receiver side [71]. In 2019, elements for both information encoding and detection, including modulation and multiplexing stages and the homodyne detection, respectively, have been integrated on two silicon photonic chips. These components allowed a secret key rate of 0.14 kbps (under collective attack) over a simulated distance of 100 km in fibre [57].

B. Multimode Quantum Photonics

The development of many ambitious quantum information protocol rely on multipartite states as enabling resources in both discrete variable (DV) and continuous variable (CV) regimes. Multimode optical entanglement lies at the heart of quantum metrology [72], advanced quantum simulations [73], large-scale alphabets quantum communication protocols [74], and, as previously discussed, multi-partner secure quantum network [54,75]. Remarkably, cluster states, a special class of CV multipartite entangled state, are essential to on-fly optical quantum computing exploiting measurement-based protocols [76][77][78]. At the same time, in many situations, quantum advantage relies on the possibility of having access to an high number of modes that can be individually managed and measured and that exhibit a controlled degree of entanglement [79]. Depending on the choice of entangled observables and modes, increasing the number of parties can quickly become a great challenge for the traditional bulk optical approach. Integrated photonics naturally offers the possibility of developing compact and highly scalable devices, that can be reconfigured and can satisfy both the criteria of controllable quantum features and compact and flexible implementations. One of the first degrees of freedom to be exploited and manipulated for the generation of multimode quantum systems has been the path [74]. Demonstrations cover both in discrete variable and continuous variable regime. Path entangled states can be obtained in structures using networks of on-chip optical coupleurs [80], as for discrete time quantum walks schemes [73]. Cascaded architectures of this kind are particularly compatible with small footprint integration platforms such as Silicon or Silicon Nitride where high number of multiple optical couplers and phase controllers can be integrated on a single optical component [81], exploiting a technology that finds applications also on quantum simulations [82] or boson sampling [START_REF] Pierre | Towards graph classification with Gaussian Boson Sampling by embedding graphs on the X8 photonic chip[END_REF][START_REF] Wang | [END_REF]. As for an example, integrated optics on silicon-photonics has allowed the realisation of a programmable large-scale quantum circuit, integrating, on a single chip, more than 550 photonic components , including 16 identical photon-pair sources emitting photon pairs by spontaneous four-wave mixing (SFWM) [85]. In this scheme, a photon pair is generated by SFWM in superposition across 16 optical modes, producing a tunable multidimensional bipartite entangled state. Signal and idler are separated by an array of asymmetric Mach-Zehnder interferometers (MZIs) and routed by a network of crossers, allowing the local manipulation of the state by linear-optical circuits. By uniformly pumping the sources, maximally entangled states can be obtained. A different approach rely on the use of continuous-time quantum walks implemented with arrays of N evanescently-coupled waveguides tailored to produce a lattice Hamiltonian [73]. In particular, on Lithium Niobate, this concept has been fruitfully associated to the material non-linear properties, thus leading to the possibility of working with arrays of non-linear waveguides in which entangled photons generated via SPDC in a given waveguide diffuse over the entire array by virtue of the coupling between adjacent channels [86]. In a seminal experiment, photon-pair states with a controllable degree of entanglement in a multiple discrete spatial modes have been produced through quantum interference of photon pairs generated by SPDC in an array of four periodically poled waveguides [86]. Later on, many theoretical papers have discussed how tuning the properties of the pump beam or changing the sample structure allows generating different types of path entanglement. The hearth of these analyses conceptually lies in the identification of the system propagation eigenmodes that are shapeinvariant along propagation. This analysis has been performed for single photon regime [87] as well as in continuous variable regime, where large spatial entangled states are predicted by exploiting phase-matching of a propagation eigenmode [88]. Note that the generation of two-mode squeezing in different spatial modes has been demonstrated in a fully reconfigurable CV platform on Lithium Niobate, by mixing two single-mode squeezed states on a tuneable optical coupler and electro-optically adjusting their relative phases [14]: in this configuration, however, the beam coupling is localized in a specific point and not distributed as in waveguide arrays.

Despite their interest, demonstration of multipartite entanglement among spatial modes requires the fabrications of multiple copies of the same structure on the same photonics chip. Increasing the number of mode thus demands for increased size devices, integrating a rapidly growing number of components. A particularly promising approach to high dimension entangled states relies in exploiting correlations among frequency/time modes that are produced around target wavelengths via SPDC or SFWM in non-linear optical waveguides [79]. This strategy overcomes scalability issues linked to the use of spatial degrees-of-freedom as all entangled frequency/time modes are generated in a single spatial mode. Downstream of the generation stage, individual entangled modes can be spatially separated and independently manipulated by making use of standard time or frequency multiplexing stages [89], fully compatible with integrated circuit realisations [14,90] and fibre optical components. Remarkably, most of available non-linear processes employed in quantum optics naturally generate multimode frequency/time quantum correlations [91]. Multipartite quantum states have been generated in resonant and single pass configurations on different integration platforms. Broadband biphoton frequency states with controlled symmetry have been generated by SPDC in a AlGaAs waveguide, based on the interplay of relative temporal delay between the two photons of each pair and cavity effects due to Fresnel reflections at the waveguide facets [START_REF] Maltese | Generation and symmetry control of high-dimensional quantum frequency states[END_REF]. Frequency-entangled qudits up to dimension d =10 have been obtained by pumping a Silicon microring resonator in continuous wave so as to generate via SFWM pairs of photons pairs of correlated signal and idler photons spectrally symmetric to the excitation field [START_REF] Kues | [END_REF]. Very recently, second-order photon correlations have been used to investigate the quantum dynamics of soliton microcombs in an integrated silicon carbide microresonator, showing that a stable temporal lattice of solitons can isolate a multimode belowthreshold Gaussian state from any admixture of coherent light thus opening a pathway toward the experimental realisation of a new class of multimode quantum resources [94]. In continuous variable regime, there has been a progressive increase in the number of frequency/time modes carrying non-classical information. A first CV realisation demonstrated two-partite intensity correlation in above threshold SiN micro-resonator [95]. Later on, quadrature squeezing among light in two distinct frequency modes has been demonstrated [96,97]. This seminal works opened the way to the demonstration of 20 simultaneously two-mode squeezed pairs observed at the output of a quantum microcomb generated from a silica microresonator on a silicon chip. The total of 40 continuous-variable quantum modes opticallly span 1 THz at telecommunication wavelengths [98].

Methods to control and tailor the temporal structure of such entangled states provide a powerful resources for entanglement based technologies and have been experiencing an increasing interest [79]. The characteristic of frequency/time multimode states depend on the joint spectral amplitude (JSA) of the generation non-linear process, that is determined by the pump spectral features and by the interaction phase-matching [91,99]. Both parameters can in principle be controlled to some extent, thus opening to the possibility of shaping the multipartite correlations. Theoretical works have shown that it is possible to modify generated entanglement by shaping the pump of the non-linear interaction [99,100] or by engineering the non-linear medium dispersion so as to act on the phase-matching [101,102]. These ideas have been experimentally applied in discrete variable regime to singlepass SPDC in aperiodically poled crystals [102,[START_REF] Morrison | Frequency-bin entanglement from domain-engineered down-conversion[END_REF] as well as to non-linear optical waveguides pumped by optical beam with special spectro-temporal profiles [START_REF] Ansari | [END_REF]. As a final remark note that, in continuous variable regime, entanglement tailoring techniques has been mostly studied at a theoretical level [99,105], however, it remains so far largely unexplored.

IV. QMET

While the fragility of quantum states and systems presents enormous challenges to developing practical quantum communication technologies (see section III B, III A), it is this very fragility and sensitivity that allows huge possibilities for measurement technologies. Thus, harnessing novel methods for manipulating quantum light for developing novel quantum sensors is an appealing opportunity that would enable high accuracy measurements of physical values such as pressure, temperature, position, time, velocity, acceleration, electrical and magnetic fields or gravity. To date, these demonstrations have been mainly performed using large-scale (bulk) optical elements, bolted onto sizeable optical benches in the laboratory. Due to the physical size and the inherent instability of these individual components, this approach now hinders the development of more complex quantum optical schemes, and currently prevents the realization of fully scalable quantum optic devices [106]. From a technological perspective, the development of quantum photonic sensors is facilitated by integrated quantum photonics platforms. These platforms yield scalable production of stable, compact, and low-cost devices. Hence, this approach will be appealing for developing rapid, selective, real-time sensors. The generation and manipulation of quantum photonic states on-chip has renewed active scientific research (IV A) as well initiate use-cases (IV B). The question that we are facing is "Can integrated photonics transpose but above all, boost the advantages of QMET obtained so far mainly through bulk optic devices into on-chip photonic systems ?"

A. Quantum PICs for QMET A primary element for QMET stands as the generation of entangled photon pairs, as already described in section (à voir dans quelle partie la SPDC aura été décrite), over a broad spectrum, namely quantum white light, enabling quantum optical coherent tomography (QOCT) [107],

and enhancement of two photon absorption [108]. The intelligent engineering of the QPM allows a shaping at will of the SPDC spectrum, producing a wide variety of entangled states that have not been available from bulk-optics directly. Typically, type-0 waveguide configuration can offer a spanning from 100 nm [109]. The longitudinal variation of QPM period (chirping) strongly affects the spatiotemporal properties of entangled photon pairs. The merit of a longitudinally chirped QPM is that it permits many different signal and idler photon wavelengths to be phase-matched at different positions inside the nonlinear crystal, broadening the spectral content of the two-photon state. The highest resolution of 0.54 µm for two photon interference has been realized with broadband photon pairs generated from a chirped QPM bulk crystal [110]. For efficient photon pair generation, strong confinement of light has been proposed by combining QPM structures [111]. However, achieving both an increased flux and an extended bandwidth of frequency correlated photons still remains challenging. Recent work have enabled both features thanks to a periodically-poled stoichiometric lithium tantalate (PP-SLT) ridge waveguide devices, based on chirped QPM via the type-0 SPDC process [112]. By combining a chirp structure in a non-linear waveguide, the authors show a MHz photon pair flux over a spectral bandwidth ∼ 300 nm. This source of photon pairs could replace favourably bulk sources in QOCT experiment to prevent any stability issues as pointed in [113,114]. A natural improvement of IPPS (l'acronyme integrated photon pairs source aura été défini avant j'imagine) relies on integrating also linear functions enabling to manipulate quantum light directly on the chip. An issue pointed by Lyons et al. [113] and then Chen et al. [114] lies in the phase instability due to a bulk system. If Lyons et al. achieve nm path length scale resolutions, they also claim that pm length-scale can be attainable with N00N state [113]. To this end, integrated photonics offers solutions for alleviating the issues of stability and allowing accurate control of the path length through the implementation of quantum PICs in a reconfigurable fashion [115]. This reconfigurable aspect allows to perform integrated quantum metrology experiments to a high degree of freedom, by directly manipulating entangled states generated directly on-chip, N00N state as example [116][117][118]. Among the available material platform, if the first demonstrations was first realized thanks hybrid technology, monolithic platform as lithium LN have now reached such maturity that single LN chip showing high level of integration becomes possible. These chips reported in [116][117][118] merge all the necessary functions for the generation and the deterministic separation of two non-degenerate photon-pairs in a heralded single photon configuration. Switching from a two-photon separate state to a N00N state is commonly demonstrated through either resistive elements, or in a more effective and elegant way thanks to electro-optic phase shift. The visibility interference with two-and four-photons states is typically higher than 90%, in-line to the race of beating on-chip the standard quantum limit. Such efforts devoted for the promotion of quantum PICs renew some concepts developed so far in bulk-optics to compact and scalable photonic chip, we highlight the usecase of non-linear interferometry.

B. Use-case: non-linear interferometer

Recent years have seen a growing body of work in the area of quantum sensing with nonlinear interferometry [119][120][START_REF] Toa | Broadband diffraction of correlated photons from crystal superlattices[END_REF]. The main motivation comes from inferring properties of the infrared light from detection at visible wavelength. The original concept (referred to as 'induced coherence') was introduced by Mandel and co-workers some time ago, and it recently drew attention in the context of practical applications, such as imaging [77], spectroscopy [78][79][80], OCT [81] and polarimetry [82]. Up to now, several proposals have been made and demonstrations performed, that use this effect in bulk optics. Recent progress in integrated photonics allow a transposition of this type of technology on photonic chips, which provide unrivalled scale, control and manufacturability of complex quantum photonic systems. This miniaturization stands as a preliminary and essential step before considering industrial prototyping. Ono et al. have recently shown the first integrated version of a nonlinear interferometer on chip [START_REF] Ono | [END_REF]. The choice of the Si platform is of particular interest as its 2 -4µm transparency range enables miniature optical sensors for trace gas and bio-molecule detection. A high quality of spatial mode-matching among signal, idler and pump fields results in high visibility interference of more than 96%. This pioneering work addresses the feasibility of developing non-linear interferometry on chip, but also some new challenges, like the need of exploring separate spectral range for the idler, at least in the mid-IR, whereas the signal remains in the visible range. If silicon or silica appears as promising material for the manipulation of quantum states and its interaction with the environment, the generation of highly non-degenerate photon pairs can only be produced in χ (2) -nonlinearities based platforms. Such hybrid solutions combining different photonic technologies in a single functional unit have great potential to overcome the limitations of monolithic photonic circuits [123].

C. Noise resilience

Cette partie fait allusion à (i) des états de haute dimension pour être plus robuste au bruit et (ii) des interféro en cascade pour mesurer plusieurs paramètres en même temps partie multimode ? Entangled states offer an unachievable precision with classical measurement, but they are also very sensitive to noise. Indeed, an increase in sensitivity balances the robustness and the resilience of the quantum state: the more informative these resources are, the more fragile they are to obtain [124]. The promised quantum advantage can be easily spoiled by ungoverned or spurious couplings with the environment, as it has been shown in the case of interferometry [125,126]. Keeping such quantum advantage in a realistic scenario is of major importance for ensuring the deployment of on-chip sensor. Recently, Shettel et al. have shown that a specific variety of graph states maintain a quantum advantage after being subjected to dephasing or erasures [127]. Ye et al. also exploited high-dimension entangled states, for proving a sensitivity enhancement of the two-photon absorption (TPA) regarding the case of biphotons [128]. A numerical study based on the manipulation of entangled three-photon (also known as triphoton or photon triplets) is conducted. The spectrally dispersed photon-counting signal with such state is much stronger than the TPA signal with the biphoton state, due to the higher distribution probabilities of the detected photons of the triphoton state. This numerical work has been recently endorsed by the recent generation of three-photon entangled states on a photonic chip [129]. This work proves that integrated photonics not only plays a key role in the miniaturization of functionalities but also enables new paradigms. We treat so far the assessment of a single unitary parameter, the absorbance of a material probed by a signal as in the example above. On the other hand, the multiparameter approach has been the subject of intensive research over the last few years, and was motivated by the interaction between an individual parameter and its environment: achieving the simultaneous estimation of multiple parameters at once is demanded by the dynamics of the overall sensing process. Few experiments have been realized so far investigating multiparameter scenarios, due to the challenge of producing multiphoton states, which requires long acquisition times at the expense of the stability of the measurement setup. QIP offers viable solutions with the possibility of realizing complex stable interferometers [START_REF] Spagnolo | Subject term: Applied physics;Optical physics Subject term id: appliedphysics;optical-physics[END_REF]. Polino et al. reported for the first time an experimental proof of concept of determining simultaneously two-optical phases based on a reconfigurable integrated multimode interferometer written on silica by FLDW [START_REF] Polino | [END_REF]. By using two-photon input states, the authors show a quantum-enhancement performances in a post-selected scenario. More interestingly, by exploiting additional phase shifter which allow an increase of the number of control parameter, this system stands as a versatile platform fo testing multiparameter estimation scenario thanks its high reconfigurability.

D. Towards Quantum lab-on-chip

In the last two decades, efforts have led to the emergence of integrated fully functionalized biochemical photonic sensor, namely "lab-on-chip" systems. These systems integrate all the required classical devices, such as lasers, transducers, and detectors on a single chip [132]. The time is ripe to develop the "quantum lab-on-chip", which stands as an emerging topic among quantum technologies. From a materials perspective, on-chip sensing remains dominated by silicon-based processing techniques, which have readily matured due to ubiquitous microelectronics and silicon photonics, and also its compatibility with silica based microfluidic chips and flow cells [133]. A typical scenario lies in two-photon interferometry [134]. In this work, measurements of the refractive index of a solution within a microfluidic device were used to determine the solutions protein concentration. A two-photon N00N state, generated by bulk optics, was passed through a integrated Mach-Zehnder interferometer with a microfluidic channel passing through one arm. Crespi et al. achieved an interferometer visibility beyond the threshold required for supersensitivity, and therefore still constitutes the most favourable proof-of-principle demonstration of on-chip quantum bio sensor. However, due to relatively high-loss of the chip and a non-deterministic splitting of the photon pairs, the total detection was beneath 50%, precluding the achievement of measurement precision superior to the standard quantum limit. The rate of measured photon pairs was 0.1 Hz, far below any known damage threshold in biology. Consequently, substantially increased flux would be required for measurements of this kind to compete, in terms of absolute precision, with conventional classical measurement techniques. We provide a glimpse of a photonic chip which is, from our point of view, representative of the future of the quantum-lab-on-chip, and which will continue to progress in the years to come. Our vision will need a sustained and multi-disciplinary research effort. It requires notably the application of advanced optical measurement techniques on a fully functionnalized photonic chip, together with quantum optical measurement protocols to probe various forms of biological systems [135]. From a global perspective, this quest of developing a quantum lab-on-chip represents an archetypal challenge in QIP as it faces the same limitations than similar fields (notably quantum imaging, quantum spectroscopy and QOCT), finding repercussions in the general frame of quantum technologies. It remains still a challenge to surpass the standard quantum or interferometric limits (SQL/SIL) in realistic, i.e, lossy sensors [136]. The optimal states for lossy phase estimation are, not surprisingly, dependent on the exact value of the loss in the interferometer [126]. Consequently, no universal scheme for their preparation is possible. As example, N00N state are optimal in the absence of loss. On the other hand, squeezed states are certainly more robust for larger losses and have been used to improve the SNR in interferometric sensors, and for these states improving coupling of the probe to the sensor and reducing losses are key improvements. Hence, a versatile platform is mandatory to generate either FIG. 3: a) Configurable heralded two-photon Fock-states on a chip. The chip can be partitioned into 3 regions. Region I: photon pair generation ; Region II: photon pair splitting ; Region III: heralded entanglement manipulation [118]. b) Illustration of the concept of a non-linear interferometer, and c) the associated experimental set-up. Generation of signal and idler photons occurs in the first spiraled waveguide source (Source-1) and is enhanced/suppressed in the second spiraled waveguide source (Source-2) on a silicon photonic chip. The chip was fixed on a copper PCB and its temperature are controlled and stabilized by using temperature controller. Phases of each interferometer were adjusted by thermal phase shifters. BS: Beam splitter. AMZI: Anti-symmetric Mach-Zehnder interferometer. d) Schematic of an integrable high-efficiency generator of three-photon entangled states in a Sagnac loop [129]. e) Schematic of a multiphase estimation on a chip. Layout of the integrated reconfigurable device. Three straight waveguide segments are included between two multiport splitters UA and UB. The dynamical control of the phases is achieved by thermo-optic phase shifters [START_REF] Polino | [END_REF].

squeezed state or entangled state. As shown in Fig. 4, we envision a Si-based quantum state generator enabling both the on-chip generation of squeezed light [137] and high-dimension entangled state [129]. A challenge in quantum imaging, QOCT and spectroscopy lies in producing frequency non-degenerate entangled photon pairs over different detection range, especially across in the visible and the mid-IR. Unfortunately, restrictive phase-matching conditions in Si-platform limit the spectral coverage since the entangled photon pairs are created only over a few tens of nanometers apart from the pump wavelength. In contrast, χ (2) materials represent a viable alternative by leveraging SPDC. Artificially creating χ (2) on χ (3) -based platform appear as a trade-off combining best of the two worlds without considering hybrid or heterogeneous architecture. While already used over the past 10 years, this technique is experiencing very recently a revival. Indeed, optically reconfigurable QPM in SiN (transparent from 0.4 to 5 µm) would be disruptive for quantum bio-sensor, quantum spectroscopy and quantum imaging leading to the realization of a new type of non-classical light generator, and paving the way for a possible frequency-comb across visible and mid-IR spectral regions [138]. This technique offers also a great versatility in terms of both wavelength and architectures (waveguide, spiral and micro-ring), also potentially opening a new horizon for linear and non-linear interferometry. The transposition into the quantum regimes remains a challenge that is beginning to be addressed [139]. Exploring intermediate regime between classical and quantum can replace single photon detection by standard photodiode, mitigating the level of integration [140,141]. Rich library of process design kits based on SOI waveguides will be useful for the realization of typical PICs components in the mid-IR range, which is so far unexplored, including WDM, grating coupler and directional coupler. These quantum-grade components have to be matured and their operation optimized for disparate wavelength range.

FIG. 4: Schematic of a quantum lab-on-chip

The second block of the photonic chip tackles the manipulation stage of the quantum state, and more specifically its interaction with the chemical or biological system. A moderate index refraction value combining with a high-degree of flexibility stands as premium cri-terion for a sensitive bio-sensor. FLDW yields low-loss, linear waveguide circuits offering a 3D routing capability. We highlight the compliance between the platforms for the generation (SiN) and the manipulation (silica-onsilicon) block, ensuring low-loss interconnection. On top of that, FLDW is able of machining at will the surface for the fabrication of micro-fluidic channels or hollow chambers directly connected to the surface. Dynamic operation and reconfiguration of multi-port interferometers is typically achieved by externally controllable phase elements [142]. While electronic integrated circuits are by themselves a mature technology, this integration challenge requires not only the realization of the physical interface between the electronics and the photonic quantum devices, but also adequate circuit control strategies, which is tightly linked to the development of overlaid quantum protocols including Bayesian and machine learning algorithm [143,144]. Finally, theoretical study of (on-chip) quantum sensing remains a critical element in order to examine the fundamental limits of QMET. Theory will help to inform the experimentalist how much more effort needs to be expended to attain the known bounds. In particular, new measurement protocols as well as post-processing of the measurement outcomes can be further optimized. For instance, feedback-based protocols, dynamical decoupling, and optimal control may all add new capabilities to quantum sensing protocols., such as reducing the effect of technical noise and using the available resources in the most efficient way. Powerful methods from signal processing, which have already yielded fruit in the design and assessment of sensor performance, could be applied to minimise the measurement effort to extract the desired signal [136].

E. Integrated quantum memories

Quantum memories (QM) play a central role in quantum communication protocols, given their synchronization ability. Such systems are mainly characterized by their efficiency (i.e. the probability to retrieve the excitation), their fidelity (i.e. how similar the input and output states are) and their storage time. The ability to store excitations at the single photon level (low added noise), the bandwidth and the wavelength of the input photons as well as the multiplexing capabilities of the QMs must also be taken into account to comply with specific applications in quantum networks. For the development of integrated photonics, the mode size should also be considered as a benchmark for scalability. A large variety of systems and protocols have allowed to implement such QMs, but the focus of this section will be made on realizations that allowed for the input-output storage of photonic excitations on systems based on guided photonics technology. In this domain, rare-earth (RE) based systems display a clear advance on other platforms, due to the maturity of QM implementations in rare-earth ion-doped crystals and their natural atom-like structure when doped in different substrates. Moreover, their intrinsic solid nature makes them more prone to scalability. We can distinguish two main strategies that are followed to perform integration of QMs based on REs. First strategy: one can take advantage of an already existing guiding technology, by doping it with active elements. For instance, the previously discussed Ti indiffusion or proton exchange in LiNbO 3 can be a material in which RE are implanted and QM protocols are implemented. Second strategy: integration can come after the identification of a high-performance bulk material for implementing QMs. In this approach, the waveguide is directly formed within the bulk material, and the challenge here is obviously to maintain as best as possible the performances of the system through the fabrication procedure. We will review the recent advancements along these two strategies in the following.

Fiber components

A natural and convenient way of benefiting from guided wave photonics for quantum storage is to rely on the well-established silica fiber platform. In this domain, erbium-doped fiber are very common devices used to amplify classical signals via stimulated emission, and they can be advantageously used to store quantum information. Moreover, the resonance of this RE in the telecommunication band (1532 nm) makes it an ideal candidate for interface with quantum communication networks. Early works validated their suitability as platforms for QM implementation [145], and demonstrations of photon echoes were further realized within them [146]. Their particular interest lies in their amorphous nature, less prone to flip-flop interactions than crystalline materials. These proof-of-principle demonstrations were followed by the implementation of the atomic frequency comb (AFC) protocol for the storage of entangled [147] and heralded single photons [148]. Non-locality through Bell inequality violation was also demonstrated after storage in such a fiber [149]. Despite the high storage fidelities (> 90% [147,149]), such demonstrations suffer from small efficiencies (∼ 1%) and short pre-determined storage times (a few nanoseconds). Perspectives in improving these numbers in this system are to date unclear, due notably to the intrinsic disorder of its amorphous nature, which affects the coherence times, compared to high-performances bulk crystals such as, for instance, erbium-doped Y 2 SiO 5 (Er:YSO).

Photonic circuits in rare-earth doped LiNbO3

As we have seen in section II, LiNbO 3 (LN) is a very appealing platform for integrated optics. Therefore, a consequent effort was put in incorporating RE ions in this material. Thulium (Tm) was notably chosen, thanks to its easily accessible resonance wavelength (∼ 795 nm) and the possibility to implement storage protocols in it. To this extent, titanium (Ti)-indiffused waveguides doped with Tm were developed, and a photon echo memory could be demonstrated [150]. A sketch of such waveguide is shown on fig. 5, also giving the characteristic dimensions of the waveguide. The coherence lifetime could then be increased by a factor of 70 (to up to 110 µs) by decreasing the sample temperature from 3 K to 800 mK, thanks to the reduction of phonon-induced decoherence mechanisms [151]. The AFC protocol has equal superpositions of early and late modes 25 . Using the language of spin-half systems, this corresponds to projections onto s z and, for appropriately chosen phases, s x and s y , respectively.

The 795-nm photon is transmitted to the quantum memory where its state-specifically that it is entangled with the 1,532-nm photon-is mapped onto a collective excitation of millions of thulium ions. Some time later, the state is mapped back onto a photon that exits the memory through a fibre in well-defined spatio-temporal modes and is probed by a second qubit analyser.

To reversibly map the 795-nm photon onto matter, we use a photon-echo quantum memory protocol based on atomic frequency combs (AFC) 4 . It is rooted in the interaction of light with an ensemble of atomic absorbers (so far rare-earth-ion-doped crystals cooled to cryogenic temperatures) with an inhomogeneously broadened absorption line that has been tailored into a series of equally spaced absorption peaks (see Fig. 2). The absorption of a single photon leads to a collective excitation shared by many atoms. Owing to the particular shape of the tailored absorption line, the excited collective coherence rapidly dephases and repeatedly recovers after multiples of the storage time T s . This results in the re-emission of a photon in the state encoded into the original photon.

In our implementation the moment of photon re-emission is predetermined by the spacing of the teeth in the comb, T s 5 1/D, and the storage process can be described as arising from the linear response of an optical filter made by spectral hole burning. Yet, readout on demand can be achieved by temporarily mapping the optically excited coherence onto ground-state coherence where the comb spacing is smaller or the comb structure is washed out 4 , or by combining the AFC protocol with controlled reversible inhomogeneous broadening of each absorption line, similar to the storage mechanism used in another photon-echo quantum memory protocol 1 .

Figure 1 | Schematics of the experimental set-up. a, Generating and measuring entanglement. Six-picosecond-long pump laser pulses (1,047.328 nm wavelength, 80 MHz repetition rate) are frequency doubled (FD) in a periodically poled lithium niobate (PPLN) crystal. Each resulting 16ps-long pulse (523.664 nm wavelength, 90 mW average power) is coherently split into two by the unbalanced pump interferometer, featuring a 1.4-ns traveltime difference. Spontaneous parametric down-conversion (SPDC) in a second PPLN crystal followed by frequency filtering using an etalon and a fibre Bragg grating (FBG) (bandwidths of 6 GHz and 9 GHz, respectively), yields maximally entangled pairs of photons centred at 795.506 nm and 1,532.426 nm wavelength (DM, dichroic mirror). The 1,532-nm photon travels through a 30m telecommunication fibre, and the 795-nm photon is either stored in the memory or sent through a fibre delay line (not pictured). To characterize the biphoton state, we use qubit analysers consisting of delay lines or unbalanced interferometers connected to single-photon detectors. Detection events are collected with a time-to-digital converter (TDC) connected to a personal computer (PC). All interferometers are phase-locked to stable reference lasers (not shown). b, Memory set-up. The 795.506-nm continuous-wave memory laser beam is intensity-and phase/frequency-modulated using an acousto-optic modulator (AOM) and a phase modulator (PM). The waveguide is cooled to 3 K and exposed to a 570-G magnetic field aligned with the crystal's C 3 -axis. Waveplates allow adjusting the polarization of the beam to the waveguide's transverse magnetic (TM) mode, and optical switches combine and separate the optical pump beam and the 795-nm photons. c, Timing sequence. We use three continuously repeated phases: the 10 ms 'prepare' phase for optical pumping, the 2.2-ms 'wait' phase, which ensures stored photons are not polluted by fluorescence from the excited state, and the 40-ms 'store and retrieve' phase, during which many 795-nm photons are successively stored in the waveguide and recalled after 7 ns. thulium (Tm) concentration profile is given on the left and the calculated intensity distribution of the fundamental TM-mode at the 795-nm wavelength is shown below. Iso-intensity lines are plotted corresponding to 100%, 87.5%, 75% and so on of the maximum intensity. b, Simplified energy level diagram of thulium ions. The optical coherence time of the 3 H 6 « 3 H 4 transition at 3 K is 1.6 ms, the radiative lifetimes of the 3 H 4 and 3 F 4 levels are 82 ms and 2.4 ms, respectively, and the branching ratio from the 3 H 4 to the 3 F 4 level is 44%. Upon application of a magnetic field of 570 G, the ground and excited levels split into magnetic sublevels with lifetimes exceeding one second 27 . c, Atomic frequency comb. The bandwidth of our AFC is 5 GHz (shown here is a 1-GHz broad section). The separation between the teeth is D < 143 MHz, resulting in 7 ns storage time. The line width of the peaks is c < 75 MHz, yielding a finesse F 5 2, as expected for the sinus-type comb.
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FIG. 5: Waveguide built by Ti-indiffusion in a thulium-doped crystal. Extracted [31] (permission!). also been implemented in this platform by performing optical pumping, and storage of entangled photon in the waveguide has been demonstrated [31]. The strength of this platform is that multiple kind of information processing can be performed in it, such as manipulations in the spectro-temporal domain [152]. Erbium is also suitable for integration in LN, and proton-exchanged waveguides doped with this RE were studied in order to implement controlled reversible inhomogeneous broadening (CRIB) protocol by using the Stark effect [145]. The RE was then doped into titanium (Ti)-indiffused waveguides to demonstrate two-pulse echoes with partially readout ensembles for demonstrating coherent storage in the telecom band [153,154]. Unfortunately, until recently it was impossible to perform storage and re-emission of telecom photons in this material, due to the difficulty to perform efficient population polarization. Luckily, it was experimentally demonstrated that a combination of high magnetic fields ( 1 T) and low temperatures ( 1 mK) allows performing efficient optical pumping and reaching long coherence times [155]. Following this study, an AFC could be shaped in Er 3+ :Ti 4+ :LN, and storage of heralded single photons [156] over large bandwidths [157] could be performed. Unfortunately, parasitic effects such as excitation-induced spin-flips and frequency shifting due to two-level systems or non-equilibrium phonons limit the performances of such platform, and further study in material development need to be conducted in order to improve crystal growth. It has however to be noticed that the coherence times remain unaffected by the waveguide fabrication itself.

Thin photonic guiding structures

Another way of guiding light through photonic QMs consists in using nanophotonic guiding structures. In this approach, light guiding is ensured by the step of index between the guiding material and the substrate. There, two approaches are possible. In a first approach, the guiding structure is evanescently coupled to the substrate, which itself contains the active ions. Here, one can take advantage of wellestablished high-performances bulk materials on which photonic waveguides are deposited. Developments of such a strategy with the aim at developing quantum memories were conducted on Pr 3+ , on top of which a thin-film of TeO 2 was deposited [158]. This led to high quality samples, whose coherence lifetimes were however 1.6 times shorter than in the bulk. The evanescent coupling with the active centers also led to weak coupling, which can be circumvented by using resonant circuits to enhance light-matter interaction. Silicon photonic circuits were used along this line in different realizations to address single Er ions [159] and erbium-and ytterbiumimplanted LN [160]. More recently, storage, frequency and bandwidth control of input photonic states could be performed on a silicon photonic resonator coupled to Er:YSO, proving the viability of this technology for QM implementations [161]. Here again the authors took advantage of specific magnetic conditions [155] in order to perform efficient pumping, and implement the AFC protocol with delay control thanks to Stark shift [162]. The device used is shown on fig. 6.

In a second approach, the guiding structure itself is doped with the active elements. In this case the lightmatter coupling can be highly enhanced due to the confined mode volume which leads to high field intensity. Such structure was achieved with thin-film lithium niobate doped with thulium, shaped as a ridge waveguide on silica [163], as shown on fig.Fig. thin (d) to (f). By performing optical pumping on it, the AFC protocol could be implemented for a storage of up to 250 ns [START_REF] Dutta | An atomic frequency comb memory in rare-earth doped thin-film lithium niobate[END_REF]. Due to the very tight confinement, a threefold improvement in optical Rabi frequency compared to ion-diffused waveguides [151] could be achieved. Perspectives to extend this integration technique to erbium ions has also been investigated [START_REF] Wang | [END_REF]. Despite the high integration capability of the aforementioned techniques, the performances of the QM protocols in these realizations are still below the state-of the art bulk realization. Indeed, even if bulk doped substrates are used, the guiding device could have an effect on the coherence properties [158], and memory efficiencies are to date well below free-space realizations (e.g. η = 0.03 % at 250 ns in [START_REF] Dutta | An atomic frequency comb memory in rare-earth doped thin-film lithium niobate[END_REF] vs η = 15 % at 500 ns in [166] for Tm).

Crafting of bulk high-perf crystals

As we have pointed in previous realizations, the coherence properties of the quantum memories are often degraded by the integration process. Therefore, an intuitive way of circumventing this issue is to start from a well identified high-performance bulk material and embed a waveguide inside it with a technique that is minimally invasive as possible. This principle was first applied to Nd:YSO crystals, where nanophotonic suspended cavities were shaped thanks to focused ion-beam milling technique [167]. The structure is shown in fig. 7 (a), where one can distinguish the grooves on top of the waveguide, used to form the cavity. Due to the strong light confinement, high light-matter coupling could be achieved, and Purcell factor of 42 could be measured. Importantly, the coherence time (∼ 3 µs) was very similar to bulk values. This same fabrication technique was then applied to Nd:YVO, in which on-demand storage and retrieval of optical pulse was performed tanks to the AFC protocol combined with AC Stark pulses [168]. At high magnetic field and in a dilution refrigerator, the same nanostructures finally allowed to store light at telecom wavelength at the single photon level in Er:YSO with the AFC protocol [155,169]. Retrieval efficiencies with this platform are still low (∼ 0.2 %), but increasing the quality factor of the resonators should allow reaching higher efficiencies.

A second technique to shape a waveguide directly in the bulk material consists in relying on femtosecond laserwritten waveguides (FLWW). To be linked with a previous paragraph? Different types of waveguides can be fabricated with this technique, and are classified as type I to IV (REF !), see fig. 7 for types I and II on YSO. Photon echoes and AFC storage was first realized with type II waveguides in Pr:YSO [START_REF] Corrielli | [END_REF], followed by the storage of heralded single photons [170,173] with type I waveguides. The strength of this type of waveguide is that the spatial profile already matches well the one of single-mode fibers, and this allowed to fiber-pigtail directly the waveguide in a subsequent realization, for the storage of entangled photons [START_REF] Rakonjac | Storage and analysis of light-matter entanglement in a fibre-integrated system[END_REF]. A picture of the system is shown on fig. 7 (d). Similar systems were built in Eu:YSO with the storage of classical pulses with the ROSE and the AFC spin-wave protocol on type II inscribed waveguides [174], further followed by coherent storage [175], and time-bin qubits encoded on weak coherent pulses [176] on type IV inscribed waveguides and polarization qubits on type III inscribed waveguides [START_REF] Zhu | On-demand integrated quantum memory for polarization qubits[END_REF]. Eventually, on-demand storage of time-bin qubit was realized on Er:YSO type III inscribed waveguides, thanks to the AFC Stark protocol [START_REF] Liu | On-demand storage of photonic qubits at telecom wavelengths[END_REF].

Perspectives

Table III gathers the performances of the previously mentioned QMs, and reveals more than three orders of magnitude variations from one platform to the other, in terms of efficiency and storage time. Moreover, the best of the values reported here are still far below state-of-theart bulk realizations (e.g. 56% efficiency [START_REF] Jobez | [END_REF] and 1 hour Notice that all storages reported here were realized at the single photon level, except for [START_REF] Dutta | An atomic frequency comb memory in rare-earth doped thin-film lithium niobate[END_REF][START_REF] Corrielli | [END_REF].

storage time [180] in Eu:YSO). The principal challenge added by the waveguide structure is the inevitable losses endured at the in-and out-coupling, and caused by the guiding itself. Fortunately, impedance-matched cavities can be used to push the efficiencies to higher level [181].

In this vein, some of the technologies we have reviewed already embed cavities, and therefore a priori only need to tweak the parameters in order to reach this regime [169]. However, the step in efficiency to overcome is higher than other technologies such as FLWW, in which the implementation of a cavity remains to be accomplished [170].

A second question concerns the integration capabilities of the fabricated devices. Implementing a waveguide in a QM is indeed the cornerstone towards this goal, but is not sufficient to guarantee scalability of the architecture. Devices containing multiple functionalities on the same chip, where light is guided from one function to the other (a relier à un autre paragraphe?), yet remain to be developed with QMs. There again, the nature of the guiding technology imposes constraints that can be limiting to reach this goal.

Finally, we have seen that the coherence properties of the active ions strongly depend on their local environment. Therefore, constant investigations in material science in order to identify a suitable agreement host crystal/active ion are necessary. Such research can be done by relying on well-established guiding materials [182] or by developing new methods for efficiently implant ions in a large variety of substrates [159,[START_REF] Stevenson | Erbium-implanted materials for quantum communication applications[END_REF].

Plateformes non traitees

Mouradian PRX 2015 with NV center in diamond microwaveguides (Englund MIT) ? Single Si-V spin inside diamond nanoresonator (Lukin): but no storage [START_REF] Bhaskar | [END_REF] Question about semi-integrated systems (see fibers to trap and address atoms (Laurat [185])) et un ovni phononphoton telecom [186]. Should we cite Wachtrup with his copy of Lukin in SIC?

V. PERSPECTIVES

In view of operational systems compatible with quantum technologies, photonic circuits should be able to integrated some key operations. Although, the number and specific features of elementary brick depend on the application, some general characteristics can be identified. As for an exemple, in the context of quantum computing and simulation, integration platforms for should be able to implement a high number of reconfigurable linear interferometers [85], that should be ideally addressed by an electro-optical control, compatible with fast operation and low temperature budget. These require the development of optical couplers and DWM with steep bending, as for high integration density, and low losses, as demanded to preserve the quantum states properties. For general quantum technology purposes, efficient and fast single-photon detectors as well as photodiodes are essential to on chip light detection, including with high bandwidth [137]. Integrated laser sources, including with external electrical pumping [34], followed by efficient non-linear optical stages would allow plug-and-play quantum state generation. Low coupling losses, would eventually allow for hybrid configurations, marry different integration technologies or allows for efficiency interface with existing optical fibre networks. Eventually, some CV protocols require fast modulation stages [71]. Although available quantum photonics platforms often offer more of these functions, so far, none has emerged as an universal integration platform, capable of efficiently combining all described abilities.

A promising path, merging high optical and electrooptical non-linearity with high integration density and the possibility of integrating both optical sources and detection stages is represented by LN on insulator (LNOI). As emphasized in section II B, LN platform is already widely used in QIP. However, due to guiding technologies (metal in-diffusion or proton exchange), which so far allow only weakly confined mode (∆n ≤ 0.1), its integration density is limited. During the last decade, LNOI platform have permitted a real breakthrough in integration, and it is now considered a very promising candidate for on-chip quantum applications [187]. Indeed, nanoscale circuitry basics building blocks in LNOI have already been successfully demonstrated in the classical regime and are now under investigation in the quantum regime. The first demonstrations of photon pair sources or heralded single photon sources show count rates comparable to optimized silicon-photonics sources. Multiplexed sources are investigated to overcome the probabilistic emission via SPDC process. Doping of LN thin-films with rare-earth were also used to emulate color centers as sources.

In the field of addressing photons, all the branching elements (directional couplers, y-splitters, MMI splitters) are already well-mastered. Polarization beam splitters have also been demonstrated and could lead to exploit polarization entanglement. Delay lines up to 15 cm (delay of 2 ns) over only a few centimeters device have been implemented. As aforementioned, rare-earth doping have been performed for classical uses and will undoubtedly lead to the creation of on-chip quantum memories. Filtering devices, such as Bragg reflectors, resonators or interferometric filters have also been used to separate the pump from the on-chip generated photons. However very few demonstrations of these components in the quantum regime have been published yet. Active manipulation of these components through electro-optics effects is also possible, leading to active optical switches, tunable filtering (bandwidth or central wavelength), phase or/and amplitude modulators, tunable duration delay line. Using electro-optics manipulation of ring resonators can also be used to store photon for some nanoseconds.

The main current limitations of LNOI platform are: the impossibility of on-chip detection, the propagation losses which are low (3 dB/m) but still not suitable for ultra-low loss quantum chips, and the injection/collection losses while interfacing with standard optical component such as the fiber network. To overcome these drawbacks, several teams have started to work on the hybridization of LNOI circuits with other platforms. Silicon photodetectors or niobium-titanium nitride superconducting nanowires have been used on LNOI to allow on-chip detection. The later one (on-chip SNSPD) have been proven to detect single photon, while the silicon photodetector could lead to the fabrication of on-chip avalanche photodiodes. Silica or silicon nitride waveguides show ultra-low losses and would be perfect candidates to decrease the propagation losses between two LNOI function blocks. Furthermore, these materials are particularly well suited to increase the mode matching within the interface between photonic-chip and optical fibers using grating couplers or waveguide tapers.
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 2 Figure 2 | The storage medium. a, Waveguide geometry. The measured
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 6 FIG. 6: Integrated quantum memories with sub-micrometric structures. (a) An amorphous silicon waveguide confines light, which is evanescently coupled to the active ions of the Er:YSO substrate. The chip functionalities can be controlled thanks to two pair of electrodes, visible on fig.6 (b). (c) Grating coupler, allowing to couple light in the photonic waveguide. (d) Architecture of LN on insulator: the active ions are doped in the waveguide (blue, on top). (e) Scanning electron microscope image of the structure, and (f) simulation of the light spatial profile in the waveguide. Figures (a), (b) and (c) are extracted from [161], (d), (e) and (f) from [163].
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 7 FIG. 7: Examples of QMs crafted directly in the material. (a) Nanophotonic photonic crystal resonator. Light is coupled in and out by total internal reflection in the red dashed region of the guide. (b) Simulated electric field in the structure in (a). (c) Femtosecond laser-written waveguides of types I and II in Pr:YSO of various dimensions. (d) Picture of a fiber-pigtailed waveguide on Pr:YSO. (a) and (b) are extracted from[167], (c) from[170] and (d) from[START_REF] Rakonjac | Storage and analysis of light-matter entanglement in a fibre-integrated system[END_REF].

  

  

TABLE I

 I 

				: default			
	Reference Year Material Protocol	Observable	Laser source Receiver Clock
	[51]	2016 Si	BB84	Polarization	External	Fibred	10 MHz
	[52]	2017 InP	BB84, DPS, COW	Time-bin/Polarization On chip	Integrated 1.76 GHz
	[53]	2017 Si	BB84, COW	Time-bin	External	Integrated 1 GHz
	[54]	2017 Si	HD	Path	External	Integrated 5kHz
	[55]	2018 Si	BB84	Polarization	External	Integrated 625 MHz
	[56]	2019 Si	BB84	Time-bin	External	On chip	100 MHz
	[57]	2019 Si	CV Gaussian-modulated quadrature	External	Integrated 10 MHz
	[58]	2019 InP	BB84, DSP	Time-bin	On chip	Integrated 1 GHz
	[59]	2020 InP	BB84 MDI	Time-bin	On chip	Fibered	250 MHz
	[60]	2020 Si	BB84 MDI	Polarization	External	Integrated 0.5 MHz
	[61]	2020 Si	BB84 MDI	Polarization	External	Fibered	1.25 GHz
	[62]	2021 Si	BB84	Polarization	External	Fibered	50 MHz

TABLE II :

 II List of QKD experiment realized with integrated transmitter.

DPS: differential-phase-shift; COW: Coherent one way; CV: Continuous variable; HD: High dimension;

TABLE III :

 III Sum up of basic performances of state-of-the art waveguide QM. *Efficiency and qubit fidelity are expressed as in-out values.