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Ré sumé en Franç ais

La spectroscopie dans le moyen-infrarouge (MIR) est une mé thode universelle pour identifier les substances chimiques et biologiques. Les systè mes moyen infrarouge disponibles dans le commerce reposent sur des é quipements volumineux et coûteux, tandis que de nombreux efforts sont maintenant consacré s à la ré duction de leur taille et leur intégration sur circuits intégrés. L'utilisation de la technologie silicium pour la réalisation de circuits photoniques dans le moyen-infrarouge pré sente de nombreux avantages : fabrication fiable, à grand volume, et ré alisation de circuits photoniques à hautes performances, compacts, lé gers et à faible consommation é nergé tique. Ces avantages sont particuliè rement inté ressant pour les systè mes de dé tection spectroscopique moyen infrarouge, qui besoin d'ê tre portable et à faible coût.

La région spectrale du MIR est définie typiquement pour des longueurs d'onde allant de 2 à 20 µm (500 à 5000 cm -1 en nombre d'onde). Dans cette zone se situe la "fingerprint région", de 6.6 à 20µm, où se situent les résonances vibrationnelles et rotationnelles fondamentales de la plupart des espè ces chimiques, comme repré senté sur la figure 1 

Guides d'onde périodiques

Aprè s les premiè res preuves de concept concernant la possibilité de guider la lumiè re à faibles pertes, j'ai étudié les guides d'onde périodiques pour 2 applications principales : la ré alisation de coupleurs verticaux et de miroirs de 

Ré sonateurs MIR inté gré s

A partir de la dé monstration des ré seaux de Ces premiè res dé monstrations de structures ré sonantes MIR inté gré es utilisant les guides d'onde SiGe graduels ouvrent la voie au dé veloppement futur de circuits photoniques inté gré s MIR, tels que des sources lumineuses utilisant des effets non liné aires, à savoir la gé né ration de peignes de fré quence. En ce qui concerne l'amé lioration de l'interaction lumiè re-matiè re, les structures ré sonantes MIR pré sentent é galement un fort potentiel pour le dé veloppement de systè mes de dé tection spectroscopiques ultra-compacts. 

Spectromè tre à transformé e de Fourier inté gré
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Broadband mid-IR waveguides based on

Introduction

Since the first demonstration of silicon waveguides using the silicon-on-insulator platform in the mid 1980's by Soref et al. [START_REF] Namavar | On the Formation of Thick and Multiple Layer Simox Structures and their Applications[END_REF][START_REF] Cortesi | Novel silicon-on-insulator structures for silicon waveguides[END_REF], silicon photonic circuits have exhibited a truly remarkable development. Significant progress on silicon integration has been done for the last decades. Several important components containing the waveguides, modulators, switches, and detectors have been studied and impressively developed. Especially after the first investigation of silicon-based plasma dispersion modulation [START_REF] Soref | Kramers-Kronig Analysis Of Electro-Optical Switching In Silicon[END_REF], a great number of demonstrations on silicon photonics have been done for applications in telecommunications and data centers. In the stream of the research for data communication and initially strongly inspired by the success of fiber sensors, silicon photonic circuits have also been proposed

as a compelling solution to address several technical challenges in current chemical and biological sensing systems for the applications of medical diagnosis, metrology, and remote sensing. The on-chip integrated optical sensor is among the hot research topics in the optical society.

Integrated optical sensors

An optical sensor is a device that uses light to measure a physical quantity. A chemical or biological optical sensor allows to detect and quantify the presence of targeted molecules, by measuring light transmission, and translating it into a readable form, such as an electrical signal. It is a powerful tool, which can be used to measure a very large number of components, providing analyte information remotely. The research and development in optical sensor field is motivated by its significant advantages comparing to other sensors, such as a greater sensitivity, a wider bandwidth, an immunity to electromagnetic interference and multiplexing capabilities. Moreover, for the applications of chemical and biological sensing, optical sensors benefit also from the multi-analyte detection [START_REF] Proll | Optical Sensors: Industrial, Environmental and Diagnostic Applications[END_REF].

Furthermore, another important advantage of optical sensors is the selectivity. Selectivity can be understood as one-to-one correspondence of the optical response to a nature of the presented analyte.

In the research and development of optical sensors, miniaturization of optical sensors by integration is particularly interesting. Integrated optical (IO) system benefit from compactness, cost-effective, mechanical rigidity and multifunctionality. Thanks to the integrated waveguides, the optical path for an integrated optical sensor is well defined without necessity of positions (re-)adjustment of the bulky components that free space optics is notorious for. In comparison with fiber optics, on chip integration (many systems can be integrated simultaneously on one substrate), shows a great flexibility in material choice (see section 1.3) and structures which make possible for the development of multipurpose and mobile in-situ analysis system. The real-time and in-situ aspects of IO sensors are particularly interesting, due to the complexity and time-consuming in the analysis progress in conventional sensing systems, in which the transport of samples to a laboratory is necessary for the analysis using an expensive bulky equipment.

The operation mechanism of IO sensors is related to changes of optical properties when the measurand is present. The most relevant optical properties are the refractive index, the absorption coefficient (the sensing mechanism used in this work), or the luminescence of the material. The change of refractive index is represented through a change of two parameters: the real part of effective index and the mode profile of the guided mode [START_REF] Zhang | Highly sensitive refractive index sensing by fast detuning the critical coupling condition of slot waveguide ring resonators[END_REF][START_REF] Villatoro | Low-Cost Optical Fiber Refractive-Index Sensor Based on Core Diameter Mismatch[END_REF][START_REF] Hernandez-Arriaga | High Sensitivity Refractive Index Sensor Based on Highly Overcoupled Tapered Fiber-Optic Couplers[END_REF].

The change of absorption coefficient (sensing principle performed in this work) corresponds to the imaginary part of effective index, it affects thus the modal attenuation, in other words the detected transmission [START_REF] Singh | Mid-infrared materials and devices on a Si platform for optical sensing[END_REF][START_REF] Jin | Real-Time and Label-Free Chemical Sensor-on-a-chip using Monolithic Si-on-BaTiO3Mid-Infrared waveguides[END_REF][START_REF] Li | Spiral Waveguides on Germanium-on-Silicon Nitride Platform for Mid-IR Sensing Applications[END_REF][START_REF] Gutierrez-Arroyo | Theoretical study of an evanescent optical integrated sensor for multipurpose detection of gases and liquids in the Mid-Infrared[END_REF][START_REF] Gutierrez-Arroyo | Optical characterization at 77 µm of an integrated platform based on chalcogenide waveguides for sensing applications in the midinfrared[END_REF]. In terms of the luminescence sensing (fluorescence sensing), some materials may show luminescent property by emitting photons at different frequency while absorbing the incident light, allowing their detection [START_REF] Zheng | Fluorescent labeling, sensing, and differentiation of leukocytes from undiluted whole blood samples[END_REF][START_REF] Yan | Highly selective luminescence sensing for the detection of nitrobenzene and Fe 3+ by new Cd( ii )-based MOFs[END_REF][START_REF] Douvali | Turn-On Luminescence Sensing and Real-Time Detection of Traces of Water in Organic Solvents by a Flexible Metal-Organic Framework[END_REF][START_REF] Tschmelak | Optical biosensor for pharmaceuticals, antibiotics, hormones, endocrine disrupting chemicals and pesticides in water: Assay optimization process for estrone as example[END_REF][START_REF] Zeng | A Selective Turn-On Fluorescent Sensor for Imaging Copper in Living Cells[END_REF].

Mid-infrared Silicon photonics

The research towards IO sensors using silicon photonics technology is becoming increasingly attractive. Silicon photonics, known more accurately as group IV photonics, describes integrated optic and optoelectronic devices realized using silicon (Si), germanium (Ge) or other group IV materials. Since the first demonstration of silicon waveguide in the mid 1980's [START_REF] Cortesi | Novel silicon-on-insulator structures for silicon waveguides[END_REF][START_REF] Soref | Single-crystal silicon: a new material for 1.3 and 1.6 μm integrated-optical components[END_REF], silicon photonic circuits have been strongly studied motivated primary because of the potential attraction of integration with microelectronics in a cost-effective manner. As a result, a continuously increasing number of research works, containing a diversity of integrated optical components for light generation, modulation, manipulation, detection and amplification, have been reported, especially for the application of telecommunication operating at near infrared (NIR) wavelengths. A large number of siliconbased refractive index sensing circuits with high performance have been also demonstrated in the near infrared wavelength range in the last decade [START_REF] Zhang | Highly sensitive refractive index sensing by fast detuning the critical coupling condition of slot waveguide ring resonators[END_REF][START_REF] Jin | Optical waveguide double-ring sensor using intensity interrogation with a low-cost broadband source[END_REF][START_REF] Jugessur | A photonic nano-Bragg grating device integrated with microfluidic channels for bio-sensing applications[END_REF][START_REF] Prabhathan | Compact SOI nanowire refractive index sensor using phase shifted Bragg grating[END_REF][START_REF] Huang | Improving the detection limit for on-chip photonic sensors based on subwavelength grating racetrack resonators[END_REF]. However, the lack of selectivity to identify the exact analyte in the refractive index sensing limits its applications. Interestingly silicon photonics device can extend in the mid-infrared (MIR) range, which is particularly interesting for sensing applications [START_REF] Soref | Mid-infrared photonics in silicon and germanium[END_REF]. The mid infrared is typically defined as wavelengths from 2 to 20 µm (5000 to 500 cm -1 in wavenumbers). Among it is the so called "molecular fingerprint" region from 6.6 to 20 µm where almost all chemical bonds present fundamental vibrational and rotational signatures as shown in Fig. 1.2.1. The presence of this signature give rise to unique absorption lines for each molecule in the MIR fingerprint region. Although overtones of molecular vibrational signature extend into the NIR wavelengths (λ < 2 µm) which can also be detected, the absorption coefficient in the MIR are orders of magnitude higher than in the NIR, so by shifting the operational wavelength into MIR the detection sensitivity can be enhanced by several orders. Moreover, since each molecule presents unique absorption lines, none complementary identification process is needed for MIR absorption sensing. On another hand, it can be added that the development of photonic integrated devices in the two atmospheric transparency windows (λ = 3-5 µm and λ = 8-12 µm) is also significant for applications of free-space telecommunication.

In this context, a growing number of research works are now devoted to mid-infrared silicon photonics. Many outstanding works on novel MIR silicon photonics passive and active devices have been reported and are summarized in recent review papers [START_REF] Nedeljkovic | Silicon photonic devices and platforms for the mid-infrared[END_REF][START_REF] Mashanovich | Group IV mid-infrared photonics [Invited[END_REF][START_REF] Lin | Midinfrared integrated photonics on silicon: a perspective[END_REF][START_REF] Zhang | Nonlinear Group IV photonics based on silicon and germanium: From near-infrared to mid-infrared[END_REF][START_REF] Zou | Mid-infrared silicon photonic waveguides and devices[END_REF][START_REF] Shankar | Silicon photonic devices for mid-infrared applications[END_REF][START_REF] Marris-Morini | Germanium-based integrated photonics from near-to midinfrared applications[END_REF].

Furthermore it can be noted that some research works are also now focused on the integration of MIR QCL on Si-based platform [START_REF] Nguyen-Van | Quantum cascade lasers grown on silicon[END_REF]. More details on state of the art of MIR integrated photonics are discussed in the next section.

State of the art

In order to develop MIR photonics, it is essentially to find a waveguide platform that allows light propagation with low loss in the MIR wavelength range. The most prevalent platform in the field of silicon photonics in the near-IR is the silicon-on-insulator (SOI)

platform which provides a high index contrast between the guiding core ( 3.5 SiO n  ) leading to high optical confinement. Interestingly, silicon is transparent up to 8 µm wavelength [START_REF] Soref | Mid-infrared photonics in silicon and germanium[END_REF], however, the strong absorption of SiO2 at the wavelengths beyond 3.6 µm could limit the use of classical SOI waveguides at longer wavelengths.

SOI waveguides have thus been demonstrated with propagation loss as low as 0.6-0.7 dB/cm at λ = 3.39 µm [START_REF] Mashanovich | Low loss silicon waveguides for the mid-infrared[END_REF]. Different approaches have then been reported to extend the operation of SOI platform to larger wavelength, such as a proper waveguide design to limit the mode overlap with the SiO2 under cladding [START_REF] Miller | Low-loss silicon platform for broadband mid-infrared photonics[END_REF] (Fig. 1.3.1(d)), or the use of suspended Si waveguides by underetching the buried oxide with a subwavelength technology [START_REF] Penadé S | Suspended silicon waveguides for long-wave infrared wavelengths[END_REF], as shown in Fig. 1.3.1(e,f).

Propagation losses of 3.1 dB/cm has achieved at a wavelength of 7.67 µm using this suspended Si approach. spectrometer with 42 cascaded MZIs from Ref. [START_REF] Nedeljkovic | Mid-Infrared Silicon-on-Insulator Fourier-Transform Spectrometer Chip[END_REF]; (d) Simulated absorption losses for different waveguide cross-sectional geometries, from Ref. [START_REF] Miller | Low-loss silicon platform for broadband mid-infrared photonics[END_REF]; (e) and (f) Schematic representation and SEM images of suspended Si waveguide with subwavelength grating cladding from Ref. [START_REF] Penadé S | Suspended silicon waveguides for long-wave infrared wavelengths[END_REF].

Besides of silicon and silicon dioxide, the transparency windows of different materials are reported and compared on Fig. 1.3.2 (Silicon Nitride ( Si 3 N 4 ), sapphire (Al2O3), germanium (Ge), gallium arsenide (GaAs), Chalcogenide glasses (ChG) [START_REF] Soref | Mid-infrared photonics in silicon and germanium[END_REF][START_REF] Zhang | Nonlinear Group IV photonics based on silicon and germanium: From near-infrared to mid-infrared[END_REF][START_REF] Thomoas | Optical Properties of Si, Ge, GaAs, GaSb, InAs, and InP at Elevated Temperatures[END_REF]).

III-V materials, like GaAs show a wide transparency window from 1.6 up to 16 µm. In the meantime, they benefit from a natural integration with QCL laser sources, making them a good material for the development of mid infrared silicon photonic devices. On-chip GaAs MZI for chemical sensing operating between 5.78 and 6.35 µm have thus been demonstrated [START_REF] Sieger | On-Chip Integrated Mid-Infrared GaAs/AlGaAs Mach-Zehnder Interferometer[END_REF] (Fig. However, until now most of the reported works are in a limited wavelength range below 8 µm, while long-wave MIR operation devices covering the wide fingerprint region are highly desirable. Unfortunately, multi-phonon absorption occurs in silicon for wavelengths beyond 8 µm. Therefore, it is extremely challenging to develop long-wave infrared (LWIR) devices with silicon.

Interestingly Germanium is an alternative material which shows transparency up to about 15 µm. Not only the wide transparency window, but also the high 3 rd order nonlinearity [START_REF] Hon | The third-order nonlinear optical coefficients of Si, Ge, and Si1-xGex in the midwave and longwave infrared[END_REF] make Ge a good material for the demonstration of LWIR silicon photonic devices. Furthermore, Ge is already largely used in silicon photonics and is fully compatible with mature large volume Si photonics fabrication process.

In the last years, Ge-based photonic integrated circuits dedicated LWIR operation have witnessed a burst of research activities. Losses of 2.5 dB/cm have been obtained using Geon-Si strip waveguide at 5.8 µm wavelength [START_REF] Chang | Low-loss germanium strip waveguides on silicon for the mid-infrared[END_REF] (Fig. 1.3.6(a)). Benefiting from the thermal/electrical isolation of silicon dioxide, thermo optics phase shifters and thermally tunable racetrack resonators have been investigated at 5 µm on Ge-on-SOI (GOSOI) platform [START_REF] Malik | Ge-on-Si and Ge-on-SOI thermo-optic phase shifters for the mid-infrared[END_REF][START_REF] Radosavljevic | Mid-infrared Vernier racetrack resonator tunable filter implemented on a germanium on SOI waveguide platform [Invited[END_REF] (Fig. 1.3.6(b,c)). Then, taking advantage of high index contrast between Ge and SiO2, Ge-on-insulator (GOI) has also been proposed as a good material to develop LWIR photonic integrated devices. Nanocavity [START_REF] Xiao | High-Q germanium optical nanocavity[END_REF] (Fig. 1.3.6(d)) and ring resonator [START_REF] Xiao | Mid-infrared high-Q germanium microring resonator[END_REF] (Fig. 1.3.6(e)) with quality-factor as high as 10 5 at 2.5 µm wavelength have been demonstrated on GOI membraned waveguides. Fig. 1.3.6. SEM images of (a) GOS strip waveguide [START_REF] Chang | Low-loss germanium strip waveguides on silicon for the mid-infrared[END_REF]; (b) GOSOI thermal optics phase shifter [START_REF] Malik | Ge-on-Si and Ge-on-SOI thermo-optic phase shifters for the mid-infrared[END_REF];

(c) Vernier racetrack resonators [START_REF] Radosavljevic | Mid-infrared Vernier racetrack resonator tunable filter implemented on a germanium on SOI waveguide platform [Invited[END_REF]; (d) GOS nanocavity [START_REF] Xiao | High-Q germanium optical nanocavity[END_REF]; (e) GOS ring resonator [START_REF] Xiao | Mid-infrared high-Q germanium microring resonator[END_REF].

In parallel with pure Ge-based waveguides, the use of SiGe alloys benefits from a low threshold dislocation density (TDD), especially when graded SiGe layers are used.

Furthermore, the use of SiGe alloys allow a high versatility for engineering waveguide properties such as effective index and dispersion. Low-loss waveguides have been demonstrated, with 0.5 dB/cm propagation loss at 4.75 µm based on Si0.6Ge0.4 waveguides [START_REF] Grillet | Low loss SiGe waveguides in the MID-IR[END_REF] (Fig. 1.3.7(a)). Graded-index SiGe waveguides has been firstly developed in 2014 [START_REF] Brun | Low loss SiGe graded index waveguides for mid-IR applications[END_REF].

The electromagnetic field is guided in the graded layer with Ge concentration from 0 to 40%, and propagation losses as low as 1 dB/cm at λ = 4.5 µm and 2 dB/cm at 7.4 µm have been obtained (Fig. 1.3.7(b)). Based on this waveguide, arrayed waveguide gratings (AWG) operating at 4.5 µm and 7.6 µm have been investigated [START_REF] Barritault | Design, fabrication and characterization of an AWG at 45 µm[END_REF][START_REF] Koshkinbayeva | Impact of Non-Central Input in N \times M Mid-IR Arrayed Waveguide Gratings Integrated on Si[END_REF].

Another approach has also been proposed for MIR integrated photonics. Instead of implementing high Si concentration in the alloy, Ge-rich Si1-xGex alloys and graded Si1-xGex layers are expected to benefit from a wider transparency window, which could potentially extend up to 15 µm as the refractive index gradient pushes the optical mode far from the Si substrate (Fig. 1.3.7(c)) [START_REF] Vakarin | Sharp bends and Mach-Zehnder interferometer based on Ge-rich-SiGe waveguides on SiGe graded buffer[END_REF]. It can be noted that these waveguides have been proposed and developed first in the near infrared range, to integrate Ge/SiGe Quantum well structures for light modulation using quantum-confinement stark effect and for photodetection [START_REF] Chaisakul | Integrated germanium optical interconnects on silicon substrates[END_REF][START_REF] Chaisakul | Quantum-confined Stark effect measurements in Ge/SiGe quantum-well structures[END_REF][START_REF] Chaisakul | 23 GHz Ge/SiGe multiple quantum well electro-absorption modulator[END_REF] (Fig. 

Outline of Thesis

In a long-term vision, the final objective of these works is aimed to develop a monolithically MIR on-chip integrated optical sensor to realize label-free in-situ sensing.

As an example, a schematic representation is shown in Fig. 1 To accomplish this task, the fundamental building blocks to guide light must be developed firstly. Then devices such as gratings, interferometers or resonators can be envisioned based on these waveguides. This thesis contains the discussion of different building blocks for the MIR photonic integrated circuits (PICs), such as broadband MIR waveguides, gratings, resonators and spectrometer. As mentioned in previous sections, mid infrared PICs using Ge-rich graded-index Si1-xGex platform show many advantages and potential for many applications. However, several challenges must be overcome:

 Development of low-loss broadband MIR waveguides. Conventional design of waveguides with dimensions in hundreds of nm, for example NIR waveguides are no longer available in this wavelength range. In order to guide long-wave, new waveguide design with larger guiding core is necessary. A specific attention must be paid on the achievable wavelength range, to target multi-detection systems. Since the waveguide dimensions are larger, efforts must to be done for the lithography and etching process in order to achieve deep-etched waveguides while maintaining a smooth sidewall.

 Development of resonant structures. In order to enhance the light-matter interaction, MIR resonators are highly desirable. As working on the graded-index platform, low vertical index contrast makes the demonstration of MIR resonators challenging.

Careful design is necessary for gratings and directional couplers in the case of Bragg grating Fabry-Perot cavities and ring resonators, respectively. For ring resonators, the minimal bend radius and the related tradeoff in terms of free spectral range are important parameters to be evaluated.

 Characterization methods. Specific characterization set-ups must be developed. For example, optical fibers are much less mature in MIR wavelength in comparison with near-IR wavelength. However, using free-space configurations light coupling into/out from the sample chip becomes more challenging.

Scientific achievement of thesis

Considering all those challenges, the manuscript presents the work that has been done during this PhD thesis. It contains 4 main chapters whose contents are detailed below:

 Chapter 2 presents the demonstration of low loss broadband waveguides in the mid infrared up to wavelengths beyond silicon absorption (>8 µm). Different waveguide designs have been proposed based on three different Si1-xGex platforms (section 2.1).

Fabrication process mainly related to lithography and waveguide etching (section 2.2) have been optimized. Fabricated samples were characterized using a free-space configuration set-up (section 2. 

Broadband MIR waveguides based on Ge-rich graded SiGe waveguides, and MIR sensing by evanescent Field absorption

As a main objective of demonstrating on-chip integrated optical sensor which covers a wide wavelength range in the MIR fingerprint region. The most fundamental work is to demonstrate a broadband MIR operational platform which is the waveguide. In this chapter, the optical properties of Ge-rich graded-index Si1-xGex waveguides will be discussed.

Waveguide designs are proposed using 3 different Si1-xGex materials. Then, the waveguide fabrication and systematic characterization with a free-space configuration are described.

Finally, as a proof of concept, the sensing capability of such Si1-xGex waveguide based on evanescent field absorption is demonstrated.

Design of MIR waveguides

As already discussed in section 1.3, researchers over the world are now studying the possibility of many different materials to extend the operation of silicon photonics in the MIR. Among them, Ge-rich graded-index Si1-xGex is a promising candidate to develop the MIR photonic circuits. As a first objective, we want to compare different waveguide platforms to evaluate light propagation properties in the MIR.

Waveguide optical property

In order to extend the operation in the MIR, we start using the Ge-rich graded-index Si1-xGex waveguides that have already been demonstrated in the NIR [START_REF] Vakarin | Sharp bends and Mach-Zehnder interferometer based on Ge-rich-SiGe waveguides on SiGe graded buffer[END_REF] and in the MIR at 4.6 µm [START_REF] Ramirez | Low-loss Ge-rich Si_02Ge_08 waveguides for mid-infrared photonics[END_REF]. We thus use an epitaxial layer composed by a 11-µm -thick graded buffer layer with a linear increase of Ge concentration from 0 to 79%, followed by a 2-µm -thick constant composition of Si0.2Ge0.8 as guiding core on top. Such configuration provides a linear increase of the refractive index in the graded buffer, allowing light confinement in the top Si0.2Ge0.8 waveguide core, with a tiny refractive index step at the interface between graded layer and guiding core (see Fig. 2.1.1). This first platform, also called platform A in the following, was previously optimized for operation at telecommunication wavelength where pure Ge has high absorption, which explain that the maximal Ge concentration in the SiGe alloy is limited to 80%. polarization. Interestingly we will see in the following that the multimode behavior at wavelength below 7 µm is not prejudicial, as the higher order modes composed of two vertically separated lobes are poorly excited. Then the impact of the waveguide width on the effective index has also been calculated. As shown in Fig2.1.4 the effective index of the guided modes increases when the waveguide width increases, and higher order modes appear when the waveguide width is increased. To go further, an increase of the index contrast to obtain higher light confinement, for example to decrease waveguide bending radius, is highly desirable. Thus two other graded Si1-xGex platforms are proposed, aiming at decreasing the waveguide thickness, and increasing the slope of the refractive index gradient (see Fig. 2.1.1). In this case, a compromise in the optimal thickness is expected. Indeed the thickness of the graded layer cannot be too thin, otherwise the waveguide propagation loss could increase due to in one hand the overlap of the guided mode with bottom Si substrate, and in the other hand possible high TDD occurred during the material growth. Finally, as these new designs specifically target operation in the MIR, gradient up to pure Ge can now be used which is favorable for high refractive index and large transparency spectral range.

Therefore, the second platform (platform B) uses a 6-µm -thick graded layer where Ge concentration is linearly increased from 0 (pure Si) to 100% (pure Ge) without any constant composition layer (see Fig. 

Waveguides fabrication

In this section, the fabrication process mainly in terms of optical lithography and inductively coupled plasma (ICP) etching is presented. The graded Si1-xGex wafers are epitaxially grown using low-energy plasma enhanced chemical vapor deposition (LEPECVD) by our collaborators in the Laboratory for Nanostructure Epitaxy and Spintronics on Silicon (L-NESS) in Italy in the group of Pr. Giovanni Isella. As an example of platform A, the Ge concentration is increased linearly from 0 to 0.79 along the growth direction over 11-μm-thick with a growth rate of 5-10 nm/s. Then a 2-μm-thick Si0.2Ge0.8

guiding core layer is grown on top. With such an approach, the lattice parameter is gradually accommodated, thus leading to the typical threading dislocation density (TDD) of 3 × 10 6 cm -2 and 3.5 nm rms roughness [START_REF] Isella | Low-energy plasma-enhanced chemical vapor deposition for strained Si and Ge heterostructures and devices[END_REF].

Comparing to the previous work in Si1-xGex [START_REF] Ramirez | Low-loss Ge-rich Si_02Ge_08 waveguides for mid-infrared photonics[END_REF], instead of 1. 

Characterization

After the fabrication of the photonic circuits comprising the spiral waveguides, the fabricated samples have been characterized using a free-space configuration set-up. In this section, the experiment and characterization results for the study of waveguide properties in terms of propagation losses and coupling losses will be presented. The measurements have been performed in collaboration with Joan Manel Ramí rez, post-doctor who built the experimental set-up.

Description of experimental set-up

The mid infrared characterization set-up uses an ad hoc free-space configuration as shown in Fig. 2.3.1. The MIR laser is a MIRCAT tunable quantum cascaded laser (QCL) with an external cavity operating in pulse regime with a duty cycle of 5% and a repetition rate of 100 kHz.

The laser which contains three laser chips, emitting in TM polarization provides a tunable wavelength range from about 5 µm (2000 cm -1 ) to 8.5 µm (~1170 cm -1 ) with a maximum peak power of 300 mW at 6.5 µm and a wavelength accuracy lower than 1 cm -1 (below 6.5 nm) [START_REF]MIRcat-QT TM Mid-IR Laser: Tune 1000 cm-1 at 1000s cm-1/s | High-Speed Tuning[END_REF]. A polarization rotator is installed at the output of the laser while measuring in TE polarization. Then using the aspheric ZnSe lens, light is butt coupled into and out from the sample. To facilitate this coupling, the width of the waveguides at the chip input and output are 50 µm. They are followed by 1.2 mm-long tapers to reach the targeted width, typically 5 µm. The collected optical signal propagates through a polarization filter to discard any polarization rotation throughout the sample. The signal is then sent to either a MIR camera or a spectrometer with an MCT HgCdTe photodetector. The MIR camera is available from 1 to 5.5 µm allowing us to observe the mode profile coupled out of the sample, to ensure the fundamental mode coupling. Finally, the detected signal is recorded through a lock-in amplifier. The full optical path is installed inside an isolation box connected to a dry air pump system which allows to reduce the impact of atmospheric absorption lines at different wavelengths (mainly the H2O absorption).

Experimental results

The spiral waveguides on three platforms have been measured at a wavelength range 

Study of sensing capability of Si 1-x Ge x waveguides

The determination of broadband low-loss waveguide based on platforms A and B provides a good starting point for the demonstration of on-chip integrated circuits. After the evaluation of waveguide properties, the sensing capability of Si1-xGex waveguides using evanescent field absorption can be evaluated.

Theoretical study of sensing capability

A theoretical evaluation of sensing capability of such graded-index Si1-xGex waveguides using evanescent field absorption has been done by means of evaluating the field overlap of the guided mode with the waveguide upper cladding. In the theoretical calculation, "nocladding" (nclad= 1 To further discuss the potential of Si1-xGex waveguides for the application of gas-trace sensing, the detection limit in terms of the minimum detectable analyte concentration has been estimated. As an example, the possibility of using Si1-xGex to detect the presence of methane (CH4), which is well known as one of the key roles in global warming [START_REF] Tombez | Methane absorption spectroscopy on a silicon photonic chip[END_REF] is considered. CH4 presents a strong absorption line at λ = 7.7 µm [START_REF] Gutierrez-Arroyo | Optical characterization at 77 µm of an integrated platform based on chalcogenide waveguides for sensing applications in the midinfrared[END_REF]. Considering a waveguide length L and propagation loss α, the change of transmitted light intensity ΔI affected by the presence of analyte can be calculated by [START_REF] Lin | Midinfrared integrated photonics on silicon: a perspective[END_REF]:
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where 𝛼′ is the absorption coefficient of the analyte and Γ is the overlap factor of guided mode in the air (gas-phase analyte). The optimum waveguide length which yields the maximum detectable optical attenuation providing an optimum sensitivity can be given by:
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The optimum waveguide length can be obtained as 𝐿 ≈ 1.45 cm considering the typical waveguide loss α = 3dB/cm. The minimum detectable concentration is then given by the following equation:
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where ΔPmin-detec is the minimum detectable variation of optical power of the detection system, and ε is the molar absorption of analyte, which is equal to 174 L mol -1 cm -1 for methane. Considering the used detector in our experimental set-up, a DSS-MCT14 020L

photodetector from Horiba with a NEP of 5.10 -12 W/Hz 1/2 , a signal to noise ratio of 10 and an averaging time of 0.1 ms, the minimum detectable power can be calculated as 3.5 nW.

Thus, considering the overlap factor of 0.3% (TE mode, Platform A, Fig. 

Experimental demonstration of sensing capability

Considering the requirement of an additional gas-supply microfluidic system for sensing experiment of gas detection, a simple approach is performed for the first proof of This experiment proves that the feasibility of using Si1-xGex waveguide to demonstrate evanescent field sensing circuits in the MIR range. Further improvement of the performance of the sensing circuits is also expected by implementing on-chip resonant structures. The demonstration of broadband MIR resonators will be presented in Chapter 4.

Conclusion

In In the third part, fabricated waveguides are measured using a free-space configuration, obtaining low-loss broadband operation. A propagation loss less than 3 dB/cm over the whole measured wavelength range are obtained for waveguides based on platform A and B.

The last part is dedicated to the evaluation of sensing properties based on these MIR platforms. The feasibility of using graded-index Si1-xGex waveguide for applications of gastrace sensing, as an example of CH4 are discussed. A theoretical minimum detectable concentration of CH4 is obtained as low as 130 ppm using the evanescent filed absorption based on Si1-xGex waveguide. Then, as a proof of concept, a sensing experiment of detecting an optical photoresist S1818 is performed. The experimental results prove that the feasibility of graded-index Si1-xGex waveguide for further demonstration of high performance on chip sensing systems.

Periodic Waveguides

In the context of integrated optics, periodic waveguides are widely used for many applications, for example grating couplers are used for fiber to chip light coupling [START_REF] Taillaert | Grating Couplers for Coupling between Optical Fibers and Nanophotonic Waveguides[END_REF][START_REF] Bruck | Efficiency enhancement of grating couplers for single mode polymer waveguides through high index coatings[END_REF][START_REF] Chen | Nanoholes Grating Couplers for Coupling Between Silicon-on-Insulator Waveguides and Optical Fibers[END_REF][START_REF] Cheben | Fiber-chip grating coupler based on interleaved trenches with directionality exceeding 95 %[END_REF][START_REF] Radosavljevic | Efficient 52 µm wavelength fiberto-chip grating couplers for the Ge-on-Si and Ge-on-SOI mid-infrared waveguide platform[END_REF].

Moreover, waveguide Bragg gratings have been widely used for the demonstration of onchip Fabry-Perot cavities for many applications such as sensing and laser source [START_REF] Wang | A silicon photonic biosensor using phase-shifted Bragg gratings in slot waveguide[END_REF][START_REF] Zhang | A fully reconfigurable waveguide Bragg grating for programmable photonic signal processing[END_REF][START_REF] Bernhardi | Monolithic distributed Bragg reflector cavities in Al2O3 with quality factors exceeding 106[END_REF].

In both cases, the operation relies on the periodicity of the waveguide which creates periodicity of the effective index of the guided mode. By varying the period of the refractive index perturbation in a waveguide, three regimes can be achieved as shown in Fig. 3.1.1 [START_REF] Halir | Waveguide sub-wavelength structures: a review of principles and applications[END_REF]:

i) diffraction regime where light is radiated out of the waveguide. In this case the period is larger than half of the wavelength; this regime is used to couple light from the waveguide to a fiber on top of the photonics circuit. ii) Bragg reflection regime where light is back reflected inside the waveguide. The period is thus equal to half of the wavelength to achieve the Bragg condition. iii) Subwavelength regime where light is transmitted through the waveguide. In this case the period is less than half of the wavelength. 

MIR broadband grating couplers

There are two ways to couple light into a photonic integrated circuit, one is using the butt coupling where light is coupling from the edge of the sample normally through an adiabatic taper. In this way, it requires edge facet polishing for the fabrication to obtain an efficient coupling, and the in/output waveguides must be at the edge of the sample. Apart from these limitations, butt-coupling shows wide coupling bandwidth, and the operation of a butt-coupled PIC is generally limited by the bandwidth of other building blocks or the waveguide itself.

The second approach is coupling from the sample surface using the grating couplers which have been largely developed in NIR wavelength range. An example of grating couplers for light coupling at the sample surface from an optical fiber is presented in Fig. 3.1.2. This approach shows high tolerance to fabrication and alignment and reasonable to good coupling efficiency. Due to its flexibility of implementation anywhere on the chip and its high tolerance to alignment, grating couplers are interesting for complex systems and allow wafer-level characterization without chip dicing and facet preparation. . In terms of optical fiber, the classical silica fiber cannot be used in the mid-infrared range because of light absorption in this wavelength range. New approaches have thus been developed for MIR fiber, such as Chalcogenide glasses fiber, Germanate glasses fiber, heavy metal fluoride glasses (HMFG), sapphire fiber, photonic crystal fiber and others [START_REF] Nubling | Single-Crystal Laser-Heated Pedestal-Growth Sapphire Fibers for Er:YAG Laser Power Delivery[END_REF][START_REF] Ebendorff-Heidepriem | Fluoride glass microstructured optical fiber with large mode area and mid-infrared transmission[END_REF][START_REF] Savelli | Mid-infrared 2000-nm bandwidth supercontinuum generation in suspended-core microstructured Sulfide and Tellurite optical fibers[END_REF][START_REF] Michalska | Mid-infrared, super-flat, supercontinuum generation covering the 2-5 μm spectral band using a fluoroindate fibre pumped with picosecond pulses[END_REF][START_REF] Markos | Hybrid photonic-crystal fiber[END_REF]. Most of them are still limited in short-wave infrared and are multimode fibers. In the lab we did experiments with Chalcogenide-based photonic crystal single-mode fiber. The grating coupler has thus been designed for coupling light from chip to this type of fiber with a core diameter of 13 µm [START_REF] Seleoptics | Wide bandwidth single mode Mid Infraed Fibers[END_REF]. In this context, many outstanding works on grating couplers operating in NIR and MIR have been demonstrated in the last decade as an objective of optimizing its performance in terms of coupling efficiency, bandwidth, polarization dependence and other properties as shown in Table 1. Among them, the recently developed grating couplers operating in MIR operates mainly at short-wave infrared [START_REF] Cheng | Mid-Infrared Grating Couplers for Silicon-on-Sapphire Waveguides[END_REF]101,102]. Grating couplers working at large wavelength range in the MIR (beyond 6 µm in the fingerprint region) remains missing, especially for the fingerprint region. In this section, we will present the design of grating couplers at long-wave infrared for light coupling from Chalcogenide Photonic Crystal fiber to the Ge-rich SiGe photonic circuit. We chose to design the grating coupler at 7.5 µm wavelength, for possible application in alkane sensing.

Phase matching condition

To operate in the diffraction regime where the light is scattered out from the waveguide, the target wavelength λ and the grating period Λ must obey the phase matching condition expressed by the following equation: sin( ) where only one order meets the phase matching condition ensuring the single-beam radiation out of the coupler. Moreover, within the single-beam region, the targeted radiation angle can be obtained.
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Simulations: evaluation of grating coupler performances

The performance of grating couplers relies first on the fiber-chip coupling efficiency which is defined as the ratio between the power coupled to the fundamental mode of the optical fiber (PF) and the injected power in the fundamental mode of the waveguide (PAW).

Assuming that the grating is long enough to radiate out all injected power, the coupling efficiency can be expressed by the following equation:

(1 )
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The factor (1 ) r  indicates the power injected into the gratings, where and maximum overlap between radiated field and fiber mode ( 1   ). The objective of designing a good grating coupler is thus to minimize the back-reflection and maximize simultaneously its directionality and the overlap between radiated filed and fiber mode.

Grating coupler with conventional adiabatic taper

2D Finite-difference time-domain (FDTD) method has been used to calculate the directionality and the back-reflection of the grating coupler with various dimensions at a wavelength of 7.5 µm. Instead of applying 3D simulation method, 2D method provides mainly the advantage of much less time-consuming for the calculation maintaining highaccuracy in the case of low confinement waveguides. As shown in Fig. 3.1.4, a light source (λ = 7.5 µm) is set at the input of the grating considering an access waveguide with an adiabatic taper, and four electromagnetic field monitors are used to calculate the backreflection, transmission, power radiated upward and downward, respectively. Moreover, another monitor covering the whole grating coupler is used to calculate the electric field profile. Calculations have firstly been performed for different etching depth by roughly scanning the grating period from 1.5 µm to 6.5 µm with a step of 0.2 µm, and the duty cycle

( TO L DC 
 , where LTO is the length of non-etched tooth) from 0.1 to 0.9 with a step of 

Grating coupler with inverse taper

The high value of the back-reflection is a limiting factor for the grating coupler performances. Reflection occurs at the interface between the input waveguide and the grating, because of the index mismatch. It has been shown in [START_REF] Alonso-Ramos | Single-etch grating coupler for micrometric silicon rib waveguides[END_REF]101] that inverse taper can be used to reduce the reflection that occurs using conventional adiabatic taper. The 3D schematic view of the two approaches are compared in Fig. 3.1.7, the taper width is decreasing along the propagation direction, the optical mode is then deconfined in the y-z plan along the y axis. Thus comparing the equivalent 2D side view, it can be seen that in the 2D simulation approach, the use of an inverse taper is equivalent to a low-index access of coupler as presented in Fig. 3.1.7(d). It reduces the index contrast between access taper and the grating, therefore reduces the back-reflection. Then, starting from the structure with conventional taper access with 2-µm -etching depth, the directionality and the backreflectivity are then calculated. As shown in Fig. 3.1.8, the reflectivity is almost eliminated, and the directionality is thus increased.

Moreover, to calculate the coupling efficiency, the overlap factor of the power radiated upward, and the optical fiber mode has been calculated. The overlap factor is calculated as an integral of the electromagnetic field radiated upward and the gaussian profile of the single mode fiber over the surface of fiber cross-section. In a 2D simulation, in y-z plan, considering the spatial symmetry of fiber mode, the overlap can be calculated as:
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where Eup is the upward radiation field distribution, G is the gaussian profile of the fiber mode, and θ is the radiation angle of the coupler in radians. The calculated efficiency is shown as the red curve in Fig. 3.1.8. As can be observed, the maximum coupling efficiency is -12.5 dB. It is obtained for a grating coupler with a period of 4.5 µm where the length of grating trench (LTr) is equal to 2.75 µm and the length of grating tooth (LTo) is equal to 1.75 µm. The corresponding duty cycle is of about 0.4. After the determination of grating period and duty cycle by optimizing the coupling efficiency in a 2D simulation, the third dimension has to be considered, to obtain the width of the grating and of the inverse taper. The grating width is firstly calculated by means of maximizing the field overlap between the grating coupler and the fiber. Once the grating width is obtained, the tip width of the inverse taper can be calculated by maximizing the mode overlap at the interface of the taper and the grating coupler. The mode profile at the tip of the inverse taper with various tip width is calculated by FDE method using mode solution. The objective mode profile of grating coupler at the interface is then calculated by a vector product of its horizontal ( y E ) and vertical ( z E ) components:

yz E E E  (7) 
where y E can be obtained by extraction of the horizontal component of the simulated electromagnetic field of grating coupler at high-index region, z E can be obtained by the 2D FDTD simulation which has been performed for the calculation of coupling efficiency.

As the simulation results shown in Fig. 3.1.9, the grating coupler with 18 µm width gives an overlap higher than 99% between the coupler and the mode of the optical fiber (black curve). The decrease of field overlap value after the optimization point is due to the continues expansion in lateral direction of the mode when the grating width increasing.

Moreover, the largest field overlap between taper tip and gratings can be obtained for a tip width of 1.8 µm as can be observed in Fig. 3.1.9(a) (red curve).

Apart from the coupling efficiency, another property, the operating bandwidth is also important for grating couplers. To determine it, the coupling efficiency of the grating coupler for different wavelengths has been calculated. As the result shown in Fig. 3.1.9(b) in blue curve, the TE-designed grating coupler has a coupling efficiency of -12 dB at 7.5 µm wavelength with a -1-dB bandwidth of about 300 nm. Furthermore, similar study has also been done for TM polarization. It is worth to note that the TM-designed grating coupler uses a conventional adiabatic taper. It is due to the cut-off of TM mode at this wavelength for narrower waveguide which is limiting the approach of inverse taper. The simulation results

show that the TM-designed coupler has an efficiency of -9.6 dB at 7.45 µm with a -1-dB bandwidth of 310 nm. The final design of grating couplers for both TE and TM polarizations is shown in Table 2. As the overview of grating couplers demonstration shown in Table 1, grating coupler have been previously demonstrated with a -3-dB bandwidth of 410 nm at 4.5 µm [102] using suspended SiGe. In our work, the -1-dB bandwidth is already more than 300 nm at a wavelength of 7.5 µm, and the -3-dB bandwidth is more than 600 nm. This broadband operation is due to in one hand the low material dispersion in the MIR wavelength, in another hand the self-mode-adaptation of the graded-index waveguide.

Waveguide Bragg grating

Since shows great potential for tones of applications in a point of view of on-chip integration.

In the simplest configuration, as the general principle presented in Fig. 3.1.1, similar to the grating couplers, the WBG is also a periodic waveguide with periodic perturbation of the effective index along the propagation direction. For a given wavelength, the periodic waveguide operates as different functionalities while varying the grating period. It operates as a grating coupler when the period is larger than half of the effective wavelength as already presented in the last section. When the grating period decreases, less and less diffraction orders are allowed, once the period meets the Bragg condition where the period is equal to half of the effective wavelength. Thus the periodic waveguide operates as a waveguide 

Waveguide Bragg grating modeling and design

In order to operate in the Bragg regime, where the guided mode is reflected into a backward-propagating mode, the back reflection from each individual period in the gratings should interfere constructively as the schematic view shown in Fig. 3.2.1. The constructive interference occurs when the phase matching condition also called the Bragg condition is achieved:
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where k is a positive integer which indicates the reflection order, 

Coupled mode theory

The most common method to evaluate the performance of Bragg grating is to make use of the coupled mode theory (CMT). It can be used to describe the operation of Bragg grating structure in which the gratings can be considered as a perturbation in the waveguide. Due 
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with the coupling coefficient  can be calculated by: 22 ( )sin( ) As can be calculated by equations [START_REF] Jin | Real-Time and Label-Free Chemical Sensor-on-a-chip using Monolithic Si-on-BaTiO3Mid-Infrared waveguides[END_REF][START_REF] Gutierrez-Arroyo | Theoretical study of an evanescent optical integrated sensor for multipurpose detection of gases and liquids in the Mid-Infrared[END_REF], the maximum reflection of a uniform Bragg grating is obtained for a duty cycle of 0.5. Moreover, the bandwidth of the Bragg grating centered at λB, is proportional to the coupling efficient  :
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where ng is the group index. Therefore, both the reflection and the bandwidth depend on the coupling coefficient  and on the grating length L.

Simulation method and results

The CMT method allows us to put forward a primordial factor, the coupling coefficient (or coupling strength) of the grating which crucially depends on the overlap between guided mode and corrugations. Thus, the design of waveguide Bragg grating requires to maximize this overlap factor at interesting wavelengths. Although the CMT method allows to analyze the performance of the waveguide Bragg grating, however, it requires complex mathematic calculation to properly simulate its spectrum. Therefore, for the spectrum simulation of waveguide Bragg grating, people usually use the FDTD method to determine the dimensions of its corrugations and total length [108,115]. However, the accurate simulation of a waveguide Bragg grating using FDTD method is in general very time-consuming. In order to decrease the simulation time, eigenmode expansion (EME) method has been applied for the design of MIR Si1-xGex waveguide Bragg gratings. The EME method is a rigorous technique to calculate electromagnetic propagation in a waveguide which relies on the modal decomposition of the field into a basis set of local eigenmodes that exists in the cross section of waveguide. It has to be noted that the simulation has been performed for the Bragg grating design is a 2D EME simulation in the x-z plan as schematic shown in Moreover, taking into account the technical limitation which will be discussed in the next section in detail, the corrugations within the Bragg waveguide will by narrower than the waveguide width. Thus, it is possible to overcome technical issues related to the alignment of the corrugation and the waveguide definition. Furthermore, with this design, illustrated in the inset of Fig. 3.2.5(a), an increase of the Bragg coupling coefficient is even obtained, which is attributed to an increase of the overlap factor between the Bloch-Floquet mode and the corrugation, that leads to a higher Bragg reflection as described by Eq. [START_REF] Gutierrez-Arroyo | Theoretical study of an evanescent optical integrated sensor for multipurpose detection of gases and liquids in the Mid-Infrared[END_REF]. 

Fabrication

The In order to resolve this fabrication issue for the second level, we have to obtain homogeneous layers of photoresist. To do so, the design of the corrugation has been modified, to use narrower corrugations inside the waveguide as shown in Fig. 3.2.9(right).

In this case, micropillars on both sides of the grating area would disappear, and at the meantime, pre-etched corrugations would not affect anymore the waveguide sidewall roughness. However, this approach requires a more precise alignment between the two levels to make the grating corrugations at the center of waveguide. Therefore manual alignment is very challenging. E-beam lithography is then used for both the corrugation and waveguide definitions, with automatic alignment between them. An alignment precision of less than 100 nm is then achieved with the developed new process. We started then the same process as described in Fig. 3 are spin coated on the surface of the sample, with a spin speed of 1500 rpm. 1 min annealing at 180°C is applied after the deposition of first layer, then 3 mins annealing at 180°C is done after the deposition of second layer. A total thickness of about 1.2 µm is obtained in order to etch 4 µm deep for the waveguide. Then the waveguide patterns are defined using the ebeam lithography with the optimized auto-alignment process. After the illumination, the photoresist is developed using ZED-N50 and a solution of methyl isobutyl ketone and isopropanol (MIBK/IPA = 1:3). Once the development has been done, the waveguide is etched using the ICP process described above.

SEM images of waveguide Bragg grating fabricated using the new design are shown in Fig. 3.2.11. As it can be observed, the grating corrugations and waveguide are properly aligned, and the waveguide sidewall is well defined. The typical dimension of the sidewall roughness is in the order of magnitude of around 100 nm which is totally negligible in the MIR wavelength range. 

Characterization and results

The waveguide Bragg grating sample is characterized using the free-space MIR set-up as described in section 2. 

Conclusion

In this chapter, two kinds of periodic structures working at long-wave infrared wavelengths have been discussed. In the first part, periodic waveguide operating in radiation regime as a grating coupler has been studied. 2D simulation method combining the FDTD 

Mid-IR integrated resonators

Following the demonstration of low-loss broadband graded-index Si1-xGex waveguides and their sensing capability in the mid-infrared wavelength range, the possibility to integrate resonators has been investigated. Resonators are building blocks that can be used in different applications including: i) wavelength filtering, ii) to increase the performance of sensing structures or iii) to enhance non-linear Kerr effect for frequency comb generation. Since the waveguide Bragg grating has been successfully implemented in a wide wavelength range, the distributed Bragg reflector cavities are then demonstrated by integrating two identical Bragg gratings as reflecting mirrors, with a straight waveguide in between as a cavity.

Another approach, racetrack resonators are also implemented based on this graded-index Si1-xGex waveguides in the long-wave infrared wavelength range. In this chapter, the demonstration of these two resonant structures in a point of view of design, fabrication and experimental results are discussed. The design and demonstrations are done at 8 µm wavelength. This wavelength has been chosen as it is localized in the molecular fingerprint region which is interesting for bio-chemical sensing and is not easily accessible with Sibased photonics, while it has been demonstrated that the SiGe platform can provide low propagation losses at this wavelength.

Fabry-Perot Cavities

From the demonstration of waveguide Bragg grating presented in the previous chapter, it is possible to implement the distributed Bragg reflector cavity, which can be considered analogous to a Fabry-Perot cavity, by integrating two identical Bragg gratings as reflecting mirrors. 

Analytical model and Simulations

The distributed Bragg reflector cavity obeys in general the same principle as conventional Fabry-Perot cavity. Considering two identical mirrors for in/output as shown in Fig. 4.1.2, assuming no loss in the mirror, the light transmission spectrum can be calculated using the following function [124]:
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where g R is the mirror reflection in intensity, α is the loss per unit length in the cavity (m -1 ), c L is the cavity length. The Eq. ( 14) indicates the periodicity of the transmission of cavity as a function of wavelength for the resonance where the maximum transmission Tmax is obtained. The wavelength spacing, called the free spectral range between the respective cavity resonances can be given by:

2 2 FSR gc FSR nL      (17) 
Moreover, considering a central wavelength of a cavity resonance λ0, the spectral width, full width at half maximum (FWHM) of the resonance peak is given by:

  2 2 0 1e arcsin 4e c c L g L g R nL R               (18) 
Then, the quality factor (Q-factor) which describes the resonance behavior of the cavity can be calculated by Eq. [START_REF] Jin | Optical waveguide double-ring sensor using intensity interrogation with a low-cost broadband source[END_REF]. It indicates that a high Q resonance would have sharp resonance peaks with small spectral width.

1 2 0 0 (1 ) arcsin 4 c c L g c L g Re nL Q Re                   (19) 
In the case of distributed Bragg reflector cavity, as the reflection is distributed over a large number of grating periods (partial reflection for each period), the virtual cavity length is now given by the sum of the distance between the two Bragg mirrors and the penetration depth into each of the two Bragg mirrors.

2 c cavity pen L L L  (20) 
For a uniform Bragg grating of length g L , the penetration depth can be given by: tanh( ) 2

g pen L L    ( 21 
)
where  is the coupling coefficient of the Bragg grating which is discussed in the previous chapter section 3.2. From Eq. [START_REF] Zheng | Fluorescent labeling, sensing, and differentiation of leukocytes from undiluted whole blood samples[END_REF][START_REF] Zeng | A Selective Turn-On Fluorescent Sensor for Imaging Copper in Living Cells[END_REF][START_REF] Jugessur | A photonic nano-Bragg grating device integrated with microfluidic channels for bio-sensing applications[END_REF], the condition where the cavity supports only one single resonant mode inside the stopband of the two identical waveguide Bragg gratings can be estimated by: lim 2 tanh( ) 2

g cavity L LL     (22) 
Thus, based on the graded-index Si1-xGex waveguide Bragg grating, a maximum cavity length for which the cavity keeps single mode operation is calculated as Llim ≈ 190 µm at a wavelength of 8 µm. Following the theory and utilizing the analytical equations presented above, a Matlab script has been coded to simulate the performance of Fabry-Perot cavity.

A cavity length 70 cavity L  µm is chosen mainly to localize the resonant peak at the center of the stopband of waveguide Bragg grating. To simulate the cavity performance, a lossless waveguide is considered (αwaveguide = 0). A Matlab simulation result is shown in A quite good agreement is obtained using the two different methods. , if the reflectivity of Bragg grating is higher than 98%. As calculated by the Eq. ( 22), the cavity maintains single resonance mode inside the Bragg stopband while the cavity length is less than 190 µm. The Q-factor can be thus improved by simply increasing the cavity length as shown in Fig. 4.1.4(b). Q-factor could be higher than 10 4 if a Bragg grating reflectivity higher than 96% is achieved for a cavity with Lcavity = 190 µm.

Fabrication

After the theoretical analysis and simulation, Fabry-Perot cavities based on the Si1-xGex waveguide Bragg grating have been fabricated using the same process descripted in the section 3. 

Characterization

where σ indicates the spectral width of the Lorentzian fitted curve which gives the -3-dB resonance bandwidth. Therefore, the measured FWHM of cavity resonance is equal to 5.3 and 6.5 nm for a cavity at 7.95 and 8.34 µm, respectively. Then, the loaded cavity Q-factor can be calculated as 1514 and 1272, respectively.

Considering a waveguide propagation loss presented in Fig. 2.3.3(c) for Platform B, of 3 dB/cm at 8 µm wavelength, starting from the measured Q-factor, the Bragg reflectivity can be thus estimated according to Eq. ( 19). Bragg grating reflectivity values of around 88% and 85% are obtained for the mirrors with 280 periods. The cavity Q-factor can be improved by an increase of the cavity length at the expense of a smaller FSR or by increasing the Bragg grating reflectivity. A Fabry-Perot cavity using longer Bragg grating, keeping the same cavity length has been fabricated and characterized. In this case, the used Bragg grating has a number of period N = 500, the maximum cavity length for which the cavity keeps single mode operation is then calculated as 127 µm because the penetration depth of a single Bragg mirror is also increased. Thus, the Fabry-Perot cavity using such 500-periods-Bragg-gratings is maintaining single resonance mode operation. The measured transmittance is shown in Fig. 4.1.6(b). As can be observed, the -3-dB bandwidth at a wavelength of 7.95 µm is reduced to 3.6 nm, which yields a loaded Q-factor of 2200. It corresponds to a Bragg reflectivity of about 92% which is lower than the rejection of the Bragg grating reported in the previous chapter in Fig. 3.2.13. Indeed a Bragg grating reflectivity up to 99% is expected, which should correspond to a Q factor of 10 4 assuming 3 dB/cm losses in the cavity.

The lower experimental Q-factor could be attributed to one of the following reasons or a combination of both: i) the limitation of the experimental set-up. The spectral width of the external cavity pulsed QCL is not known precisely but it is specified to be below 1 cm -1 . At 8 µm wavelength this correspond to a maximum pulse width of 6.5 nm. Interestingly this value, compared to the measured 3.6 nm FWHM indicates that some limitation in the measured Q-factor can come from the experimental set-up. Furthermore, the wavelength scan for the transmission measurement has been performed in steps of 1 nm, attaining the maximum resolution of the QCL. Further experiments using a continuous (DC) operating mid-IR QCL with narrower spectral width, or using different technique based on cavity-ring down spectroscopy for example should be performed to estimate the ultimate performance of the Bragg grating cavity ; ii) As a second reason, it is possible that the Bragg grating loss limits the achievable reflectivity. Indeed the rejection measurement reported in chapter 3

does not allow to dissociate the mirror reflectivity to the mirror loss. To confirm the issue, the mirror losses (grating loss) are estimated. Starting from the measured Q-factors and their maximum resonance transmission Tmax, and assuming 3dB/cm propagation loss in the cavity, we can estimate an upper limit for the mirror losses of the three reported cavities, equal to 1.2%, 1.8% and 2.6%. It is clear that the level of losses can be compatible with the simulation reported in section 3.2.1. Indeed during the design of the Bragg mirror, a value of losses below 5% was targeted which is obtained experimentally. To go further, this grating loss can be further reduced with a careful design of Bragg grating by playing with the etching depth of corrugations (ed) and the number of period (N).

Cavities with lateral corrugations

The Bragg gratings with top corrugations require two levels of fabrication process with good alignment between both steps. As an objective to ease the fabrication process, Fabry-Perot cavities using Bragg gratings with lateral corrugations have been designed and fabricated. A 3D schematic view of such cavity is shown in Fig. 4.1.7. In this approach, the grating corrugations and waveguide can be defined simultaneously by only one lithography and etching step. However, considering a 4 µm waveguide etching depth, and the dimension of the corrugation (the period is about 1 µm), the typical aspect ratio of the corrugation should be around 1:8, which is also challenging in terms of fabrication. In a point of view of device simulation, the cavity with lateral corrugations has been designed using the same method as discussed in the previous sections. 

Racetrack Resonators

Besides the Fabry-Perot cavity using waveguide Bragg gratings, racetrack resonators have also been demonstrated based on the graded-index Si1-xGex waveguide. Racetrack resonators are a variant of ring resonators which are widely used in silicon photonics in the near-IR wavelength range, for many applications including modulation, frequency comb generation, spectroscopy and sensing to name a few [START_REF] Huang | Improving the detection limit for on-chip photonic sensors based on subwavelength grating racetrack resonators[END_REF][125][126][127][128]. Ring/racetrack resonators have been recently extended in the mid-IR wavelength range, and state of the art is summarized in Table 4.

Concerning the mid-IR sensing applications, using resonators it is possible to take benefit from the attenuation of the maximum transmittance and/or the change of Q-factor of the resonance due to the optical absorption by the analyte to detect its presence and quantify its concentration.

The realization of high-Q MIR ring/racetrack resonators is challenging mainly due to: i) the minimum ring radius which is related to the operating wavelength and index contrast of the waveguide, ii) the fabrication of the directional coupler to couple light in the resonator.

In this section, instead of ring resonator, the racetrack approach is chosen because of the low coupling coefficient at the coupling region for the classical ring resonator approach. 

Analytical model and Simulations

A typical ring resonator is composed of a bus waveguide and a ring-shaped closed loop. The resonance is given by the phased matching condition as:

k eff c k n L   (24) 
where Lc is the round-trip cavity length, λk is the k th order resonance wavelength with an integer number k. Considering the material dispersion, the spacing between two adjacent orders of resonance can be given by:

2 k gc FSR nL   (25) 
One important concept of the micro resonators is the coupling regime which depends on the balance between the bus waveguide coupling and the intrinsic cavity loss. Using the transfer matrix modeling, according to this balance, three regimes can be obtained: i) under coupling regime (t > a) where the highest Q-factor can be obtained, ii) critical coupling regime (t = a)

where the largest extinction ratio (ER) can be obtained, and iii) over coupling regime (t < a)

where both the ER and Q-factor decrease, with the waveguide field transmission coefficient The most used method for light coupling between bus waveguide and the cavity is based on the evanescent field coupling. In a typical ring resonator light coupling occurs in a limited area approximately at one single point as shown in Fig. 4.2.2. To achieve critical coupling, the gap between bus waveguide and the ring resonator must be close enough. As an example, for a ring resonator operating at telecom wavelength using typical strip waveguide on a 220nm-SOI platform, the typical distance between bus waveguide and the ring is in the order of 100 nm. However, in the case of Si1-xGex waveguide for LWIR operation, the waveguide etching depth is of a few µm, and cannot be reduced at this is the condition to maintain a tight light confinement and thus small bending radius. With such etching depth, it is very challenging to achieve small gaps of around 100 nm. Therefore the distance between the ring and bus has to be larger, which will decrease the coupling of light from the bus waveguide to the ring resonator. In the following we thus considered a 1 µm gap as a conservative feasible distance, and racetrack resonators have been developed on the Si1-xGex waveguide. As a main difference with ring resonators, the localized coupling area is replaced by a directional coupler where the coupling length compensates for a wider gap between the ring and bus waveguide. In the following, the waveguide etching depth is also reduced to 3 µm instead of 4 µm to facilitate the coupling between bus waveguide and the 

Fabrication

The mid-infrared racetrack resonators have been fabricated using the same technique descripted in section 3. 

Characterization

The racetrack resonators have been measured using the quantum cascaded laser in pulsed regime with a linewidth specified below 1 cm -1 by a free-space configuration setup. However, for some applications the FTS suffers also several disadvantages. For example, in the case of high-resolution FTS, it requires long scanning time to obtain large sampling points for which the two mirrors in the interferometer must remain accurately parallel for a long mirror travel. To do so, it requires an extremely precisely control of the moving element. For the astronomic application, more precisely the satellite instrumentation, the moving element in a non-gravity space is very challenging.

To avoid using any moving element, a spatial heterodyne approach has been proposed

and demonstrated [146]. The two mirrors in the interferometer are then replaced by tilted diffraction gratings as schematically shown in Fig. 5.1.2. In this approach, two wave-fronts reflected from the two gratings, exit the interferometer with a wavenumber-dependent crossing angle between them for each wavenumber in the wavefront. When the two wavefronts recombine at a photodetector, the interference fringes known as Fizeau fringes are created, which represent the FT of the spectrum of the light source. The heterodyne wavenumber is known as the Littrow wavenumber, where two wave-fronts are parallel with zero spatial frequency in which the output transmission produces a constant interference fringe pattern. The interference for various optical path differences is thus obtained simultaneously and the interferogram is recorded without any moving element. Thus, in addition to the advantage of conventional FTS, the spatial heterodyne Fourier-Transform spectroscopy (SHFTS) benefits also from inherent mechanical stability. 

Integrated broadband Si 1-x Ge x Fourier Transform Spectrometer

Although, the SHFTS shows good performance comparing to conventional FTS, the large size and weight of the device limit its application on, for example the space instrumentation. In this context, an on-chip integrated spectrometer using silicon photonics present definitive advantages, as it provides much smaller device size, light weight and low power consumption (Fig. 5.1.3). 

Modal analysis and design

The 

where x is the optical path delay of the interferometer and L     is the shifted wavenumber.

In practical implementation of on-chip spectrometers, the spatial interferogram is discretized at N equally spaced delay corresponding to each MZI as shown in Fig. 5.2.1.

Thus the optical phase delay for i th MZI can be calculated as:

() ig x n i L   ( 25 
)
where ng is the group index at each wavenumber and ΔL is the path difference between two adjacent MZIs (

1 nn L L L       ).
Then, by analogy to the integral formula Eq. ( 24), the input source spectrum can be calculated by the discrete cosine Fourier transform:

1 ( ) 2 ( )cos(2 ) N i i i i s x L S I x x L         ( 26 
)
where S is the input source power. For a uniform illumination of multiaperture input, the input power is constant for all input waveguides S(xi) = S. In general, due to the different coupling coefficient of each input waveguide, the illumination is non-uniform. The error on power value of input source can be eliminated by normalization of the interference over the measured signal of a reference straight waveguide. Alternatively, people also use the complementary output powers to calculate the exact value of input power (instead of using a 21  beamsplitter at the MZI output, a 22  beamsplitter is used to be able to measure complimentary output powers at two output ports) [152]. To simplify the data processing, the first method is chosen for the demonstration of MIR Si1-xGex SHFTS.

The essential properties of FTS dominating the design of integrated spectrometer is the spectral resolution (δν) and the spectral range of the device (FSR). The spectral resolution describes the ability of FTS to resolve two monochromatic input signals. The most popular criterion of spectral resolution is the full width at half maximum (FWHM) of the reconstructed monochromatic signal. The FSR denotes the device bandwidth in which the FTS is able to resolve the input signal. For an on-chip FTS composed of N MZIs with the optical path difference linearly increasing with equally intervals, the resolution and spectral range are determined by the maximum and minimum phase delay, respectively [START_REF] Nedeljkovic | Mid-Infrared Silicon-on-Insulator Fourier-Transform Spectrometer Chip[END_REF].

max 1 g Ln    (27) 1 1 22 g N FSR nL    (28) 
As can be seen from Eq. ( 26), an unknown input spectrum can be obtained by the discrete cosine Fourier transform of the measured interferogram. However, in practice, environment such as temperature would introduce phase errors to the measured interferogram which affects the reliability of the Fourier transform. It yields thus a noncorrect input spectrum retrieval. In the conventional approach, additional active compensation technique is applied to correct the phase errors. To ease the spectrum retrieval process, different reconstruction algorithms have been proposed such as Moore-Penrose method, basis pursuit denoising (BPDN), least absolute shrinkage and selection operator (LASSO), and many others [148]. Among them, Moore-Penrose method which does not require any hyperparameters determination is applied for the demonstration of our MIR Fourier transform spectrometer. Based on a system of linear equations, within the device FSR, the interferogram of arrayed MZIs can be descripted by:

() i I x S T  ( 29 
)
where T is the transformation matrix which is determined by the device. Then, the input source spectrum S can be obtained by the multiplication of the measured interference I(xi)

and the pseudoinverse of the transformation matrix T + .

For the first demonstration of SiGe MIR Fourier transform spectrometer, an array of 20

MZIs is used (1 balanced + 19 unbalanced MZI), corresponding to a total footprint of 1.5 cm 2 . A maximum path-length difference of ΔLmax = 178.6 µm is used, given a theoretical resolution of 13.8 cm -1 and an FSR of 132 cm -1 . It is worth to note that this FSR and resolution calculation is done at λ = 7.5 µm wavelength with a simulated group index of ng = 4.04 based on the platform A (waveguide cross-section in Fig. 2.1.1).

Fabrication

The 

Characterization

The fabricated sample has been measured using the free-space configuration set-up described in section 2.3.1. To validate the performance of the fabricated mid-infrared SHFTS, transmission measurement has been done for each MZI at different wavelengths in a range from 5 µm (2000 cm -1 ) to 8.5 µm (~1176 cm -1 ) to construct the transformation matrix of the device. Data processing is performed to remove imperfections from the raw measurements, like the frequency dependence of the laser power and the atmospheric absorption lines detected by the free-space measurement. From the raw measurement, the data processing comprises mainly three steps as an example illustrated in Fig. 5. 

Conclusion

In factor as high as 2200 is measured for a cavity using waveguide Bragg grating with 500 grating periods on top corrugations. Then, in order to ease the device fabrication, the Fabry-Perot cavities using lateral-corrugated waveguide Bragg grating have been successfully fabricated. Although, the SEM images confirm the good quality of fabrication, however, the preliminary results for this lateral-corrugated device show not evident resonance at the interested wavelength. Later, the demonstration of racetrack resonators with a Q-factor as high as 3200 is presented in section 4.2.

Finally, as one of the key components for the monolithically integrated spectroscopic system, the on-chip integrated Fourier-transform spectrometer has been experimentally investigated on the Si1-xGex platform, based on an array of asymmetric MZIs with different path delay linearly increasing from 0 to a maximum 178.6 µm. The FT spectrometer integrated on Si1-xGex waveguide shows an unprecedented broadband dual-polarization operation in an 121 800 cm -1 range from 5 to 8.5 µm which is limited by the bandwidth of the used tunable laser.

Using the Moore-Penrose method, the input monochromatic signal has been reconstructed in the operational range, noting that the retrieval window is always narrower than the device FSR. The device FSR is measured as 132.5 cm -1 with a spectral resolution of 12 cm -1 (14.5 cm -1 ) for TE (TM) polarization.

Future Directions

Regarding the future works, we can note that the QCL used in the experimental set-up was recently extended up to 11 µm. New characterizations are planned to investigate propagation loss and device properties in the new accessible wavelength range from 8.5 µm to 11 µm.

Secondly, as the free-space configuration measurement requires notorious realignment, it is possible to update the set-up for surface light coupling using the grating couplers to ease the device characterization. In the meanwhile, the performance of designed grating couplers can be experimentally confirmed.

Then, as the linewidth of the used laser may limit the measurement of Q-factor of the resonators as descripted in chapter 4, further experiments using a continuous (DC) operation MIR source with narrower spectral width, or using different technique based on cavity-ring down spectroscopy for example should be performed to estimate the ultimate performance of the resonant structures. Although the sample of Fabry-Perot cavity using lateralcorrugated Bragg gratings has been properly fabricated, the preliminary measurements

show not evident resonance at the interested wavelength. Further investigation of the Fabry-Perot cavity using lateral-corrugated Bragg gratings needs to be done to understand the structure and to confirm the performance of the cavity. Besides the Fabry-Perot cavity, the characterization of 2 nd generation racetrack resonators allow us to study the influence of the gap distance on the resonator performances.

Finally, a systematically study of the bending losses of the waveguide can contribute in one hand to increase the FSR of the integrated MIR resonator. In another hand, with a reduced bending radius, the footprint of the integrated FT spectrometer can be reduced, or more MZIs can be integrated within a same device footprint providing a better spectral Furthermore, based on all the demonstrated devices, it is possible to integrate different building blocks together. As an example a sensing element using a ring resonator can be conceived, for example at 7.7 µm for the detection of methane. With the variation of Qfactor and the spectral transmittance of the resonator at this wavelength, the concentration of methane in the environment can be detected. It should be interesting to experimentally evaluate the detection limit of such integrated system.

In terms of integrated light source, benefiting from the high 3 rd order nonlinear coefficient of material and the previously reported study on the anomalous dispersion of Si1-xGex Commercially available mid-IR systems are based on bulky and expensive equipment, while lots of efforts are now devoted to the reduction of their size down to chip-scale dimensions. The use of silicon photonics for the demonstration of mid-IR photonic circuits will benefit from reliable and high-volume fabrication to offer high performance, low cost, compact, lightweight and power consumption photonic circuits, which is particularly interesting for mid-IR spectroscopic sensing systems that need to be portable and low cost. Among the different materials available in silicon photonics, Germanium (Ge) and Silicon-Germanium (SiGe) alloys with a high Ge concentration are particularly interesting because of the wide transparency window of Ge up to 15 µm. In this context, the objective of this thesis is to investigate a new Ge-rich graded SiGe platform for mid-IR photonic circuits. Such new plateform was expected to benefit from a wide transparency wavelength range and a high versatility in terms of optical engineering (effective index, dispersion, …). 

  Bragg intégrés dans les guides d'onde et des résonateurs en anneau. Un spectromè tre à transformé e de Fourier fonctionnant sur une large bande spectrale, et pour les deux polarisations de la lumiè re a é galement é té dé montré . Tous ces ré sultats reposent sur la conception des maté riaux et des composants, la fabrication en salle blanche et la caracté risation expé rimentale. Ce travail a é té effectué dans le cadre du projet europé en INsPIRE en collaboration avec le Pr. Giovanni Isella de Politecnico Di Milano.

  5 µm. A proof of concept of sensing based on the absorption of the evanescent component of the optical mode has then been demonstrated. Finally, elementary building blocs have been investigated. The first Bragg mirror-based Fabry Perot cavities and racetrack resonators have been demonstrated around 8 µm wavelength. A broadband dualpolarization MIR integrated spatial heterodyne Fourier-Transform spectrometer has also been obtained. All these results rely on material and device design, clean-room fabrication and experimental characterization. This work was done in the Framework of EU project INsPIRE in collaboration with Pr. Giovanni Isella from Politecnico Di Milano.

  . Ces ré sonances cré ent des lignes d'absorption uniques, véritables signatures des différentes modulécules. Un capteur basé sur la détection de ces lignes d'absorption présente ainsi une très grande sélectivité, par rapport à un capteur fonctionnant dans d'autres gamme de longueurs d'onde, où une fonctionnalisation de surface ou une identification complé mentaire est typiquement requise.

Fig. 1 .

 1 Fig.1. Illustration des raies d'absorption dans le moyen infra-rouge des diffé rentes molé cules, issu de [http://www.daylightsolutions.com.]

Fig. 2 .

 2 Fig.2. Vue en coupe des guides d'onde et profils d'indice correspondant le long de la direction verticale.

Fig. 3 .

 3 Fig.3. (a) Transmission en fonction de la longueur de guide en polarisation quasi-TE, à la longueur d'onde de 7.5 µm; (b)-(d) Pertes de propagation mesuré es expé rimentalement de 5.5 à 8.5 µm sur les diffé rentes plateformes.

Fig. 4 .

 4 Fig.4. (a) Pertes de propagation des guides d'onde SiGe recouvert par la résine S1818, en polarisation TE et TM ; (b) Coefficient d'absorption normalisé de la résine, compare aux pertes des guides d'onde couverts par la ré sine. Un bon accord est obtenu concernant la position des pics d'absorption.

Fig. 5 .

 5 Fig.5. Spectre de transmission simulé (courbe bleue) et mesuré (courbe orange) des guides d'onde SiGe à ré seaux de Bragg . Les ré seaux comprennent 250 pé riodes, et les pé riodes sont de 0.74, 0.88, 1.02, 1.10, 1.16 µm, correspondant à une bande interdite à 5.4, 6.4, 7.3, 7.95 and 8.35 µm, respectivement.

  figure 6 (a), au centre de la bande interdite des miroirs. Des facteurs de qualité de 1514 et 1272 ont pu ê tre estimé s sur les mesures expé rimentales. La transmission d'une cavité utilisant des miroirs de Bragg à 500 périodes est reportée sur la Fig.6 (b). Le facteur de qualité atteint alors 2200 à la longueur d'onde de 7,95 µm. Les performances des cavité s FP et de leurs facteurs de qualité sont traité es en dé tail dans le manuscrit. Il est possible que les facteur de qualité mesuré s soient limité s par le banc de caracté risation expé rimental.

Fig. 6 .

 6 Fig.6. (a) Spectres de transmission expé rimentaux pour des cavité s Fabry-Perot de longueur de cavité 70 µm. Les miroirs de Bragg comprennent 280 pé riodes, la pé riode é tant de Λ = 1.1 µm à gauche (ré sonance à 7.95µm) et Λ =1.16 µm à droite (ré sonance à 8.34 µm). (b) Spectre de transmission expé rimental pour une cavité de longueur 70 µm, les miroirs de Bragg comprennent 500 pé riodes, la pé riode é tant Λ = 1.1 µm .

Fig. 7 .

 7 Fig.7. (a) Spectres de transmission expérimentaux des résonateurs "racetrack", pour différentes rayons de courbure R allant de 50 à 250 µm, en polarisation TM; (b) zoom sur une ré sonance, pour R= 250 µm, et fit Lorentzien (courbe rouge).

Fig. 8 .

 8 Fig.8. Spectres retrouvé s expé rimentalement à l'issue du traitement des données obtenues en sortie du spectromè tre, pour diffé rentes sources monochromatiques placées à l'entrée, allant de 1170 à 1950 cm -1 en polarisation TE et TM. (a,c). Largeur à mi-hauteur (FWHM) des signaux retrouvé s indiquant la ré solution du spectromè tre.
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 121 Fig.1.2.1. Example mid infrared molecular absorption wavelengths from [23].

Fig. 1 .

 1 3.1(a,b) shows the demonstration of high efficiency grating couplers around 2 µm[START_REF] Hattasan | High-Efficiency SOI Fiber-to-Chip Grating Couplers and Low-Loss Waveguides for the Short-Wave Infrared[END_REF]. An on-chip Fourier-Transform (FT) spectrometer with cascaded 42 Mach-Zehnder interferometers (MZI) has been demonstrated at a wavelength around 3.75 µm[START_REF] Nedeljkovic | Mid-Infrared Silicon-on-Insulator Fourier-Transform Spectrometer Chip[END_REF] as shown in Fig.1.3.1(c).

Fig. 1 .

 1 Fig.1.3.1. (a) and (b) Top view and cross section of scanning electronic microscope (SEM) images of fabricated grating coupler, from Ref. [34]; (c) Optical micrograph of Fourier Transform infrared (FTIR) spectrometer with 42 cascaded MZIs from Ref. [35]; (d) Simulated absorption losses for different waveguide cross-sectional geometries, from Ref. [36]; (e) and (f) Schematic representation and SEM images of suspended Si waveguide with subwavelength grating cladding from Ref. [37].

  .3.3(a)). Chalcogenide glasses are also remarkable due to the large transparency in the MIR range. Recent achievements include MIR resonators with a quality factor of 10 5 at 5.2 µm [40] (Fig.1.3.3(b)) and the supercontinuum generation from 2-10 µm in a chalcogenide rib waveguide [41] (Fig.1.3.3(c)).

Fig. 1 . 3 . 2 .

 132 Fig.1.3.2. Materials transparency windows in near-and mid-infrared wavelengths. The blue areas represent high loss; the light orange areas represent optical transparency.

Fig. 1 .

 1 Fig.1.3.4. (a) Propagation loss of SOS strip waveguide at λ = 5.18 µm with imaged mode profile [42]; (b) SEM image of SOS strip-to-slot waveguide converter [43]; (c) Schematic view of T shape waveguide and the pulse evolution in the spectral domain [44]; (d) Optical image of SOS (top inset) grating coupler and (bottom inset) ring resonator [45].

Fig. 1 .

 1 Fig.1.3.5. (a) SEM image of SON strip waveguide [46]; (b) SEM image of polished end-facet of integrated QCL [47]; (c) Normalized emission spectra of DFBs integrated on silicon [48]; (d) Schematic cross section of silicon nitride resonator, and experimentally generated frequency comb [49].

Fig. 1 .

 1 Fig.1.3.7. SEM images of (a) Si0.6Ge0.4 waveguide [56] (b) graded SiGe waveguide [57]; (c) Schematic view of the cross-section of slightly etched SiGe waveguide [60]; (d) Schematic of a stand-alone Ge/SiGe MQWp-i-n diode [61].

. 4 . 1 .

 41 The sensor contains a broadband light source, a sensing circuit, an on-chip spectrometer and light detectors. The broadband light source, covering a wide part of the fingerprint region, can exploit non-linear optical effects to achieve supercontinuum generation. The source could be pumped by an external quantum cascade laser, or an on-chip implemented laser. Light propagates then into a sensing circuit where evanescent field absorption occurs. It could be a long waveguide or MIR on-chip resonators. Then an on-chip spectrometer is used to separate the different wavelengths, and finally, light is sent into integrated photodetectors. In this thesis, we will focus on how to realize the MIR photonic integrated devices for chemical sensing using the Ge-rich graded-index Si1-xGex platform.

Fig. 1 . 4 . 1 .

 141 Fig.1.4.1. Schematic representation of the long-term monolithically integrated MIR sensor (Figure from C. Alonso Ramos).

  3.1). Propagation losses for different waveguide platform have been measured from 5.5 to 8.5 µm (section 2.3.2). Then, a proof of concert about the sensing capability of the SiGe waveguide by evanescent field have been evaluated.  Chapter 3 discusses periodic waveguides such as grating couplers (section 3.1) for light coupling in the photonic circuit, and for waveguide Bragg gratings (section 3.2). Two designs of grating couplers have been proposed for TE and TM polarizations, and simulation results are presented. Then, waveguide Bragg gratings have been designed (section 3.2.1), fabricated (section 3.2.2) and characterized (section 3.2.3). Chapter 4 introduces the first demonstrations of MIR resonant structures on gradedindex Si1-xGex waveguides in terms of simulation, fabrication and experiment. Two approaches, Fabry-Perot cavities using waveguide Bragg gratings (section 4.1) and racetrack resonators (section 4.2), have been demonstrated at LWIR wavelengths. Chapter 5 presents the first demonstration of on-chip integrated broadband dualpolarization Spatial Heterodyne Fourier-Transform Spectrometer (SHFTS) based on Ge-rich graded-index Si1-xGex waveguides. Design and device performances are firstly discussed by means of modal analysis (section 5.2.1). Then, fabricated device has been characterized to evaluate its resolution and free spectral range (section 5.2.3).
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 211 Fig.2.1.1. Waveguide cross-section with their corresponding refractive index profiles along the vertical direction for platform A (a,d), platform B (b,e) and platform C (c,f).

Fig. 2 . 1 . 2 .

 212 Fig.2.1.2. Effective index evolution as a function of etch depth for different modes guided in a 4-µmwidth waveguide at 7.5 µm based on platform A.

Fig. 2 . 1 . 3 .

 213 Fig.2.1.3. Effective index evolution as a function of wavelength for different modes guided in a 4-µmwidth waveguide based on platform A.

Fig. 2 .

 2 Fig.2.1.3 presents the simulation results of the effective index evolution as a functionof the wavelength for different modes guided in a 4-µm -wide waveguide. As presented, the variation of the mode effective index and of the mode profiles are very small while varying the operation wavelength (the effective index variation of the fundamental mode is below 0.2 between 5 and 10 µm wavelength). This is a clear evidence that the structure will provides low dispersion resulting in wide bandwidth operation. The waveguide design thus shows theoretically broadband operation with a cut-off wavelength at 11 µm for TE mode and at 12.5 µm for TM mode. Moreover, waveguide based on platform A with 4-µm -width and 4-µm -etch depth is single mode while operating at a wavelength larger than 7 µm for

Fig. 2 . 1 . 4 .

 214 Fig.2.1.4. Evolution of effective index at 7.5 µm wavelength as a function of waveguide width for different guided modes in a waveguide based on platform A.

2 . 1 . 1 )

 211 In this case, the electromagnetic mode propagates directly in the graded layer. The vertical refractive index profile varies from 3.5 (nSi) to 4.1 (nGe) within 6 µm, it thus yields higher vertical confinement due to a steeper index profile comparing to the platform A. Then, on purpose of further improving the light confinement, profiting the high nonlinearity of Ge and verifying how compact the graded-index Si1-xGex platform can achieve, a third platform (platform C) with an even more compact stack is designed. In order to confine light as far as possible from the Si substrate in the Ge-rich part, instead of one single graded layer as platform B, two graded layers for a total thickness of 4 µm is designed. In this case, a 3-µm -thick layer is grown with an increasing Ge concentration in the growth direction from 0 (pure Si) to 50% (Si0.5Ge0.5), then followed by a second 1-µm thick graded layer with Ge concentration starting from 50% up to 100% (pure Ge) (see Fig.2.1.1).

Fig. 2 . 1 . 5 .

 215 Fig.2.1.5. Effective index evolution of guided modes as a function of wavelength in a 4-µm -width waveguide for (a) platform B and (b) platform C.

Fig. 2 .

 2 Fig.2.1.6. (a) Simulated overlap factor of the guided mode with silicon substrate; Simulated optical mode confinement at 7.5 µm in platform C for (b) TE and (c) TM polarizations.

  photoresist is removed by acetone and isopropanol. Representative optical microscope images are shown in Fig 2.2.2.

Fig. 2 .

 2 Fig.2.2.1. (a) sample surface cleaning; (b) deposition of photoresist; (c) optical lithography; (d) development; (e) waveguide etching; (f) remove of residual of photoresist.

Fig. 2 .

 2 Fig.2.3.1. (a) Schematic image of the MIR characterization set-up; (b) Image of MIR set-up covered by isolation box (left), and the dry air pump system (right).

from 5 .

 5 5 µm to 8.5 µm in a step of 4 nm. Fig.2.3.2 shows a representative measured transmission of 5-µm -width waveguides based on platform A and the laser response without sample. The drops at 5.8 µm and 7 µm correspond to the changes of laser chip during the wavelength-scan measurement. Moreover, drop lines in a wavelength range from 5.5 µm to 7 µm are corresponding to the atmospheric absorption lines of other components in air and some residual H2O due to the non-perfect isolation of the optical path. Waveguide propagation losses and coupling losses have been characterized using the cut-back technique. Fig.2.3.3(a) shows a representative cut-back measurement of the spiral waveguides on the three platforms in quasi-TE polarization at 7.5 µm. As can be observed, the recorded transmittance decreases linearly with the waveguide length, whose slope represents the waveguide propagation losses, and the intercept at L = 0 can be directly correlated to the coupling losses. Coupling losses of 9.5 dB/facet, 4.5 dB/facet and 8.6 dB/facet at 7.5 µm are obtained for platform A, B and C respectively. Different coupling condition can be predicted by different index profile at the waveguide facet of each platform.

Fig. 2 .

 2 Fig.2.3.2. Measured transmission of 5-µm -width waveguides based on platform A (colored lines) and the laser response without sample (black line).

Fig. 2 .

 2 Fig.2.3.3. (a) Transmittance as a function of waveguide length for quasi-TE polarization at 7.5 µm, dashed colored lines are linear fits of the data; (b)-(d) Measured propagation loss from 5.5 to 8.5 µm for platform A, B and C [68].

  air n  ) corresponds to the scenario of gas-trace sensing, i.e. methane (CH4), and "with cladding" (a refractive index 1.6 n is used in this calculation) corresponds to a liquid-phase analyte sensing. As can be observed in Fig.2.4.1, the power fraction increases as a function of wavelength. Comparing the simulated power fraction of guided mode in the upper cladding for waveguides based on three Si1-xGex materials, waveguide on platform B and platform C have better performance than waveguide on platform A. Then considering the possible high propagation loss in platform C, graded-index Si1-xGex waveguides based on platform B would show best performance for evanescent field sensing in this wavelength range.

2

 2 

  Fig.2.4.1. Simulated overlap factor of guided mode with and without upper cladding for (a) Platform A; (b) Platform B and (c) Platform C.

  concept. A cladding layer of photoresist S1818 ( 1.6 n ) which can be easily found in our laboratory is used. The S1818 is a positive photoresist which is widely used for optical lithography in the micro/nano fabrication. It contains mainly propylene glycol monomethyl ether acetate (C6H12O3) polymer and Mixed cresol novolak resin [71]. The first one consists with the chemical bonds of C-C (absorption between 6.6-16.7 µm), C-O (absorption between 7.7-10 µm) and C=O (absorption between 5.7-5.9 µm) [72]. The last one consists with the chemical bonds of C-C, C-O and the structure of benzene (absorption between 5.9-6.5 µm) [73]. Fig.2.4.2 shows the absorption band of different chemical bonds in the mid infrared.

Fig. 2 . 4 . 2 .

 242 Fig.2.4.2. Absorption band of different chemical bonds, readapted from [73].

Fig. 2 .

 2 Fig.2.4.3. (a) Schematic cross-section of the waveguide; (b) SEM image of the waveguide presenting 1.8 µm thick photoresist on top of the waveguide.

Fig. 2 .

 2 Fig.2.4.4. Raw transmission spectrums of the spiral waveguides of different lengths (normalized by the laser spectrum without sample) (a) without and (b) with photoresist cladding in TE polarization [74].

Fig. 2 .

 2 Fig.2.4.5. (a) Propagation losses of Si1-xGex waveguide covered by photoresist S1818 for TE and TM polarizations from 5.2 to 7 µm, (inset) illustration of cut-back method at λ = 5.6 µm; (b) Normalized absorption coefficient of the photoresist compared with the losses of waveguide (in TE polarization) covered by photoresist [74].

  this chapter, the properties of MIR waveguide based on three Si1-xGex platforms and the sensing capability of such waveguide are discussed. In the first part, theoretical study of waveguide properties, in terms of effective index of guided mode, single mode condition, field overlap with Si substrate and upper cladding, are evaluated for the design of MIR broadband waveguide. In a second part, the waveguides fabrication process mainly about lithography and ICP etching are presented. A main challenge of etching 4-µm -deep while keep a low sidewall roughness is overcome. Waveguides with 5 different lengths (L = 0.6, 4.1, 6.1, 8.3, 10.4 cm), 3 different widths (WWG = 4, 5 ,6 µm) have been fabricated on all three Si1-xGex materials.

Fig. 3 . 1 . 1 .

 311 Fig.3.1.1. Light propagation through a periodic waveguide for three regimes, adapted from [83].

Fig. 3 . 1 . 2 .

 312 Fig.3.1.2. 3D schematic view of a grating coupler where light is coupled out from the waveguide to the optical fiber on top, readapted from Ref. [90]; SMF, single mode fiber.

) where uc n

 uc is the refractive index of the upper cladding of the grating, k  is the radiation angle measured from the surface normal, B n is the refractive effective index of the Bloch- Floquet mode in the periodic grating region, k is the diffraction order which is an integer. 57 Considering that the effective index of the Bloch-Floquet mode is larger than the upper cladding (air cladding nuc = 1), it can be deduced that only negative diffraction orders can be radiated out of the grating coupler. As multiple diffraction beams propagating at different angles would interfere each other resulting in a poor coupling efficiency, the single diffraction beam is critical.

Fig. 3 . 1 . 3 .

 313 Fig.3.1.3. Radiation phase matching condition in Eq. (4), evaluated as a function of period (Λ) for TE polarization at a wavelength of λ = 7.5 µm with B n = 3.66 and nuc = 1.

P

  is the reflection back to the access waveguide. Γ is the grating directionality defined by the ratio of the power fraction radiated upward to the sum of power fractions radiated upward and downward expressed as () η presents the fraction of power radiated upward that is coupled into the fiber, which can be calculated as an overlap factor between the grating radiated field and the optical fiber mode. Ideally, a perfect grating coupler should have no back reflection ( 0 r  ), high directionality ( 1  )

0. 05 ,

 05 to roughly analyze the performance of grating coupler. Calculations have been done for an etching depth of 2 to 4 µm, Fig.3.1.5 shows the representative results of electric field profile simulated for an etching depth of 3 and 4 µm. As can be observed in this figure, the electric field is radiated (mainly down radiation) only at the first few periods of the coupler.The deep etching depth is responsible for the effect. As the used waveguide has a gradedindex profile which results in a low vertical light confinement, the radiation down to the substrate occurres when the etching depth is too deep. Then, an etching depth of 2 µm is chosen to reduce the radiation down to substrate.

Figure 3 . 1 . 4 .

 314 Figure 3.1.4. Captured image of a representative 2D-FDTD simulation window, a light source is set at the input waveguide, a monitor is set in the left of light source to calculate the back-reflection, a second monitor is set at the end of the gratings to calculate the transmittance, then two monitors are set in the upper/lower cladding to calculate the up/down radiation, and a final monitor covering the whole grating coupler is used to calculate the electric field profile.

Fig. 3 .

 3 Fig.3.1.6 reports the calculation of directionality and reflection in the case of a grating coupler using adiabatic taper with 2-µm -etching depth. Poor performances are obtained, as the high back-reflection at the interface of the access waveguide and the gratings limits its performance. The reflectivity could be reduced with large duty cycles (> 0.7) but this correspond to very narrow etched patterns, which are challenging to fabricate in terms of practical fabrication.

Fig. 3 . 1 . 7 .

 317 Fig.3.1.7. 3D schematic view of grating coupler with (a) conventional adiabatic taper access, (b) inverse taper access; Equivalent side view of 2D simulation of grating coupler with (c) conventional taper, (d) inverse taper; different colors present the variation of material refractive index.

Fig. 3 . 1 . 8 .

 318 Fig.3.1.8. Simulated directionality, reflectivity and coupling efficiency as a function of period of grating couplers using inverse taper with an etching depth of 2 µm and a duty cycle of 0.4.

Fig. 3 .

 3 Fig.3.1.9. (a) Field overlap factor between grating coupler and single mode fiber (black curve), and the field overlap between grating coupler and taper tip (red curve); (b) Coupling efficiency as a function of wavelength for TE (blue curve) and TM (red curve) polarization; The contour of (c) the simulated objective mode for grating coupler at the interface; (d) the simulated mode of inverse taper tip.

B

  is the Bragg wavelength and neff is the effective index of the Bloch-Floquet mode in the gratings. The reflections interfere constructively only in a narrow band centered at the Bragg wavelength where light is strongly reflected. The waveguide Bragg gratings considered in this work operate in the first order (k = 1) in TM polarization. It is obtained by a periodic corrugation of the waveguide surface as shown in Fig.3.2.1(a).

Fig. 3 .

 3 Fig.3.2.1. (a) 3D schematic view of a uniform Bragg grating; (b) Longitudinal 2D schematic view of a uniform Bragg grating, x is the propagation direction, Λ is the grating period, Lhigh is the length of high index region, Llow is the length of low index region.

  to its mathematical simplicity and physical intuitiveness, it has been extensively applied as a mathematically tool to analyze the propagation and interaction of electromagnetic field with material[120,121]. Details on the demonstration of CMT for the Bragg grating can be found in[122,123]. Considering a surface-corrugated uniform Bragg grating with rectangular corrugation profile, the reflection (R) and transmission (T) for a such Bragg grating with a length of L at the target Bragg wavelength can be given respectively by:

  ) where nhigh and nlow denotes high and low refractive index of the two materials inside the gratings, DC is the duty cycle ( / high DC L  ), and Γ indicates the overlap factor between the guided mode and the grating corrugation. It can be calculated as an integral of the normalized electric field intensity distribution B  of the guided mode over the surface of

Fig. 3 .

 3 Fig.3.2.1(b).

Fig. 3 .

 3 Fig.3.2.2. (a) Simulated spectrum of Bragg grating with ed = 0.3 µm; (b) Simulated grating loss as a function of corrugation etching depth ed with N = 1000; simulation has been performed with DC = 0.5, and p = 1 µm.

Fig. 3 . 2 . 3 .

 323 Fig.3.2.3. Grating loss as a function of etch depth of corrugations. Simulation has been performed with DC = 0.5, N = 100, and p = 1.02 µm.

Fig. 3 .

 3 Fig.3.2.4. (a) Simulated reflectivity of a Bragg grating with N = 250, and p = 1.02 µm; (b) Simulated reflection and grating loss at Bragg wavelength as a function of number of period; (c) Simulated spectrum of waveguide Bragg gratings with various period. Simulations have been performed with DC = 0.5, ed = 0.4 µm, and N = 250.

Fig. 3 .

 3 Fig.3.2.5. (a) Calculated coupling coefficient of the waveguide Bragg grating as a function of the ratio r between the corrugation width (Wcorr) and the nominal waveguide width (WWG); Inset: 3D schematic view of a waveguide Bragg grating. (b) Schematic of the waveguide cross-section with the simulated fundamental TM mode profile at the low index region of grating.

Fig. 3 . 2 . 5 presents

 325 the calculated coupling coefficient as a function of the corrugation width and the cross-section of the designed Bragg grating at low-index region with the simulated TM mode profile at 7.3 µm. The coupling coefficient is calculated by Eq. (11) with an overlap factor estimated using mode solution by calculate the overlap of guided mode with the corrugation region as shown in Fig.3.2.5(b). Although this method is not a rigorous 3D simulation of the Bragg grating, it gives the tendency on how the corrugation width affects the performance of waveguide Bragg gratings. The corrugation width is then chosen to be 0.7 corr WG WW  , as it provides the highest coupling coefficient which would result in the highest value of the Bragg reflection.

  waveguide Bragg grating requires two etching steps: a shallow etch (400 nm) for the corrugation, and a deep etch (4 µm) for the waveguide definition. In a first attempt, we targeted to have the corrugation in the full width of the waveguide, targeting the structure of Fig.3.2.1. Considering the alignment between the two steps during fabrication, the width of corrugations is designed much wider than the nominal waveguide width to avoid the misalignment as shown in Fig.3.2.6 (blue bar represents the waveguide, black bars represent the grating corrugations).
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 326 Fig.3.2.6. Schematic top view of the optical mask of waveguide Bragg grating.

Fig. 3 .

 3 Fig.3.2.7. (a-d) 1 st level, (e-i) 2 nd level. (a) sample surface cleaning; (b) deposition of photoresist and the ebeam lithography; (c) development; (d) ICP etch for corrugation and clean of residual of photoresist; (e)deposition of photoresist for optical lithography; (f) optical lithography; (g) development; (h) ICP etch of waveguide; (i) clean of residual of photoresist.

Fig. 3 . 2 . 8 .

 328 Fig.3.2.8. SEM images of waveguide Bragg grating (a) & (b) at grating area; (c) at straight waveguide area; (d) Schematic view of the cross-section of low-index region for second level.

Fig. 3 . 2 . 9 .

 329 Fig.3.2.9. Schematic top view of the optical mask of waveguide Bragg grating, (left) first design, (right) optimized design.

  .2.7(a-d) for the first level. Then the new fabrication flow for the second level is shown in Fig.3.2.10: two layers of ZEP520A

Fig. 3 .

 3 Fig.3.2.11. SEM images of waveguide Bragg grating fabricated using the optimized design and fabrication process.
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 31 Measured transmission spectrums of Si1-xGex waveguide Bragg gratings normalized by the straight waveguide transmission are shown in Fig.3.2.12.As it can be observed, the experimental results are in good agreement with EME simulation.The measured central wavelengths (with the simulated values in the parentheses) of each waveguide Bragg grating are 5.43 µm (5.417 µm), 6.405 µm (6.368 µm), 7.32 µm (7.317 µm), 7.952 µm (7.935 µm), and 8.345 µm (8.33 µm), respectively. The slight difference in central wavelength is due to the different corrugation width between simulation (Wcorr = WWG) and experiment ( results in an increase of the index of Bloch-Floquet mode in the fabricated sample compared to simulation, which leads to a redshift of the rejection band of the waveguide Bragg grating. The low power rejection at large wavelengths may be contributed to higher losses. Moreover, the measured FWHM (-3-dB bandwidth) of each Bragg grating (with the simulated values in the parentheses) are equal to 59 nm (30 nm), 79 nm (40 nm), 71 nm (44 nm), 20 nm (41 nm), and 20 nm (44 nm), respectively.

Fig. 3 .

 3 Fig.3.2.12. Simulated (blue curves) and measured (orange curves) transmittance spectrum of the Si1-xGex waveguide Bragg grating with number of period N = 250, and a period of 0.74, 0.88, 1.02, 1.10, 1.16 µm, resulting in an operation at 5.4, 6.4, 7.3, 7.95 and 8.35 µm, respectively.

Fig. 3 .

 3 Fig.3.2.13(a) presents the measured transmittance for various total grating lengths, i,e. different number of grating periods N, while maintaining a constant grating period of 0.88 µm , providing rejection centered at λ = 6.4 µm. It can be observed that the minimum transmittance decreases as the number of period increases, which corresponds to an increase of the Bragg grating rejection. A maximum power rejection of 21.6 dB is measured for a waveguide Bragg grating with N = 280. The simulated minimum transmittance at Bragg wavelength as a function of the number of period N comparing with experiments is shown in Fig.3.2.13(b), a good agreement is obtained. The increasing error between simulation and experiment may be contributed to an accumulation of the error on the rejection power for each grating period.

Fig. 3 .

 3 Fig.3.2.13. (a) Measured transmittance of waveguide Bragg grating for various number of period N = 210, 250, 280; (b) Minimum transmittance at the Bragg wavelength as a function of number of period N.

  simulations and analytical calculation by Matlab script are introduced for the design of broadband mid-infrared grating coupler based on the graded-index Si1-xGex waveguide. A coupling efficiency of about -12 dB (-9.6 dB) has been obtained for TE (TM) polarization, with a -1-dB bandwidth of more than 300 nm in both polarizations. Moreover, the performance of such grating coupler can be further improved by apodizing the geometry of the gratings. Departing from the simulation results, the next step would be to experimentally confirm the performance of the grating couplers in the MIR wavelength range. This would require a re-adaptation of our MIR experimental set-up from free-space configuration to fiber system. In the second part, waveguide Bragg gratings have been studied. The simulation methods using coupled mode theory (CMT) and eigenmode expansion (EME) have been discussed. Then, fabrication process and designs have been optimized simultaneously to properly fabricate waveguide the waveguide Bragg gratings. Finally, simulation results have been confirmed by experimental measurements. MIR Bragg gratings are indeed experimentally demonstrated at different wavelengths in a very large wavelength range from about 5.4 to 8.4 µm, benefiting from the advantage of broadband Si1-xGex waveguide. This result paves the way for the demonstration of integrated MIR resonant structures, like Fabry-Perot cavity using the Bragg gratings as mirrors. It can be a key component, in terms of enhancement of sensing capability, for the demonstration of high-performance integrated MIR optical sensor. The integrated MIR resonators are then presented in the next chapter.

Fig. 4 .

 4 1.1 shows a 3D schematic view of the Fabry-Perot cavity using the Si1-xGex waveguide Bragg grating. As a main difference with conventional Fabry-Perot cavity using dielectric coatings which strongly reflect the light within a few periods of the alternating layers, Bragg gratings reflect the light over a much larger number of grating period.Consequently, light is reflected in a distributed manner along the propagation direction in the Bragg gratings. The key advantage of distributed Bragg grating cavity is that, in the opposite of ring or racetrack resonators where the maximal Free Spectral Range (FSR) is dictated by the minimal ring radius, there is no restriction on the minimal cavity length of a distributed Bragg grating cavity, excepted the one related to the penetration depth in the Bragg mirror. Thus large FSR (> 30 nm at 8 µm in the case of Si1-xGex waveguides) is achievable. Furthermore, thanks to the narrow reflection bandwidth of the distributed Bragg mirror, single longitudinal mode cavity is achievable.

Fig. 4 . 1 . 1 .

 411 Fig.4.1.1. 3D schematic view of Fabry-Perot cavity using Si1-xGex waveguide Bragg grating with top corrugations.

Fig. 4 . 1 . 2 .

 412 Fig.4.1.2. Schematic view of a simplest configuration Fabry-Perot cavity.

Fig. 4 .

 4 Fig.4.1.3(a) for a cavity based on 5-µm -width waveguide with two identical Bragg gratings whose grating periods are Λ = 1.1, 1.16 µm. The coupling coefficient is extracted by means of reproducing the EME simulated spectrum of Bragg gratings. Moreover, another simulation method using only EME solver has also been applied to verify the results obtained by Matlab script. In this case the full cavity is simulated. Fig.4.1.3(b) presents the EME simulated transmission spectrum of the Fabry-Perot cavities with the same parameters.

Fig. 4 . 1 . 3 .

 413 Fig.4.1.3. Simulated transmission spectrum of Fabry-Perot cavity (a) by Matlab script; (b) by EME solver for a cavity with 5-µm -width waveguide, cavity length
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 22 Cavities with different parameters set have been fabricated: waveguide widths WWG = 5 µm, two different grating periods Λ = 1.1, 1.16 µm for operation wavelength at 8 µm and 8.4 µm , number of period N = 280, cavity length 𝐿 𝑐𝑎𝑣𝑖𝑡𝑦 = 70 µm. Fig.4.1.5 presents the SEM images of a representative fabricated cavity with Λ = 1.16 µm.

Fig. 4 . 1 . 5 .

 415 Fig.4.1.5. SEM images of fabricated Fabry-Perot cavity with

Fig. 4 .

 4 Fig.4.1.6 shows the measured transmittance spectrum of fabricated Fabry-Perot cavities which are obtained by normalizing the measured raw transmission spectrum of cavity over the transmission spectrum of a reference straight waveguide. The resonant peaks are localized at a wavelength of 7.95 µm and 8.34 µm that are in good agreement with the simulated results. The low rejection value comparing to simulation results of waveguide Bragg grating could be attributed to the non-equal value of low-index (etched) and highindex (non-etched) region in the gratings, which results in a duty cycle higher than 0.5 as shown in Fig.4.1.5. It thus leads to a lower value of coupling coefficient of the Bragg grating. Moreover, the maximum resonance transmission for both cavities (Tmax = -1.37 dB at 7.95 µm and -1.25 dB at 8.34 µm) is caused by the waveguide propagation loss and the Bragg grating loss.

Fig. 4 .

 4 Fig.4.1.6. (a) Measured transmittance spectrum of two Fabry-Perot cavities with different parameters set: (left) Λ = 1.1 µm, (right) Λ =1.16 µm, N = 280, 𝐿 𝑐𝑎𝑣𝑖𝑡𝑦 = 70 µm. (b) Measured transmittance spectrum of a cavity with Λ = 1.1 µm, N = 500, 𝐿 𝑐𝑎𝑣𝑖𝑡𝑦 = 70 µm.

Fig. 4 .Fig. 4 . 1 . 8 .

 4418 Fig.4.1.7. 3D schematic view of Fabry-Perot cavity using Si1-xGex waveguide Bragg grating with lateral corrugations.

Fig. 4 .

 4 1.8 shows the simulated Bragg reflectivity and grating loss as a function of the corrugation width at each side of the waveguide. It is worth to note that the simulation is done for a 5-µm -wide waveguide at a wavelength of 7.5 µm. Thus the maximum value of Wcorr of 1 µm corresponds to a waveguide width of 3 µm at low-index region in the gratings. As it can be 92 observed in Fig 4.1.8, simulating a waveguide Bragg grating with 250 periods, the grating loss is always below 5%, and the Bragg reflectivity is obtained for the larger value of the corrugation used in the simulation, i.e. 1 µm, a value of R = 98% is obtained.

Fig. 4 .

 4 Fig.4.1.9. (a) Simulated Bragg reflectivity as a function of number of period; (a) Simulated Bragg reflectivity as a function of wavelength with number of period N = 180; Both simulations are done with a period Λ = 1 µm, waveguide width WWG = 5 µm, corrugation width Wcorr = 1 µm.

Fig. 4 .

 4 Fig.4.1.10. SEM images of fabricated Fabry-Perot cavity using Bragg grating with lateral corrugations, with a waveguide width WWG = 5 µm, corrugation width Wcorr = 1 µm, period Λ = 1.16 µm.

Fig. 4 .

 4 Fig.4.2.1 shows the schematic view of typical ring resonators with one or two bus waveguides.

Fig. 4 . 2 . 1 .

 421 Fig.4.2.1. Schematics of waveguide coupled microring resonators (a) Notch filter (b) add-drop filter Ref. [132].

t,

  field coupling coefficient κ and amplitude round-trip loss coefficient expFig.4.2.2. Because of the symmetry of the matrix, the sum of square of the field coefficients is equal to 1 as 22 1 t   . Details on the transfer matrix modeling can be found in [132,133].

Fig. 4 .

 4 Fig.4.2.2. Schematic of a waveguide-coupled ring resonator-based notch filter, Ref. [132].

  resonator. Simulated coupling coefficients for different coupling length and wavelength are shown in Fig.4.2.3(a,b). Considering previously reported 3 dB/cm waveguide propagation losses at 8 µm wavelength, a coupling length L = 200 µm, the critical coupling can be obtained for a resonator with 400 µm radius. Moreover, taking into account the the measurable FSR of the experimental set-up, and the possible bending losses which needs to be systematically measured, the resonators with radii of R = 50, 100, 150, 200, 250 µm are fabricated for the first study of MIR Si1-xGex racetrack resonators.

Fig. 4 . 2 . 3 .

 423 Fig.4.2.3. Simulated coupling coefficient κ 2 for coupled waveguides with 1-µm -gap (a) as a function of coupling length with λ = 8 µm; (b) as a function of wavelength with L = 200 µm; (c) Simulated coupled mode at a wavelength of 8 µm for (left) even and (odd) quasi-TM mode.
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 22 The SEM images of the racetrack resonator with 100 µm radius are shown in Fig.4.2.4.

Fig. 4 . 2 . 4 .

 424 Fig.4.2.4. SEM images of racetrack resonator with 100 µm radius, 200-µm -long coupler.

Fig. 4 .

 4 Fig.4.2.5(a) summarizes the measured transmission spectrum of racetrack resonators operating in TM polarization with different bending radius R = 50, 100, 150, 200, 250 µm. The shown spectra are obtained by normalization of the raw transmission spectrum over the transmission of a straight waveguide. Resonances can be observed in a broadband of about 900 nm around 8 µm wavelength. The characteristic interferometric pattern of ring resonators is observed, presenting periodic transmission dips that are sometimes partially clipped due to the limited resolution of our setup. It can be noted that the resonator with the lowest radius (R = 50 µm) shows a poor performance. In this case the resonance patterns show a multimode-like spectrum with an average drops of 4 dB. It can be attributed to a partial hybridization of the modes which results in a non-negligible conversion of the fundamental TM mode into TE polarization in agreement with the simulation (small ΔnTE-

Fig. 4 .

 4 Fig.4.2.5. (a) Measured transmission spectrum of racetrack resonators with R = 50, 100, 150, 200, 250 µm operating in TM polarization; (b) Zoomed view of single resonance corresponding to a resonator with R = 250 µm, showing a Lorentzian fitting curve (red line).

Fig. 4 . 2 . 6 .

 426 Fig.4.2.6. Measured FSR values as a function of wavelength for resonators with various bending radius (colored dots), and the calculated FSR (black lines) according to Eq. (23).

Fig. 4 .

 4 Fig.4.2.7 SEM images of fabricated racetrack resonator of a test sample with different gaps.

4. 3 .

 3 ConclusionIn this chapter, two types of integrated resonators, Fabry-Perot cavities and racetrack resonators have been demonstrated in the mid-infrared wavelength range. Firstly, Fabry-Perot cavities have been demonstrated by integrating two identical waveguide Bragg gratings as reflecting mirrors. Cavities with both top-corrugated and lateral-corrugated Bragg gratings have been successfully fabricated based on the Si1-xGex platform. The resonance has been observed for top-corrugated cavities at different wavelength, with a maximum Q-factor of 2200. Further study on the lateral-corrugated cavities needs to be done.Secondly, the racetrack resonators operating in the LWIR wavelength range has been presented. Broadband operation over 900 nm at 8 µm has been measured for resonators with bending radius larger than 50 µm. A maximum Q-factor of 3600 is obtained at 8 µm, with a device FSR of 9 nm. A second sample has been fabricated, and its characterization will allow us to systematically evaluate the influence of the gap distance and the coupling length on the resonator performances.the Michelson interferometer and Fourier-transform (FT) mathematical analysis, where the interferogram is generated by the optical path difference between two coherent beams by scanning one of the two mirrors. Then, the signal at each wavelength can be recovered through the Fourier Transformation of the measured interferogram.
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 511 Fig.5.1.1. Schematic of Michelson interferometer
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 512 Fig.5.1.2. Schematic of spatial heterodyne spectrometer, readapted from [147].
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 513 Fig.5.1.3. Comparison of conventional bulky Fourier-Transform spectroscopic system and on-chip integrated system.

Fig. 5 . 1 . 4 .

 514 Fig.5.1.4. On-chip integrated Fourier-Transform Spectrometer (a) with 32 channels operating at 1.55 µm; (b) digital approach; (c) with wavenumber-temperature-dependent interferogram; (d) with 42 channels operating at 3.75 µm.

Fig. 5 . 2 . 1 .

 521 Fig.5.2.1. Schematic view of the on-chip spectrometer based on arrayed MZIs.

  MIR spectrometer is designed based on the waveguide of platform A which consists of a 11-µm -thick graded buffer and a 2-µm -thick Si0.2Ge0.8 constant layer. To properly fabricate the multimode interferometer (MMI), the key component of the designed FTS, ebeam lithography has been used to pattern the structures. Detail on fabrication process can be found in the previous chapter in section 3.2.2 as the process for definition of waveguide. Fig.5.2.2 presents a global view of the optical microscope image of the fabricated FTS captured using digital VHX microscope with high resolution. The inset shows a representative SEM image of the MMI. The bending radius is chosen as large as 1.2 mm to strictly avoid bending losses. It can be noted that with a systematically study of the bending losses, the bending radius can be further decreased to reduce the total footprint of the device. Moreover, like in the case of other devices discussed in the previous chapters, a bent waveguide is used at the output of the chip to avoid the detection of scattering light due to direct coupling at the waveguide input.

Fig. 5 . 2 . 2 .

 522 Fig.5.2.2. Optical microscope image of the fabricated MIR Si1-xGex Fourier transform spectrometer; (inset) Scanning electron microscope (SEM) image of a multimode interferometer as the beamsppliter. The fabricated sample is composed of 20 MZIs with optical path difference linearly increasing from 0 to 178.6 µm, and reference straight waveguides.

2 . 3 .

 23 The black curve in Fig.5.2.3(a) is obtained by normalization of the measured raw spectrum over the reference straight waveguide transmission. Then a subtraction of its mean value (red curve) is applied to obtain the zero-baseline curve (blue curve in Fig.5.2.3(b)). Finally, the quasi-ideal cosine-like interference is obtained by dividing the zero-baseline curve over its envelop function. It is worth to note that the insertion loss of the MZI is measured to be less than 1 dB for the full range of the characterization for both TE and TM polarizations.
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 523 Fig.5.2.3. Example of an interferogram pattern from the MZI with ΔL9 = 84.6 μm for TE polarization. The mean value [red curve in (a)] and the envelop wavefunction [green curve in (b)] are subtracted to obtain the curve shown in (c).
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 524525 Fig.5.2.4. Calibrated interferogram of the measured arrayed MZIs for (top) TE and (bottom) TM polarizations; red lines present the measured Littrow wavenumbers where all MZIs achieve a maximum transmittance.

  Fig.2.1.1).A propagation loss as high as 10 dB/cm was obtained for waveguides based on the platform C in which the guided mode shows higher overlap factor with the bottom Si

  resolution. Regarding the properties of on-chip FTS, the technique of digital FTS can further increase the spectral resolution in a limited device footprint [148]. Then, the device FSR can be increased by combining the spatial interferogram with temperature introduced phase change on the MZIs [156].

  waveguides [157], supercontinuum based on Si1-xGex waveguides or frequency comb generation based on the MIR resonators in the LWIR wavelength range covering the wide fingerprint region have to be investigated in the near future. Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Titre : Circuits photoniques inté gré s SiGe pour des applications capteurs dans le moyen-infrarouge Mots clé s: Photonique silicium, Moyen-infrarouge, SiGe, Capteurs optiques inté gré es Ré sumé : La spectroscopie dans le moyeninfrarouge est une mé thode universelle pour identifier les substances chimiques et biologiques, car la plupart des molé cules ont leurs ré sonances de vibration et de rotation dans cette plage de longueurs d'onde. Les systè mes moyen infrarouge disponibles dans le commerce reposent sur des é quipements volumineux et coûteux, tandis que de nombreux efforts sont maintenant consacré s à la ré duction de leur taille et leur inté gration sur circuits inté gré s. L'utilisation de la technologie silicium pour la ré alisation de circuits photoniques dans le moyen-infrarouge pré sente de nombreux avantages: fabrication fiable, à grand volume, et ré alisation de circuits photoniques à hautes performances, compacts, lé gers et à faible consommation é nergé tique. Ces avantages sont particuliè rement inté ressant pour les systè mes de dé tection spectroscopique moyen infrarouge, qui besoin d'ê tre portable et à faible coût. Parmi les diffé rents maté riaux disponibles en photonique silicium, les alliages silicium-germanium (SiGe) à forte concentration en Ge sont particuliè rement inté ressants en raison de la grande fenê tre de transparence du Ge, pouvant atteindre 15 µm. Dans ce contexte, l'objectif de cette thè se est d'é tudier une nouvelle plate-forme SiGe à forte concentration en Ge, pour la dé monstration de circuits photoniques moyen infra rouge. Cette nouvelle plate-forme devrait bé né ficier d'une large gamme de transparence en longueurs d'onde de transparence et de la possibilité d'ajuster les propriétés des guides optiques (indice effectif, dispersion,…). Au cours de cette thè se, diffé rentes plates-formes basé es sur diffé rents profils graduels du guide d'onde ont été étudiées. Tout d'abord, il a été démontré qu'il était possible d'obtenir des guides pré sentant de faibles pertes optiques infé rieures à 3 dB/cm dans une large plage de longueurs d'onde, de 5,5 à 8,5 µm. Une preuve de concept de dé tection de molé cules, basé e sur l'absorption de la partie é vanescent du mode optique a ensuite é té dé montré e. Ensuite, les composants formant les briques de base classiques de la photonique inté gré e ont é té é tudié s. Les premiè res cavité s inté gré es ont é té ré alisé es à 8 µm. Deux configurations ont é té é tudié es : des cavité Fabry-Perot utilisant des miroirs de Bragg intégrés dans les guides d'onde et des résonateurs en anneau. Un spectromè tre à transformé e de Fourier fonctionnant sur une large bande spectrale, et pour les deux polarisations de la lumiè re a é galement é té dé montré . Tous ces ré sultats reposent sur la conception des maté riaux et des composants, la fabrication en salle blanche et la caracté risation expé rimentale. Ce travail a é té effectué dans le cadre du projet europé en INsPIRE en collaboration avec le Pr. Giovanni Isella de Politecnico Di Milano. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Title : SiGe photonic integrated circuits for mid-infrared sensing applications Keywords: Silicon Photonics, Mid-infrared, SiGe, integrated optical sensors Abstract: Mid-infrared (mid-IR) spectroscopy is a nearly universal way to identify chemical and biological substances, as most of the molecules have their vibrational and rotational resonances in the mid-IR wavelength range.

  During this thesis, different waveguides platforms based on different graded profiles have been investigated. First it has been shown that waveguides with low optical losses of less than 3 dB/cm can be obtained in a wide wavelength range, from 5.5 to 8.5 µm. A proof of concept of sensing based on the absorption of the evanescent component of the optical mode has then been demonstrated. Finally, elementary building blocs have been investigated. The first Bragg mirror-based Fabry Perot cavities and racetrack resonators have been demonstrated around 8 µm wavelength. A broadband dualpolarization MIR integrated spatial heterodyne Fourier-Transform spectrometer has also been obtained. All these results rely on material and device design, clean-room fabrication and experimental characterization. This work was done in the Framework of EU project INsPIRE in collaboration with Pr. Giovanni Isella from Politecnico Di Milano.
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Table 1 .

 1 Overview of grating couplers demonstration; coupling efficiency (CE), bandwidth (BW) and central wavelength (λC).

	Ref. Year CE (dB)	BW (nm)	λC (µm)	Remarks
	[75] 2006	-5.2	40	1.55	
	[91] 2007	-1.2	60	1.55	high directionality; simulated
	[77] 2009	-4.7	40	1.46	nano hole; DUV fabrication
	[92] 2010	-3.7	55	1.55	TM pol.; apodized
	[93] 2011	-1.4	38 (1-dB)	1.55	optimized BOX; simulated
	[94] 2011	-4.5	60	1.55	pol. independent; simulated
	[90] 2011	-2.2	40	1.55	inverse taper; low back reflection
	[95] 2012	-4.1	57	1.55	Silicon membrane on glass
	[96] 2012	-5	-	2.75	mid-infrared; silicon-on-sapphire
	[97] 2013	-1	50	1.55	high efficiency; apodized
	[98] 2014	-4.7	100 (1-dB)	1.55	focusing curved; ultra-broadband

Table 2 .

 2 Comparison of grating coupler design for TE and TM polarization. * Inverse taper access; ** Adiabatic taper access.

	Polarization Etch(µm) Λ (µm)	DC	k	CE (dB)	BW (nm)	access
	TE	2	4.5	0.4	-2	-12	300	I*
	TM	1	2.5	0.8	-1	-9.6	310	A**

  the discovery of Bragg's law by Lawrence Bragg [105], Bragg gratings have shown a great impact in the optics society. There are today two main approaches of implementing the Bragg grating, the fiber Bragg grating or on-chip waveguide Bragg

grating. The development of waveguide Bragg grating (WBG) could back to 1960s [106], then the first fiber Bragg grating (FBG) was demonstrated in 1978 [107]. Though, the development of WBG is earlier than FBG, however the WBG approach shows today relatively less achievement than FBG in the manufactory point of view. It is mainly due to the technical difficulties on the fabrication method. Although, the development of WGB

Table 3 .

 3 Overview of demonstration of waveguide Bragg grating; BW: bandwidth.

The WGB is used in various devices for applications in data communication and sensing systems. A lot of outstanding works have been done in the last years, such as the demonstration of λ-division multiplexer [117], the use of WGB to realize RI sensing

[START_REF] Jugessur | A photonic nano-Bragg grating device integrated with microfluidic channels for bio-sensing applications[END_REF][START_REF] Prabhathan | Compact SOI nanowire refractive index sensor using phase shifted Bragg grating[END_REF][START_REF] Wang | A silicon photonic biosensor using phase-shifted Bragg gratings in slot waveguide[END_REF]

. More recently, a fully reconfigurable waveguide Bragg grating has been implemented on a SOI platform for signal processing

[START_REF] Zhang | A fully reconfigurable waveguide Bragg grating for programmable photonic signal processing[END_REF]

, then different approaches of cascading Bragg gratings have been demonstrated to achieve narrow-band ultrahigh rejection notch filter for on-chip pump rejection

[118,119]

. Many other works of waveguide Bragg grating are shown in Table

3

. In this section, the design, fabrication and characterization of MIR waveguide Bragg grating are discussed.

Table 4 .

 4 Overview of demonstration of MIR on-chip micro-resonators, ER: extinction ratio.

This first demonstration of MIR resonant structures on Si1-xGex opens the path for further development of MIR integrated photonic circuits, such as light source using nonlinear effects, i.e. frequency comb generation. Moreover, as an example, applying the plasma dispersion effect to introduce phase modulation, resonators can be implemented as a building block for the modulation applications. Considering the atmospheric transparency window in the MIR wavelength range, the demonstration of MIR modulators shows high potential for the application of free-space telecommunication. Concerning the enhancement of light-matter interaction, MIR resonant structures present also good impact on the development of new generation multitarget molecular spectroscopic sensing systems.

Acknowledgements

Integrated mid-infrared Fourier-Transform Spectrometer

In terms of developing an on-chip IO sensor to achieve real-time and in-situ sensing, the integration of sensing circuits and on-chip spectrometer is particularly interesting. In the silicon photonics society, it exists already many demonstrations of on-chip integrated spectrometer based on the different approaches such as arrayed waveguide gratings [START_REF] Barritault | Design, fabrication and characterization of an AWG at 45 µm[END_REF][START_REF] Koshkinbayeva | Impact of Non-Central Input in N \times M Mid-IR Arrayed Waveguide Gratings Integrated on Si[END_REF][134][135][136], echelle gratings [126,137,138] or Fourier-transform-based spectrometers (FTS) [139,140]. In general, comparing to the AWG and echelle gratings, FTS or specifically the spatial heterodyne Fourier-transform spectrometer (SHFTS) provides highresolution spectral retrieval, exploiting seamless phase and amplitude corrections to substantially relax the fabrication tolerances. Moreover, with a multi-aperture configuration, the SHFTS shows the beneficial of high-throughput. In this chapter, on-chip integrated SHFTS is demonstrated based on the Si1-xGex platform, showing an unprecedented broadband dual polarization operation for one single chip from 5 (2000 cm -1 ) to 8.5 µm (~1170 cm -1 ). An experimental resolution of better than 15 cm -1 is obtained for both orthogonal polarizations. The on-chip FTS demonstration concerning theoretical modeling, device design, fabrication and characterization will be presented.

Introduction of Fourier-Transform infrared

Spectroscopy

Since the first study of infrared spectra by Sir William Herschel in 1800 [141], the infrared spectroscopy, more precisely the Fourier-Transform infrared (FTIR) spectroscopy becomes nowadays one of the most versatile and widely useful analytical tool for the application of molecular structure identification and many others. It is unique in its range of applicability to samples of every phases (gas, liquid or solid) because molecular vibrationrotation frequencies are little affected by inter-molecular interactions. In a simplest configuration, as the schematic shown in Fig. 5.1.1, a FTIR is in principle a combination of