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Introduction

Among all their possible applications, III-V materials are envisioned for nanometer-scale Metal Oxide Semiconductor Field Effect Transistors (MOSFETs) [START_REF] Alamo | Nanometer-scale III-V MOSFETs[END_REF] and photonic devices for sensing and optical communications [START_REF] Roelkens | III-V-on-silicon photonic devices for optical communication and sensing[END_REF][START_REF] Szelag | Hybrid III-V/silicon technology for laser integration on a 200 mm fully CMOS-compatible silicon photonics platform[END_REF]. Whatever the targeted application, ohmic contacts with low specific contact resistivity are needed to ensure stable performances of the devices. Historically, ohmic contacts on III-V were obtained with Au/Pt/Ti and Au/Ge/Ni metallizations and through liftoff processes [START_REF] Katz | Au/Pt/Ti contacts to p-In 0.53 Ga 0.47 As and n-InP layers formed by a single metallization common step and rapid thermal processing[END_REF][START_REF] Lee | Microstructural evidence on direct contact of Au/Ge/Ni/Au ohmic metals to InGaAs channel in pseudomorphic high electron mobility transistor with undoped cap layer[END_REF]. As gold is strictly forbidden in Si microelectronics and as lift-off processes are not common and quite reproducible in Si foundries, alternative metals and integration processes must be used to develop fully Complementary Metal Oxide Semiconductor (CMOS)-compatible processing [START_REF] Jain | Silicon fabcompatible contacts to n-InP and p-InGaAs for photonic applications[END_REF][START_REF] Pacella | Silicon CMOS ohmic contact technology for contacting III-V compound materials[END_REF][START_REF] Hahn | Low-resistive, CMOScompatible ohmic contact schemes to moderately doped n-InP[END_REF][START_REF] Ghegin | CMOS-compatible contacts to n-InP[END_REF][START_REF] Ph | CMOS-compatible contact technology for Si photonics[END_REF].

As far as (In)GaAs layers are concerned, the 1990s were characterized by the rise of the so-called Au / * Corresponding author Email address: philippe.rodriguez@cea.fr (Ph. Rodriguez) Pt / Ti "non-alloyed" contact stack [START_REF] Katz | Pt/Ti/p-In 0.53 Ga 0.47 As lowresistance nonalloyed ohmic contact formed by rapid thermal processing[END_REF][START_REF] Stareev | A controllable mechanism of forming extremely low-resistance nonalloyed ohmic contacts to group III-V compound semiconductors[END_REF]. Many of these contacts were annealed to optimize the electrical performances and significant reactions occurred at the Ti / (In)GaAs interface, making the terminology "nonalloyed" inaccurate [START_REF] Ivey | Platinum metals in ohmic contacts to III-V semiconductors[END_REF]. In this way, first studies on the interfacial reactions occuring at the Ti / (In)GaAs interface were reported [START_REF] Stareev | A controllable mechanism of forming extremely low-resistance nonalloyed ohmic contacts to group III-V compound semiconductors[END_REF][START_REF] Wada | Thermal reaction of Ti evaporated on GaAs[END_REF][START_REF] Kniffin | Study of the structure and properties of the Ti/GaAs interface[END_REF][START_REF] Kim | Interfacial reactions in the Ti/GaAs system[END_REF][START_REF] Katz | Microstructure and contact resistance temperature dependence of Pt/Ti ohmic contact to Zn-doped GaAs[END_REF][START_REF] Chu | Interfacial microstructure and electrical properties of the Pt/Ti ohmic contact in p-In 0.53 Ga 0.47 As formed by rapid thermal processing[END_REF][START_REF] Ivey | Microstructural analysis of Au/Pt/Ti contacts to p-type InGaAs[END_REF][START_REF] Lee | Thermal degradation mechanism of Ti/Pt/Au schottky contact to n-type GaAs[END_REF]. These studies exhibited numerous discrepancies concerning the identification of the intermetallic compounds formed during the interfacial reactions. For instance, Katz et al. [START_REF] Katz | Pt/Ti/p-In 0.53 Ga 0.47 As lowresistance nonalloyed ohmic contact formed by rapid thermal processing[END_REF] explained the low specific contact resistivity by the formation of InAs at the Ti / InGaAs interface while Stareev et al. [START_REF] Stareev | A controllable mechanism of forming extremely low-resistance nonalloyed ohmic contacts to group III-V compound semiconductors[END_REF] stated that no metallurgical intermixing occured if contacts are sintered at or below the optimal temperatures required for obtaining the best electrical performances. In addition, Ivey et al. [START_REF] Ivey | Microstructural analysis of Au/Pt/Ti contacts to p-type InGaAs[END_REF] reported the formation of TiAs, metallic In and Ga-rich InGaAs at the Ti / InGaAs interface.

If no clear consensus was found, some general trends can be highlighted based on a detailed analysis of the existing literature on Ti / (In)GaAs system. It appeared that 2 distinct layers are formed during the annealing: (i) a Ti and Ga-rich layer and (ii) a Ti and As layer, the latter being closest to (In)GaAs surface [START_REF] Kim | Interfacial reactions in the Ti/GaAs system[END_REF][START_REF] Lee | Thermal degradation mechanism of Ti/Pt/Au schottky contact to n-type GaAs[END_REF]. Various stoichiometries were reported for the Ti-As phases (TiAs, TiAs 2 , Ti 5 As 3 , etc.), but the most reported phase is TiAs [START_REF] Wada | Thermal reaction of Ti evaporated on GaAs[END_REF][START_REF] Katz | Microstructure and contact resistance temperature dependence of Pt/Ti ohmic contact to Zn-doped GaAs[END_REF][START_REF] Ivey | Microstructural analysis of Au/Pt/Ti contacts to p-type InGaAs[END_REF][START_REF] Lee | Thermal degradation mechanism of Ti/Pt/Au schottky contact to n-type GaAs[END_REF][START_REF] Sinha | n-GaAs Schottky diodes metallized with Ti and Pt/Ti[END_REF]. As far as the Ti-Ga layer is concerned, the identification of the phases in presence was even more controversial, the most cited phase being Ti 2 Ga 3 [START_REF] Katz | Pt/Ti/p-In 0.53 Ga 0.47 As lowresistance nonalloyed ohmic contact formed by rapid thermal processing[END_REF][START_REF] Wada | Thermal reaction of Ti evaporated on GaAs[END_REF][START_REF] Lee | Thermal degradation mechanism of Ti/Pt/Au schottky contact to n-type GaAs[END_REF].

The numerous discrepancies evidenced in the existing literature are mainly due to the fact that no clear solid-state reaction study was reported and due to a lack of X-ray diffraction (XRD) characterizations. Indeed, most of the layers' identification was realized coupling Auger Electron Spectroscopy (AES) or Rutherford Backscattering Spectrosopy (RBS) and Transmission Electron Microscopy (TEM) analyses. If these techniques are essential to characterize the microstructure and the layers' composition, they are not relevant to undoubtedly identify the phases in presence. However, decreasing the contact resistivity value is not only governed by the doping level of the III-V materials but also relies on the electrical properties of the intermetallic compounds which strongly depends on their crystalline phases. Thus, microstructural studies of solidstate reactions with a clear phase identification are of outmost interest in order to understand the mechanisms standing behind the electrical behavior of the contacts.

The aim of this study is the development of CMOScompatible contact technology based on Ti for electronics or photonics applications. In particular, this kind of technological module can be integrated on hybrid III-V / Si lasers [START_REF] Szelag | Hybrid III-V/silicon technology for laser integration on a 200 mm fully CMOS-compatible silicon photonics platform[END_REF]. In this study of the Ti / InGaAs system, a complete investigation of the solid-state reactions between Ti thin films and In 0.53 Ga 0.47 As layers grown on InP substrate is presented. The system was studied from the as-deposited state up to 550 °C using a combination of advanced XRD (in-plane reciprocal space mapping), AES and TEM analyses.

Experimental procedure

The solid-state reactions studies were carried out on semi-insulating (001) InP substrates on the top of which a 45 nm thick non-intentionally doped In 0.53 Ga 0.47 As epitaxial layer was grown. The surface preparation procedure included a 30 s wet cleaning in dilute HCl:H 2 O (1:10) solution followed by an Ar plasma treatment prior to the metal deposition process [START_REF] Ph | Cleaning of InGaAs and InP layers for nanoelectronics and photonics contact technology applications[END_REF][START_REF] Ph | In situ cleaning of InGaAs surfaces prior to low contact resistance metallization[END_REF][START_REF] Coudurier | Plasma surface preparation of III-V materials: Quasi in-situ XPS measurements and integration guidelines[END_REF]. The 20 nm thick titanium films were deposited by DC sputtering in a Physical Vapor Deposition (PVD) chamber. All the samples were capped by a 7 nm thick TiN film deposited at 100 °C to prevent them from atmospheric contamination and preserve the Ti / InGaAs interface.

Ex-situ rapid thermal annealings (RTA) have been performed on the samples. The RTA were carried out under N 2 atmosphere for 60 s at temperatures ranging from 250 °C up to 550 °C. Both as-deposited and annealed samples were characterized by means of inplane X-ray diffraction (XRD) analyses in θ/2θ geometry using a Rigaku SmartLab X-ray diffractometer. In addition, In-Plane Reciprocal Space Mapping (IPRSM) characterizations were carried out on the same equipment. The grazing-incidence angle was fixed at 0.5°and the exit angle for detection at 1°. The IPRSMs were obtained using an in-plane 2θ range of 20-55°, for a φ range of 95°explored with 1°steps. After integration over the full φ range, a 2θ phase diagram was finally obtained. The use of IPRSM technique ensure to probe all phases in presence and avoid to miss highly textured phases, making the phase sequence analysis more reliable.

AES and TEM analyses were performed on asdeposited and annealed samples. The AES analysis used 5 keV primary electron energy, 50 nA beam current with a diameter of 70 µm. For the depth profiling, Ar + ions of 1 keV energy was applied with a grazing angle of incidence with respect to the surface normal of 78°angle. The specimens were rotated during sputtering. These parameters and conditions were chosen to minimize the ion bombardment-induced surface and interface morphology changes [START_REF] Menyhard | High-depth-resolution Auger depth profiling/atomic mixing[END_REF]. In order to perform TEM analysis, lamellas were prepared by cutting a piece of each sample, embedded in a Ti-disk ground and polished down to 50 µm thickness. Each lamella was milled by 7 kV Ar-ions, using 2 mA till perforation and finished in GentleMill™, with 1 kV Ar-ions, to remove damaged layer. The specimens were examined in a JEOL3010 TEM, operated at 300 kV with a point to point and lattice resolution of 0.17 nm and 0.10 nm, respectively. Images were recorded by both a GATAN Orius CCD camera and a GATAN Imaging Filter (GIF).

Results

TEM and AES Characterizations

Fig. 1 shows the (a) bright field TEM cross section and (b) AES depth profile of the TiN (7 nm) / Ti (20 nm) / In 0.53 Ga 0.47 As / InP system in the as-deposited state.

The TEM cross-section (Fig. 1a) shows the initial stack with the 7 nm thick TiN capping layer, the Ti film made of 18 nm thick crystalline grains, the In 0.53 Ga 0.47 As epitaxial layer and the InP substrate. The interfaces between all the layers seem to be sharp and flat. The presence of a thin amorphous layer (2 nm) is also evidenced at the interface between Ti film and InGaAs layer. The AES depth profile (Fig. 1b) brings complementary information. First, the estimated layers' thicknesses are in good concordance with the ones measured during TEM analyses. The chemical composition of the amorphous layer is made of Ti, As and Ga (see the dashed-dotted frame in Fig. 1b). The presence of In in the amorphous layer is less obvious. Just beneath the interface, an As-rich region is also evidenced and the concomitant slight inflection point in the Ti profile suggests the formation of a Ti-As layer (highlighted by a green colored frame in Fig. 1b).

The morphology and the chemical profiles of the sample annealed at 250 °C (Fig. 2) are very similar to the ones observed for the as-deposited state. Some discrepancies are however highlighted. First, the thickness of the amorphous layer slightly increased to 2.5 nm. Then, the analysis of the AES depth profile (Fig. 2b) confirms that no indium is present in the amorphous layer composition; the latter seems to rather accumulate at the initial Ti / InGaAs interface. Finally, the appearance of Moiré fringe patterns -highlighted by a dashed circle in Fig. 2a -was also noticed during the TEM analyses. The presence of Moiré patterns will be discussed in section 4. Fig. 3 shows the (a) bright field TEM cross section and (b) AES depth profile of the TiN (7 nm) / Ti (20 nm) / In 0.53 Ga 0.47 As / InP system annealed at 300 °C for 60 s. An amorphous layer of 3 nm is still present at the initial interface between the Ti film and the InGaAs layer. In addition, the morphology of the stacked layers starts to evolve. Between the Ti film, recognizable by its crystalline grains, and the amorphous layer a new layer seems discernible on the TEM cross section. Moreover, the number of Moiré patterns increases (see dashed ovals in Fig. 3a). The AES analyses confirm the In tendency to accumulate at the initial Ti / InGaAs interface as highlighted by the red arrow in Fig. 3b. In addition to the Ti-As layer located beneath the initial interface and observed since the as-deposited state, two new areas appear beneath the Ti film and above the interface with the InGaAs epilayer. These areas are distinctly composed of Ti-Ga and Ti-As, the Ti-As being closest to the InGaAs interface.

The typical morphology and chemical profile obtained for samples annealed at 350 °C are shown in Fig. 4. The TEM image highlights drastic morphological changes (Fig. 4a). First, at this temperature, the amorphous layer observed since the as-deposited state has disappeared. The organization in structured layers is consolidated and the top interface of the InGaAs epitaxial film is not as smooth as for the lower temperatures. The AES depth profile shown in Fig. 4b indicates that Ti initial film thickness is reduced and confirms the presence of a double layer at the surface of InGaAs epitaxial film composed of Ti-Ga and Ti-As. The accumulation of In at the initial Ti / InGaAs interface is strongly enhanced (see the red arrow in Fig. 4) and the thickness of the Ti-As area beneath the interface increases. The formation of a non-nominal Ga-rich In x Ga 1-x As is also evidenced (see the dashed-dotted arrow in Fig. 4b).

XRD Analyses

Fig. 5 shows the in-plane XRD patterns obtained for the Ti (20 nm) / In 0.53 Ga 0.47 As / InP system in the asdeposited state and annealed at 250 and 300 °C for 60 s. In this configuration of analysis, 3 diffraction peaks located at 35.1°, 38.4°and 40.0°and respectively attributed to the (1 0 0), (0 0 2) and (1 0 1) planes of Ti are readily distinguished. A broader peak can be observed at 42.6°, the latter being related to the (2 0 0) planes of the TiN capping layer.

New cristalline phases appear for the samples annealed at 250 and 300 °C. Indeed, an additional diffraction peak is clearly seen at 2θ = 26.2°for the sample annealed at 300 °C. This peak is already present, with a more tenuous intensity, for the sample annealed at In order to finely characterize the phases in presence and to limit the texture impact, integrated IPRSM patterns were collected for all the samples annealed from 300 °C up to 550 °C; the corresponding patterns are shown in Fig. 6.

The (1 0 0), (0 0 2), (1 0 1) and (1 0 2) planes of Ti are respectively located at 2θ = 35.0°, 38.3°, 39.9°and 53.0°. The Ti diffraction peaks are present from 300 °C and up to 500 °C and their intensity continually decreases. In addition, diffraction peaks attributed to the In 0.53 Ga 0.47 As epitaxial layers are positioned at 30.4°a nd 43.7°. They correspond to the (2 0 0) and (2 2 0) planes, respectively. A shift of the diffraction peak corresponding to the In 0.53 Ga 0.47 As phase towards higher angles is observable from 300 °C up to 550 °C. This is especially the case for the peak located at 43.7°, the phenomenon is highlighted by a dashed arrow in Fig. 6. The remaining diffraction peak located at 43.6 -43.7°is related to the (2 2 0) planes of the InP substrates. At low temperature and when the In 0.53 Ga 0.47 As composition is nominal, both diffraction peaks overlap. At 550 °C, diffraction peaks related to GaAs appear.

From 300 °C and up to 550 °C, the diffraction peak at 2θ = 26.2°and attributed to the Ti 2 Ga 3 phase is visible. This confirms the analysis made on the in-plane XRD patterns. Still at 300 °C, first traces of the TiAs 2 phase are observable. The peak intensity related to this phase increases from 300 °C up to 550 °C. At 350 °C, diffraction peaks related to In appear at 2θ = 32.9°, 39.1°a nd 54.5°which correspond to the (1 0 1), (1 1 0) and (1 1 2) planes, respectively. At 350 °C always, diffraction peaks linked to the TiAs phase appear. They are present up to 550 °C, temperature at which their intensity strongly decreases.

Discussion

Phase Formation Sequence

Based on the results described in the previous sections, the overall phase formation sequence was summarized in Fig. 7.

At low temperature -below 250 °C -the Ti phase is the only crystalline phase in presence. An amorphous Ti-Ga-As intermixing layer and a Ti-As layer are also observed, their presence will be discussed in the section 4.2. From 250 °C, the first phase to form is Ti 2 Ga 3 . At 300 °C, a new crystalline phase appears: TiAs 2 . Ti 2 Ga 3 and TiAs 2 phases are stable up to 550 °C. At 350 °C, two new phases start to grow: TiAs and metallic In. The latter is stable up to 550 °C whereas TiAs starts to vanish between 500 and 550 °C. Ti is totally consumed between 450 and 500 °C.

Diffraction peaks linked to In x Ga 1-x As are also observable. At 300 °C, these peaks are clearly related to the In 0.53 Ga 0.47 As phase. As reported in section 3.2, as the temperature increases, these peaks undergo a shift towards higher diffraction angles. This shift, clearly visible for the diffraction peak around 43.7°, is due to a decrease of the lattice parameter and to the formation of Ga-rich In x Ga 1-x As layer. According to Vegard's law [START_REF] Vegard | Die konstitution der mischkristalle und die raumfüllung der atome[END_REF] and assuming no residual stress, the evolution of the In x Ga 1-x As stoichiometry can be calculated. Thus, at 350 °C, the diffraction peak is located at 44.3°and the corresponding composition is In 0.33 Ga 0.67 As. At 400 and 450 °C, the composition evolves towards In 0.23 Ga 0.77 As. At 500 °C, the calculated composition is In 0.17 Ga 0.83 As and at 550 °C, the composition is In 0.05 Ga 0.95 As. At this temperature, the formation of GaAs is also evidenced by XRD. The evolution between Ga-rich In x Ga 1-x As and GaAs is continuous. At 550 °C, the presence of GaAs (1 1 1) planes indicates that this phase is polycrystalline and no more epitaxial.

These analyses highlighted the fact that the composition of the In x Ga 1-x As layer evolves with the increasing temperature and that a non-nominal In x Ga 1-x As layer is formed during the solid-state reaction. It was supported by the TEM picture shown in Fig. 4a and the AES depth profile shown in Fig. 4b. This composition evolution can be linked to III and V elements' behavior discussed in detail in section 4.2. The formation of such a Garich In x Ga 1-x As layer concomitantly to the appearance of metallic indium has been reported by Ivey et al. [START_REF] Ivey | Microstructural analysis of Au/Pt/Ti contacts to p-type InGaAs[END_REF]. On the other hand, Katz et al. mentioned the formation of InAs phase [START_REF] Katz | Au/Pt/Ti contacts to p-In 0.53 Ga 0.47 As and n-InP layers formed by a single metallization common step and rapid thermal processing[END_REF][START_REF] Katz | Pt/Ti/p-In 0.53 Ga 0.47 As lowresistance nonalloyed ohmic contact formed by rapid thermal processing[END_REF][START_REF] Chu | Interfacial microstructure and electrical properties of the Pt/Ti ohmic contact in p-In 0.53 Ga 0.47 As formed by rapid thermal processing[END_REF] but their results and interpretation were reconsidered to be the same as those obtained by Ivey et al. [START_REF] Ivey | Microstructural analysis of Au/Pt/Ti contacts to p-type InGaAs[END_REF][START_REF] Ivey | Micro structural study of Ti/Pt/Au contacts to p-InGaAs[END_REF]. In this study, no diffraction peaks related to InAs were observed.

As far as the phase formation sequence is concerned, it is complex to compare the results of the present study with the existing literature. First, the studies on InGaAs are scarce, most of the existing studies being dedicated to the Ti / GaAs system. Second, most of the studies focused on the characterization of only one process condition (i.e. one annealing temperature), the one for which the electrical properties were optimal. Third, the phase analysis was impacted by the presence of a Pt layer and the possible formation of Pt-Ga, Pt-As and Pt-In compounds. Finally, in most cases, detailed XRD analyses are missing, the authors undertaking their analyses based on AES (or RBS) and TEM characterizations only. However, the formation of the TiAs phase was quasi systematically reported for the Ti / InGaAs system [START_REF] Stareev | A controllable mechanism of forming extremely low-resistance nonalloyed ohmic contacts to group III-V compound semiconductors[END_REF][START_REF] Ivey | Microstructural analysis of Au/Pt/Ti contacts to p-type InGaAs[END_REF]. The formation of TiGa x compounds was also mentioned but their evidence was not clear. Indeed, Katz et al. raised the formation of Ti 2 Ga 3 based on literature data on Ti / GaAs system [START_REF] Wada | Thermal reaction of Ti evaporated on GaAs[END_REF] in one of their article [START_REF] Katz | Pt/Ti/p-In 0.53 Ga 0.47 As lowresistance nonalloyed ohmic contact formed by rapid thermal processing[END_REF] but they did not mention this phase any more in their complete study on the interfacial microstructure of the Ti / InGaAs system [START_REF] Chu | Interfacial microstructure and electrical properties of the Pt/Ti ohmic contact in p-In 0.53 Ga 0.47 As formed by rapid thermal processing[END_REF].

To complete the analysis of the reported phases, the literature concerning the Ti / GaAs brings valuable information. Wada et al. have nearly been the only ones to perform XRD analyses; they reported the formation of Ti 2 Ga 3 and TiAs phases with weak peaks of Ti 5 As 3 and Ti 5 Ga 4 [START_REF] Wada | Thermal reaction of Ti evaporated on GaAs[END_REF]. Using AES analyses, Kniffin and Helms raised the formation of Ti-Ga layers with Ti:Ga ratio ranging from 3:2 to 1:1 [START_REF] Kniffin | Study of the structure and properties of the Ti/GaAs interface[END_REF] while Kim et al. reported the formation of Ti x Ga 1-x where x = 0.35 ± 0.05 [START_REF] Kim | Interfacial reactions in the Ti/GaAs system[END_REF]. The latter composition is not so far from the Ti 2 Ga 3 phase reported in this study.

Finally, the formation of the TiAs 2 phase has never been clearly reported. Neverthless, Stareev et al. reported the formation of TiAs interfacial film with an As-to-Ti ratio of 2 at 500 °C and an As-to-Ti ratio of 4 at 550 °C [START_REF] Stareev | A controllable mechanism of forming extremely low-resistance nonalloyed ohmic contacts to group III-V compound semiconductors[END_REF][START_REF] Stareev | Formation of extremely low resistance Ti/Pt/Au ohmic contacts to p-GaAs[END_REF]. Looking at the AES depth profiles shown in section 3.1, it is clear that the As-to-Ti ratio, especially for the Ti-As layer beneath the original interface is not 1:1. Moreover, the phase diagram of the Ti-Ga-As system reported by Schmid-Fetzer exhibited the existence of the TiAs 2 phase, the latter being connected to GaAs with a tie line [START_REF] Schmid-Fetzer | Stability of metal/GaAs-lnterfaces: A phase diagram survey[END_REF].

Diffusion Schemes

At low temperature -from the as-deposited state up to 250 °C -an amorphous layer composed of Ti, Ga and As is observed. Signs of Ti and InGaAs interdiffusion since the as-deposited state were already reported [START_REF] Ivey | Microstructural analysis of Au/Pt/Ti contacts to p-type InGaAs[END_REF] or expected [START_REF] Chu | Interfacial microstructure and electrical properties of the Pt/Ti ohmic contact in p-In 0.53 Ga 0.47 As formed by rapid thermal processing[END_REF]. Indium seems to accumulate at the initial interface between the Ti film and the InGaAs layer, thus leading to the formation of a Ti-Ga-As intermixing layer without In. A Ti-As layer is also formed at low temperature just beneath the original interface. This observation is linked to the in-diffusion of Ti into the In-GaAs layer. Thus, in this range of temperature, the Ti is the major diffusing species. The diffusion of Ti into the ternary alloy was already reported [START_REF] Katz | Au/Pt/Ti contacts to p-In 0.53 Ga 0.47 As and n-InP layers formed by a single metallization common step and rapid thermal processing[END_REF][START_REF] Katz | Pt/Ti/p-In 0.53 Ga 0.47 As lowresistance nonalloyed ohmic contact formed by rapid thermal processing[END_REF]. It should be noted that in this range of temperature, the Ti-As layer is not in a crystalline state.

At 250 °C, the first phase to crystallize is the Ti 2 Ga 3 and at 300 °C, a transition point is reached, the amorphous Ti-Ga-As layer is still observed but another crystalline phase is detected (TiAs 2 ) and structured layers of Ti-Ga and Ti-As appear above the initial interface of Ti / InGaAs; the Ti-As being closest to the InGaAs substrate. The formation of such layers above the original interface between Ti and InGaAs is the sign of Ga and As out-diffusion in the Ti film. This phenomenon leads to the decomposition of the In 0.53 Ga 0.47 As layer towards a non-nominal In x Ga 1-x As layer which enhance the accumulation of In at the interface. As of the first studies of the Ti / GaAs system, it was reported that As and Ga penetrate into the Ti layer [START_REF] Wada | Thermal reaction of Ti evaporated on GaAs[END_REF][START_REF] Kniffin | Study of the structure and properties of the Ti/GaAs interface[END_REF][START_REF] Ludeke | Electronic properties and chemistry of Ti/GaAs and Pd/GaAs interfaces[END_REF]. The fact that phases are formed above and below the original interface is supported by previous studies on Ti / GaAs or Ti / InGaAs systems [START_REF] Katz | Au/Pt/Ti contacts to p-In 0.53 Ga 0.47 As and n-InP layers formed by a single metallization common step and rapid thermal processing[END_REF][START_REF] Kniffin | Study of the structure and properties of the Ti/GaAs interface[END_REF][START_REF] Kim | Interfacial reactions in the Ti/GaAs system[END_REF].

In the 350 -500 °C temperature range, the amorphous layer is no more observed, the Ti-As and Ti-Ga layers grow, In still accumulates and the nonnominal In x Ga 1-x As becomes more and more Ga-rich. At 500 °C, the Ti layer is totally consumed and at 550 °C, polycrystalline GaAs phase appears.

The Moiré patterns observed in TEM pictures are the signs of stress or strain in the layers. They are direct evidence of interfacial reaction between Ti and InGaAs and are linked to the out-diffusion of III and V elements and in-diffusion of Ti. At low temperature, the Ti is the main diffusing species, it seems to react preferentially with As. This leads to the formation of a Ti-As layer beneath the Ti / InGaAs interface. With the increase of temperature, the III and V elements start to out-diffuse. This evolution of the dominant diffusing species with the increase of annealing temperature might be related to a change of the metal diffusion coefficient. In the as-deposited state and at low temperature, no crystalline phase is present, the Ti is the dominant diffusing species and diffuses into the InGaAs and amorphous layers. As of intermetallic phases are formed and grew (namely Ti 2 Ga 3 , TiAs 2 and TiAs), the metal diffusion coefficient decreases, this coefficient is thus higher in the semiconductor layer than in intermetallic ones. The III and V elements thus become the dominant diffusing species. Such phenomenon can be brought to the diffusion mechanisms observed for the TiSi 2 phase which grows mainly because of the diffusion of Si [START_REF] Roy | Reactive diffusion in the Ti-Si system and the significance of the parabolic growth con-stant[END_REF].

The fact that the Ti-Ga layer is on top of the Ti-As one above the original interface is linked to the faster diffusion of Ga atoms. This statement is supported by previous studies on Ti / GaAs system in which the outdiffusion of Ga atoms from GaAs was reported to be more prominent than that of As atoms [START_REF] Kim | Interfacial reactions in the Ti/GaAs system[END_REF][START_REF] Lee | Thermal degradation mechanism of Ti/Pt/Au schottky contact to n-type GaAs[END_REF]. It is also supported by the fact that Ti 2 Ga 3 is the first phase to form.

The In atoms have also been reported to outdiffuse [START_REF] Katz | Au/Pt/Ti contacts to p-In 0.53 Ga 0.47 As and n-InP layers formed by a single metallization common step and rapid thermal processing[END_REF][START_REF] Katz | Pt/Ti/p-In 0.53 Ga 0.47 As lowresistance nonalloyed ohmic contact formed by rapid thermal processing[END_REF][START_REF] Chu | Interfacial microstructure and electrical properties of the Pt/Ti ohmic contact in p-In 0.53 Ga 0.47 As formed by rapid thermal processing[END_REF][START_REF] Ivey | Microstructural analysis of Au/Pt/Ti contacts to p-type InGaAs[END_REF] but as no Ti-In layer and no TiIn x compound were evidenced during AES and XRD analyses, In simply accumulates at the interface wich is in good agreement with Ivey et al. observations [START_REF] Ivey | Microstructural analysis of Au/Pt/Ti contacts to p-type InGaAs[END_REF]. Looking at the AES depth profiles and taking into consideration the fact that 2 different Ti-As phases are formed, namely TiAs and TiAs 2 , one can assume that the TiAs 2 phase is formed beneath the original interface in a As-rich environment whereas the TiAs phase is formed above the original interface where the Ti:As ratio is more balanced. In this way, TiAs might act as a diffusing barrier for In atoms which can explained that no reaction occur between Ti and In and that In accumulates at the interface. 7

Conclusions

This study of the Ti / InGaAs system was dedicated to a complete investigation of the solid-state reactions between Ti films and In 0.53 Ga 0.47 As layers from the asdeposited state up to 550 °C. The combination of various characterization such as in-plane reciprocal space mapping, AES and TEM allowed to propose an original study of the phase formation sequence and a deep analysis of the diffusion schemes involved for this system.

At low temperature, an amorphous Ti-Ga-As intermixing layer coexists with the Ti film. As of 250 °C, the first phase to crystallize is Ti 2 Ga 3 , then at 300 °C, new crystalline phase appears, namely TiAs 2 . On the other hand, TiAs and metallic In phases form at 350 °C, temperature at which the amorphous layer is no more observed. Ti is completely consumed between 450 and 500 °C. The diffusion of the various species lead to the formation of a non-nominal Ga-rich In x Ga 1-x As layer and at 550 °C to the formation of polycrystalline GaAs.

The analysis of the diffusion schemes showed that Ti was the main diffusing species at low temperature whereas III and V elements were the dominant diffusing species at higher temperatures. This phenomenon is probably related to a decrease of the metal diffusion coefficient in the intermetallic phases. These diffusion schemes lead to the formation of structured layers of Ti 2 Ga 3 and TiAs above the original interface of Ti / In-GaAs, to the accumulation of metallic In at this interface and to the formation of a TiAs 2 phase beneath the former interface. The nature of the phases formed above and below the original Ti / InGaAs interface might explain the In accumulation at the interface, the TiAs phase acting as a diffusion barrier.

The complete knowledge of the phases in presence and their spatial localization is essential to understand and tailor the electrical properties of the Ti-based contacts on InGaAs. It is also important to anticipate and control the integration scheme impact in terms of additional thermal budget for instance.

Figure 1 :

 1 Figure 1: (a) Bright field TEM cross section and (b) AES depth profile of the TiN (7 nm) / Ti (20 nm) / In 0.53 Ga 0.47 As / InP system in the asdeposited state.

Figure 2 :

 2 Figure 2: (a) Bright field TEM cross section and (b) AES depth profile of the TiN (7 nm) / Ti (20 nm) / In 0.53 Ga 0.47 As / InP system annealed at 250 °C for 60 s.

Figure 3 :

 3 Figure 3: (a) Bright field TEM cross section and (b) AES depth profile of the TiN (7 nm) / Ti (20 nm) / In 0.53 Ga 0.47 As / InP system annealed at 300 °C for 60 s.

Figure 4 :

 4 Figure 4: (a) Bright field TEM cross section and (b) AES depth profile of the TiN (7 nm) / Ti (20 nm) / In 0.53 Ga 0.47 As / InP system annealed at 350 °C for 60 s.

Figure 5 :

 5 Figure 5: In-plane XRD patterns of the TiN (7 nm) / Ti (20 nm) / In 0.53 Ga 0.47 As / InP system in the as-deposited state and annealed at 250 and 300 °C for 60 s.

Figure 6 :

 6 Figure 6: In-plane RSM patterns integrated over the full φ range for TiN (7 nm) / Ti (20 nm) / In 0.53 Ga 0.47 As / InP system annealed from 300 °C up to 550 °C for 60 s.

Figure 7 :

 7 Figure 7: Summary of the phase formation sequence obtained for the Ti (20 nm) / In 0.53 Ga 0.47 As / InP system.
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