L Carletti 
  
C Blanchard 
  
D Allioux 
  
C Monat 
  
R Orobtchouk 
  
P Rojo-Romeo 
  
Z Lin 
  
C Jamois 
  
J-L Leclercq 
  
P Viktorovitch 
  
X Letartre 
  
C Grillet 
  
M Brun 
  
S Ortiz 
  
P Labeye 
  
S Nicoletti 
  
P Ma 
  
Y Yu 
  
B Luther-Davies 
  
D Hudson 
  
S Madden 
  
M Sinobab 
  
D J Moss 
  
  
  
  
  
  
mid-infrared integrated photonics on a SiGe platform
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The mid-infrared is of great interest for a huge range of applications such as medical and environment sensors, security, defense and astronomy. I will give a broad overview of the different activities recently launched in INL Lyon, in close collaboration with several French and Australian institutions, under the umbrella of "Mid-IR integrated photonics" with a particular focus on novel integrated sources for the Mid-IR exploiting a nonlinear SiGe platform

I. INTRODUCTION (HEADING 1)

The Mid-infrared (Mid-IR) wavelength rangefrom 2.5 to 20 μmis gaining at the moment a formidable momentum as it is experiencing a huge surge in interest for an enormous range of applications that affect almost every aspect of our society, from compact and highly sensitive biological and chemical sensors, homeland security applications, industrial monitoring (petro-chemical, down-well monitors, mining) imaging, geothermal imaging, defense, astronomy, to even sensing for the wine and grape industry, and many other fields. The reason is that the features contained in the Mid-IR absorption spectrum of all organic and many inorganic compounds relate directly to the vibrations of the bonds between atoms comprising the molecules of these compounds, which give rise to strong Mid-IR absorption spectra (molecular fingerprint) without the need for chemical modification. This fact has led to a drive to develop molecular sensing platforms using mid-IR light. One major roadblock to achieving such devices, however, is the lack of low-cost and easily deployable photonic technologies that operate in the mid-IR. Current mid-IR technologies used for monitoring and understanding our health or our environment are still based on bulky, mostly operating in free space, components and stand-alone single frequency laser sources that operate in relatively narrow spectral regions, thereby limiting the number of different molecules that can be detected with a single system. Those sensing platforms, to become ubiquitous, require compact and low-cost optical devices and, most importantly, optical sources that are widely tunable or yield a broadband emission so as to access the whole mid-IR band. To answer those requirements there have been calls over the past three years, for migrating the techniques developed in the near-IR especially within the Si photonics (and more generally the group IV photonics community) [START_REF] Leuthold | Nonlinear silicon photonics[END_REF][START_REF] Monat | Integrated optical auto-correlator based on third-harmonic generation in a silicon photonic crystal waveguide[END_REF][START_REF] Corcoran | Green light emission in silicon via slow light enhanced third harmonic generation in photonic crystal waveguides[END_REF][START_REF] Grillet | Amorphous silicon nanowires combining high nonlinearity, FOM and optical stability[END_REF], to the mid-IR [START_REF] Soref | Mid-infrared photonics in silicon and germanium[END_REF][START_REF] Jalali | Silicon Photonics: Nonlinear optics in the mid-infrared[END_REF][START_REF] Liu | Midinfrared optical parametric amplifier using silicon nanophotonic waveguides[END_REF][START_REF] Mashanovich | Low loss silicon waveguides for the midinfrared[END_REF][START_REF] Yang | Silicon photonic waveguides for mid-and long-wave infrared region[END_REF][START_REF] Kuyken | Mid-infrared to telecom-band supercontinuum generation in highly nonlinear silicon-on-insulator wire waveguides[END_REF][START_REF] Shankar | Integrated high-quality factor silicon-on-sapphire ring resonators for the mid-infrared[END_REF].

The mid-IR region has also been welcomed as a promising future regime for silicon based nonlinear photonic devices. The nonlinear loss phenomenon of two-photon absorption, that limits nonlinear optical applications in the near-infrared region, vanishes at these wavelengths [START_REF] Soref | Mid-infrared photonics in silicon and germanium[END_REF][START_REF] Jalali | Silicon Photonics: Nonlinear optics in the mid-infrared[END_REF], thus opening the door to photonic devices with new capabilities such as parametric waveguide amplifiers with positive net gain [START_REF] Kuyken | Mid-infrared to telecom-band supercontinuum generation in highly nonlinear silicon-on-insulator wire waveguides[END_REF]. However, it has recently [START_REF] Gai | Nonlinear absorption and refraction in crystalline silicon in the mid-infrared[END_REF] been shown that, under some experimental conditions, e.g. using picosecond pulses, nonlinear losses in the mid-IR can still be significant. The silicon-on-insulator (SOI) material platform has attracted significant interest to implement on-chip integrated waveguides operating in the mid-IR thanks to the possibility of a CMOS compatible fabrication process. However, the increasing absorption of the silica cladding layer of the SOI at wavelengths longer than 3.5m may limit the useful wavelength range of this material platform. It is therefore crucial to explore other material platforms. In this context, SiGe alloys on Si are seen as an attractive alternative platform to SOI for applications in the mid-IR due to their expected lower propagation losses and higher nonlinear response [START_REF] Hon | The third-order nonlinear optical coefficients of Si, Ge, and Si1-xGex in the midwave and longwave infrared[END_REF][START_REF] Hammani | Optical properties of silicon germanium waveguides at telecommunication wavelengths[END_REF].

Our aim at the Institut des Nanotechnologies de Lyon (INL) is to develop, building on the remarkable optical properties of group IV materials [ [5][6], a chip-sized sensing platform by creating sources monolithically integrated on a CMOS compatible platform. To this end, we developed a comprehensive research program investigating at three different approaches to developing mid-IR integrated sources, including thermal (in collaboration with Charle-Fabry IOGS, CEA-LETI and delta-dore under the IDEE project), antimonide-based (in collaboration with IES-Montepllier, 3-5 lab and CEA-LETI under the MOREMIR project) and nonlinear Silicon-based sources. Here I focus on our recent advances, in collaboration with CEA-LETI, CUDOS ANU and RMIT, towards the creation of a CMOS compatible, highly tunable and broadband Mid-IR wavelength coherent light sources on-chip [START_REF] Carletti | Nonlinear optical response of low loss silicon germanium waveguides in the mid-infrared[END_REF].

II. SIGE WAVEGUIDES FABRICATION AND EXPERIMENTAL

SETUP

The SiGe/Si step index ridge waveguides consist of a Si 0.6 Ge 0.4 core surrounded by a Si cladding (Fig. 1(a)). The devices were fabricated at CEA-Leti on a CMOS fabrication line. The waveguides, with a core of dimension 1.4mm x 2mm and length of 8.3cm, were obtained by first depositing a layer of Si0.6Ge0.4 with a thickness of 1.4mm on top of a 200mm silicon wafer via reduced pressure CVD deposition. The experimental setup is depicted in Fig. 1(b). Optical pulses in the picosecond regime (7.5ps duration, repetition rate of 1.5MHz) and in the femtosecond regime (320 fs duration, repetition rate of 21MHz) were obtained from a TE-polarized and tunable optical parametric amplifier (OPA). The output signal power was measured by a PbSe detector while the output spectrum was measured with an optical spectrum analyzer. The insertion loss of the setup was 7dB, roughly constant over the experimental wavelength range.

III. EXPERIMENTAL RESULTS AND DISCUSSION

We report here only measurements performed in the picosecond regime. The measurements were systematically repeated at four different wavelengths in the mid-IR region: 3250nm, 3750nm, 4162nm, and 4750nm. The output power was measured with the PbSe detector while the spectrum at the output of the waveguide was measured with a scanning monochromator. Sample spectra are shown in Figs. 2(a)-2(d) for increasing powers. It can be seen that as the peak coupled intensity increased, more and more side lobes appeared, which is characteristic of SPM. The strong asymmetry in the spectral shape is attributed to free-carrier effects. A similar behavior is seen at all wavelengths used in these experiments. A rapid drop in the nonlinear transmission is observed as the input intensity increases, indicating the presence of nonlinear losses, and it is characteristic of multi-photon absorption. The three-and four-photon absorption coefficients of Si0.6Ge0.4 were estimated and were found to be comparable to those of crystalline Si and Ge. Furthermore, the nonlinear refractive index, n2, was estimated from spectral broadening measurements. We found that theory that accounts for freecarrier effects, multi-photon absorption and the Kerr effect was able to correctly predict the experimental results for peak intensities up to at least 5 GW/cm2, while by including higherorder nonlinear refractive effects arising from the real parts of χ(5) and χ [START_REF] Liu | Midinfrared optical parametric amplifier using silicon nanophotonic waveguides[END_REF] we obtained a better agreement with experiments for even higher pulse intensities.

IV. CONCLUSIONS

We report measurements of the nonlinear optical response of low-loss Si 0.6 Ge 0.4 /Si waveguides in the mid-IR between 3250 nm and 4750 nm. In this wavelength range, nonlinear losses due to multi-photon absorption and the associated generation of free-carriers are observed at high peak intensities. The three-and four-photon absorption coefficients of Si 0.6 Ge 0.4 were estimated and were found to be comparable to those of crystalline Si and Ge. Furthermore, the nonlinear refractive index, n 2 , was estimated from spectral broadening measurements. We found that theory that accounts for freecarrier effects, multi-photon absorption and the Kerr effect was able to correctly predict the experimental results for peak intensities up to at least 5 GW/cm 2 , while by including higherorder nonlinear refractive effects arising from the real parts of χ (5) and χ (7) we obtained a better agreement with experiments for higher pulse intensities. This suggests that the effect of these phenomena is not negligible in the wavelength range considered and at the pulse intensity levels used in the experiments. This could be caused by the fact that in the mid-IR we are close to the resonance frequencies of these higher order susceptibilities, which is also consistent with our observation of three-and four-photon absorption. These results represent the first experimental characterization of the nonlinear optical response of Si 0.6 Ge 0.4 /Si waveguides in the mid-IR and they will be useful for the design of future photonic devices based on this material platform and go a long way to understanding the optical nonlinear response of this material in the mid-IR wavelength range.

Fig. 1 :

 1 Fig. 1: (a) SEM image of a SiGe waveguide with an inset showing the SiGe core surrounded by Si cladding. (b) Experimental setup used for the transmission experiments.

Fig. 2 :

 2 Fig. 2: (a-d) Normalized transmitted spectrum as a function of the coupled peak intensity for picosecond pulses centered at wavelengths between 3.25μm and 4.75μm.
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