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General Introduction

In the present context of the Big Data era, the requirement for higher density data transmission is of the utmost importance, since the demand in terms of data exchange have been growing for over 20 years. Innovative means of communications have inevitably emerged, such as optical devices and interconnections. The later consist in III-V-based devices, such as emitters (laser) and receptors (photodetector) integrated onto CMOS Si-based circuitry: this what Silicon photonics is about. Such technology offers the possibility to indeed meet the growing demand in data exchange while (i) leveraging the benefits offered by the CMOS Si fab-line, such as highvolume production and low cost, combined with (ii) the use of optical circuitry made from III-V materials, granting reduced power consumption and high-performance chips. In the scope of optimizing the performances of the opto-electronic circuit, in collaboration with STMicroelectronics and CEA-Leti, an innovative integration scheme has been developed. It consists in the full integration the III-V emitter, which is a III-V/Si hybrid laser, onto a Silicon Photonics wafer in a CMOS compatible clean room.

One of the key components required by such integration is the development of CMOS-compatible contacts on n-InP and p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As layers constituting the contact layers of the III-V/Si hybrid laser, necessary for the generation and amplification of the optical signal. The metallization classically used on n-InP and p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As are noble-metal based, and therefore not compatible with the envisioned CMOS platform in terms of integration scheme (lift-off related processes) and compositions (due to contamination issues). For these reasons, the classically-used metals are not suitable for III-V/Silicon hybrid laser contact integration, nor for CMOS-compatible flow. In order to properly perform the full integration of the III-V/Si hybrid laser onto the Silicon Photonics wafer, the contact metallization should meet the following requirements:

• planar-related processed should be used,

• CMOS-compatible metals exclusively should be considered, such as Ni, Ti and their alloys,

• the thermal budget applied to the laser structure should be kept under 450 ℃ for the sake of preventing any degradation to the Multiple Quantum Wells constituting the active region of the III-V laser,

• in order to avoid unwanted excessive Joule effect and overall energy consumption in the contact region, it has been established that the contact region should not contribute to more than 10 % of the total series of the laser device. As a result, the p-and n-contact regions should not exceed the contact resistivity of 1.4 × 10 -5 Ω.cm 2 , and 7.2 × 10 -5 Ω.cm 2 respectively,

• for the sake of integrating the contact regions, either one-step contact integration or sequential contact integration may be considered. In each case, the metallization(s) used for contact integration should follow the previously stated requirements on both n-InP and p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As layers.

The goal of this PhD thesis lies in the development of innovative CMOS-compatible contacts meeting the requirements listed above, in order to properly integrate the III-V/Si hybrid laser onto a 300 mm platform. This study has previously been performed using 200 mm platform, and acceptable contact properties have been reached [START_REF] Ghegin | Integration of innovative ohmic contacts for heterogeneous III-V/Silicon photonic devices[END_REF]. It should be highlighted that between 200 mm and 300 mm platforms, the equipment are not the same and the involved processes are different. For instance, the preclean settings can differ, and the deposition equipment do not rely necessarily on the same mechanisms. Consequently, a functioning and optimized 200 mm-contact technology such as the one developed by Ghegin et al., is not immediately transposable into a 300 mm platform. In this way, the scope of this PhD thesis, four metallization are investigated, namely Ni, Ni 0.9 Pt 0.1 , Ni 2 P and Ti, on both n-InP and p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As contact layers. The structural, chemical, morphological and electrical properties of the systems are detailed, as well as the evolution of these properties after the emulation of the thermal budget involved during W-plug filling, Back-End-Of-Line and long-term thermal stress.

The overview of the manuscript is as follow. The first chapter describes the context of this study, which is Silicon photonics, by detailing the various advantages of such technology. The optoelectronic circuit components and its operation are then described, which allows to introduce the device at stake in this PhD thesis: the III-V/Silicon hybrid laser, and the laser contacts. In that regard, theoretical notions about metal semiconductor contacts are presented, both from an electrical and material approach. A state-of-the-art of the metallization classically used on n-InP and p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As layers, banished in the scope of this study, are presented for the sake of comparison.

The second chapter describes the methodology of the PhD thesis. The various characterizations methods are presented (structural, morphological, chemical and electrical). In addition, the contact reliability study approach, followed in the chapter 3 and chapter 4 dedicated to the results is explained and detailed.

The third chapter compiles the results obtained on the Ni-based metallization, on both the n-InP and p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As layers. For each contact, structural, morphological, chemical and electrical results are presented, commented and compared to the existing literature on the topic. Each investigated candidate, which are Ni, Ni 0.9 Pt 0.1 and Ni 2 P are cautiously studied and their eligibility evaluated.

The fourth chapter focuses on the results obtained on the Ti-based metallization, on both the n-InP and p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As layers. The structure of this chapter is similar to chapter 3. Appendix E, related to chapter 4, details the comparison between the dismissed integration scheme (lift-off-related process) and the CMOS-compatible one (planar-related process) is presented. In this way, the morphological, chemical and electrical properties of the Ti-based contacts obtained with either integration scheme are discussed. In addition, as Ti presents promising results, Appendix F presents the investigation of various metal thicknesses, in an attempt to further improve the Ti-based contacts.

In the general conclusion of this PhD thesis, two integration schemes, meeting the contact requirements and showing promising results in terms of reliability are presented as eligible solutions to the integration of the III-V/Si hybrid laser onto a 300 mm CMOS-compatible clean room.

Chapter 1

Scope of the study

Silicon Photonics

The need for higher data rate keeps on increasing. Indeed, the datacenter traffic is doubling every twelve months. Such a trend is in addition expected to continue in the following years [2] (see Fig. 1.1). Such a growth generates a high demand on networks, which have reached their limits of bandwidthdistance product1 of ∼ 100 Gbs.m due to electrical interconnects [4], and an increasing energy consumption due to computing and communication systems is observed in data centers. According to predictions [4], the internet contribution to the current energy consumption growth rate could reach between 22 to 100 % of the global electricity supply, for annual reductions in power consumption between 0 and 15 %. The need for higher speed connectivity over greater distances is hence of the utmost importance. In this regard, the solution offered by Silicon photonics to satisfy the increasing demand should be considered. It indeed offers the possibility to convert electrical data into optical signals transmitted on fiber optic cables over hundreds of meters to several kilometers. Optical data transfer is achieved by the co-integration of photonic components made from III-V materials on a microelectronic chip made from Silicon. In this way,

• the Si-based microelectronic chip allows to benefit from a mature technology in high volume production and at low cost,

• the photonic components made from III-V materials, offer a direct bandgap, high data rate transfer, high performance communication (virtually unlimited optical bandwidth [START_REF] Ramirez | III-V-on-Silicon integration: From hybrid devices to heterogeneous photonic integrated circuits[END_REF]) at reduced energy consumption.

Silicon Photonics could be seen as one of the most promising integrated solution for the next generations of high-frequency circuits, meeting the growing communication and computing needs [START_REF] Schires | Dynamics of hybrid III-V silicon semiconductor lasers for integrated photonics[END_REF]. Silicon photonics is gaining more and more importance in a wide range of applications, from telecommunications to sensors [START_REF] Roelkens | Laser sources on a heterogeneous III-V/Silicon platform[END_REF], as well as the automotive and aerospace industry. Such co-integration forms an optoelectronic circuit. The following sections details its core concept.

Optoelectronic circuit

The optoelectronic circuit is represented in Fig. 1.2. The input signal is electrical, and constitutes the data that needs to be transferred. First, on the transmitter, as presented in Fig. 1.2, the modulator converts the input electrical signal into an optical signal. Then, a suitable light source such as a III-V/Si hybrid laser integrated on the silicon substrate, referred as laser λ n in Fig. 1.2, allows the amplification of the optical signal, previously converted by the modulator [START_REF] Liow | Silicon photonics for monolithic electronicphotonic integrated circuit applications: Opportunities and challenges[END_REF]. The use of a multiplexer, located on the transmitter as well, allows signal combining to maximize parallel data processing [START_REF] Liow | Silicon photonics for monolithic electronicphotonic integrated circuit applications: Opportunities and challenges[END_REF]. The optical signal then travels through a fiber coupler, which allows the latter to leave the transmitter. On the receiving end of the fiber coupler, the optical data is then brought to the receiver (represented in Fig. 1.2), on which it undergoes de-multiplexing operation to retrieve its previous states. The signal is then converted into the original electrical signal by a photodetector (referred as phdetector in Fig. 1.2). The output electrical signal is then processed by the electrical circuit. The proximity between the electronic circuit and the photonic device implies that signal processing is performed closer to the receiver and emitter, reducing the circuit size.

III-V/Si hybrid laser

This PhD thesis focuses on the CMOS-compatible contacts of the III-V/Si hybrid laser, integrated in the optoelectronic circuit. The laser device is described in section 1.3.1.

Description of the laser

The functioning of the laser relies on both (i) the light emission, and (ii) the light amplification.

The light emission

A laser is a device able to emit a monochromatic light. The emission of light requires a recombination between an electron from the conduction band and a hole from the valence band, at the E c and E v energies respectively. According to the energy-band diagram of a semiconductor PN junction presented in Fig. 1.3, such a transition is not possible at thermodynamic equilibrium (no voltage applied to the PN junction). Indeed, due to the equilibrium between the diffusion current and drift current, an area empty of charges is present between the p and n regions of the junction, called the desertion zone in which an electrical field is present. For the light emission to occur, the semiconductor PN junction has to (i) be positively polarized enough (reaching a non-equilibrium state), and (ii) meet the requirement from the Bernard and Duraffourg criterion (see Equation 1.1).

qV = E F,e -E F,h ≥ hν (1.1)

With E F,e (eV) the quasi-Fermi level for the electrons in the conduction band and E F,h (eV) the quasi-Fermi level for the holes in the valence band. The direct polarization (V > 0) induces a reduction of the energy barrier equal to qV. The population of free carriers in the desertion zone increases, therefore leading to a higher diffusion current. If the Bernard and Duraffourq criterion is respected (see Equation 1.1), the drift current is no longer strong enough to compensate the diffusion current, as a result, both electrons from the n side and holes from the p side reach the recombination zone (see Fig. 1.4), leading to the inversion of the population. The electron-hole recombination then leads to the monochromatic emission at the wavelength λ,

λ = hc E F,e -E F,h (1.2) 
With h the Planck constant and c the speed of light in vacuum. The laser effect requires not only the light emission, but also the light amplification (discussed in section 1.3.1.2).

The light amplification

The laser effect (light amplification by stimulated emission of radiation) relies on a specific device structure composed of three major components, namely the pumping system, the active region, and the resonant cavity (see Fig. 1.5).

• The pumping system is required to apply the voltage to the structure through the nand p-contacts (see Fig. 1.5) and realize the necessary inversion of population previously described in section 1.3.1.1. The contacts are represented in white and blue crosshatch in Fig. 1.5. The main concern of this PhD is the integration of these contacts discussed in section 1.3.2.1, as well as the monitoring of their morphological and electrical properties.

The detailed scope of this PhD is presented in section 1.5. • The active region of the laser structure is composed of a direct band gap material allowing radiative recombination at maximized probability. In this particular case, the active region of the laser is composed of Multiple Quantum Wells (MQWs) made from In x Ga 1-x As y P 1-y which is a III-V material and constitutes the source material from which the light emission occurs. It is located between two InGaAsP Separate Confinement Layers (SCL) (see zoomed-in region in Fig. 1.5). The SCL are added above the n-InP layer of the laser, hence facilitate the bonding process (detailed in section 1.3.2.1). The use of MQWs in the active region leads to a better confinement of the carriers, and SCL induce an optimized optical confinement. The resulting wavelength emitted is caught either close to 1.3 µm or close to 1.55 µm. At these two wavelengths, the fiber losses reach minima [START_REF] Miya | Ultimate low-loss single-mode fibre at 1.55 micron[END_REF].

• The resonant cavity induces the required predominance of stimulated emission over spontaneous emission. The latter surrounds the active region with two mirrors, in this case the two QWs/SCL interfaces, represented as m A and m B in Fig. 1.5 on which the optical beam bounces several times and amplifies itself: this is the light amplification.

As described in section 1.2, the optical amplified signal then undergoes signal combining operations from the multiplexer (see Fig. 1.2).

The laser contacts

As previously discussed in section 1.3.1.2, the pumping system of the III-V/Si hybrid laser contains p-and n-contacts, respectively on p-In 0.53 Ga 0.47 As (Zn-doped, N a = 2 × 10 19 at.cm -3 ) and n-InP layers (Si-doped, N d = 5 × 10 18 at.cm -3 ), required for its bias and current injection.

It should be highlighted that in order to improve the electrical properties at the metal/semiconductor interface (detailed in section 1.4), the tunneling probability may be enhanced by reducing the width of the space charge zone for instance. As the latter is inversely proportional to the doping level of the semiconductor, high doping level such as the ones used in the laser integration scheme are preferable in the scope of optimizing the electrical properties of metal/III-V contacts.

In the framework of the integration of III-V/Si hybrid lasers on a 300 mm platform and for reasons explained in 1.3.2.2, this work aims at developing CMOS-compatible contact modules for both the p-and n-contacts of the laser structure. The metallization commonly used on CMOS devices are Ni-or Ti-based.

Laser contact integration

For the hybridation of the III-V laser to be complete, the latter should be integrated onto the Si circuitry. To do so, several bonding techniques exist, namely the hetero-epitaxial growth of III-V on Silicon, the flip-chipping, and the III-V/Si wafer bonding technique among the most common ones.

Heteroepitaxial growth of III-V on Si

This bonding technique consists in the epitaxy of the III-V layer directly onto the Si substrate.

The main issue lies in the lattice mismatch. Indeed, as the lattice constant of Si, referred as a Si , is equal to 5.431 Å and the lattice constant of InP and In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As, referred as a III-V are equal to 5.8687 Å [START_REF]Basic parameters of semiconductors at 300K[END_REF], such heteroepitaxy would lead to a lattice mismatch of:

a(%) = 100 a III-V -a Si a Si = 8.1 (1.3) 
According to Equation 1.3, the epitaxy of either InP or In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As onto Si would lead to a lattice mismatch of 8.1 % with a high residual strain in the structure and defects such as dislocations which are bound to act as non-radiative recombination sites and locally alter the energy-band diagram. In order to prevent such defects, it is possible to use buffer layers with a lattice constant following Equation 1.4 between the Si substrate and the III-V layer, to lower the lattice mismatch.

a Si < a buf f < a III-V (1.4) The issue inherent to the buffer layers lies in their thickness, preventing an efficient evanescent coupling of the photons between the active device and the waveguide. To counter this effect, the Confined Epitaxial Lateral Growth (CELO) can overcome this issue [START_REF] Czornomaz | Confined epitaxial lateral overgrowth (CELO): A novel concept for scalable integration of CMOS-compatible InGaAs-on-insulator MOSFETs on large-area Si substrates[END_REF], by growing high quality and defects free In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As and InP layers on SiO 2 .

Flip-chipping

Flip chipping is a mature technique consisting in mounting and interconnecting each fabricated III-V active device onto the Si-circuitry, through gold or gold-tin alloy solder bumps [START_REF] Spuesens | Compact on-chip Optical Interconnects on Silicon by Heterogeneous Integration of III-V Microsources and Detectors[END_REF]. The two parts of the optoelectronic circuit are therefore processed independently from one another, which consequently provides more freedom as far as the integration is concerned, and offers the possibility to test each device separately. However, the distance between the III-V active device and the Si-circuitry is equal to the thickness of the metallic bumps (a few µm), while the alignment tolerance for flip-chipping active photonic components is typically smaller than 1 µm in order to achieve efficient light coupling between the active component and the grating coupler.

In this way, the light coupling is hindered. In addition, such bonding technique suffers from a limited integration density due to the solder bumps, a low compactness, elevated fabrication and alignment costs.

III-V/Si wafer bonding technique

The III-V/Si wafer bonding technique offers the possibility to bond different materials of different natures to one another though the help of an intermediate material. In the scope of integrating a III-V active device onto a Si circuit, the intermediate material should be transparent to the range of emission wavelength of the laser (1.3 -1.55 µm). In addition, it is of great importance that the intermediate material is thin enough to allow efficient evanescent coupling [START_REF] Stankovic | Hybrid III-V/Si DFB Lasers Based on Polymer BondingTechnology[END_REF]. In this regard, these two requirements leads to two eligible bonding techniques, either the adhesive bonding technique or the molecular bonding technique.

The adhesive bonding technique uses a polymer as an intermediate material. The latter is applied onto the Si wafer in its liquid state. In this way, the III-V material and the polymer, as well as the polymer with the Si wafer are brought closely into contact with a very low probability of voids. The bond between the polymer and the materials are strengthened through an anneal of 250 ℃. As a result, the polymer has reached its solid state, with an overall thickness of a few tens of nanometers such as detailed by Roelkens et al. [START_REF] Roelkens | III-V/Silicon photonics for on-chip and intra-chip optical interconnects[END_REF]. The adhesive bonding technique offers a simple process defined by low temperatures. However, the polymer is defined by a low thermal conductivity which induces a high thermal impedance.

In the scope of this study, it is the III-V/Si molecular wafer bonding technique, also called plasma-activated direct wafer bonding that is used (see Fig. 1.6). It consists in depositing the III-V laser stack epitaxied on a InP substrate (Fig. 1.6a) on a Si/SiO 2 chip (Fig. 1.6b). Van Der Waals bonds are then formed between the III-V bottom layer (InP) and the SiO 2 (hydrophilic surfaces). An anneal at 300 ℃ for 1 -2 hours [START_REF] Roelkens | III-V/Silicon photonics for on-chip and intra-chip optical interconnects[END_REF] allows to strengthen the bonds, making them covalent. Last but not least, the unnecessary InP substrate is removed (see Fig. 1.6c).

Then, the etching of the III-V laser structure occurs, providing a laser alignment precision equal to lithography precision, which represents an improvement compared to the other bonding techniques [START_REF] Sanchez | Collective die direct bonding for photonic on silicon[END_REF]. In the scope of performing contact integration, two schemes might be envisioned, namely:

• one-step contact integration, which is defined by the use of a single metal for both pand n-contact regions and hence offers to minimize the number of integration steps in the overall process flow of the laser. The resulting laser process flow with direct planar contact integration is described in Fig. 1.7. The dielectric stack is dry-etched above the future n-InP and p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As contact cavities using CH 2 F 2 plasma (see Fig. 1.7c). The necessary planarization of the SiN encapsulation is performed using a diluted HF solution. The n-and p-contact cavities are cleaned with a wet preparation of HCl:H 2 O (1:10) to remove the native oxides. The III-V materials being particularly sensitive to air oxidation [START_REF] Ph | Development of a CMOS-compatible contact technology for III-V materials and Si photonics[END_REF], in order to remove organic contamination, the use of an in-situ plasma preclean is of the utmost importance. In the scope of this PhD thesis, it consists in either argon (Ar) or helium (He) preclean. Then, a 20 nm-thick metal deposition occurs at room temperature, either Ni, Ni 0.9 Pt 0.1 , Ni 2 P or Ti which are CMOS-compatible metallization (see section 1.3.2.2), filling the bottom of both p-and n-contact cavities via Radio Frequency Physical Vapor Deposition (RFPVD) 2 . A similar integration scheme has been suggested by Szelag et al. and Rodriguez et al. using 200 mm platform [START_REF] Ph | Development of a CMOS-compatible contact technology for III-V materials and Si photonics[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].

The contact metal deposition is followed by a 7 nm thick TiN capping layer deposition at room temperature as well, and without air-break, preventing the structure from air contamination (see Fig. 1.7d). A subsequent thermal budget, such as a Rapid Thermal Annealing (RTA), can be applied to the structure in order to promote a specific state, targeted for its electrical properties and physical characteristics 3 . The contact cavities are filled with SiN and SiO 2 (dielectric encapsulation by PECVD at 300 ℃). Then, CMP is performed to planarize the dielectric stack (see Fig. 1.7e). The contact cavities are etched in order to obtain several plug cavities. After the III-V surface preparation previously described (wet + preclean), the plug cavities are filled with tungsten (W) which takes place at 400 ℃ for 180 s. A CMP planarizes the resulting structure, presented in Fig. 1.7f). Back-End-Of-Line integration (not represented here) then occurs, which submits the device to 400 ℃ for 30 min.

• The second option for contact integration scheme is sequential contact integration, which is defined by the use of a different metal for each contact region. This scheme leads to additional process steps, while granting more leverage over contact optimization. The resulting laser process flow with direct planar contact integration is described in Fig. 1.8. In this case, the etching of the contact cavities takes two steps, as presented in Fig. 1.8c and Fig. 1.8g (instead of a single step with one-step contact integration, see Fig. 1.7c). In addition, the W-plug filling too takes two necessary steps, as presented in Fig. 1.8f and Fig. 1.8h (instead of a single step with one-step contact integration, see Fig. 1.7f).

Contact requirements

In order to properly integrate the III-V/ Si hybrid laser on the 300 mm CMOS-compatible platform right after its bonding to the Si substrate, the laser contacts should follow specific requirements in terms of related processes, contact composition, thermal budget, contact resistance and layer morphology as detailed in the following.

Related processes

The contacts should be integrated in 300 mm CMOS-compatible equipment using planar-related processes, which excludes any lift-off-related processes (discussed in Chapter 4 section E).

Contact composition

In terms of composition, it should be highlighted that the metallizations classically used on III-V layers such as p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As and n-InP contain noble metals such as Au. Even though noble metal-based stacks present the advantage of leading to low contact resistivity (between 10 -6 and 10 -7 Ω.cm 2 [START_REF] Dunn | Annealed AuGe based ohmic contacts on InP with ion million prior to metallization[END_REF]), they are not compatible with the envisioned CMOS-compatible platform in terms of integration scheme and composition. In addition, they generate a high integration cost.

As a result, noble-metal based contacts are not suitable for III-V/silicon hybrid laser contact integration, nor for CMOS-compatible flow. For these reasons and in an attempt to investigate more thermally stable metallization, it has been decided to study CMOS-compatible metals and their alloys, such as Ni, Ni 0.9 Pt 0.1 , Ni 2 P or Ti.

Thermal budget

Each thermal budget should take into account the preservation of the active region of the laser (MQWs areas), and therefore not exceed 450 ℃. It should be noted that this also applies to the thermal budgets subsequent to contact metal deposition and pre-annealing, such as W-plug filling (described in section 1.3.2.1) and Back-End Of Line (BEOL) integration. The thermal budget brought by these steps are discussed in Chapter 2 in section 2.3.3. Their impact on the contact properties are discussed in Chapter 3 and Chapter 4.

Contact resistance

It is of great importance to highlight that the electrical properties of the contacts have a direct impact on the laser properties. For instance, a too high contact resistance (R c in Ω) is bound to induce (i) an increased electrical consumption of the device and (ii) local heating in the contact areas that can ultimately alter the lattice constant in the MQWs, hence altering the wavelength emission of the laser (previously discussed in section 1.3.1.1). It is therefore required that the p-and n-contacts met certain resistance criteria. It has been estimated that for integration purposes, a suitable value of resistance for the entire laser device (R tot in Ω) should not exceed 6 Ω. In the work lead by Fang et al., and the work lead by Stankovic et al., the series resistance of 7.5 Ω and 12 Ω were respectively obtained (using 200 mm) [START_REF] Fang | Electrically pumped hybrid AlGaInAs-silicon evanescent laser[END_REF][START_REF] Stankovic | Hybrid III-V/Si distributed-feedback laser based on adhesive bonding[END_REF].

It has also been estimated that the contribution of each contact to the total series resistance of the laser should not exceed 10 %, which means that the contact resistance (R c in Ω) should not exceed 0.6 Ω. During laser contact polarization, considering that the area crossed by the charge carriers is equal to the contact area [START_REF] Reeves | Obtaining the specific contact resistance from transmission line model measurements[END_REF], the contact resistivity (ρ c in Ω.cm 2 ) then follows Equation 1. [START_REF] Ramirez | III-V-on-Silicon integration: From hybrid devices to heterogeneous photonic integrated circuits[END_REF].

ρ c = R c .A (1.5)
With A the contact area. The dimensions of the p-and n-contacts presently envisioned are reported in Table 1.1. The p-contact area is 5 times smaller than the n-contact area. According to Equation 1.5, for a given contact area, the resulting contact resistance can be calculated as a function of the contact resistivity. As previously discussed, for the sake of device performances, the contact resistance of the contact cannot exceed 0.6 Ω, which makes possible the determination of the contact resistivity limit for the p-and n-contacts not to be exceeded (see Fig. 1.9 and Table 1.2). For the p-contact, the limit is referred as ρ c,p lim and is equal to 1.4 × 10 -5 Ω.cm 2 . As expected, the limit for n-contacts is 5 times larger, with ρ c,n lim = 7.2 × 10 -5 Ω.cm 2 . Such limits constitute major electric guidelines in the scope of this PhD thesis.

Layer morphology of the contact

A necessary condition that should be fulfilled by the contacts for their integration is a strong and reliable reacted layer morphology. Indeed, without a continuous and non-agglomerated reacted layer over the p and n-contact area, the electrical properties of the latter are very likely to be degraded at an early stage of the laser functioning.

The main theme of this PhD thesis has been detailed, as well as the specificities of the requirements that the p-and n-contacts of the laser need to be reach. The next section details the fundamental phenomena occurring at the interface between a metal and a semiconductor.

Metal/semiconductor contact

This section describes the fundamental phenomena occurring at a metal/semiconductor interface, both electrical and in terms of reactions.

Electrical properties of metal/semiconductor contact

The electrical properties of a metal/semiconductor contact rely on various parameters, namely,

• The Fermi level of the semiconductor E F sc (eV)

• The Fermi level of the metal E F m (eV)

• The semiconductor work function φ SC (eV.C -1 )

• The metal work function φ m (eV.C -1 ). It is the energy required to remove an electron from the highest filled level in the Fermi distribution of a solid so that it is stationary at a point in a field-free zone just outside the solid, at 0 K. In other words, it is the energy difference between the vacuum level (E vac ) and the Fermi level of the metal (E F m )

• The semiconductor doping concentration level N a,d (at.cm -3 )

• The junction temperature T (K)

• The state interface (dangling bonds, defects, roughness,...)

• The barrier height φ B (eV.C -1 ). For an n-type semiconductor (respectively for a p-type semiconductor), φ B is defined as the difference between the interfacial conduction band edge (respectively the interfacial valence band edge) and the Fermi level.

• The electron affinity of the semiconductor χ (eV.C -1 ). It is the potential difference between the conduction band (E C ) and the vacuum level (E vac )

The ideal junction

First, we consider a defect-free interface at 0 K and the energy-band diagram of the junction [START_REF] Monch | On the physics of metal-semiconductor interfaces[END_REF]. Four scenarios are presented in Table 1.3. For each of those, the metal/semiconductor junction is discussed after contact between the materials (Fig. 1.10, Fig. 1.11, Fig. 1.12 and Fig. 1.13).

When the metal and semiconductor are in contact, the expression of the barrier height is given by [START_REF] Schroder | Semiconductor Material and Device characterization[END_REF] : • Example 1 : φ m < φ SC , n-doped semiconductor. When the metal and semiconductor are in contact, electrons from the metal tend to lower their energy (E F SC < E F M ) by moving toward the heterostructure interface closer to the semiconductor. A negative electronic accumulation zone of free carriers therefore appears (excess of electrons), as presented in Fig. 1.10. The accumulation zone is located in the semiconductorside of the junction and contains high mobility carriers (electrons) with 2 degrees of freedom in the plane parallel to the metal/semiconductor interface, therefore providing good electrical characteristics. The semiconductor doping type sets its sign. In Example 1, n-doping with φ m < φ SC implies a negatively charged accumulation zone.

qφ B = qφ m -qχ (1.6) Φ B = Φ m -qχ (1.7)
• Example 2 : φ m < φ SC , p-doped semiconductor.

In Example 2, E F SC < E F M . As a result, after contact is made between the structures, holes from the semiconductor increase their energy levels by crossing the heterostructure interface.

As the holes leave the semiconductor, there is a static negative charge left on the semiconductor side due to the ionized impurity atoms, which creates a field. There is hence a depletion region, over which the field is applied, which is negatively charged (default of holes) and extended in the semiconductor (see Fig. 1.11). The depletion region implies a non-ohmic contact. Regarding the depletion zone case, it has been reported that for p substrates, Φ B ≈ E g /3 [START_REF] Schroder | Semiconductor Material and Device characterization[END_REF]. • Example 3 : φ m > φ SC , n-doped semiconductor After contact between the metal and the semiconductor, electrons from the semiconductor lower their energy levels (E F SC > E F M ) by crossing the heterostructure interface. As the electrons leave the semiconductor, there is a static positive charge left on the semiconductor side due to the ionized impurity atoms, which creates a field. There is hence a depletion region, over which the field is applied, which is positively charged (default of electrons) and extended in the semiconductor (see Fig. 1.12). The electrons flow into the metal until the equilibrium is reached between (i) the diffusion of the electrons from the semiconductor into the metal, and (ii) the drift of the electrons caused by the field created by the ionized impurity atoms. The energy-band diagram is presented in Fig. 1.12. This junction is non-ohmic and its doping is n-type, the depletion region is therefore positively charged. Regarding the depletion zone case, it has been reported that for n substrates Φ B ≈ 2E g /3 [START_REF] Schroder | Semiconductor Material and Device characterization[END_REF]. • Example 4 : φ m > φ SC , p-doped semiconductor

In example 4, holes from the metal move toward the semiconductor in order to increase their energy level (E F SC > E F M ). Therefore, an accumulation zone of free carriers appears at the junction. The accumulation zone is positively charged (excess of holes). The nature of the contact is ohmic, p-doping type implies a positively charged accumulation zone. [START_REF] Schroder | Semiconductor Material and Device characterization[END_REF]. Aside from theoretical considerations, additional parameters need to be taken into account.

The real junction

The previous subsection has detailed ideal cases. The real junction is known to contain several defects such as dislocations, dangling bonds, oxygen residues, vacancies and anti-site defects, which modify the ideal energy-band diagrams described in section 1.4.1.1 [START_REF] Monch | On the physics of metal-semiconductor interfaces[END_REF]. Additional energy sub-levels appear in the bandgap and act like traps, inducing a deviation from linear models of barrier height of the metal/semiconductor junction previously discussed. These interface defects can be characterized by their energy levels (E id ) and concentration (N id ) at each energy level.

It is worth mentioning that E id and N id depend on the interface itself (presence of Oxygen or other contamination), the semiconductor, the metal and its deposition method.

Conduction mechanisms

This section describes the conduction mechanisms occurring at a semiconductor/metal interface. Considering a n-doped semiconductor, there are five main conduction mechanisms.

• Thermionic Emission (TE), which relies on electrons flowing from the semiconductor toward the metal, and the metal toward the semiconductor above the barrier.

• Field Emission (FE), which consists in electrons tunneling through the barrier.

• Electron-hole pairs recombination within the Space Charge Region For the sake of example, a n-doped semiconductor is considered. If its doping concentration N d is below 3 × 10 17 at.cm -3 , the dominant conduction mechanism is TE, which implies that the electrons are thermally excited [START_REF] Schroder | Semiconductor Material and Device characterization[END_REF]. If their energy is high enough, it will allow them to jump over the barrier. If the doping concentration N d is intermediate (3 × 10 17 < N d < 2 × 10 20 at.cm -3 ) the electrons are thermally excited as well, but the energy thermally given to the electrons is high enough (and the barrier narrow enough) to allow local tunneling of the electrons through the barrier. It is the tunneling of thermally excited carriers. If the doping concentration of the n-doped semiconductor is above 2 × 10 20 at.cm -3 , the barrier thickness is low enough to allow electrons to tunnel directly through the barrier : the dominant conduction mechanism is FE, a pure tunneling process [START_REF] Schroder | Semiconductor Material and Device characterization[END_REF] (see Fig. 1.14).

In this section, the theoretical electrical properties of a metal/semiconductor interface have been detailed [START_REF] Schroder | Semiconductor Material and Device characterization[END_REF][START_REF] Root | Wafer Level Electromigration Tests for Production Monitoring[END_REF][START_REF] Zitzelsberger | Electromigration testing on via line structures with a SWEAT method in comparison to standard package level tests[END_REF][START_REF] Hagen | Extrapolation of highly accelerated electromigration tests on copper to operation conditions[END_REF][START_REF] Tu | Recent advances on electromigration in very-large-scale-integration of interconnects[END_REF]. In the following section, the reactivity of the metal/semiconductor interface are discussed.

Metal/semiconductor contact: thin films reactivity

Two materials in contact separated by an interface are not in thermodynamic equilibrium. Sometimes through a thermal budget, the system will evolve towards the thermodynamic equilibrium by forming new phases for instance, and/or new interfaces. Such reactions towards equilibrium comes with the transport of the species in presence [START_REF] Philibert | Reactive diffusion in thin films[END_REF]. The phase formation involve various mechanisms, such as nucleation, lateral growth and normal growth. The latter occurs via reactive diffusion.

This section presents the metal/semiconductor interface reaction mechanisms in the case of thin films. In this particular configuration, the ratio between the surface of the metal in contact with the semiconductor and the volume of the metal is significantly higher than for bulk materials.

Nucleation and lateral growth

The nucleation of a phase between a metal and a semiconductor can occur if the energy released due to the formation of the phase, referred as ∆G v is greater than the energy, referred as S γ , required to generate the interface between the metal and the semiconductor.

In this way, aside from the phases that are not formed (∆G v < S γ ), various phase may be formed. As a result, the system progressively moves closer to the thermodynamic equilibrium. Once a phase is nucleated, it grows laterally until a continuous layer is formed. At this stage of the reaction, the normal growth can begin.

Diffusion mechanisms

The diffusion mechanism is defined by the thermally activated migration of atoms. It is made possible by (i) the non-equilibrium state inducing a chemical potential gradient at the metal/semiconductor interface [START_REF] Philibert | Reactive diffusion in thin films[END_REF], and (ii) the presence of defaults in lattice, such as vacancies which where most of the diffusion occurs presented in Fig. 1.15, and unoccupied interstitial sites presented in Fig. 1.16. Diffusion may also occur in dislocations or grain boundaries (not represented here). In this way, the probability of diffusion depends on several items such as the nature of the diffusing atoms, the default concentration, the chemical potential gradient at the metal/semiconductor interface, and the energy brought to the system (thermal budget for instance).

Phase formation mechanisms

Single phase growth

If one considers a system composed of a thin film metal M in contact with a semiconductor S (see Fig. 1.17), the formation of a M 2 S compound requires the creation of a M/S interface, the diffusion of the metal (M) and semiconductor (S) through the M 2 S compound, which are modeled by the J M and J S diffusion fluxes respectively, and a reaction between M and S. The thickness of the M 2 S compound at time t is modeled by L(t) (see Fig. 1.17).

The atomic diffusion is highly dependent on the chemical potentials of the metal M and the semiconductor S. In this example, the metal is the main diffusing species in the M/S system (J M >> J S ). The Nernst-Einstein equation details the expression of J M across the M 2 S growing phase [START_REF] Gas | Diffusion in Silicides: Basic approach and practical applications[END_REF]: 

J M = -x M N D kT ∂µ M ∂x (1.8)
With x M the mass fraction of the metal in the M 2 S compound, N is the number of atom per volume in the M 2 S compound, ∂µ M ∂x is the gradient of chemical potential in the M 2 S compound, and D is the diffusion coefficient of M in the M 2 S compound. The diffusion coefficient follows Arrhenius law (see Equation 1.9),

D = D 0 .exp -E a RT (1.9) 
With D 0 the pre-exponential factor taking into account the default formation and E a is the activation energy of each default formation. Considering that the gradient of chemical potential is constant through the M 2 S compound, the latter can be expressed as:

∂µ M ∂x = ∆G M 2 S L(t) (1.10) 
With ∆G M 2 S the free enthalpy of formation of the M 2 S compound. In this way, the diffusion occurs as long as the chemical potentials of each diffusing species are different. When the latter are equal, the M/S system has reached the thermodynamic equilibrium and the diffusion stops.

In the early stages of the reaction between a metal M and a semiconductor S, the thickness L(t) of the M 2 S compound is very thin. In this way, the flux of diffusing atom, J M in this example, crossing the M 2 S compound is high. As a result, the growth of the M 2 S compound is only limited by the reaction at the interface. In the early stages of the reaction, L(t) is proportional to t, as presented in Equation 1.11:

L(t) = K l .t (1.11)
With K l the constant of the linear reaction. And,

K l = - Ωx M N v M kT ∆µ M (1.12)
With Ω the volume of the compound generated by the diffusing species, v M the reaction rate at the interface and ∆µ M the variation of chemical potential of diffusing species at the M/M 2 S and M 2 S/S interfaces. As the thickness of the M 2 S compound grows, the distance to be travelled by the diffusing species increases. In this way, as the reaction is more advanced, the flux of diffusing species limits the reaction. As a result, L(t) is not proportional to the time of the reaction but evolves with the square root of t as presented in Equation 1. [START_REF] Stankovic | Hybrid III-V/Si DFB Lasers Based on Polymer BondingTechnology[END_REF].

L(t) = K p .t (1.13)
With K p the constant of the parabolic reaction.

K p = -2 Ωx M N D M kT ∆µ M (1.14)
With D M the diffusion coefficient of M within the M 2 S compound. In this way, the phase growth is linear in the beginning and parabolic afterwards, and referred as linear-parabolic. According to Equation 1.11 and Equation 1.13, the linear-parabolic phase growth can be modeled by Equation 1. [START_REF] Sanchez | Collective die direct bonding for photonic on silicon[END_REF].

L(t) K l + L 2 (t) K p = t (1.15)

Several compound growth

In a M/S system, multiple compound can also grow simultaneously. For instance, we consider a system M/S system defined by two growing phases, referred as M 2 S and MS (see Fig. 1.18). In this example, J M 1 and J S1 are the diffusion fluxes in the M 2 S compound of the M species and the S species respectively, and J M 2 and J S2 are the diffusion fluxes in the MS compound of the M species and the S species respectively. In this example as well, M is the main diffusing species, therefore J M 1 >> J S1 and J M 2 >> J S2 . The thicknesses of the M 2 S and MS compounds at time t are modeled by L 1 (t) and L 2 (t) respectively (see Fig. 1.18).

In this particular case, the reactions occur simultaneously at the M 2 S/MS and MS/S interfaces. Contrary to the example previously detailed where only one phase is growing, the growth of the M 2 S compound affects the growth of the MS compound. As presented in Fig. 1.18, the growth of the M 2 S phase takes place at the M 2 S/MS interface, with,

M + M S -→ M 2 S (1.16)
The growth of the MS phase takes place at both the M 2 S/MS and MS/S interfaces. At the first interface, An atom M is freed from the M 2 S phase, which then diffuses towards the MS/S interface, where,

M 2 S -→ M + M S (1.17)
M + S -→ M S (1.18) 
In this way, the M 2 S phase is both growing (see Equation 1.16), and being consumed (see Equation 1.17) at two different interfaces, as it participates to the formation of the MS phase.

The L 1 (t) and L 2 (t) phase thicknesses are defined as follow:

dL 1 dt = J M 1 -J M 2 (1.19) dL 2 dt = 2J M 2 -J M 1 (1.20)
The growth of the simultaneously growing M 2 S and MS phases are therefore dependent on one another.

The knowledge of the reactions taking place between a metal and a semiconductor paves the way to the understanding of the solid-state reactions. It is due to the diffusion of species at the metal/semiconductor interface and monitored by the chemical potential.

Thin films are prone to layer agglomeration when submitted to a high enough thermal budget [START_REF] Thompson | Solid-state dewetting of thin films[END_REF]. The next section details the layer agglomeration mechanisms.

Thin film agglomeration

Layer agglomeration can occur at a metal/semiconductor interface, as presented in Fig. 1.19. Thin films on semiconductor that are metastable are likely to form agglomerates. The driving force of such mechanism is the minimization of the energy of the free surfaces of the thin film (metal), of the substrate (semiconductor) and of the M/S interface [START_REF] Thompson | Solid-state dewetting of thin films[END_REF][START_REF] Mullins | Theory of thermal grooving[END_REF][START_REF] Nolan | Modeling of agglomeration in polycrystalline thin films: Application to TiSi 2 on a silicon substrate[END_REF][START_REF] Srolovitz | The thermodynamics and kinetics of film agglomeration[END_REF]. In this way, as the free surface energies increase when the thickness of the thin films decreases, the driving force for agglomeration is even more important with thinner layers [START_REF] Thompson | Solid-state dewetting of thin films[END_REF].

The layer agglomeration is highly unwanted in the scope of this PhD study, as it generates highly unpredictable behavior, in terms of both morphological and electrical properties. Such phenomena requires to be monitored.

Scope of the study

The scope if this PhD thesis lies in the study of several metal/semiconductor systems investigation, for the proposition of either one-step contact integration or sequential contact integration schemes on n-InP and p-In 0.53 Ga 0.47 As regions. The envisioned CMOS-compatible metallization should meet the contact requirements previously detailed, namely a 300 mm CMOS-compatible platform using planar-related processes, and the exclusive use of CMOS-compatible metallization such as Ni, Ni 0.9 Pt 0.1 , Ni 2 P and Ti. The use of a TiN capping layer is mandatory for the sake of the contact integrity. In the search of contact optimization, of which the methodology is detailed in Chapter 2, the thermal budget should not exceed 450 ℃ in order not to degrade the MQWs structure. Meanwhile, for the sake of maintaining a reasonably low resistance of the laser device, the contact resistivity of the p-and n-contact should meet specific requirements in terms of contact resistivity limit, ρ c, n lim = 7.2 × 10 -5 Ω.cm 2 and ρ c, p lim = 1.4 × 10 -5 respectively. It is of the utmost importance that the morphology of the contact remains continuous and non-agglomerated, preventing unpredictable behavior.

In addition and for the first time, a study of the CMOS-compatible contact reliability is systematically detailed for each investigated metal/III-V systems, by emulating the thermal budget involved during the integration steps subsequent to contact metal deposition (detailed in Chapter 2). In this way, only the most promising contacts are selected for contact integration. The scope of the study is highly linked to the device at hand, and additional parameters such as doping level and the thickness of the metal mirror the ones involved in the III-V/Si laser device.

State of the art

For the sake of integration purposes, as previously discussed the envisioned metallizations are Ti, Ni, Ni 2 P and Ni 0.9 Pt 0.1 . In this section, before detailing the state of the art of the CMOScompatible metallizations (section 1.6.2), the specifics of the non-CMOS compatible contacts used on InP and In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As layers are presented.

Non CMOS-compatible contacts

The non-alloyed Au/Pt/Ti stack has been widely used on III-V layers and constitutes a reference Au-based metallization. ) and p-InGaAs (Zn-doped, N a = 5 × 10 18 at.cm -3 ) layers, formed by a single metallization common step and rapid thermal processing Au(500 nm)/Pt(60 nm)/Ti(50 nm) [START_REF] Katz | Au/Pt/Ti contacts to p-In 0[END_REF]. The resulting contact resistivity after a 450 ℃ RTA are equal to 8 × 10 -6 Ω.cm 2 and 5.5 × 10 -7 Ω.cm 2 respectively. The 450 ℃ RTA is reported to have caused a limited reaction at the Au/Pt and Pt/Ti interfaces, which has not led to a significant intermixing of Ti and Au. Thus, no in-diffusion of Au throughout the Pt barrier has been observed, and there has not been any significant contact degradation [START_REF] Katz | Au/Pt/Ti contacts to p-In 0[END_REF]. Stareev et al. have also studied this stack on p-InGaAs (Zn-doped, N a = 1 × 10 20 at.cm -3 ). The extracted contact resistivity after a rapid thermal processing at 400 ℃ for 1 s has reached 4.8 × 10 -8 Ω.cm 2 [START_REF] Stareev | A controllable mechanism of forming extremely low resistance non-alloyed ohmic contacts to group III-V compound semiconductors[END_REF]. The Au/Pt/Ti/p-InGaAs system has also been investigated by Ivey et al. (Zn-doped, N a = 7 × 10 18 at.cm -3 ). In the as-deposited state, the contact has exhibited a non-ohmic characteristic, and in the 375-425 ℃ range, the ohmicity has been reached with a contact resistivity of 2 × 10 -5 Ω.cm 2 . It has also been reported that annealing the contact has resulted in the in-diffusion of Ti and the out-diffusion of In and As, leading to the formation of the TiAs crystallized phase, metallic In and In-depleted InGaAs at the Ti/InGaAs interface [START_REF] Ivey | Microstructural analysis of Au/Pt/Ti contacts to p-type InGaAs[END_REF]. Ghegin et al. have extracted on the Au/Pt/Ti/p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system with Si-compatible integration scheme, (N a = 3 × 10 19 at.cm -3 ), a contact resistivity of 4.6 and 1.5 × 10 -5 Ω.cm 2 in the as-deposited state [START_REF] Ghegin | CMOS-compatible contacts to n-InP[END_REF].

Katz et al. [START_REF] Katz | Pt/Ti/p-In 0.53 Ga 0.47 As low-resistance nonalloyed ohmic contact formed by rapid thermal processing[END_REF] have investigated the non-alloyed Au-free Pt/Ti on p-InGaAs layer (N a = 1.5 × 10 19 at.cm -3 ). In the as-deposited state and after a 450 ℃ -30 s RTA a contact resistivity of 3.0 × 10 -4 and 3.4 × 10 -8 Ω.cm 2 have been respectively extracted. It has also been demonstrated that after 450 ℃, the InAs phase has appeared, as well as InTi 3 , Ti 2 Ga 3 and 3 additional Ptbased phases [START_REF] Katz | Pt/Ti/p-In 0.53 Ga 0.47 As low-resistance nonalloyed ohmic contact formed by rapid thermal processing[END_REF]. Chu et al. have also studied this system, with a doping level of N a of 5 × 10 18 at.cm -3 . It has been reported in their work that a significant interdiffusion of Ti, In and As has occurred across the Ti/In 0.53 Ga 0.47 As interface as the annealing temperature increases (at 350 ℃ and above). The contact resistivity decreases as the RTA temperature increases, up to the lowest contact resistivity extracted reaching 9.0 × 10 -6 Ω.cm 2 after a 450 ℃ -30 s RTA. At this temperature, InAs is present in the system up to 450 ℃ RTA included. At higher temperatures, the system has undergone an alteration of the microstructure and a degradation of the contact resistance [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]. Ghegin et al. have extracted on the Pt/Ti/p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system (N a = 3 × 10 19 at.cm -3 ) a contact resistivity of 1.5 × 10 -5 Ω.cm 2 [START_REF] Ghegin | CMOS-compatible contacts to n-InP[END_REF]. Katz et al. have also performed the study of the Pt/Ti metallization on n-InP layers (S-doped, N d = 5 × 10 18 at.cm -3 ). The system is ohmic in the as-deposited state with a contact resistivity of 1.1 × 10 -4 Ω.cm 2 , and after a 450 ℃ -30 s RTA with a contact resistivity of 8.0 × 10 -7 Ω.cm 2 . Similarly to the previous study, this heat treatment has caused a limited interfacial reactions between the Ti and the InP substrate, resulting in an abrupt interface. Increasing the annealing temperature to 500 ℃ has however resulted in an interfacial intermixing and reactions between Ti and the substrate elements [START_REF] Katz | Pt/Ti/n-InP nonalloyed ohmic contacts formed by rapid thermal processing[END_REF].

Dunn et al. have investigated alloyed AuGe-based contacts on n-InP with ion milling prior to metallization [START_REF] Dunn | Annealed AuGe based ohmic contacts on InP with ion million prior to metallization[END_REF]. It has resulted in a reactive metal-semiconductor interface in the 440-480 ℃ range with a contact resistivity of 8.6 × 10 -8 Ω.cm 2 . The addition of Ni (Ni/AuGe/n-InP) improves the wetting characteristics of the AuGe to n-InP and lowers the contact resistivity, reaching 3.2 × 10 -8 Ω.cm 2 [START_REF] Dunn | Annealed AuGe based ohmic contacts on InP with ion million prior to metallization[END_REF]. The Ni/AuGe/n-InP stack has also been studied by Shen et al.

who have more specifically investigated the reduction of the spiking phenomena. AuGe is indeed reported to present issues, such as poor morphology, spiking, poor thermal stability, poor edge definition [START_REF] Baca | A survey of ohmic contacts to III-V compound semiconductors[END_REF]. After generating a spiking-free contact, a contact resistivity of 7 × 10 -7 Ω.cm 2 has been extracted after an anneal of 400 ℃ for 15 s [START_REF] Shen | A low-resistance spiking-free n-type ohmic contact for InP membrane devices[END_REF]. Even though low contact resistivity have been extracted on the previously detailed systems, no information regarding their thermal stability has been provided. Fig. 1.20a and Fig. 1.20b summarize the contact resistivity on the various system previously detailed on n-InP ang p-In 0.53 Ga 0.47 As respectively.

Overall, the Au/Pt/Ti, Pt/Ti and AuGe-based contacts have presented promising electrical properties, however few information regarding the layer morphology were provided, which of the utmost importance for contact integration. In addition, it should be highlighted that the previous studies conducted on these systems have not provided information regarding the contact reliability. In the Ti/InP system, in the as-deposited state, there is out-diffusion of In as well as a strong reaction between Ti and P. After submitting the Ti/InP system to a 300 ℃ -20 s RTA, there is the formation of an In/Ti-P/InP stack [START_REF] Takeyama | Study of chemical reactions at metal-InP interfaces formed by sputter deposition of Pt and Ti[END_REF].

Similarly to the previously reported Au/Pt/Ti, Pt/Ti and AuGe-based contacts, the extracted contact resistivity in the previously detailed systems are overall in agreement with the contact requirements (reaching low 10 -7 Ω.cm 2 ). The information regarding the layer morphology and the thermal stability are however scarce in this case as well. Fig. 1.21a and Fig. 1.21b summarize the contact resistivity on the various system previously detailed on n-InP and p-In 0.53 Ga 0.47 As respectively. ). Such contact has resulted in a contact resistivity of 1.0 × 10 -6 Ω.cm 2 right after the contact has been sputtered. The contact resistivity is reported to have remained the same up to 600 ℃ included. After 700 ℃ however, P out-diffusion has been observed, and the electrical properties of the contact are degraded. There is evidence of In out-diffusion after a 800 ℃ annealing, as well as a significant increase of the surface roughness [START_REF] Ren | Nonalloyed high temperature ohmic contacts on Te-doped InP[END_REF]. The use of W-based contacts appears highly promising in the scope of n-and p-contact integration, as for each doped layer the extracted contact resistivity is significantly below the required limit, and considering the reported high thermal stability. In the work led by Takeyama et al. of the Al/Ti/n-InP system (S-doped, N d = 5 × 10 17 -5 × 10 18 at.cm -3 ), in the as-deposited state, out-diffusion of In has been observed, as well as a strong reaction between Ti and P, leading to an intermixing Ti-P layer, while In is out-diffusing and to the formation of the Al/In/Ti-P/InP interfacial configuration. The use of RTA has resulted in the enhancement of this phenomena, indeed after a 300 ℃ -20 s RTA, In atoms have indeed piled up at the outer boundary of the intermixing layer, which is even more pronounced after a 500 ℃ -20 s RTA. From an electrical standpoint, the Al/Ti/n-InP system has exhibited an ohmic contact as soon as the as-deposited state, and has revealed a decrease of resistance as the RTA temperature increases [START_REF] Takeyama | Study of chemical reactions at metal-InP interfaces formed by sputter deposition of Pt and Ti[END_REF]. The same authors have also corroborated in a study of the same Al/Ti/n-InP system various facts previously presented (interaction between Ti and P resulting in Ti-P compounds, out-diffusion of In into the Ti layer in the initial stage of the reaction process).

In addition, after a 600 ℃ -20 s RTA, a stable Al/Ti/In/Ti-P/InP interfacial configuration. Contrary to the previous study, a contact barrier height of 0.14 eV has been extracted in the as-deposited state, while a ohmic behavior has been observed after RTA treatment. As a result it has been reported that the Ti-P compounds are responsible for the ohmicity of the system [START_REF] Takeyama | Interfacial reaction and electrical properties in the sputter-deposited Al/Ti ohmic contact to n-InP[END_REF]. In the work led by Kendelewicz et al., a Ti-In compound as well as two Ti-P compounds are formed. At room temperature, In out-diffuses from the InP substrate through a thickness superior to 40 Å, while the Ti-P compounds are overall confined near the Ti/InP interface [START_REF] Kendelewicz | Chemical reaction and Schottky barrier formation at the Ti/InP(110) and Sn/InP(110) interfaces: Reactive versus nonreactive cases[END_REF], which induces a resulting stack similar to the one reported by Takeyama et al. [START_REF] Takeyama | Study of chemical reactions at metal-InP interfaces formed by sputter deposition of Pt and Ti[END_REF][START_REF] Takeyama | Interfacial reaction and electrical properties in the sputter-deposited Al/Ti ohmic contact to n-InP[END_REF]. As layer appears as a result, leading to the observation of the GaAs phase (empty of In) after a 550 ℃ RTA. Regarding the diffusion dynamic, it has been detailed that Ti is the main diffusing species at low thermal budget, while the III-V elements constituting the substrate are the main diffusing species at higher temperatures due to the fact that Ti diffuses less easily in the formed phases [START_REF] Bensalem | Study of the Ti/InGaAs solid-state reactions: Phase formation sequence and diffusion schemes[END_REF].

The investigated CMOS-compatible metallizations have demonstrated promising electrical results. It should however be highlighted that the reliability of such contacts has not been addressed. The described state of the art is summarized in 

Conclusion

Among the key challenges of the integration of III-V photonic devices such as the III-V/Si hybrid laser onto Si circuitry, the contact module is of the utmost importance. Not only should the contact be CMOS-compatible, but they also need to meet various requirements. The non-exhaustive overview of both the non-CMOS compatible and the CMOS-compatible metallizations used on n-InP and p-In 0.53 Ga 0.47 As layers have overall not presented a systematic study of both the morphological and electrical properties of the contacts. In addition, the state of the art has not confronted the reliability issues, which of major importance for laser contact integration. Indeed, there is no information regarding the thermal context in which the contacts may or may not be used.

In the next chapter, the overall methodology of the work led in this PhD thesis is detailed, along with a description of the various characterization methods, both physical and electrical, as well as their relevance in the scope of this study. The third chapter presents the results on the nickel-based intermetallic contacts along with their eligibility. In the same way, the fourth chapter discusses the titanium-based contacts. The fifth and last chapter is general conclusion to the overall work.

Chapter 2

Methodology

The previous chapter has detailed the context of the study, which is Silicon photonics, as well as the topic of this PhD thesis which deals with the integration of ohmic CMOS-compatible contacts for III-V/Si hybrid laser contacts. The objectives of this PhD thesis have been presented as well. For the sake of providing relevant information regarding the investigated metal/III-V systems, it is of utmost importance to confront the complexity of the physical properties with the electrical behavior of the system against one another. The chapter presented here is dedicated to the presentation of the characterizations involved in this work in an attempt to reach this latter goal while describing the samples fabricated for these characterizations. The first section (2.2) details the physical characterizations, while the second one (2.3) describes the electrical characterizations involved. Oxidized compounds are easily formed on III-V surfaces [START_REF] Coudurier | Plasma surface preparation of III-V materials: Quasi in-situ XPS measurements and integration guidelines[END_REF], and it is of great importance to remove the latter for the sake of contact optimization between the soon-to-be-deposited metal and the III-V layer. In order to do so, a 1 min-long HF:H 2 O (1:10) wet-treatment is used to remove the native oxides. As the contact metal is not immediately deposited on the oxide-free III-V layer, oxides start to regrow. To remove such regrown layer, the top-surface of the sample undergoes a dry-preclean in a dedicated 300 mm deposition tool. Then, without air-break, the contact metal deposition occurs, followed by a TiN capping layer deposition.

Samples description 2.1.1 Samples used for physical characterization

Samples used for electrical characterization

The process flow used for the electrical test structures is described in Fig. 2.2. First and foremost, it should be highlighted that the process fabrication of the TLM samples is intentionally similar to the process fabrication of the laser contacts, previously described in 1. The contact cavities (as well as the rest of the III-V surface) undergoes wet-preclean (HCl:H 2 O 1:10) for 30 s, followed by, in a 300 mm deposition equipment, the in-situ dry-preclean, contact metal and TiN capping layer depositions (Fig. 2.2d). The contact cavities are then filled with a Ti/Pt/Au top electrode, which will be mandatory for the future electrical probe measurements (Fig. 2.2e). The electrodes are then etched in order to isolate the metallic contacts pads from one another (Fig. 2.2f). The extra III-V-doped layer is then mesa-etched, in order to confine the future current flow as much as possible (Fig. 2.2g).

Physical characterizations

In this section, the physical characterizations used in the scope of this PhD thesis are described, and their relevance highlighted. In this way, Atomic Force Microscopy (AFM in 2. 

Atomic Force Microscopy

The Atomic Force Microscopy (AFM) is a microscopic technique imaging a surface topography, which relies on the attractive and repulsive interaction forces between a few atoms attached on the sharp tip of a cantilever (which is a tiny probe, presented in Fig. 2.3), and the scanned surface sample [START_REF] Seo | Atomic force microscopy and spectroscopy[END_REF]. The attractive interactions are either (i) short-range chemical force, originating from chemical interactions forming chemical bonding, (ii) van der Waals force, which is applied on neutral atoms, or (iii) electrostatic force on ionic crystals and metallic samples with static charges [START_REF] Seo | Atomic force microscopy and spectroscopy[END_REF]. In the scope of the AFM characterizations performed in this work, these forces have been detected using the resonant properties of a cantilever, which is called dynamic AFM, or tapping mode (presented in Fig. 2.4). The force is evaluated from the measured amplitude.

Dynamic AFM (Tapping mode)

The cantilever has been submitted to its resonance frequency when placed relatively close to the surface sample. The force existing between the spherical tip of the cantilever and the surface sample alters the amplitude of vibration and its phase, which allows to deduce the topographic information (see Fig. 2.4). In order to perform the acquisition of the topography of a surface sample, the tip of the cantilever has been raster-scanned over the sample surface while the interaction force has been maintained constant via feedback loops [START_REF] Baykara | Atomic Force Microscopy: Methods and Applications[END_REF]. Z is defined as the average tip-surface distance, d is the minimum distance, and q is the instant displacement from Z of the cantilever when the cantilever is oscillated by an external force.

In these specific characterization conditions, the inherent measurement error of the AFM characterization <5 % in z, x and y directions. In the scope of roughness measurement, due to the non-null size of the cantiliver, an inherent error is induced on the RMS roughness measurement which tends to be complicated to estimate.

AFM characterization has been widely used in a broad variety of research fields such as physics, chemistry, biology, engineering and nano-scale technology [START_REF] Seo | Atomic force microscopy and spectroscopy[END_REF]. In the scope of this PhD thesis this characterization is very useful to determine the initial roughness of the III-V material and the subsequent intermetallic top surface state. Moreover it is also a relevant technique to determine the dewetting or the agglomeration of thin layer formed on the top of different substrates (as silicide) which could play a detrimental role on electrical stability of III-V contacts.

X-Ray Diffraction θ/2θ

2.2.2.1 Out-of-Plane measurements X-ray diffractometry (XRD) is a technique that allows to determine the presence of crystallized planes in a sample. It consists in striking the sample with incident X-ray beams defined by an incident angle θ, and analyse the light diffracted by the crystalline structure (see Fig. 2.5).

The resulting interference patterns provided by the diffracted X-ray beams are specific to each crystallized plane and can therefore be seen as a fingerprint. In this way, collecting the diffraction patterns (thanks to a detector) over a defined range of incident angle and analyzing the data allow to determine the crystallized planes in presence in the sample. In the scope of this work, the incident angle ranges from 0 to 85°. The setup of the procedure is presented in Fig. 2.6.

A limitation inherent to the classical θ/2θ XRD characterization method applies to the crystallized planes that are parallel to the incident X-ray beam and perpendicular to the surface sample. Indeed, due to the orientation of such planes, the latter cannot be collected by the X-ray detector in the presented XRD setup (Fig. 2.6). This issue is referenced as the axially symmetrical problem [START_REF] Šimek | Reciprocal-space mapping for simultaneous determination of texture and stress in thin films[END_REF]. In addition, thin layers are quite complicated to analyse compared to bulk samples. In the scope of this PhD thesis, the use of XRD characterizations has allowed to determine which crystallized planes, textures and phases are present at each specific stage of the reaction between a metal and a III-V layer.

In-Plane Reciprocal Space Mapping

The solution to overcome the axially symmetrical problem is offered by the In-Plane Reciprocal Space Mapping method (IPRSM), which is a specific θ/2θ XRD technique used to characterize epilayers and heterostructures. In addition to investigating the diffracted patterns over a range of incident angle (θ), the sample is also rotated around the axe defined as the normal to its investigated surface sample (referred as φ axis) (see Fig. 2.6). In this way, such characterization technique overcomes textural effects.

The data acquisition is performed using the in-plane configuration, which means that the incident angle is parallel to the surface of the sample see Fig. 2.7 (contrary to the conventional θ/2θ XRD technique which takes place out-of-plane). In-plane XRD technique is specifically relevant for thin films characterizations, due to the fact that the geometry of the incident X-ray is geometrically sensitive to surface layers. In this way, bulk effects are hence overcome. First, the Ewald sphere has a radius equal to 1/λ, with λ the wavelength of the incident Xray beam. The origin of the reciprocal space lattice is defined at the point O, which is the second intersection of the Ewald sphere with the incident beam. In the ABO right angle, OB is perpendicular to AB, which is is parallel to the hkl planes. CB is parallel to the diffracted beam, and the -→ v vector has a norm equal to the interreticular distance in the reciprocal space. The diffraced spots represent the intersection between the Ewald sphere and the reciprocal space.

Such maps present the advantage of distinguishing the top surface of the sample from the bulk. In addition, IPRSM analysis is not affected by textural effects. It is a high-resolution X-ray diffraction technique, widely used in this work. The data acquisition of the IPRSM characterization technique presents the disadvantage of requiring significantly more time than the classical θ/2θ X-Ray Diffraction.

Transmission Electron Microscopy (TEM)

In this section, the characterization methods used to investigate the layer morphology of the systems is detailed.

The Transmission Electron Microscopy operates on the same principles as the light microscope, except that it uses an electron beam instead of light1 . A high-energy electron beam, generated by an electron gun, is focused into a thin coherent beam through a condenser lens. The use of a condenser aperture allows to exclude the high angle electrons from the coherent beam. The latter then strikes a small thickness of the sample to be analyzed. When the incident electron beam encounters a crystallized area from the sample, the electrons are diffracted. The diffracted beam is then focused by the objective lens into an image on charge coupled device (CCD) camera and light is generated, allowing to see an image (see Fig. 2.9). The resulting image then passes down the column through the intermediate of projector lenses and is enlarged all the way.

The resulting interactions between the beamed electrons and the atoms constituting the samples are used to determine various parameters, such as the crystal structure, the stack uniformity, the layer thickness, the presence of dislocations, grain boundaries as well as their size. The portion of the electrons transmitted through the sample depends on the thickness of the prepared sample and its electron transparency. A well-prepared TEM sample should be thin enough to allow a reasonable amount of electrons to be transmitted through it and form an image, with a minimum A well-known limitation inherent to the TEM characterization method is the absence of depth sentitivity. This issue is referred as projection limitation and is due to the fact that the resulting TEM image is averaged over the sample thickness. Another limitation lies in the sample itself.

As previously mentioned, when the thickness of the sample decreases (< 100 nm), the proportion of transmitted electrons increases, and the TEM image is more relevant. It is however common that the high beam voltage generates damages resulting in articfacts in such thin specimen affecting the TEM image.

TEM characterizations are highly usefull in the scope of the study of the metal/III-V contact interface. For a given system, the systematic study of the TEM images after various thermal budget allows to trace back the evolution of the system, and extrapolate its behavior when submitted to high thermal conditions (see 2.3.3).

Scanning Electron Microscopy (SEM)

The Scanning Electron Microscopy (SEM) presents similarities with the previously described Transmission Electron Microscopy (TEM, in 2.2.3). The difference between the two techniques lies in the fact that TEM characterization uses transmitted electrons through the sample, while SEM characterization relies on the reflected and knocked-off electrons (hence non-transmitted) by the sample to reconstruct an image of the sample. SEM creates an image by detecting reflected or knocked-off electrons while TEM uses transmitted electrons (electrons which are passing through the sample) to create an image. As a result, TEM offers valuable information on the inner structure of the sample, such as crystal structure, morphology and stress state information, while SEM provides information on the sample's surface and its composition.

SEM characterization reconstructs images by scanning a sample with a high-energy electron beam. When the beamed electrons interact with the sample, aside from the portion of the electrons that is transmitted through the sample, various signals are produced, such as secondary electrons (SE) used for to the investigation of the morphology and the topography of the samples, and which are responsible for the resulting reconstructed SEM image. One electron transmitted through the sample generates many signals such as secondary electrons. The amount of this signal highly depends on the accelerating voltage of the electron gun and the density of the sample. In the case of Scanning Electron Microscopy, this signal is collected by a detector (or several) to reconstruct an image, revealing information regarding the external morphology of the sample. In SEM imaging, the preparation of samples can result in artifacts [START_REF] Choudhary | Scanning Electron Microscope: Advantages and disadvantages in imaging components[END_REF]. In this work, SEM analyses are used to monitor the layer agglomeration of the reacted layers.

Element distribution -EDX

The Energy Dispersive X-ray spectroscopy (EDX) is a near-surface technique allowing to determine the chemical composition of a sample. It relies on X-ray spectroscopy, which consists in emitting a high-energy X-ray towards the sample2 in order to generate the excitation of the core electrons. In this way, vacancies are created in the electronic atomic structure, causing a cascade of electronic transitions (see Fig. 2.10). Indeed, the distant electrons drop from their energy levels emitting X-rays as they transit to lower energy states and filling the induced vacant energy levels, until the excited atom regains its minimum-energy state. As each atom has a unique core energy and specific shell energies and spacing between the shell energies, these emitted X-rays are specific to each excited analyzed element. As a result, this provides enough information to distinguish one element from the other. In this way, the measurement of these energy transitions provides information regarding the composition of the analyzed sample.

The EDX technique is both semi-qualitative and semi-quantitative. The qualitative analysis consists in the determination of the nature of the elements in presence, without knowing their stoichiometry. It relies on empirical standards. Indeed, the energy transitions of the most commonly used core shell transitions have been referenced for each natural element. In this way, the determination of the composition of the sample consists in comparing the extracted transition energy spectrum with the references. The fact that EDX relies heavily on standards for peak identification can be an issue for the study of new materials, which can be significantly different from the standards. The quantitative analysis highly depends on the measurement tool used. Indeed, it consists in calculating the stoichiometry of the sample with the highest resolution possible, as the stoichimetry is calculated from the ratio of the number of counts at each characteristic frequency. As the resolution increases, the number of counts increases as well , and so does the precision of the stoichiometry. The use of EDX measurements, in the form of element distribution profiles as well as element mappings, provides information regarding the element distribution through various Rapid Thermal Annealing (RTA), and constitutes a usefull tool to identify the zones abnormally rich or depleted in a specific element. In this way, phenomenon of element diffusion, accumulation or segregation can be easily identified.

The inherent limitations to the EDX characterizations lies in the lighter elements: indeed, two elements quite similar such as Ge and Si are hard to distinguish, and will result in the same response. In addition, the spatial resolution is rather low, ranging from ∼ 10 nm to a few micrometers [START_REF] Scimeca | Energy dispersive X-ray (EDX) microanalysis: A powerful tool in biomedical research and diagnosis[END_REF].

Electrical properties

In this section, the electrical characterization method performed in the scope of this study is detailed, namely the Transfer Length Method. The p-and n-contacts may indeed also be defined by their electrical properties, such as their nature either ohmic (discussed in subsection 2.3.1) or non-ohmic (discussed in subsection 2.3.2). The measurements of the electrical properties of the p-and n-contacts will ensure wether the electrical requirements, namely the p-and n-contact resistivity limit, ρ c,p lim and ρ c,n lim respectively, are met or not.

Transfer Length Method (TLM) measurements and study of contact reliability

In this section, the Transfer Length Method (TLM), which is a widely used electrical characterization method is presented. The use and relevance of this method in the scope of this work is detailed in the following.

Method and samples description

The resistance contributions existing between a metal and a semiconductor (noted SC in Fig. 2.11) are represented in Fig. 2.11. The sheet resistance R sh (Ω/ ) represents the resistivity averaged over the sample thickness. It is used specifically for thin semiconductor layers [START_REF] Schroder | Semiconductor Material and Device characterization[END_REF]. R c (Ω) is the contact resistance, existing at the interface between the squared metal pad and the semiconductor, w (µm) is the contact width, and d (µm) is the contact length (not shown in this 2D representation). In the example represented in Fig. 2.11, l i (µm) is the shortest distance between the two metallic contact pads. If a current (I in A) flows between the two squared metallic pads presented in Fig. 2.11, the overall encountered resistance R i , is linked to l i as follow:

R i = R sh . l i w + 2R c (2.1)
A common way to define the resistive properties of a metal/III-V contact is to discuss its contact resistivity (ρ c in Ω.cm 2 ). Such parameter takes into account the resistance due to the metal immediately above the contact, as well as the resistance due to the semiconductor immediately below the contact [START_REF] Schroder | Semiconductor Material and Device characterization[END_REF]. The ρ c parameter does not depend on the contact area which is a major advantage in terms of result transposability, and hence remains relevant with different contact areas. The contact resistivity ρ c is widely used in the literature dealing with contacts between a metal and a semiconductor in general. One of the ways to extract ρ c is to perform the Transfer Length Method (TLM), which should be applied on specific patterned samples.

The full TLM test structure contains 6 metallic pads (presented in top-view in Fig. 2.12a, crosssection is Fig. Data acquisition is performed using the four-probe configuration. It consists in applying a voltage range 3 between two consecutive pads using 2 probes, and measuring the resulting current 4 between these same pads using 2 different probes, hence 4 probes in total 5 . For the sake of relevance of the results, the selected setting parameters ([-2.00 V; +2.00 V] voltage range, 400mA

3 using KEITLEY®2750 4 using KEITLEY®2400 5 It is also possible to perform the two-probe configuration measurement method. In this case, the probes used to apply the current and measure the voltage are the same. The injection of the current itself in the probe will therefore alter the current measurement. For the sake of accuracy, it is commonly advised to inject the current and read the voltage drop with two different sets of probes. compliance) are related to the ones involved during laser functioning. These parameters are also in within the range of use for MOS applications such as imagers. This measurement step previously described is repeated for each consecutive pads, defined by a specific spacing value from l 1 to l 5 in Fig. 2.12b. In this way, the current-voltage (I-V) characteristics, 5 in total, are extracted. Assuming the contact ohmicity, the resulting graph is shown in Fig. 2.13a. In the presented example, a resistance R i can be extracted from each I-V characteristics (reported in Fig. 

R c = b 2 (2.
3)

The intersection between the R i =f(l i ) curve (Fig. 2.13b) and the x axis is defined as -2.L T6 . As a result,

L T = b 2a (2.4)
The contact resistivity ρ c is defined as:

ρ c = R c L T w coth d L T
(2.5)

Errors

Each ρ c extracted in this work is the average value of 9 TLM measurements performed on 9 different unit dies. The error bars shown in the various charts of the following chapters contain two contributions : (i) the variability over 9 unit dies, specific to each sample, and (ii) the measurement repeatability, specific to the measurement tool. The measurement repeatability has been calculated by performing TLM measurements 9 times on the same die. Each of the 9 extracted ρ c values has been normalized by the average value of the 9 ρ c values (see Fig. 2.

14).

The standard deviation of the series of values has been calculated and normalized as well: it is equal to ± 1.4 %, which suggests that the measurements are highly repeatable. As the TLM test structures are elaborated with photolithograhy (see Fig. 2.2 in subsubsection 2.3.1.1), an additionnal error originating from the photolithography tolerance ± 0.5 µm is included in the measurements. For instance, the theoretical value of l 1 is 20 µm, while its real value is caught between 19.5 and 20.5 µm. This error is more significant for the shortest distances than the larger ones.

Approximations

In this section, the approximations inherent to the TLM measurements are stated.

End resistance, R E

It should be noted that applying a current between two consecutive metallic pads, for instance C 6 and C 5 separated by the distance l 5 in Fig. 2.12b, induces a voltage drop between the pads C 5 and C 4 . The ratio between the observed voltage drop and the applied current is called the end resistance, R E . The importance of R E depends on the following parameters.

• If d ≤ 2L T , the contact is electrically short, which means that the distance over which most of the current is transferred from the semiconductor to the metal or from the metal to the semiconductor is in the same order of magnitude as the contact length and the voltage drop at the edge of the contacts is not negligible. As a result, the calculus of R E is required. As developped by Harrison in 1980, its expression is defined as [START_REF] Harrison | Characterizing metal semiconductor ohmic contacts[END_REF].

R E = ρ c L T .w . 1 sinh(d/L T ) (2.6)
• If d >> 2L T , the contact is electrically long, which means that the distance over which most of the current is transferred from the semiconductor to the metal or from the metal to the semiconductor is much shorter than the contact length and the voltage drop is negligible. Its measurement is not required, as well as the value of R E [START_REF] Schroder | Semiconductor Material and Device characterization[END_REF].

Crowding effect

The crowding effect defines the tendency of the current to flow non-homogeneously. It is all the more evidenced in the case of thin films contacts [START_REF] Zhang | Analysis of current crowding in thin filmcontacts from exact field solution[END_REF]. In order to take into account the impact of the crowding effect on the contact resistivity, a study lead by Yu et al. suggest to replace in Equation 2.5, d by d -L T and l i by l i + L T [START_REF] Yu | A simplified method for (circular) transmission line model simulation and ultralow contact resistivity extraction[END_REF].

Barrier height calculus (non-ohmic contacts)

The example developped in 2.3.1.1 deals with an ohmic contact. In this subsection, the nonohmic case is discussed.

The I-V extraction of such contact is presented in Fig. 2.15a. The displayed curves are nonlinear, which means that the resistance between the contact pads varies as a function of the applied voltage. As a result, the TLM method cannot be properly applied. It is nonetheless of great interest and possible to estimate the barrier height (Φ B in meV) of such a contact. In the following, the I-V curve extracted between C 1 and C 2 (l 1 ) is used. Its trend can be fitted by the I-V curve of a diode (see Equation 2.7). 

I = I 0 .(exp( qV nkT ) -1) (2.7)
With n the ideality factor and I 0 the saturation current. The expression of I 0 is given by Equation 2.8.

I 0 = A.A * .T 2 .exp(- qΦ B kT ) (2.8)
With A the contact area, A * the Richardson constant, k the Boltzmann constant and T the temperature. From Equation 2.7,

I + I 0 I 0 = exp( qV nkT ) -1 (2.9) ln(I + I 0 ) -ln(I 0 ) = qV nkT (2.10) dV dln(I) ln(i)-→0 = nkT q (2.11)
The typical V = ln(I) characteristics of a non-ohmic contact is presented in Fig. 2.15b in plain line, while the tangent to the curve when ln(i) -→ 0 is presented in dotted lines. The intersection of the dotted line with the abscissa axis is therefore equal to ln(I 0 ). Thanks to Equation 2.8 one can determine the value of Φ B , which is as follow:

Φ B = kT q ln( A.A * T 2 I 0 ) (2.12)
In this study, in the case of a non-ohmic contact, the contact barrier height is calculated and discussed as a way to give further informations regarding the contact beyond its nature (nonohmic).

Study of integration impact and long-term thermal stress

The TLM method described in 2.3.1.1 in the case of ohmic contacts, and the Φ B extraction in 2.3.2 in the case of a non-ohmic contact allow to gather first clues regarding the electrical properties of a contact in the as-deposited state of after a RTA. Such first step is of major importance, however it does not give information regarding the behavior of the contact between the time the contact metal is deposited onto the III-V layer and the time the device is fully fabricated.

It is indeed of utmost importance to specify the impact of (i) the W-plug filling occurring during the contact laser fabrication (see Fig. 1.7 in Chapter 1) and which is thermally equivalent to a 400 ℃ -180 s annealing 7 , and (ii) the Back-End-Of-Line (BEOL) steps occurring last in the device fabrication, which is thermally equivalent to a 400 ℃ -30 min annealing. In addition, it would be of great interest to evaluate how a contact behaves after long-term thermal stress in terms of electrical and physical characteristics. Such additional information would allow to give first clues regarding the contact reliability. Similar information regarding the properties of CMOS-compatible contacts for laser device throughout integration steps and long-term thermal stress has not yet been referenced in the literature. In this way, in the scope of developing reliable CMOS-compatible contacts for III-V/silicon hybrid lasers using 300 mm platform, the eligibility of such contacts has been investigated by evaluating the impact of W-plug filling, BEOL and long-term thermal stress (see Fig. • As presented in Fig. 2.16, the annealed contacts (RTA) undergo a first set of electrical measurements, and various physical characterizations such as AFM (2.2.1), XRD (2.2.2), TEM 2.2.3, SEM (2.2.4), or EDX(2.2.5)).

• The second step consists in performing, still on the same samples, two consecutive annealing processes, the first one emulating the thermal budget involved during the W-plug filling, with a temperature of 450 ℃ for 180 s (1.3.2), and the second one expected to reproduce the thermal budget involved during the BEOL, with a temperature of 400 ℃ for 30 min (middle rectangle in Fig. 2.16). This double step is referred as annealing 1, and is followed by a second set of electrical measurements and/or physical characterizations.

• The third and last step aims at estimating the impact of long-term thermal stress in order to roughly estimate the impact of several uses of the laser over the contact properties (right rectangle in Fig. 2.16). To do so, an annealing of 100 ℃ during 1 week is performed, still on the same samples. This step is referred as annealing 2 and is followed by a third and final set of electrical measurements and/or physical characterizations.

Conclusion

In this section, the methodology followed to properly characterize the metal/III-V contacts in the scope of this PhD thesis has been detailed. The physical and electrical analyses performed on the test structures are in this way operated at two levels (i) first, to gather information regarding the evolution of the systems, from the as-deposited state to higher RTA temperatures, and (ii) secondly to anticipate the extrapolated physical and electrical properties of the laser contacts. The described approach therefore gives information regarding the electrical and physical properties of the contacts at each steps of the laser processing and integration.

Chapter 3

Nickel-based intermetallic contacts

As previously stated, the integration of III-V/Si hybrid lasers on a 300 mm platform for photonic applications requires the development of dedicated CMOS-compatible contacts, for which nickelbased intermetallic are promising candidates. In this regard, this chapter details the properties of three Ni-based metallization, namely Ni, Ni 0.9 Pt 0.1 and Ni 2 P, on both n-InP and p-In 0.53 Ga 0.47 As layers.

Nickel as a III-V contact metal

3.1.1 TiN/Ni/InP system: focus on the impact of preclean (Argon vs. Helium)

As detailed in the previous chapter (see section 2.1.1), one of the paths to improve the contact properties lies in the surface preparation performed on the III-V doped layer before metallization.

The state interface between the deposited metal and the InP layer has indeed a significant impact on the yield of functioning contacts with suitable electrical performances [START_REF] Ghegin | Phase formation in the Ni/n-InP contacts for heterogeneous III-V/Silicon photonic integration[END_REF]. In this regard, native oxides on III-V surfaces such as InP are known to usually impede the solid-state reactions between the metal and the semiconductor, hence jeopardizing the electrical properties of the contact [START_REF] Ghegin | CMOS-compatible contacts to n-InP[END_REF]. InP native oxides and organic particles are usually removed using wet-cleaning such as HCl [START_REF] Kikuchi | Chemically treated InP (100) surfaces in aqueous HCl solutions[END_REF] or HF [START_REF] Kikuchi | Chemically cleaned InP (100) surfaces in aqueous HF solutions[END_REF] for instance, both of these wet treatments being effective to remove the native oxides. The latter tend however to quickly regrow on the InP surface after the wetcleaning and before metal deposition, which is why studies on in-situ dry-preclean have been initiated [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].

This section presents and compares the impact of in-situ preclean based on Argon (Ar) or Helium (He) plasma, on the InP surface integrity prior to Ni deposition. As detailed in this section, the preclean are not only defined by different plasma species, but also by different settings (plasma pressure, flow). The resulting surface morphology, element distribution, phase formation sequence and electrical properties of the TiN/Ni/InP system are detailed using morphological, structural, and electrical characterization methods. It has been demonstrated using a 200 mm platform [START_REF] Ghegin | Phase formation in the Ni/n-InP contacts for heterogeneous III-V/Silicon photonic integration[END_REF] that Ar preclean on InP prior to the metal deposition induces a modification of the substrate surface by altering the In-P bonds, leading to an In-rich and P-depleted InP top surface. Challenges are hence great to elaborate Ni/InP contacts using a 300 mm CMOScompatible platform for future silicon photonic applications. Typical roughness for these surfaces state are ranging between 0.2 and 1 nm, mostly free of dots. This hence suggests that He preclean has a moderated impact on the morphology of InP surface. On the contrary, the InP surface precleaned with Ar (Fig. 3.1c) has exhibited a higher roughness, reaching 3.5 nm (usually between 3 and 6 nm with Ar preclean). In addition, the surface of the sample precleaned with Ar contains numerous systematic dots, and has exhibited a morphology highly different from the InP reference (Fig. First and foremost, the Ar-precleaned sample (Fig. 3.3a, Fig. 3.3c and Fig. 3.3e) has exhibited the signs of the previously discussed high surface roughness. A waved surface is indeed observed between the unreacted Ni and the InP substrate. As evidenced in Fig. 3.3c and Fig. 3.3e, the waved interface is due to In accumulation which corresponds to the dots observed by AFM characterizations in Fig. 3.1. In addition, it has previously been demonstrated thanks to AFM characterizations (Fig. 3.2) that the Ni and TiN depositions have followed the shape of the substrate without strong alteration. It has therefore been confirmed through TEM images and EDX mapping that the Ar-precleaned surface is rough, due to the presence of In dots.

The He-precleaned sample (Fig. 3.3b, Fig. 3.3d and Fig. 3.3f) has presented a smoother InP top-surface, as well as a brighter layer under the unreacted Ni (see EDX mappings in Fig. 3.3d and Fig. 3.3f). Such layer is composed of Ni, In and P. The presence of this intermixing layer indicates that the Ni diffusion has occured right after its deposition on the InP substrate, which is consistent with the work led by Ghegin et al. in which an (amorphous) intermixing Ni-In-P layer has been identified as well [START_REF] Ghegin | Phase formation in the Ni/n-InP contacts for heterogeneous III-V/Silicon photonic integration[END_REF]. Contrary to the He-precleaned sample, the presence of the intermixing layer has not been clearly evidenced in the Ar-precleaned sample, which suggests that the In dots existing on the Ar-precleaned InP top-surface have hindered or limited the intermixing layer formation at this stage of the reaction.

In order to investigate the composition of the intermixing layer, EDX characterizations have been performed on the TiN/Ni/InP system precleaned with either Ar or He plasma (see Fig. 3.4a and Fig. 3.4b respectively). In the Ar-precleaned sample (Fig. 3.4a), the In profile has presented a bump in its curve at the Ni/InP interface, between the ∼31 and ∼33 nm positions, which most likely corresponds to the In dots existing on the InP top-surface. In the He-precleaned sample however, no equivalent In bump has been observed, which is consistent with the previous observations. The Ni curve has nonetheless exhibited a change of slope between the ∼59 and ∼64 nm positions, which further confirms to the presence of an intermixing layer composed of In, Ni and P, previously identified in the TEM images in Fig. 3.3d and Fig. 3.3f. Its width is approximately 5 nm-thick.

Thanks to the EDX profiles in Fig. 3.4, it has hence been confirmed that the presence of In dots on the Ar-precleaned InP top-surface has hindered the formation of the Ni-In-P intermixing layer. The origin of the In dots has been discussed in a previous study led by Rodriguez et al. and Ghegin et al., which has not only corroborated that these dots are composed of indium, but that they are formed by the preclean itself [START_REF] Ghegin | Phase formation in the Ni/n-InP contacts for heterogeneous III-V/Silicon photonic integration[END_REF][START_REF] Ph | Cleaning of InGaAs and InP layers for nanoelectronics and photonics contact technology applications[END_REF]. During the preclean, the elements striking the surface deplete the InP top-surface from its most volatile element, i.e. phosphorus in this particular case, hence generating an In-rich top-surface [START_REF] Roels | Biological formation of volatile phosphorus compounds[END_REF]. Consequently, as the formation of In-In bounds is more favorable than the formation of In-P bounds in terms of diatomic energy (197.9 ± 8.4 kJ.mol -1 vs. 100 ± 8 kJ.mol -1 ), this explains the presence of In on the InP top surface induce by P-depletion [START_REF] Kerr | CRC Handbook of Chemistry and Physics : A Ready-Reference Book of Chemical and Physical Data[END_REF].

In this section, it has been demonstrated that an Ar-preclean on InP surface has generated damage on the latter by inducing a high accumulation of In dots on the top-surface, and an elevated roughness (between 3 and 6 nm). On the contrary, He preclean has generated a significantly lower roughness (≤ 1 nm). An intermixing layer composed of In, P and Ni has been observed right after Ni deposition on He-precleaned surfaces, which has not been the case on the Ar-precleaned surface, due to the In accumulation hindering the formation of the latter. In the following section (3.1.1.3), the morphology of annealed samples and the solid-state reaction of the TiN/Ni/InP system are discussed. The EDX profiles of the He-precleaned samples after a 350 ℃ RTA and after a 450 ℃ RTA are presented in Fig. 3.7a and Fig. 3.7b respectively. In this case, the In accumulation is not clearly evidenced, which is consistent with previously discussed characterizations (AFM in Fig. 3.1b and Fig. 3.1d, and EDX in Fig. 3.3d, Fig. 3.3f and Fig. 3.4b). Similarly to the Ar-precleaned samples, there is also a reaction between the Ni-based layer and the InP substrate. As the RTA temperature is increased from 350 to 450 ℃, the width of the reacted layer has grown as well, from ∼25 to ∼40 nm. In this way, for a given thermal budget applied to the sample (either a 350 ℃ RTA or a 450 ℃ RTA), the width of the reacted layer is overall the same regardless of the nature of the preclean, which means that the thermal energy brought to the system is high enough to overcome the previously discussed In-induced Ni-hindered diffusion generated by the In accumulation. In the case of He preclean (respectively Ar preclean), from the as-deposited state up to a 300 ℃ RTA included, the roughness has remained overall constant and below 1 nm (respectively below 2 nm). For each preclean type, the roughness has therefore remained unchanged over this temperature range. The roughness values of the Ar-precleaned samples are however twice as large as the roughness values of the He-precleaned samples, which is attributed to the high concentration of In dots on Ar-precleaned surfaces. The difference of surface roughness induced by the difference of preclean has therefore also had an impact at higher thermal budgets. With He preclean (respectively Ar preclean), after a 450 ℃ RTA, the roughness has increased significantly, reaching 3.3 nm (resp. 11.5 nm). This increase is due to the reacted layer becoming agglomerated (see TEM images in Fig. 3.9a and Fig. 3.9b respectively). The higher increase of roughness in the case of Ar-precleaned surfaces may come from either the In dots agglomerating, which could explain the highly degraded state surface after a 450 ℃ RTA (not clearly evidenced in Fig. 3.9), or an amplification of the agglomeration phenomenon. ). This is in agreement with several studies led on the Ar-precleaned Ni/InP system [START_REF] Sands | Ni-InP reaction: Formation of amorphous and crystalline ternary phases[END_REF][START_REF] Ghegin | Phase formation in the Ni/n-InP contacts for heterogeneous III-V/Silicon photonic integration[END_REF][START_REF] Yamaguchi | Near-noble transition-metal-based ohmic contacts to p-InP: Comparison of Ni and Pd as a base metal[END_REF]. In this section, it has been found that with He and Ar-precleaned systems, the In phase is observed in the as-deposited state and after each investigated thermal budget (for instance 2θ = 32.9°, 2θ = 56.5°). This observation is however in disagreement with Yamaguchi et al. In the case of He-precleaned surface, the presence of the crystallized In phase may be explained by the fact that even though this preclean is less damaging for the InP surface, it is still strong enough to slightly deplete the InP surface of phosphorus, therefore generating an In-rich surface.

The absence of In in the EDX profiles of the He-precleaned samples might be explained by the difference of analyzed areas. Indeed, the area of material analyzed during EDX characterization (a few hundreds of nm-long and ∼100 nm-wide) is very small compared to the analyzed area during IPRSM analyses (∼1 cm 2 ). have not identified the Ni 3 P phase [START_REF] Yamaguchi | Near-noble transition-metal-based ohmic contacts to p-InP: Comparison of Ni and Pd as a base metal[END_REF]. The divergences between the observed phases in this section and the literature can be attributed to difference in the employed characterization techniques. Intermetallics in general are indeed submitted to texture effects [START_REF] Detavernier | An off-normal fibre-like texture in thin films on single-crystal substrates[END_REF][START_REF] Detavernier | Texture in thin films[END_REF], and conventional θ/2θ techniques do not allow for a complete identification of each texture. IPRSM is however less subjected to texture effect, therefore the analysis is expected to be more accurate. Aside from the formation temperature of the Ni-In-P intermixing amorphous layer, there is no difference between the phase formation sequence of the TiN/Ni/InP system obtained with either Ar or He preclean. The analysis of IPRSM patterns have however exhibited a few differences regarding the orientations of several phases. For instance, in the Ar-precleaned system (see Fig. 3.10a), the (2 2 2) plane of the Ni 3 P (50.6 • ) phase is identified, while it has not been the case in the He-precleaned system (see Fig. 3.10b). It can also be mentioned that in the He-precleaned system, the (0 2 1) plane of the Ni 2 P phase (44.7 • ) is identified, while it has not been in the Ar-precleaned system. Other differences of orientation might be highlighted. The overall phase sequence nevertheless however remains the same, regardless of the preclean (see Fig. 3.11). In the case of the Ar-precleaned contacts, after each investigated thermal budget the currentvoltage characteristics have exhibited a curved trend, revealing a non-ohmic behavior from the as-deposited state (current-voltage curves not shown here) up to 450 ℃ included. The nonohmicity of Au/Pt/Ti/TiN/Ni/InP Ar-precleaned contact could very likely be attributed to the Ar preclean itself, which has strongly degraded the InP surface (high roughness and damaged morphology).

In the case of the He-precleaned contact, linear current-voltage characteristics have been extracted, from the as-deposited state (current-voltage curves not shown here) to after a 350 ℃ RTA included (see Fig. Between the as-deposited state and up to 350 ℃ included, the contact resistivity values have ranged from 1.9 to 2.0 × 10 -5 Ω.cm 2 , which is an overall narrow range of values. The previously discussed phase formation sequence has however demonstrated that over this same temperature range, the phases in presence have evolved (see Fig. ) after 400 ℃ a contact resistivity of 3 × 10 -6 Ω.cm 2 [START_REF] Appelbaum | Sputtered Ni-P as an ohmic contact to n-InP, p-InGaAs and as a diffusion barrier[END_REF]. A summary of the different electrical results from the literature is presented in Table 3.1. After a 450 ℃ RTA, the contact layer is indeed discontinuous (see Fig. 3.9b), and shows the agglomeration of the crystallized layer. The morphology is therefore not electrically favorable, which explains the non-ohmic behavior of the contact. In this study, the overall difference of electrical behavior between Ar and He-precleaned contacts is related to the previously discussed surface morphology differences. These results highlight the importance of the impact of surface morphology and roughness over the electrical properties of the contact.

Ghegin et al. have performed the study of the electrical properties of the system using Ar preclean with 200 mm deposition equipment [START_REF] Ghegin | CMOS-compatible contacts to n-InP[END_REF]. TLM measurements have been performed on the same mask as the one used in the present study (see patterns in Fig. 2.12, section 2.3.1.1). Interestingly, in the as-deposited state and up to 350 ℃ included, the contact had exhibited an ohmic behavior, with extracted contact resistivity values of 5.9 × 10 -5 , 2.3 × 10 -5 and 2.6 × 10 -5 Ω.cm 2 respectively, where a non-ohmic behavior has been reported in the present work. In order to investigate the reason for such difference in the electrical properties, the preclean equipment parameters have been examined (see Table 3.2). • The 300 mm chamber volume is superior to the 200 mm chamber volume. According to basic thermodynamic considerations, if the volume chamber increases, the pressure of the gas decreases. In this way, according to state diagrams, as the pressure of the gas decreases, the sublimation temperature of the gas would decrease as well. As a result, the energy of the particles constituting the plasma may increase. In other words, as the volume of the chamber is higher, one could argue that the kinetic energy of the Ar particles striking the surface would increase.

• Secondly, as the parameters have been thoroughly optimized, and it has resulted that P 300 < P 200 (see Table 3.2). As previously discussed, according to state diagrams, as the pressure of the gas decreases, the sublimation temperature of the gas would decrease as well. In this way, as the pressure of the gas decreases, the kinetic energy of the Ar particles striking the surface might increase.

As a result, the fact that V 300 > V 200 and that P 300 < P 200 could explain why Ar-precleaned contacts obtained with 300 mm preclean equipment are more damaged than Ar-precleaned contacts obtained with 200 mm preclean equipment. Such damage has resulted in a damaged In-rich morphology of the contact which has induced poor electrical properties.

The morphological and structural properties of the TiN/Ni/InP system as well as the electrical properties of the Au/Pt/Ti/TiN/Ni/n-InP contact have been discussed. The impact of the nature of the preclean (Argon vs. Helium) prior to Ni deposition over surface roughness, surface morphology, element distribution and phase formation sequence have been investigated. The results have shown that the Ar preclean has significantly damaged the InP surface by generating a high roughness and creating indium dots on the InP top-surface, while He preclean seems to have induced lighter damages and no In dots. Although the phase sequence of the TiN/Ni/InP system is overall the same regardless of the preclean used, the electrical properties of the contact have strongly differed. On one hand, Ar-precleaned contacts have exhibited a non-ohmic behavior for each investigated thermal budget, on the other hand He-precleaned contacts have featured an ohmic behavior from the as-deposited state and up to 350 ℃ included, and have become non-ohmic after a 400 ℃ RTA and above. The electrical properties of the contacts have hence suggested that the difference of electrical behavior between the Ar and He-precleaned TiN/Ni/n-InP contacts is mainly due to the differences in the state surface and layer morphology.

Impact of emulated integration and long-term thermal stress

Electrical properties

The study of the impact of the emulation of the thermal budget brought by W-plug filling, BEOL and long-term thermal stress (approach described in section 2.3.3) has been performed on the Au/Pt/Ti/TiN/Ni/n-InP system, precleaned with either Ar or He. The current-voltage characteristics are presented in Fig. 3.14 and Fig. 3.15 respectively. The current-voltage characteristics extracted from the TLM measurements on the Ar-precleaned Au/Pt/Ti/TiN/Ni/n-InP system after various RTA followed by either subsequent Annealing 1 (see Fig. 3.14a, Fig. 3.14c and Fig. 3.14e), or subsequent Annealing 1 and Annealing 2 (see Fig. 3.14b, Fig. 3.14d and Fig. 3.14f) are highly curved, evidence of non-ohmic contacts. This means that throughout W-plug filling, BEOL and long-term thermal stress, the contact is expected to remain non-ohmic.

In the He-precleaned InP samples, the electrical measurements have shown a similar trend. The current-voltage characteristics extracted after each RTA followed by either subsequent Annealing 1 (see Fig. 3.15a, Fig. 3.15c and Fig. 3.15e), or subsequent Annealing 1 and Annealing 2 (see Fig. 3.15b, Fig. 3.15d and Fig. 3.15f) are also highly curved, evidence of non-ohmic contacts. The contact is in this case as well, throughout W-plug filling, BEOL and long-term thermal stress, and more generally, above 400 ℃, expected to be non-ohmic. As a result, the extracted electrical properties of the Au/Pt/Ti/TiN/Ni/n-InP contact have indicated that regardless of the preclean, the latter is not suitable for n-contact integration for III-V devices on Silicon.

Layer morphology and element distribution

The The TiN/Ni/InP system elaborated with 300 mm deposition equipment has presented highly non-suitable electrical properties, as it is only ohmic up to 350 ℃ included, which is below the temperatures involved during W-plug filling and BEOL (450 ℃ and 400 ℃). Naturally, the electrical properties of the system have been severely altered after the emulation of Annealing 1 and Annealing 2, as the contact has become non ohmic at these stages. From a morphological standpoint, the TiN/Ni/InP system has demonstrated a tendency to layer agglomeration, bound to occur during W-plug filling and/or BEOL, which would compromise the integrity of the contact. As a result, Ni is non-suitable, and therefore cannot be integrated in the scope of n-contact integration. It should however be mentioned that Ni has previously been successfully integrated on III-V/Si hybrid lasers onto a 200 mm platform by Szelag et al. [START_REF] Szelag | Hybrid III-V/Si DFB laser integration on a 220 mm fully CMOS-compatible silicon photonics platform[END_REF].

3.1.2 TiN/Ni/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system

As detailed in chapter 1 (section 1.3.2.1), one-step contact integration scheme would offer the possibility to minimize the number of steps. As a result, the use of a unique preclean has been envisioned. In section 3.1. [START_REF] Ghegin | Integration of innovative ohmic contacts for heterogeneous III-V/Silicon photonic devices[END_REF][START_REF] Zhiou | Reaction of Ni film with In 0.53 Ga 0.47 As: Phase formation and texture[END_REF]. In this way, it has been pointed out that for the sake of preventing the degradation of the system, the annealing temperature should not exceed 450 ℃ [66]. In the as-deposited state, a non-ohmic behavior has been observed, as shown by the currentvoltage characteristics in Fig. 3.19a. This is in disagreement with the work led by Ghegin et al. [START_REF] Ghegin | Integration of innovative ohmic contacts for heterogeneous III-V/Silicon photonic devices[END_REF] in which a contact resistivity of 7.5 × 10 -6 Ω.cm 2 had been extracted. After a 250 ℃, the contact has however exhibited an ohmic behavior, as shown by the current-voltage characteristics in Fig. 3.19b. The extracted contact resistivity has reached 1.1 × 10 -5 Ω.cm 2 (< ρ c,p lim ). After a 300 ℃ RTA, the contact resistivity has decreased, reaching 3.9 × 10 -6 Ω.cm 2 . In the 350 -500 ℃ RTA range, the contact resistivity has remained overall constant, between 3. In this way, one could be able to determine if the stabilized electrical properties obtained in this study are morphology-related of structurally-related.

Impact of emulated integration and long-term thermal stress

Electrical properties

Fig. 3.20 presents the electrical properties of the TiN/Ni/p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system after various RTA, after various RTA followed by Annealing 1 emulating the impact of the W-plug filling and BEOL, and after various RTA followed by Annealing 1 and Annealing 2 emulating long-term thermal stress. In this way, the previously as-deposited sample followed by subsequent Annealing 1 and Annealing 2, as well as the sample previously annealed at 400 ℃ RTA, followed by subsequent Annealing 1 and Annealing 2 have been selected to monitor the evolution of the layer morphology. Fig. 3.21a and Fig. 3.21b present their respective TEM images. In both TEM images, the electrode stack is well-defined, with flat and continuous interfaces (see Fig. 

3.1.2.4

The TiN/Ni/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system: conclusions

At 300 ℃ and above, the TiN/Ni/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system has presented promising and overall stable electrical properties, with a contact resistivity below ρ c, p lim . Both the electrical properties and the layer morphology are maintained after the emulation of W-plug filling, BEOL and long-term thermal stress. In this way, the TiN/Ni/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system with He preclean is in accordance with the contact requirements (see section 1.3.2.2), and Ni is suitable for p-contact integration.

Nickel as a III-V contact metal: conclusions

In this section, Ni has been investigated as a III-V contact metal in the scope of one-step contact integration on both n-InP and p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As layers. In this regard, the TiN/Ni/InP and TiN/Ni/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As systems have been studied.

The TiN/Ni/InP system has presented both electrical and morphological issues. Even with the most promising preclean (Helium), the contact ohmicity is maintained up to 350 ℃ only.

In this way, with no surprise, the emulation of W-plug filling, BEOL and long-term thermal stress has led to a non-ohmic behavior. In addition, the poor morphological properties of the system obtained after Annealing 1 and Annealing 2 has announced worrying limits in terms of thermal stability, and makes the TiN/Ni/InP system highly unsuitable for n-contact integration. Regarding the p-contact integration, the TiN/Ni/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system has demonstrated promising electrical results, with reasonable changes throughout W-plug filling, BEOL and longterm thermal stress. The layer morphology and element distribution have in addition appeared stable, even though Ni has previously been successfully integrated on III-V/Si hybrid lasers onto a 200 mm platform by Szelag et al. [START_REF] Szelag | Hybrid III-V/Si DFB laser integration on a 220 mm fully CMOS-compatible silicon photonics platform[END_REF].

In the scope of this work, Ni is a suitable solution for p-contact integration in 300 mm, and could be envisioned in the scope of sequential contact integration with a different metal on the p-contact.

Impact of Pt alloying of Ni thin films on InP

In the scope of preventing stability issues in the Ni/Si system, it has been described in a have also reported that the addition of alloying elements such as Pt can significanlty affect the formation and morphological stability of nickel silicide, as it delays the layer agglomeration [START_REF] Detavernier | Influence of alloying elements on the formation and stability of NiSi[END_REF]. The Pt-induced improvements have also been reported on Ge-based susbtrates, in which the incorporation of Pt has induced a temperature delay of the layer agglomeration and penetration of germanide, and a stabilization of the surface roughness (in this case Pt at. % = 1) [START_REF] Zhang | Improvement of thermal stability of Ni germanide using a Ni -Pt (1%) alloy on Ge-on-Si substrate for nanoscale Ge MOSFETs[END_REF].

It is also the case on GeSn with an atomic percentage of Ni to Pt equal to 3, Pt-incorporated contacts have exhibited an enhanced thermal stability in a wide range of formation temperatures and superior morphological stability compared to Pt-free contacts (pure Ni) [START_REF] Wang | Thermally stable multiphase nickel-platinum stanogermanide contacts for germanium-Tin channel MOSFETs[END_REF]. Last but not least, still on GeSn (Pt at. % = 10), Quintero et al. have evidenced the role of Pt in the delay of Ni(GeSn) phase agglomeration [START_REF] Quintero | Impact of Pt on the phase formation sequence, morphology, and electrical properties of Ni(Pt)/Ge 0.9 Sn 0.1 system during solidstate reaction[END_REF]. On III-V materials, plain Pt layers have been used as barrier to the diffusion of other elements towards the substrate [START_REF] Katz | Au/Pt/Ti contacts to p-In 0[END_REF][START_REF] Katz | Pt/Ti/n-InP nonalloyed ohmic contacts formed by rapid thermal processing[END_REF].

In an attempt to mirror the improvements induced by the Pt-alloying of Ni thin films on various substrates, the solid-state reaction and layer morphology of the TiN/Ni 0.9 Pt 0.1 /InP system have been investigated, and compared to the reference Pt-free TiN/Ni/InP system [START_REF] Boyer | Integration of the Ni/InP system on a 300 mm platform for III-V/Si hybrid lasers[END_REF] described in section 3.1.1. The mechanisms of Pt-diffusion and solubility in the TiN/Ni 0.9 Pt 0.1 /InP system are detailed as well.

3.1.4.1 Solid-state reactions of the TiN/Ni 0.9 Pt 0.1 /InP system IPRSM characterizations have been performed on the TiN/Ni 0.9 Pt 0.1 /InP system in the asdeposited state and after various RTA, they are presented in Fig. 3.23.

In the as-deposited state, unconsumed Ni 0.9 Pt 0.1 has been identified, as well as the TiN, InP and In crystallized phases. According to the IPRSM patterns identification, strictly below 300 ℃ there is no peak related to any crystallized Ni-based phases other than the ones matching the Ni 0.9 Pt 0.1 phase. The diffraction peaks related to the remaining unreacted Ni 0.9 Pt 0.1 phase are indeed detected up to 250 ℃ included. It should be highlighted that in the Pt-free Ni/InP reference system, the diffraction peaks related to the remaining unreacted Ni phase have been detected up to 200 ℃ (see Fig. In the TiN/Ni 0.9 Pt 0.1 /InP system, the diffraction peak observed in the IPRSM patterns (see Fig. In the Pt-free TiN/Ni/InP system in the as-deposited state, an intermixing layer composed of Ni, In and P has been observed at the interface between the InP substrate and the Ni layer (see Fig. 3.25 and Fig. 3.4b, section 3.1.1.2). In this way, the presence of Pt seems to have prevented the formation of the Ni-In-P intermixing layer.

The EDX profile and the EDX mappings of the TiN/Ni 0.9 Pt 0.1 /InP system after a 250 ℃ RTA are presented in Fig. 3.26a and Fig. 3.26b respectively. Between the ∼46 and ∼51 nm positions, there is a ∼4 nm-thick layer composed exclusively of segregated In and Pt at the Ni-In-P/Ni 0.9 Pt 0.1 interface. The thickness and composition of this Pt-In layer is shown in both the EDX mappings and the EDX profiles (see Fig. 3.26a and Fig. 3.26b respectively). According to the previously investigated IPRSM patterns, at this temperature there is no peak related to such layer, which means that the 4 nm-thick Pt-In layer is amorphous. A Ni-In-P intermixing amorphous layer, not observed in the as-deposited state, is evidenced after a 250 ℃ RTA, with a thickness of ∼18 nm (value extracted from the EDX profile in Fig. 3.26a). In the Pt-free TiN/Ni/InP system, the Ni-In-P intermixing amorphous layer has reached a thickness of 23 nm [START_REF] Boyer | Integration of the Ni/InP system on a 300 mm platform for III-V/Si hybrid lasers[END_REF] after a 250 ℃ RTA, while only 10 nm of pure Ni had been originally deposited. Such difference has revealed a delay in the intermixing layer growth, induced by the presence of the Pt-In-based layer, which acts as a permeable barrier to the Ni-diffusion. This implies that Ni, which has been proven to be the main diffusing species in Si [START_REF] Mangelinck | Effect of Co, Pt and Au additions on the stability and epitaxy of NiSi 2 films on (111)Si[END_REF][START_REF] Mangelinck | Kinetics of a transient silicide during the reaction of Ni thin film with (100)[END_REF], Ge 0.9 Sn 0.1 [START_REF] Quintero | Impact of Pt on the phase formation sequence, morphology, and electrical properties of Ni(Pt)/Ge 0.9 Sn 0.1 system during solidstate reaction[END_REF] and InP [START_REF] Boyer | Integration of the Ni/InP system on a 300 mm platform for III-V/Si hybrid lasers[END_REF], sees its diffusion partially slowed-down by the Pt-In layer at this stage of the reaction (250 ℃ RTA). In this section, the distribution of Pt in the TiN/Ni 0.9 Pt 0.1 /InP system deduced from the previously discussed characterizations at each stage of the reaction is detailed and compared to various studies. To that end, the Fig. 3.32 represents the EDX profiles of Pt in the TiN/Ni 0.9 Pt 0.1 /InP system from the as-deposited state and after various RTA. [START_REF] Demeulemeester | The influence of Pt redistribution on Ni 1-x Pt x Si growth properties[END_REF]. This shows that the presence of Pt has slowed down the Ni 2 Si growth kinetics at the initial Si interface. In this way, in the TiN/Ni 0.9 Pt 0.1 /InP system, in addition to the larger Pt atomic radius (vs. Ni atomic radius) partially slowing down the Ni diffusion, after a 250 ℃ RTA the presence of the ∼4 nm-thick Pt-In layer containing segregated Pt is an additional explanation for the previously discussed partially slowed down Ni diffusion, as it has formed a non-impermeable diffusion barrier [START_REF] Katz | Au/Pt/Ti contacts to p-In 0[END_REF][START_REF] Katz | Pt/Ti/n-InP nonalloyed ohmic contacts formed by rapid thermal processing[END_REF] to the Ni supply (which is the Ni 0.9 Pt 0.1 layer) and is therefore very likely to have induced a temperature delay in the consumption of the Ni 0.9 Pt 0.1 layer (vs. pure Ni), as well as impacted the growth of the amorphous intermixing Ni-In-P layer (∼18 nm-thick with Pt vs. ∼23 nm-thick without Pt). This highlights the influence of Pt in the growth kinetics.

As previously detailed, the studies of both the TiN/Ni/InP and TiN/Ni 0.9 Pt 0.1 /InP systems have led to the formation of the same Ni-based crystallized phases (Ni 2 P, Ni 3 P and Ni 2 InP) over the same temperature range. The presence of Pt in the system has hence not induced a significant temperature delay in the formation of the crystallized phases, despite the fact that, as previously discussed, Pt has an impact on the Ni diffusion. In this regard, as these three Nibased crystallized phases are formed regardless of the presence of Pt, it is likely that with a RTA temperature reaching 300 ℃, the previously discussed Ni diffusion towards the InP substrate partially slowed down by Pt has been overtaken by the thermal energy brought to the system, allowing Ni to freely diffuse and fully take part in the solid-state reaction. This is corroborated by a work led by Zhang et al. on pure Ni vs. NiPt (Pt at. % =1) on Ge, in which the observed phase formation and related peaks are reported to be almost the same [START_REF] Zhang | Improvement of thermal stability of Ni germanide using a Ni -Pt (1%) alloy on Ge-on-Si substrate for nanoscale Ge MOSFETs[END_REF]. It has also been reported by Quintero et al. on GeSn layers that the Pt-alloying of Ni-based metallization has not altered the solid-state reaction, the overall phase sequence being the same with or without Pt [START_REF] Quintero | Impact of alloying elements (Co, Pt) on nickel stanogermanide formation[END_REF]. On Si, Demeulemeester et al. have as well reported that the phase sequence of the Ni(Pt)/Si system has not remarkably deviated from the pure Ni/Si system [START_REF] Demeulemeester | The influence of Pt redistribution on Ni 1-x Pt x Si growth properties[END_REF].

It is also possible that, as the Ni 0.9 Pt 0.1 layer is being consumed, Pt is progressively incorporated into the Pt-In intermixing amorphous layer up to 250 ℃ and within the Pt 3 In 7 crystallized phase at 300 ℃ and above, which frees the Ni originating from the Ni 0.9 Pt 0.1 layer. The Ni then participates to the solid-state reaction, mirroring the behavior of the Pt-free TiN/Ni/InP system. This is corroborated in the EDX profiles of the TiN/Ni 0.9 Pt 0.1 /InP system taken after 250 ℃ (Fig. 3.26), 300 ℃ (Fig. 3.27), 350 ℃ (Fig. 3.28), 450 ℃ (Fig. 3.30) and 500 ℃ (Fig. 3.31) in which the Ni-rich layer, either amorphous or crystallized, is Pt-free.

In the Pt-free TiN/Ni/InP reference system, it has been detailed that the Ni-based layer is continuous up to 350 ℃, and is partially agglomerated after a 450 ℃ RTA [START_REF] Boyer | Integration of the Ni/InP system on a 300 mm platform for III-V/Si hybrid lasers[END_REF]. In the presence of Pt in the system, between 300 ℃ and 350 ℃, Pt is located exclusively in the Pt 3 In 7 phase, either as a continued layer below the TiN capping layer, or as nuclei within the Ni-based layer. After a 450 ℃ RTA, there is no more Pt 3 In 7 -based continued layer below the TiN capping layer, and the reacted layer is bi-phased, with alternating Ni-grains and fully-formed Pt 3 In 7 grains. The layer morphology of the systems with and without Pt-alloying after a 450 ℃ RTA are presented in the TEM images in Fig. 3.33a and Fig. 3.33b respectively. In Fig. 3.33a, the overall reacted layer is continuous, even though the Pt 3 In 7 grains and the Ni-based grains are alternated, which explains the feature of the Pt-distribution in Fig. 3.32. In the Pt-free system (Fig. 3.33b), the Ni-rich grains are agglomerated.

Pt is hence absent from the crystallized Ni-based phases, which is due to its supposedly poor solubility in the Ni-based layers (Pt at. % < 1 according to EDX profiles). The Pt-rejection is confirmed by Hoummada et al. on Si who have reported that (i) the solubility limit of Pt in the Ni 2 Si phase (a Ni-based phase) is equal to 1 % at 573K, and that (ii) in the NiPt (Pt at. % = phases instead [START_REF] Wang | Thermally stable multiphase nickel-platinum stanogermanide contacts for germanium-Tin channel MOSFETs[END_REF], which strengthens the notions that (i) in the TiN/Ni 0.9 Pt 0.1 /InP system, Pt has a low solubility in the Ni-based formed phases, and that (ii) if the thermal budget is high enough (at least 300 ℃ in this study), as Pt is incorporated elsewhere, Ni tends to act as if the system had been Pt-free. This is in agreement with Anres et al. who have investigated the enthalpies of formation of the Pt-In compounds [START_REF] Anres | The Pt In system: Enthalpies of formation of liquid and solid alloys[END_REF]. It has been detailed in their work through multiple calorimetry measurements, modelling and extrapolation, that the determination of the enthalpy of formation of a given Pt-In compound, referred as H, can be estimated as a function of the Pt molar fraction x P t using the following equation [START_REF] Anres | The Pt In system: Enthalpies of formation of liquid and solid alloys[END_REF]: In this way, with x P t = 0.3 (which corresponds to the Pt 3 In 7 phase), the enthalpy of formation is equal to -37.0 ± 3 kJ.mol -1 . The enthalpy being negative, the reaction is exothermic which highlights the easiness of this phase formation as opposed to incorporating Pt into the Ni-based phases. It hence appears that the non-solubility of Pt in the Ni-based compound as well as its slow diffusion and segregation have paved the way to the formation of this Pt-In compound. This explains why the Pt 3 In 7 phase, which has also been observed in a previous work led by Persson et al. investigating the Pt/InP system [START_REF] Persson | Interfacial reaction studies of Cr, Ni, Ti, and Pt metallization on InP[END_REF], has been observed in the TiN/Ni 0.9 Pt 0.1 /InP system while only 10 at. % of Pt is originally present.

H(kJ.mol -1 ) = x P t (
As previously discussed, after a 500 ℃ RTA, the TiN/Ni 0.9 Pt 0.1 /InP system has exhibited an agglomerated layer morphology (see Fig. 3.31a). At this stage of the reaction, the center of the grain is composed of the crystallized Ni-based phases (Ni 2 P, Ni 3 P and Ni 2 InP), and the edges of the grain are composed of the Pt 3 In 7 crystallized phase. Such grains are located between areas defined by a direct contact between the InP substrate and the TiN capping layer. This observation is corroborated by the work led by Hoummada et al., which has detailed that Pt is likely to reside at the (silicide) grain boundaries and the interfaces (where it can slow down the silicide growth kinetics). Such a morphological state highlights the high level of agglomeration reached after a 500 ℃ RTA, which is delayed compared to the Pt-free system (450 ℃).

The temperature-induced behavior of Pt in the TiN/Ni 0.9 Pt 0.1 /InP system is summarized in Fig. 3.34. As long as there is unreacted Ni 0.9 Pt 0.1 in the system (up to 250 ℃ included), Pt tends to remain mainly within such phase due to its solubility in the latter. This is the case in the as-deposited state for instance. At this stage of the reaction, there is In accumulated on the InP top surface since after the He preclean [START_REF] Boyer | Integration of the Ni/InP system on a 300 mm platform for III-V/Si hybrid lasers[END_REF]. The Pt diffuses slower than Ni, and is defined by a low solubility into Ni-In-P compounds, and therefore does not participate in the formation of the Ni-In-P amorphous intermixing layer after a 250 ℃ RTA. At this stage of the reaction, the Pt is segregated at the Ni 0.9 Pt 0.1 /Ni-In-P interface, where In is present, forming an amorphous Pt-In compound. In this way, both the non-solubility of Pt in the Ni-based compounds, and its slow diffusion and segregation have paved the way to the formation of the Pt-In compound. After a 300 ℃ RTA, the latter has been crystallized into the Pt 3 In 7 phase. It is localized below the TiN capping as a continuous layer, and as nuclei within the Ni-reacted layer, which is also crystallized (Ni 2 P, Ni 3 P and Ni 2 InP). After a 450 ℃ RTA, the reacted layer is bi-phased and composed of alternated Ni-based and Pt 3 In 7 -based grains. After a 500 ℃ RTA, the system is agglomerated. The center of the grain is Ni-based, while the edge of the grain is composed of the Pt 3 In 7 phase.

It could be discussed that the Pt distribution presents similarities with the known snow plow effect, which has been observed for instance by Hoummada et al. [START_REF] Hoummada | Effect of Pt addition on Ni silicide formation at low temperature: Growth, redistribution, and solubility[END_REF] and Wittmer et al. [START_REF] Wittmer | Redistribution of As during Pd 2 Si formation: Ion channeling measurements[END_REF] on Si substrates, and by Quintero et al. on GeSn [START_REF] Quintero | Impact of alloying elements (Co, Pt) on nickel stanogermanide formation[END_REF]. As described in these previous studies, the snow plow effect is defined by the rejection of an alloy element (Pt in this case) occurring during phase growth. As the interface moves (in the as-deposited state the a-Ni-In-P/Ni 0.9 Pt 0.1 interface in this study), the alloy element (which is Pt) is pushed away and is accumulated on the opposite side of the interface. At this stage, the formation of the Pt 3 In 7 occurs, as it is thermodynamically favorable.

3.1.4.4 Electrical properties of the Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /n-InP contact Fig. 3.35 presents the electrical properties of the Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /n-InP contact in the as-deposited state and after various RTA. From the as-deposited state up to 400 ℃ included, the contact has exhibited an ohmic behavior (see the current-voltage characteristics extracted after a 400 ℃ RTA in Fig. 3.36a). The contact resistivity are distributed within a close range of values, namely between 5.1 and 8.2 × 10 -5 Ω.cm 2 between the as-deposited state and up to 400 ℃, which is in close proximity with ρ c,n lim . After a 450 ℃ RTA and higher temperature, the contact has exhibited a non-ohmic behavior, as presented in the current-voltage characteristics in Fig. 3.36b. As a result, the integration of the Ni 0.9 Pt 0.1 metallization onto the n-InP layer would require not to exceed 400 ℃.

Layer morphology and element distribution

The impact of the emulation of Annealing 1 and Annealing 2 on the layer morphology and element distribution of the Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /n-InP with He preclean contact has been monitored. In this way, Fig. 3.38 presents the TEM image and EDX mappings of the system after a 400 ℃ RTA followed by subsequent Annealing 1 and Annealing 2, while Fig. 3.39 presents its EDX profiles corresponding to the upper arrow and centered arrow referenced in the TEM image in Fig. 3.38 as a) and b) respectively. The presence of Au in the reacted area of the sample is discussed in Appendix D.2.

In this work, the Pt diffusion and solubility in the TiN/Ni 0.9 Pt 0.1 /InP system have been investigated, as well as its impact on solid-state reaction and layer morphology. The results have been compared to the reference Pt-free TiN/Ni/InP system, investigated in the scope of a previous study [START_REF] Boyer | Integration of the Ni/InP system on a 300 mm platform for III-V/Si hybrid lasers[END_REF], and to various other III-V and Si-based systems [50, 106, 108-110, 113, 116-118, 120].

The results have demonstrated that strictly below 300 ℃, the presence of Pt has partially slowed down the Ni-diffusion towards the InP substrate, hence (i) delaying in the growth of the Ni-In-P amorphous intermixing layer and (ii) postponing the consumption of the Ni 0.9 Pt 0.1 layer vs. Ni.

In the presence of Pt, a Pt-In intermixing amorphous layer has been observed right on top of the Ni-In-P intermixing amorphous layer, which shows that Pt is rejected from the Ni-forming interface and is exclusively segregated in the Pt-In layer acting as a non-impermeable barrier to the diffusion of Ni. Regardless of the presence of Pt, after a 300 ℃ RTA, the thermal energy brought to the system is high enough to overcome the partial Pt-hindering previously discussed and allow Ni to freely diffuse and fully take part in the solid-state reaction. In this way, three crystallized Ni-based phases are observed namely Ni 2 P, Ni 3 P and Ni 2 InP and the system is fully crystallized at this stage of the reaction. Pt is rejected from these phases due to its supposedly poor solubility in the Ni-based phases, while it is exclusively incorporated in the crystallized Pt 3 In 7 phase. From 300 to 350 ℃, Pt 3 In 7 phase nuclei have grown within the Ni-based layer, and have been fully formed after a 450 ℃ RTA. At this stage of the reaction, the reacted layer is continuous bi-phased. After a 500 ℃ RTA, the system is heavily agglomerated, while in the absence of Pt in the system, the reacted layer is agglomerated at a lower temperature (450 ℃), which highlights that on InP as well as on other systems, the presence of Pt has hence delayed the layer agglomeration.

After the emulation of W-plug filling, BEOL and long-term thermal stress, the non-ohmic electrical behavior of the Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /n-InP contact, as well as the agglomerated state of the reacted layer makes it non-suitable for n-contact integration.

In this way, both Ni and Ni 0.9 Pt 0.1 are unsuitable for n-contact integration (in 300 mm), even though the addition of Pt has induced (i) a temperature delay of the layer agglomeration and (ii) an enhancement of the temperature ohmicity window. As a result, for other applications, the Ni 0.9 Pt 0.1 metallization might appear more suitable than the unalloyed Ni.

Impact of Pt alloying of Ni thin films on In 0.53 Ga 0.47 As

In this section, the structural properties, layer morphology, element distribution and electrical characteristics of the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system are detailed. After a 300 ℃ RTA, the (NiPt) [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]. The formation of the Pt x In y compounds has been investigated throughout the study of various phase diagrams. In this way, the In-Pt-P phase diagram [START_REF] Lin | Phase equilibria in the Pt-In-P system[END_REF] has indicated that the Pt-In system contains one stable compound (Pt 3 In 7 ) and five metastable compounds (including PtIn 2 ). The Ga-Pt-As phase diagram [START_REF] Zheng | Solid state phase equilibria in the Pt-Ga-As system[END_REF] has revealed that the Pt-As system contains only one stable compound (PtAs 2 ) and no meta-stable one which reduces the probability of forming such a compound. In addition, the Pt-Ga system contains only one non-liquid stable compound: Pt 2 Ga, which represents a very high Pt content, given the initial 10 at.% of Pt in the deposited metallization, which lessens the probability of its formation. The study of the phase diagrams therefore comforts the likeliness of the formation of the Pt x In y compounds on the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system. The Pt 3 In 7 crystallized phase has been identified as well in the previously investigated TiN/Ni 0.9 Pt 0.1 /InP system (see section 3.1.4.1), where it has been reported that the negative enthalpy of formation of such phase (-37.0 ± 3 kJ.mol -1 ) highlights the easiness of its formation. The same deductions can be made regarding the enthalpy of formation of the PtIn 2 phase, which can be calculated thanks to the work conducted by Anres et al. [START_REF] Anres | The Pt In system: Enthalpies of formation of liquid and solid alloys[END_REF] (-39.8 ± 3 kJ.mol -1 ).

The NiAs crystallized phase has been observed between 450 ℃ and 500 ℃ included. As previously detailed, the NiAs phase has also been identified in a previous work led by Zhiou et al. [START_REF] Zhiou | Formation and stability of intermetallics formed by solid-state reaction of Ni on In 0[END_REF] and Ghegin et al. [START_REF] Ghegin | Integration of innovative ohmic contacts for heterogeneous III-V/Silicon photonic devices[END_REF][START_REF] Ghegin | Metallurgical studies of integrable Ni-based contacts for their use in III-V/Si heterogeneous photonics devices[END_REF] while investigating the TiN/Ni/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system after a 550 ℃ RTA.

The phase formation sequence of the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system deduced from IPRSM analyses is presented in Fig. 3.41. According to the previously detailed IPRSM patterns (see Fig. Even though the layer morphology of the samples annealed at 300 and 350 ℃ (Fig. 3.44a and Fig. 3.44b) have exhibited continuous layers, the interfaces between the reacted layer and the In 0.53 Ga 0.47 As layer have revealed a non-uniform diffusion front. This can be correlated to the analogue Pt-free TiN/Ni/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system previously detailed (see section 3.1.2), in which a non-uniform diffusion front has also been observed between the reacted layer and the In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As substrate (see Fig. 3.21), and in previous works as well [START_REF] Cooke | Self-aligned Ni-InGaAs as source-drain for InGaAs MOSFET[END_REF][START_REF] Czornomaz | CMOS compatible self-aligned S/D regions for implant-free InGaAs MOSFETs[END_REF][START_REF] Irisawa | Formation of ultra-thin and uniform Ni-InGaAs alloyed contact for scaled metal S/D InGaAs MOSFETs[END_REF]. As the RTA temperature increases to 400 ℃, the morphology of the reacted layer has appeared highly altered as it has presented various grains (Fig. 3.44c) which is also not the case at lower temperatures. After a 500 ℃ RTA, the grains are more distinctively evidenced and well-defined (Fig. 3.44d).

The EDX profiles and mappings of the elements constituting the system have been investigated at 300, 350, 400 and 500 ℃. They are presented in Fig. 3.45, Fig. 3.46, Fig. 3.47 and Fig. 3.48 respectively. The EDX profile and the EDX mapping of the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system after a 300 ℃ RTA are presented in Fig. 3.45a and Fig. 3.45b respectively. The EDX profile and the EDX mappings of the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system after a 350 ℃ RTA are presented in Fig. 3.46a and Fig. 3.46b respectively. This stage of the reaction presents similarities with the one described after a 300 ℃ RTA. Indeed, the mapped Ni elements are still overlapping with Pt, In, Ga and As, forming the reacted layer (see Fig. 3.46b). In this case as well, such layer corresponds to the previously identified (NiPt) 2 In 0.53 Ga 0.47 As crystallized phase. In Fig. 3.46b, the Pt mapping has appeared to be more unevenly distributed than after a 300 ℃ RTA, as shown by the localized areas exhibiting higher Pt concentration, highlighted by white dashed circles. In the light of the IPRSM analysis previously detailed, it is likely that the Pt-accumulated areas correspond to the previously identified Pt x In y compounds (Pt 3 In 7 and PtIn 2 ), even though the mapping of In in the area of interest is inconclusive. At this stage of the reaction, the Pt, In and Ga surface segregation is still observed.

The EDX profile and the EDX mappings of the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system after a 400 ℃ RTA and a 500 ℃ RTA are presented in Fig. 3.47 and Fig. 3.48. It has been previously detailed that after a 400 ℃ RTA and after a 500 ℃ RTA, the system has shown a significantly altered layer morphology compared to lower temperature (see TEM images in Fig. 3.44c and Fig. 3.44d). Regarding the element distribution, it has appeared that after 400 ℃ and 500 ℃ RTA, the Ni mapped elements have featured dark and bright alternated areas, revealing various degrees of Ni concentration within the reacted layer (see Fig. In the as-deposited state, an ohmic contact has been observed with contact resistivity of 6.1 × 10 -5 Ω.cm 2 (> ρ c,p lim ). After a 250 ℃ RTA, the contact resistivity has been lowered, reaching 7.1 × 10 -6 Ω.cm 2 (< ρ c,p lim ), which is most likely due to the presence of the previously discussed Ni 1.13 In 0.53 Ga 0.47 As intermixing amorphous layer, improving the electrical properties of the contact. After a 300 ℃ RTA, a decrease of the contact resistivity has been observed, reaching 3.8

× 10 -6 Ω.cm 2 . As previously detailed, in the Pt-free TiN/Ni/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system, according to Ghegin et al., the Ni 2 In 0.53 Ga 0.47 As crystallized phase is responsible for the decrease of contact resistivity [START_REF] Ghegin | Integration of innovative ohmic contacts for heterogeneous III-V/Silicon photonic devices[END_REF]. Interestingly, in the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system however, after a RTA temperature caught between 300 and 450 ℃, the extracted contact resistivity has remained between 3.8 and 5.0 × 10 -6 Ω.cm 2 , which suggests the stabilization of the electrical properties, while the phase formation sequence has revealed various changes over the same temperature range, such as the consumption if the Ni 0.9 Pt 0.1 layer, and the formation of the crystallized Pt x In y compounds. It has therefore appeared that the (NiPt) 2 In 0.53 Ga 0.47 As crystallized phase, identified from 300 ℃ up to 500 ℃ included, is indeed the one dictating the electrical properties of the TiN/Ni 0.9 Pt 0.1 /p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system. After a 500 ℃ RTA however the contact resistivity has been increased, reaching 1.4 × 10 -5 Ω.cm 2 . From a morphological standpoint, at this temperature the grains have become agglomerated which is a highly non-optimal electrical state.

Impact of emulated integration and long-term thermal stress

Electrical properties

Fig. 3.50 presents the contact resistivity of the Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /p-In 0.53 Ga 0.47 As contact after various RTA (also presented in Fig. 3.49), after various RTA followed by subsequent Annealing 1 emulating the impact of the W-plug filling and BEOL, and after various RTA followed by subsequent Annealing 1 and Annealing 2 emulating long-term thermal stress. As presented in Fig. 3.50 (right bar chart), the impact of Annealing 2 is quite different from the impact of Annealing 1 on the TiN/Ni 0.9 Pt 0.1 /p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system. Indeed, the contact resistivity of the samples which had previously been lowered or stabilized by Annealing 1 (annealed at temperatures below or equal to 350 ℃), have demonstrated an increased contact resistivity after Annealing 2, reaching the 1.6 -3.6 × 10 -5 Ω.cm 2 range. On the contrary, the contact resistivity of the samples which had previously appeared electrically degraded by Annealing 1 (annealed at temperatures strictly above 350 ℃), have exhibited a contact resistivity either reduced or within the error bar, reaching the 1.9 -3.7 × 10 -5 Ω.cm 2 range.

Layer morphology and element distribution

The impact of Annealing 1 and Annealing 2 on the Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As contact over the layer morphology and element distribution have been investigated. In this way, the sample annealed at 450 ℃ RTA, followed by subsequent Annealing 1 and Annealing 2 has been discussed (see TEM image in Fig. 3.51). The interface between the reacted layer and the In 0.53 Ga 0.47 As substrate is roughened and irregular which has previously been observed after RTA temperature ranging from 300 to 500 ℃ respectively in Fig. 3.44a through Fig. 3.44d. In addition, it has also been evidenced in Fig. 3.51 that the reacted layer is composed of darker and brighter grains, suggesting areas of localized different compositions, which is coherent with the previous findings. The compositions of the sample annealed at 450 ℃ followed by subsequent Annealing 1 and Annealing 2 has been investigated as well (see EDX mapping in Fig. 3.52). Even though the (NiPt) 2 In 0.53 Ga 0.47 As phase is by all accounts present at this stage of the reaction, prior to Annealing 1 the layer morphology of the TiN/Ni 0.9 Pt 0.1 /p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system after a 400 ℃ and a 500 ℃ RTA (see Fig. 3.47 and Fig. 3.48 respectively) had demonstrated a significantly altered layer morphology compared to lower temperatures. Pt-In-compounds indeed seemed to have segregated within the reacted layer. Another explanation for the degradation of the electrical properties lies in the element distributions.

According to the EDX mappings (Fig. 3.52), the electrode stack have presented flat and welldefined interfaces. According to the EDX mappings of the various elements (Fig. 3.52), the reacted layer has presented different areas with specific compositions, corroborating the previous observation made regarding darker and brighter grains. The reacted layer located right on top of the In 0.53 Ga 0.47 As substrate is composed of 3 regions, the bottom-region, the middle-region and the top region. Such delimitations in the active region are due to the thermal budget brought by Annealing 1 and Annealing 2 has it had not been observed prior to them. This is also evidenced in the EDX profiles of the samples annealed at 450 ℃ RTA, followed by subsequent Annealing 1 and Annealing 2, presented in Fig. 3.53. As a result, in the light of both the electrical and morphological clues:

• For the samples previously annealed at 350 ℃ and below, Annealing 1 has induced the formation/growth of the (NiPt) 2 In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As phase, which has resulted in the lowering/stabilization of the contact resistivity value. The long thermal budget involved during Annealing 2 has led to the Pt-In compounds segregation within the reacted layer, causing the significant increase of contact resistivity.

• For the samples previously annealed strictly above 350 ℃, Annealing 1 has resulted in the segregation of the Pt-In compounds within the reacted layer, causing the significant increase of contact resistivity. Annealing 2 has not resulted in further changes in the system, and no significant evolution of the contact resistivity has been induced. The phase formation sequence of the TiN/Ni/In 0.53 Ga 0.47 As and TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As systems present a few similarities and differences. For instance, in the presence of Pt in the system, the Ni 0.9 Pt 0.1 layer is identified up to 300 ℃ included with a peak shift towards a Ni x Pt 1-x crystallized layer with x < 0.9. This layer is fully consumed after a 350 ℃ RTA. According to Ghegin et al., this is also the case for the Ni crystallized phase in the TiN/Ni/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system [START_REF] Ghegin | Integration of innovative ohmic contacts for heterogeneous III-V/Silicon photonic devices[END_REF][START_REF] Ghegin | Metallurgical studies of integrable Ni-based contacts for their use in III-V/Si heterogeneous photonics devices[END_REF]. In this way, there is no significant delay in the consumption of the Ni 0.9 Pt 0.1 phase due to the presence of Pt.

In the Pt-free TiN/Ni/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system, the Ni The TiN/Ni 0.9 Pt 0.1 /InP system has presented both electrical and morphological issues after the emulation of Annealing 1 and Annealing 2. Even though the addition of Pt has resulted in an enlargement of the ohmicity window and a delay of the layer agglomeration, the emulation of W-plug filling, BEOL and long-term thermal stress has caused the non-ohmicity of the contact and a degraded layer morphology. In the TiN/Ni 0.9 Pt 0.1 /p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system, the addition of Pt has on the contrary caused an overall increase of the contact resistivity, and the nonstability of the layer morphology. As a result, Ni 0.9 Pt 0.1 should not be used as a contact metal for either integration scheme. An alternative metallization should be envisioned.

Ni 2 P as a III-V contact metal

In a previous work led by Ghegin et al., a complete study if the TiN/Ni/InP system using 200 mm-deposition equipment has been extensively detailed [START_REF] Ghegin | Phase formation in the Ni/n-InP contacts for heterogeneous III-V/Silicon photonic integration[END_REF]. The phase formation sequence has not only reported the formation of the Ni 2 P, Ni 3 P and Ni 2 InP phases, but it has also confirmed through the use of a Ni 2 P target, that the Ni 2 P phase is the one responsible for the low contact resistivity (∼low 10 -6 Ω.cm 2 ). In the scope of investigating alternative solutions to Ni and Ni 0.9 Pt 0.1 as contact metallization to InP and In 0.53 Ga 0.47 As, this section discusses the eligibility of the Ni 2 P metallization onto n-InP and p-In 0.53 Ga 0.47 As layers.

TiN/Ni 2 P/InP system

In this section, the phase evolution and the electrical properties of the TiN/Ni 2 P/InP system in the as-deposited state and after various RTA are presented. The impact of the emulated integration and long-term thermal stress is also detailed. As the Ni 2 P phase is thermodynamically fully stabilized on the InP susbtrate [START_REF] Ghegin | Phase formation in the Ni/n-InP contacts for heterogeneous III-V/Silicon photonic integration[END_REF], it is consistent that the TiN/Ni 2 P/InP system has not exhibited any additional phase (see Fig. The overall absence of variation of the electrical properties is consistent with the previously studied phase formation sequence in section 3.2.1.1. The Ni 2 P phase is indeed thermodynamically stable and has remained over the entire invetigated temperature range with no other phase evolution. As a result, the TiN/Ni 2 P/InP system is electrically stable over the studied temperature range.

The electrical properties extracted on n-InP on the as-deposited state and after various RTA with the Ni 2 P metallization may be compared to the two other Ni-based contact metallization previously investigated, namely Ni and Ni 0.9 Pt 0.1 (see Fig . 3.56). 

Impact of emulated integration and long-term thermal stress

The impact of the emulated W-plug filling, BEOL and long-term thermal stress on the TiN/Ni 2 P/n-InP contact is presented in this section. First, the electrical properties are discussed, then the evolution of the layer morphology is detailed.

Electrical properties

Fig. 3.57 presents the contact resistivity at different stages, namely after various RTA, after various RTA followed by Annealing 1 emulating W-plug filling and Back End Of Line steps, and after various RTA + Annealing 1 followed by Annealing 2 emulating long-term thermal stress. In the previously as-deposited sample and up to a 350 ℃ RTA included, it has appeared that after Annealing 1 (middle bar chart) the contact resistivity extracted have been slightly increased.

On the contrary, in the case of the samples which underwent RTA from 400 ℃ and up to 500 ℃, the contact resistivity extracted after Annealing 1 have remained within the error bar range, with contact resistivity between 2.9 and 3.6 × 10 -5 Ω.cm 2 . Each extracted contact resistivity value has however remained below ρ c, n lim . This suggests that for the samples which underwent RTA below or equal to 350 ℃, the W-plug filling and BEOL would most likely induce a light degradation of the electrical properties of the contact, while a higher temperature of RTA submitted to the system is expected to prevent the latter from further degradation. So far, the best configuration of this system is reached by annealing the contact at least at 400 ℃ prior to integration.

After the emulation of long-term thermal stress (Annealing 2, right bar chart), each sample has exhibited either a very slight increase of contact resistivity compared to right after Annealing 1, or a constant contact resistivity (within the error bar range). Each value nonetheless has still remained below ρ c, n lim . This suggests that long-term thermal stress which aims at reproducing several use of the laser device would only induce a slight degradation of the system regardless of the pre-thermal budget submitted to the latter, with contact resistivity still meeting the contact requirements. Fig. 3.58 has shown a continuous, homogeneous and flat stack. Such a layer morphology highlights the strong stability of the system, and suggests that the W-plug filling and BEOL followed by long-term thermal stress would not lead to worrying degraded morphological properties, which is coherent with the previously detailed electrical results.

Layer morphology

3.2.2 TiN/Ni 2 P/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system

In the scope of investigating alternative solutions to Ni and Ni 0.9 Pt 0.1 as a III-V contact metal, this section discusses the eligibility of the Ni 2 P metallization deposited onto p-In 0.53 Ga 0.47 As layers. As the electrical properties are not evolving from the as-deposited state up to 400 ℃ included, it is very likely that the structural properties of the system have remained the same as well for instance Ni 2 P phase only (XRD characterizations not performed on this system). As previously investigated in section 3.1.2, the Ni 2 P phase is not expected to be thermodynamically favorable on In 0.53 Ga 0.47 As layers. As a result it is possible that after a 450 ℃ RTA or a 500 ℃ RTA, the thermal budget brought to the system is high enough to induce the formation of a new phase2 thermodynamically more favorable, or InP surface rearrangement , which could have resulted in an ohmic contact.

Electrical properties of the

The electrical properties extracted on p-In 0.53 Ga 0.47 As on the as-deposited state and after various RTA with the Ni 2 P metallization may be compared to the two other Ni-based contact metallization previously investigated, namely Ni and Ni 0.9 Pt 0.1 (see Fig . 3.61). From an electrical standpoint, out of the three Ni-based investigated contacts, pure Ni is the only metallization that has led to both (i) low contact resistivity (approximately 4 × 10 -6 Ω.cm 2 < ρ c, p lim ), maintained after the reproduction of the thermal budget of laser integration (Annealing 1 ) and laser operations (Annealing 2 ), and (ii) a reliable layer morphology. As a result, Ni/p-In 0.53 Ga 0.47 As has exhibited the most promising properties in the scope of p-contact integration.

Impact of emulated integration and long-term thermal stress

Electrical properties

Fig. 3.62 represents the electrical properties of the Au/Pt/Ti/TiN/Ni 2 P/p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system extracted from TLM measurements after various RTA, after various RTA followed by Annealing 1 emulating W-plug filling and BEOL steps, and after various RTA + Annealing 1 and followed by Annealing 2 emulating long-term thermal stress. In this case as well, the morphology is highly stable, and it can be projected that the W-plug filling, Back End Of Line and long-term thermal stress would not have led to a degraded morphological state.

Ni 2 P as a III-V contact metal: conclusion

On InP, Ni 2 P is the best Ni-based metallization in terms on stability and contact resistivity, and reliability. However, on p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As the contact has however presented contact resistivity values above ρ c,p lim at each investigated stage of the reaction. This is the case both before and after the emulation of contact integration and long-term thermal stress.

In the scope of this work, Ni 2 P is eligible for n-contact integration in 300 mm.

Nickel-based intermetallic contacts: conclusions

This chapter has presented the structural, morphological and electrical properties of three Nibased metallization, namely Ni, Ni 0.9 Pt 0.1 and Ni 2 P on n-InP and p-In 0.53 Ga 0.47 As. As presented in section 3.1, Ni cannot be envisioned as suitable solution for one-step contact deposition integration of both p-and n-contacts. Indeed, due to the morphological and electrical issues observed on InP bound to occur during W-plug filling and/or BEOL, Ni is not a suitable solution for both contacts. However, as the Ni/p-In 0.53 Ga 0.47 As has demonstrated both suitable electrical and morphological results, it can be envisioned for p-contact integration alone.

The investigation of the addition of 10 at.% of Pt within the Ni layer in an attempt to overcome these issues has not led to the validation of the Ni 0.9 Pt 0.1 metallization, due to the fact that the ohmicity window is only enhanced up to 400 ℃, which is below the temperature involved during W-plug filling, and the agglomeration tendency is only slightly delayed in terms of temperature. In addition seggregation issues have been observed on both p-and n-contacts, as a result Ni 0.9 Pt 0.1 is not a suitable candidate for contact integration.

The Ni 2 P metallization (section 3.3), which has historically been studied as a result of its thermodynamic stability on InP and low resistivity has not either met the contact requirements on p-In 0.53 Ga 0.47 As, as the reached contact resistivity is significantly above ρ c, p lim , and stays so also after Annealing 1 and Annealing 2. Consequently, Ni 2 P would not be appropriate in the scope of one-step contact deposition, but suitable for n-contact integration.

As a result, the study of Ni-based systems on n-InP and p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As has led to a sequential contact deposition solution, with Ni 2 P on n-InP, and Ni on p-In 0.53 Ga 0.47 As followed by a 300 ℃ RTA, in order to provide the optimized contact properties.

Chapter 4

Titanium-based contacts

Titanium as a III-V contact metal

In numerous stacks containing noble metals, low ρ c have been obtained with Ti deposited on p-In 0.53 Ga 0.47 As and n-InP [START_REF] Katz | Au/Pt/Ti contacts to p-In 0[END_REF][START_REF] Ivey | Microstructural analysis of Au/Pt/Ti contacts to p-type InGaAs[END_REF][START_REF] Katz | Pt/Ti/p-In 0.53 Ga 0.47 As low-resistance 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 | Platinium metals in ohmic contacts to III-V semiconductors[END_REF][START_REF] Zhou | Structural and electrical properties of Au/Pt/Ti ohmic contacts to degenerated doped n-GaAs[END_REF]. Ti, which is CMOS-compatible could therefore play a role in lowering the resistance of a Ti/III-V stack. In this regard, it has been chosen in this study to deposit Ti on both InP and In 0.53 Ga 0.47 As layers, expecting suitable morphological behavior with increasing temperature and promising electrical results, while meeting the CMOS-compatibility requirements (see 1.3.2.2). The layer morphology and element distribution of the TiN/Ti/InP system and their evolution with increasing annealing temperature has been investigated through TEM and EDX characterizations respectively. EDX characterizations performed on the TiN/Ti/InP system from the as-deposited state and up to 350 ℃ are presented in Fig. 4.2a through Fig. 4.2d. At each investigated stage presented in Fig. 4.2, three areas are clearly defined, namely:

• the TiN layer, evidenced by the coexistence of Ti and N.

• unreacted Ti layer, defined by the exclusive presence of Ti.

• the Ti-reacted area, located between the unreacted Ti layer and the InP substrate, defined by the coexistence of Ti, In (arguable) and P. In the light of the previously investigated solid-state reaction, the unreacted Ti-reacted layer is supposedly composed of the TiP and Ti 2 In 5 crystallized phases. It should however be highlighted that in the extracted EDX profiles (Fig. 4.2) the In content has not suggested the presence of the Ti 2 In 5 phase identified in the IPRSM patterns (Fig. 4.1). However, it should be reminded that the EDX caracterization is only semi-quantitative, and that the volume of sample analyzed during IPRSM characterization (∼ 1 cm 2 ) is significantly more important that during EDX characterization (a few hundreds of nm-long and ∼100 nm-wide), which could explain why phase(s)/compound(s) observed in IPRSM patterns may not be evidenced in EDX profiles.

As the reacted Ti-layer is composed of TiP grains and Ti 2 In 5 grains, and that the analyzed volume in EDX characterization is small compared to the volume analyzed during IPRSM characterization, it is possible that EDX profiles correspond in this case to a TiP grain.

The EDX profiles (Fig. 4.2a through Fig. 4.2d) have indicated that the distribution of Ti across the InP interface (towards the substrate) has remained non existent from the as-deposited state and up to 350 ℃. This shows that Ti is not the main diffusing species in the TiN/Ti/InP system. The distribution of the In profile is only slightly extended towards the reacted Ti layer with increasing RTA temperature, while the distribution of P however has progressively and significantly been extended towards the reacted Ti layer as the RTA temperature has been increased, suggesting that P is most likely the main diffusing species.

The evolution of the thickness of the unreacted Ti layer, of the Ti-reacted layer and of the sum of the two latter (Ti-containing layers) extracted from the EDX profiles in Fig. 4.2 in the as-deposited state and after various RTA are presented in Fig. 4.3. As presented in Fig. 4.4, the peak intensity of the TiP phase has increased with the thermal budget, which means that the TiP phase has grown from the as-deposited state up to 500 ℃. The Ti 2 In 5 phase has demonstrated a significantly slower growth, only evidenced after a 450 ℃ RTA. Interestingly, as the evolution of the resulting thicknesses of the sum of both the unreacted-Ti layer and the (TiP + Ti 2 In 5 ) reacted layer is constant from the as-deposited state to 350 ℃ (see Fig. 4.3), this means that Ti is not the main diffusing species in this system, and that P is, even though In slightly diffuses towards the Ti-reacted layer as well. To our knowledge, the diffusing properties of Ti vs. III-V elements have not been reported by the literature. The morphology of the system after a 500 ℃ RTA has been investigated. Fig. 4.5a presents the TEM image of the TiN/Ti/InP system after a 500 ℃ RTA. In certain zones of the sample, the continuity between the InP substrate and the metallic layers is maintained, for instance in the squared zone named 1 in Fig. 4.5a. The EDX profile corresponding to zone 1 is presented in Fig. 4.5b, revealing a continuous stack, which can be also evidenced in the EDX mapping images of the N, Ti, In and P elements (presented in Fig. 4.5d through Fig. 4.5g respectively). This state present strong similarities with a previous work led by Ghegin et al. [START_REF] Ghegin | Phase formation sequence in the Ti/InP system during thin film solid-state reactions[END_REF]. In the squared zone named 2 in Fig. 4.5a however, there is an absence of continuity between the InP substrate and the metallic layers, which is a sign of delamination, different from agglomeration observed in the TiN/Ni/InP system (see section 3.1.1). The corresponding EDX profile presented in Fig. 4.5c has exhibited a layer empty of elements between the InP substrate and the Ti-based reacted layer, which can be also observed in the EDX mapping images of the N, In and P elements (presented in Fig. 4.5d, Fig. 4.5f and Fig. 4.5g respectively). Such interface morphology is highly unsuitable, and is bound to generate massive issues in the scope of laser contact integration. From the as-deposited state and up to 350 ℃ included, the surface roughness is caught between 0.6 and 0.9 nm, which is a narrow range of values. The surface topography appears to be overall flat and homogeneous (see Fig. 4.6a through Fig. 4.6c), even though it is slightly altered after a 350 ℃ RTA (Fig. 4.6d). As the RTA temperature increases up to 500 ℃, large and dark spots are observed (± 1 nm-wide), indicating an inhomogeneous surface topography (see Fig. 4.6e). In addition, the roughness state surface has significantly increased, reaching 2.7 nm. This state surface is due to the delamination issue previously observed in the TEM image after a 500 ℃ RTA (see Fig. 4.5).

Dopant distribution in the Si-doped TiN/Ti/n-InP system

As detailed in Chapter 2, the samples dedicated to the material study (IPRSM, XRD, EDX, TEM, SEM, AFM) have been elaborated using non-intentionally doped III-V substrates. On the contrary, as detailed in section 1.3.2, the samples dedicated to the electrical study (I-V, TLM) have required the use of doped III-V layers (Fig. 2.1 and Fig. 2.2). In this section, in order to address the doping species behavior during annealing and solid-state reaction, the distribution of the doping species in the n-InP layer (Si-doped, N d = 5 × 10 18 at.cm -3 ) is investigated. Fig. 4.7 represents the ToF-SIMS profiles of the TiN/Ti/n-InP system in the as-deposited state and after various RTA. In each ToF-SIMS profile (Fig. 4.7a through Fig. 4.7f), the distribution of Ti (TiN and Ti), of P, of the InP substrate and the Si doping species are displayed. The Si signal originating from the sample top-surface (sputter time = 0 -20 s) is in this case an artifact, and should not be taken into account.

First and foremost, in the as-deposited state, as the distribution of Ti overlaps with the InP layer over a significant area (up to 75 s of sputter time), the profile confirms that (i) a Ti-based intermetallic formed right after Ti deposition (see Fig. 4.7a), and that (ii) as the Ti profile is non evolving over this temperature range, this corroborates that Ti is not the most diffusing species in the TiN/Ti/InP system. The P profile however has evidenced a distribution which is more progressively spread towards the Ti layer as the RTA temperature increases (Fig. 4.7a through Fig. 4.7f), which confirms that (i) P is an actively diffusing species of the system, an d (ii) corroborates the growth of the TiP phase with increasing temperature demonstrated in Fig. 4.4.

From the as-deposited state and up to 500 ℃, the Si doping species have been localized (i) within the Ti-based reacted layer and (ii) in the InP top thickness, which correspond to the n-InP doped layer present on top of a semi-insulating InP substrate. It has appeared that from the as-deposited state to 450 ℃ included, the depth distribution of the Si-doping species has remained the same (between 25 and 75 s of sputter time, see Fig. 4.7), which is in agreement with a previous study conducted by Rao et al. in which it is stated that no redistribution of dopant is observed for Si implants due to annealing in InP [START_REF] Rao | Rapid isothermal annealing of high-and low-energy ion-implanted InP and In 0.53 Ga 0.47 As[END_REF]. After a 500 ℃ RTA, the Sidistribution appears to be different from the previous stages, which could be due to the uneven delaminated state (see Fig. 4.5a). As the RTA temperature has grown from 300 to 500 ℃ (see Fig. 4.7b through Fig. 4.7f), the distribution of Si has appeared to become gradually divided, as shown by the dotted line in Fig. 4.7b through Fig. 4.7f. This separation suggests that there is less and less continuity in the distribution of the Si doping species that are located (i) in the reacted layer, and the doping species that are located (ii) in the doped InP layer. It is very likely that such distribution is the result of the Si doping species moving towards the reacted layer as the thermal budget brought to the system allows it. This also indicates that there is no sign of segregation of the doping species at the interfaces, and that the Si species are however soluble within the TiP and Ti 2 In 5 phases. This is corroborated by a previous work led by Wakelkamp et al. in which the solubility of Si in Ti is detailed through various phase diagrams [START_REF] Wakelkamp | Diffusion and phase relations in the systems Ti-Si-C and Ti-SiN[END_REF].

It has been stated by Schubert et al. [START_REF] Schubert | Doping in III-V Semiconductors[END_REF] that Silicon is defined by a low diffusion constant in many III-V semiconductors. In this way, it is possible that the Si-doping species are more inclined to diffuse towards the Ti-based region, which could explain the uneven distribution of Si as the thermal budget increases. The Au/Pt/Ti/TiN/Ti/n-InP contact has revealed an ohmic behavior right after deposition with a contact resistivity of 2.4 × 10 -4 Ω.cm 2 . This extracted value is close to the one obtained by Katz et. al [START_REF] Katz | Au/Pt/Ti contacts to p-In 0[END_REF] in the as-deposited state (low 10 -4 Ω.cm 2 ). On the contrary, with a Ti deposition temperature of 100 ℃, Ghegin et al. [START_REF] Ghegin | CMOS-compatible contacts to n-InP[END_REF] have obtained a contact resistivity of 2.5 × 10 -5 Ω.cm 2 , which is (almost) 10 times lower. The same trend has been observed after a 250 ℃ RTA (ρ c = 1.1 × 10 -4 vs. 1.9 × 10 -5 Ω.cm 2 in [START_REF] Ghegin | CMOS-compatible contacts to n-InP[END_REF]). The reason for the difference between the electrical results extracted in this study and in the work led by Ghegin et al. may lie in the depostion process characteristics, which differs in each case. In our study, Ti has indeed been deposited at room temperature with RF-PVD, while it has been deposited at 100 ℃ with physical vapor deposition (magnetron sputtering in DC mode) in the study led by Ghegin et al. [START_REF] Ghegin | CMOS-compatible contacts to n-InP[END_REF]. Between the two deposition methods, the energy of the atoms striking the surface are different, which can lead the different electrical results.

In this study, the contact resistivity has significantly decreased from 2.4 × 10 -4 Ω.cm 2 in the as-deposited state to 7.6 × 10 -5 Ω.cm 2 after a 200 ℃ RTA (see Fig. 4.8), which highlights the key role of the thermal budget in the optimization of the electrical properties. After a 250 ℃ RTA, the contact resistivity has slightly increased, reaching 1.1 × 10 -4 Ω.cm 2 and has remained overall constant up to 300 ℃ included. The fact that the extracted contact resistivity in the as-deposited state is higher than the one obtained at higher temperatures (300 and 450 ℃) might be explained by the increasing proportion of reacted Ti vs. unreacted Ti (see Fig. After a 400 ℃ RTA, the contact resistivity has decreased, reaching 5.5 × 10 -5 Ω.cm 2 , and has then remained overall constant after a 450 ℃ RTA. After a 500 ℃ RTA, contact resistivity has significantly decreased by roughly half a decade compared to 450 ℃, reaching 1.2 × 10 -5 Ω.cm 2 . It is of great importance to stress the fact that, even though the extracted contact resitivity has been lowered after a 500 ℃ RTA, which is significantly below ρ c,n lim , it has been previously detailed that at this stage of the reaction, major delamination issue with a high surface roughness have been observed (see TEM image and EDX mappings in Fig. 4.5 and AFM image in Fig. 4.6). The adherence between the Ti reacted layer and the substrate is indeed incomplete, which makes this state highly unpredictable and unsuitable for contact integration.

The pads surface of the TLM patterns, which is equal to 200 µm × 200 µm, is significantly larger than the delaminated areas which are between 100 and 200 nm in length (see Fig. 4.5). Interestingly, due to averaging effects and the significantly larger surface of the contact pads, the current lines have been able to efficiently flow between the pads, which is why this state has hence appeared electrically valid, with a poor morphology. The interface morphology makes it nevertheless highly unsuitable for laser contact integration. Such phenomenon is represented in Fig. 4.10. As presented in Fig. 4.10, during electrical measurement (symbolized by the probes), the current lines may find a path flowing from one probe to the other even though (i) the contact is in a delaminated state (see Fig. 4.10b), which is the case for the TiN/Ti/InP system after a 500 ℃ RTA for instance, or (ii) the contact is in an agglomerated state (see Fig. 4.10c), which is the case for the TiN/Ni/InP system after a 450 ℃. This highlights the importance of using both morphological and electrical characterizations for the sake of monitoring properly the contact integrity.

4.1.1.6 Impact of emulated integration and long-term thermal stress on the TiN/Ti/InP system In this section, the impact of the thermal budgets related to the W-plug filling and BEOL, as well as long-term thermal stress (see 2.3.3) on the electrical properties and morphological characteristics of the Au/Pt/Ti/TiN/Ti/InP system are investigated and discussed. The sample previously annealed at 500 ℃ has exhibited after Annealing 1 a significant increase of contact resistivity, from 1.2 to 4.9 × 10 -5 Ω.cm 2 . It has been previously demonstrated that this state is delaminated before Annealing 1 (see Fig. 4.5), in this way it is very likely that the thermal budget involved during the integration steps have contributed to extend this phenomenon, leading to the degradation of the electrical properties.

Electrical properties

After performing RTA up to 450 ℃ included followed by Annealing 1 and Annealing 2, each sample have exhibited an overall constant contact resistivity (see Fig. 4.11, right bar charts). These contacts will therefore undergo the use of the laser without further degradation of their electrical properties.

Layer morphology

Fig. 4.12 and Fig. 4.13 represent the EDX mappings + TEM image and EDX profiles respectively of the Au/Pt/Ti/TiN/Ti/n-InP system after a 400 ℃ RTA followed by the subsequent Annealing 1 and Annealing 2. In Fig. 4.12, the active layers (as well as the electrode layers) have shown a flat and uniform layer morphology. In Fig. 4.13, the presence of overlapping P and Ti between the 110 and 130 nm positions is related to the TiP formed phase discussed in section 4.1.1.1. Overall, the layer morphology suggests that the W-plug filling, BEOL and long-term thermal stress are not expected to induce a degradation of the contact morphology of the TiN/Ti/n-InP system. The presence of Au outside of the electrode stack area, as well as the unexpected presence of P within the electrode area evidenced in Fig. 4.12 and Fig. 4.13 are discussed in Appendix D.2. In this section, the evolution of the electrical and physical properties of the Au/Pt/Ti/T-iN/Ti/InP system after the emulation of W-plug-filling, BEOL and long-term thermal stress have been discussed. Results have revealed that given a thermal budget above (or equal to) 300 ℃ and below (or equal to) 450 ℃ for 60 s after contact metal deposition, the system has shown promising electrical results along with a stable morphology, maintained even after integration steps, BEOL and long-term thermal stress.

4.1.1.7

The TiN/Ni/InP system: conclusions

In this section, the structural, morphological and electrical properties of the TiN/Ti/InP system have been investigated. Results have demonstrated that with a RTA temperature caught between 200 ℃ and 450 ℃, the system is expected to exhibit promising electrical properties along with a reliable morphology. In this way, subsequent W-plug filling and long-term thermal stress will by all accounts occur while preserving the contact properties. The layer morphology and element distribution of the TiN/Ti/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system and their evolution with increasing annealing temperature have been investigated through TEM and EDX characterizations respectively. The TEM images of the system in the as-deposited state and after various RTA (250 ℃, 300 ℃ and 350 ℃) are presented in Fig. 4.15. The element proportion of the Ti-Ga-As intermixing amorphous layer is evolving with the temperature. Indeed, after comparing the system in the as-deposited state and after a 250 ℃ RTA (see Fig. 4.16a and Fig. 4.16b respectively), it has appeared that the Ga and As profiles of the system have not remained constant. Indeed, after a 250 ℃ RTA, before and after the ∼44 nm position, the As distribution has exhibited two different slopes, which is not the case in the as-deposited state, and after a 250 ℃ RTA, between the ∼42 and ∼44 nm positions, the Ga profile has presented a bump, nonexistent in the as-deposited state. Similarly, increasing the RTA temperature to 300 ℃ RTA has led to an even greater change of slope in the As profile. In addition, a Ga bump similar to the one previously discussed in Fig. 4.16b has been evidenced as well after a 300 ℃ RTA (see Fig. 4.16c). These observations suggest that the proportions of As and Ga in the amorphous layer are evolving from the as-deposited state to after a 300 ℃ RTA.

Regarding the unreacted Ti-layer, it has been evidenced from the EDX profiles in Fig. 4.16a through 4.16d that the thickness of the initally deposited layer slowly decreases from 16 nm in the as-deposited state, to 15 nm after a 250 ℃ RTA, to 14 nm after a 300 ℃ RTA. The latter then decreases more significantly after a 350 ℃ RTA, reaching 7.5 nm. At this temperature, according the EDX profile (see Fig. The organization in structured layers (see Fig. 4.16d) has also been evidenced by Bensalem et al. [START_REF] Bensalem | Study of the Ti/InGaAs solid-state reactions: Phase formation sequence and diffusion schemes[END_REF]. It should however be noted that in the present work, the In accumulation induced by the In-depletion of the In 0.53 Ga 0.47 As substrate has not been evidenced in the EDX profiles (see Fig. 4.16), while it is the case in the AES depth profiles reported by Bensalem et al., more specifically between the Ti-As layer and the Ti-Ga layer [START_REF] Bensalem | Study of the Ti/InGaAs solid-state reactions: Phase formation sequence and diffusion schemes[END_REF].

Also, in the present work the presence of the amorphous Ti-Ga-As layer has been reported after a 350 ℃ RTA, while Bensalem et al. evidenced the latter up to 300 ℃ included. After a 450 ℃ RTA, as presented in the HRTEM image of the TiN/Ti/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system in Fig 4 .17, no amorphous layer has been evidenced. In this way, the system is fully crystallized at this stage of the reaction. From the as-deposited state and up to 450 ℃ included, the surface topography appears to have remained overall homogeneous, flat and smooth, with a roughness ranging from 0.5 to 0.9 nm (see Fig. 4.21). Over this temperature range, the surface is typical of In 0.53 Ga 0.47 As: according to the grown steps and terraces identified in the as-deposited state (Fig. 4.21a) and up to 450 ℃ (Fig. 4.21d), step-bunching has occurred. Such phenomenon has been observed on In x Ga 1-x As in previous works [START_REF] Hanke | Lateral short range ordering of step bunches in InGaAs/GaAs superlattices[END_REF]. This reveals that the deposition processes and subsequent solid-state reactions have not significantly altered the state surface. In the as-deposited state, the contact has exhibited a non-ohmic behavior, as shown by the current-voltage characteristics in Fig. 4.23. In this way, the method detailed in section 2.3.2 has been applied to this sample, and a contact barrier height of Φ B = 0.388 meV has been extracted. Ω.cm 2 in the as-deposited state as well [START_REF] Katz | Pt/Ti/p-In 0.53 Ga 0.47 As low-resistance nonalloyed ohmic contact formed by rapid thermal processing[END_REF]. Even though these two studies have extracted an ohmic behavior where a non-ohmic one has been obtained in this work, such a value is in any case highly resistive. CMOS-compatibility issues aside, Ti deposited on p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As with no subsequent thermal budget is hence not electrically favorable for laser contact integration.

In the present study, after a 200 ℃ RTA, the electrical behavior of the contact is ohmic, as evidenced by the current-voltage characteristics in Fig. 4.24. A previous work led by Chu et al. has revealed a similar decrease of contact resistivity as the RTA temperature increases [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]. From the as-deposited state (ρ c = 1.7 × 10 -4 Ω.cm 2 ), the value has indeed significantly decreased, until the temperature has reached 450 ℃ with a contact resistivity of 9.0 × 10 -6 Ω.cm 2 . Katz et al. have also observed that the contact resistivity tends to be reduced as the RTA temperature increases (< 500 ℃) [START_REF] Katz | Pt/Ti/p-In 0.53 Ga 0.47 As low-resistance nonalloyed ohmic contact formed by rapid thermal processing[END_REF]. In the present study, from 300 to 450 ℃ included at least, the variations of the contact resistivity have overall remained in the error bar range (from 2.1 to 3.2 × 10 -5 Ω.cm 2 ), and the extracted contact resistivity values are in close proximity with ρ c, p lim . This temperature range matches the presence of the Ti-based phases (TiAs, TiAs 2 and Ti 2 Ga 3 ), which reveals the stability of these phases (see Fig. 4.14).

Presented results have shown that the stability of the Ti-based phases have granted promising electrical results in the 300-450 ℃ temperature range.

Impact of emulated integration and long-term thermal stress

In this section, the impact of the thermal budgets involved during the W-plug-filling, BEOL, and long-term thermal stress on the electrical properties and morphological characteristics of the Au/Pt/Ti/TiN/Ti/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system are presented and discussed.

Electrical properties

The impact of Annealing 1, reproducing the thermal budgets involved during W-plug filling and BEOL is presented in Fig. 4.25 (middle bar charts). Results have hence shown that in terms of electrical properties, the TiN/Ti/p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As contact is likely to undergo W-plug filling and BEOL with no degradation of its electrical properties.

The impact of long-term thermal stress on the electrical properties of the contact is presented in 

Layer morphology and element distribution

The properties and evolution of the layer morphology and element distribution of the system have been monitored as well. Fig. 4.26 represents the EDX mappings and TEM image of the Au/Pt/Ti/TiN/Ti/p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system after a 400 ℃ RTA followed by subsequent Annealing 1 and Annealing 2, while Fig. 4.27 presents its EDX profiles. The layer morphology has appeared flat and continuous and homogeneous, suggesting the strong morphological stability of the system. The overlapped Ti and Ga distributions evidenced in The samples initially annealed between 350 and 450 ℃, had demonstrated promising electrical properties, maintained through W-plug filling, BEOL, and long-term thermal stress. The sample previously annealed at 400 ℃ followed by subsequent Annealing 1 and Annealing 2 has demonstrated an unaltered and non-degraded layer morphology though the various annealing as well.

4.1.2.6

The TiN/Ti/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system: conclusions

In this section, the physical and the electrical properties of the TiN/Ti/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system have been presented and discussed. All the experimental results have led to the conclusion that for the sake of combining both structural and electrical stability even after several laser operations, the TiN/Ti/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system requires an anneal caught between 400 ℃ and 450 ℃ right after contact deposition, and before the subsequent necessary steps (W-plug filling and BEOL).

Ti as a III-V contact metal: conclusion

The eligibility of Ti as a III-V contact metal on both n-InP and p-In 0.53 Ga 47 As layers has been investigated in the scope of one-step contact integration for III-V/Si hybrid laser. To do so, the structural, morphological and electrical properties of the TiN/Ti/n-InP and TiN/Ti/p-In 0.53 Ga 0.47 As systems have been investigated. On the TiN/Ti/InP system, not only the formed crystallized phases (TiP and Ti 2 In 5 ) have appeared at an early stage of the reaction, but they are reported to be stable [START_REF] Okamoto | P-Ti (Phosphorus-Titanium)[END_REF][START_REF] Okamoto | In-Ti (Indium-Titanium)[END_REF], and they have been observed up to the highest investigated thermal budget (500 ℃ -60 s). Such a stable state has granted promising electrical properties. On the TiN/Ti/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system, the formed phases are stable from 350 ℃ and up to 500 ℃ (TiAs, TiAs 2 and Ti 2 Ga 3 ) and the electrical results have also shown promising properties. The results have also demonstrated that after TiN/Ti depositions on both III-V layers, given a RTA caught between 400 ℃ and 450 ℃ for 60 s, the systems not only have exhibited a contact resistivity in close proximity with the targeted limits (ρ c, n lim and ρ c, p lim respectively), but they are by all accounts expected to be able to successfully undergo the necessary subsequent steps (W-plug filling and BEOL), as well as several laser operations without degradation of the structural, morphological nor electrical properties. As a result, Ti is a strong candidate that complete the contact requirements (see 1.3.2.2).

General Conclusion

In the scope of meeting the ever growing demand in terms of data exchange, innovative means of communications have emerged. This PhD thesis particularly focuses on the optoelectronic circuit, which consists in III-V-based emitters (such as a III-V/Si hybrid laser) and receptors integrated onto 300 mm CMOS Si-based circuitry. In this way, the optoelectronic device is defined by a reduced power consumption and high-performance chips, along with the leveraging of the benefits offered by the maturity of the 300 mm CMOS Si fab-line, such as high-volume production and low cost. A key component required for the integration of the III-V/Si hybrid laser onto a Si-circuitry is the development of CMOS-compatible contacts on both n-InP and p-In 0.53 Ga 0.47 As, which are the n-and p-contact layers of the III-V/Si hybrid laser.

In the scope of successfully integrating n-and p-contact regions, specific contact requirements should be met. Namely, a common surface preparation and metallization for both n-InP and p-In 0.53 Ga 0.47 As layers shall be used, with a contact resistivity not exceeding ρ c, n lim = 7.2 × 10 -5 Ω.cm 2 and ρ c, p lim = 1.4 × 10 -5 Ω.cm 2 respectively. In this regard, two dry-precleans and four metallization have been investigated.

The two dry-precleans are namely Argon preclean and Helium preclean. Their impacts on the most sensitive and fragile of the two III-V layers, namely InP, have been studied. It has appeared that while Argon preclean has severely damaged the InP surface morphology, inducing poor electrical properties, Helium preclean has not negatively impacted the InP substrate morphology. As a result, He preclean is more suited for III-V materials, especially InP.

Out of the four investigated metallization (Ni, Ni 0.9 Pt 0.1 , Ni 2 P and Ti), on both n-InP and p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As with Helium preclean:

• With Ni, the TiN/Ni/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system has shown suitable electrical results (2 -4 × 10 -6 Ω.cm 2 < ρ c, p lim ) and promising morphological characteristics which are nonevolving throughout W-plug filling, Back-End-Of-Line and long-term thermal stress. The TiN/Ni/InP system has however demonstrated morphological issues (layer agglomeration) and highly non-suitable electrical properties (non-ohmic strictly above 350 ℃). As a result, Ni can be envisioned for p-contact integration.

• The addition of 10 at.% of Pt (Ni 0.9 Pt 0.1 ) in an attempt to improve the stability issues of the TiN/Ni/InP system has demonstrated interesting results. On the TiN/Ni 0.9 Pt 0.1 /InP system, the presence of Pt has induced an enlargement of the ohmicity window (up to 400 ℃ included) and a temperature delay of the layer agglomeration. The emulation of W-plug filling, Back-End-Of-Line and long-term thermal stress has however induced a degraded layer morphology along with the non-ohmicity of the contact, regardless of the rapid thermal annealing priory performed. Consequently, the Ni 0.9 Pt 0.1 is in addition non-suitable for p-or n-contact integration.

• The Ni 2 P metallization has presented on both n-InP and p-In 0.53 Ga 0.47 As layers suitable and reliable layer morphology. The contact resistivity extracted on the TiN/Ni 2 P/p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system however, is close in the range of 1.0 × 10 -4 Ω.cm 2 which is above ρ c, p lim . Consequently, Ni 2 P is suitable for n-contact integration. For sequential contact integration, the following steps should be followed:

a HF:H 2 O (1:10) wet-preclean of the III-V surfaces for 1 min in order to remove the native oxides, followed by DIW rinse, -Helium dry-preclean, to remove the regrown oxides on the III-V surfaces, a 20 nm-thick Ni 2 P contact metal deposition with RF-PVD on n-InP, followed by a 7 nm-thick TiN capping layer deposition with atomic layer deposition (ALD)1 , a 20 nm-thick Ni contact metal deposition with RF-PVD on p-In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As, followed by a 7 nm-thick TiN capping layer deposition with atomic layer deposition (ALD).

-RTA of 300 ℃ for 60 s (prior to subsequent process step), that will lead to a stabilized and optimized state, on both the n-and p-contact regions.

• Ti as a III-V contact metal has demonstrated, on both n-InP and p-In 0.53 Ga 0.47 As layers, promising electrical results in close proximity with ρ c, n lim and ρ c, p lim (approximately 5 × 10 -5 Ω.cm 2 and 2 × 10 -5 Ω.cm 2 respectively), as well as reliable morphological characteristics, that are maintained throughout the emulation of W-plug filling, Back-End-Of-Line and long-term thermal stress. As a result, Ti is a suitable solution for one-step contact integration of the III-V/Si hybrid laser. The following integration scheme should be applied:

a HF:H 2 O (1:10) wet-preclean of the III-V surfaces for 1 min in order to remove the native oxides, followed by DIW rinse, -Helium dry-preclean, to remove the regrown oxides on the III-V surfaces, a 20 nm-thick Ti contact metal deposition with RF-PVD, followed by a 7 nm-thick TiN capping layer deposition with atomic layer deposition (ALD),

-RTA of 400 ℃ for 60 s (prior to subsequent process step), that will lead to a stabilized and optimized state, on both the n-and p-contact regions.

The proposed integration schemes therefore involve poly-phased states on both n-and p-contacts.

In this regard, it should be mentioned that during laser polarization, the current passing through the poly-phased structures of the contacts may (or may not) alter the grain boundary properties (vacancies may for instance diffuse). On the long-term of the contact functioning, this could alter its properties. As a result, it would be of great interest to monitor such the contact properties on the long-term, and observe the evolution of the grain boundary properties, both electrical and morphological.

The study of the various systems has been conducted after RTA overall between 200 and 500 ℃ separated by a minimum of 50 ℃. Several systems would benefit from a more precise temperature screening, for instance 25 ℃ between a given temperature range, which could provide more accurate information regarding the systems evolution. For instance, in the TiN/Ni/InP system, with such a temperature screening between 275 and 400 ℃, IPRSM analyses would narrow the temperature formation of the Ni 2 P, Ni 3 P and Ni 2 InP phases. On the TiN/Ti/InP system, a more detailed investigation of the structural properties of the system between the as-deposited state and 300 ℃ with a 25 ℃-screening would provide valuable information regarding the early stages of the reaction, at which each phase is fully formed.

In order to properly validate the Ti metallization as the solution for contact integration it is of the utmost importance to launch 300 mm-integrated circuit and perform the contact integration according to the scheme detailed above. Subsequent laser-testing would provide valuable information regarding the laser contact behavior. Ultimately, one could envision performing further reliability testing, such as dedicated high current-voltage measurements that would provide information regarding the life expectancy of the contacts. Such information is highly relevant, as it could allow to transpose such contacts to other technologies requiring CMOS-compatible contacts.

This study has highlighted various areas for improvement:

• First and foremost, this study has been conducted by investigating morphological and electrical properties simultaneously. As pointed out in section 4.1.1.5, (see Fig. 4.10), good electrical properties may be extracted on poor morphological states, such as delaminated or agglomerated areas. This is due to the large surface of the contact pads.As presented in Fig. 4.10, during electrical measurement (symbolized by the probes), the current lines may find a path flowing from one probe to the other even though (i) the contact is in a delaminated state (see Fig. 4.10a), which is the case for the TiN/Ti/InP system after a 500 ℃ RTA for instance, or (ii) the contact is in an agglomerated state (see Fig. 4.10b), which is the case for the TiN/Ni/InP system after a 450 ℃. This highlights the importance of using both morphological and electrical characterizations for the sake of monitoring properly the contact integrity. It would hence be of great interest to design an alternative electrical test-structure that could take into account such morphological issues. For instance, one could envision rectangular TLM test structure with a width of the same order of magnitude of the possible agglomerated/delaminated areas. In this way, the electrical characterization would by sufficient to uncover issues, either electrical or morphological.

• In order to secure the reproducibility of the results, it would be wise to perform several times again the elaboration of the samples as well as the various structural, morphological and electrical characterizations. This would take the study a step further. In order to do so, and given the amount of work this would require, a production environment is most fitted to perform such investigation. On the same topic, regarding the reliability study performed, it should be noticed that the discussed results only apply to a single series of sample, while the very definition of reliability involves statistics, hence a large number of samples. The following step of this PhD thesis would be, in a production environment as well, to recreate the systems and perform the annealing emulation W-plug filling, Back-End-Of-Line and long-term thermal stress over a large number of series of samples, and investigate the statistical layer morphology and electrical properties. ), the atomic percentages of oxygen are high (between 20 and 60 %), which is to be expected, due to the fact that this area is in direct contact with the surrounding air. Below the TiN capping layer (relative position at ∼ 33 nm and above), the atomic percentage of oxygen has remained overall close to null for each sample, which suggests that the TiN capping layer has efficiently prevented the presence of oxygen within the system for RTA up to at least 500 ℃. ). This is due to the fact that in the fabrication process of the sample, there has been an air-break between the TiN capping layer deposition, and the electrode deposition.

The oxygen distribution below the TiN capping layer (at the ∼350 nm relative position and above) is however close to 0, which highlights in this case as well, the effectiveness of the TiN capping layer to prevent from oxygen contamination. spacing between pads referred as l i are hence the distance separating the inner contact pad from the outer contact pad. The spacing values in question are displayed in Table B.1.

Similarly to square TLM, in the case of an ohmic contact, the extracted current-voltage characteristics between pads spaced by a distance l i lead to the determination of a resistance R mes,i for each spacing value. Its equation is as follow:

R mes,i = R sh 2πr int (l i + 2L T ) (B.1)
With r int the radius of the inner circular pad (see Table B.1). Contrary to the square-TLM method, R mes,i does not exhibit a linear dependance when plotted as a function of l i . The use of a correction factor c is hence necessary. Its expression is as follow:

c i = r int l i ln r int + l i r int (B.2)
The correction factor hence varies with the spacing value and the radius of the inner contact pad. The c i values have been calculated for the small circular-TLM and the large circular-TLM, and presented in Fig.

B.2.
The corrected value of R mes,i is referred as R corr,i , its expression is as follow: The Equation B.3 can therefore be rewritten as y = ax + b, with:

R corr,i = R sh 2πr int (l i + 2L T )c i (B.3)
a = R sh 2πr int (B.4) b = R sh L T πr int (B.5)
Then, the contact resistivity can be calculated knowing its expression:

ρ c = R sh L 2 T (B.6)
Due to the perpendicularity between the current path and contact itself, there is no crowding effect in the circular TLM patterns, contrary to square-TLM (as discussed in 2.3.1.3). The crowding effect would have implied an overestimation of the contact resistivity, and even though the mesa etching performed for the elaboration of the square TLM works towards the reduction of the crowding effect (see Fig 2 .2 in Chapter 2), the latter still exists. For this reason, the circular-TLM present a theoretical clear advantage over square-TLM.

B.3 Results

In this section, for various samples, the 3 different patterns are investigated (small circular-TLM, large circular-TLM and square TLM). Such comparison study has been performed on a wide range of metallization, on both p-In 0.53 In0.47As and n-InP layers. The overestimation of the contact resistivity could be due to the fact that the outer contact, which is a rectangle with circled holes in Fig. B.1), has a much larger area (217,206 µm 2 ) compared to the outer contacts of the small circular TLM pattern (43,873 µm 2 , nearly 5 times bigger). In this way, the high value of the outer contact area implies that as the current sweep is applied between two spacings, the later travels through the entire contact area of the outer pad, and less current is locally measured where the probes are placed, leading to the determination of a higher contact resistivity.

A second observation can be made regarding the extracted current-voltage characteristics. Indeed, when measured with large circular TLM patterns, the Au/Pt/Ti/n-InP contact has revealed no deviation from linearity for any of the investigated spacing values, particularly the smallest (the most critical, the resistance being the lowest). In this way, a ohmic characteristic (see Fig. The geometry being the same, the appearing difference of behavior could be due to the large area of the outer contact previously mentioned. The latter could be responsible for a lack of precision of the I-V measurements, preventing from detecting an existing non-ohmic behavior.

Based on this hypothesis, the observation would lead us to suggest that for the sake of accuracy, the use of small CTLM is a wiser option than large CTLM. An issue has however been encountered when performing measurements on the thinner spacing of the small circular TLM. Indeed, it has appeared that the smaller spacing theoretically equal to 1.25 µm has, on some occasions revealed a short circuit behavior. It is safe to assume that the process is responsible for it. Indeed, the lift-off step cannot guarantee a total removal of the unwanted metal, preventing the needed pads separation. As a result, the current path only travel through the metal pad. The measurement only reveals the I-V behavior of the metal layer, and the measured resistance is nothing less than the actual metal resistance. This issue implied that the measurements could only be performed on 5 spacings instead of 6, reducing the relevance of the extraction method.

In the light of these results, we have decided to remove the small circular TLM pattern from the list of candidates from the following of the study.

B.3.2 Small circular TLM vs. square TLM

Square TLM and small circular TLM have been compared (see Fig B.6), in an attempt to estimate the impact of the geometry over the extracted ρ c . The contact resistivities obtained with small circular TLM patterns are overall similar to the ones obtained with square TLM patterns : indeed, the highest ratio reached between the maximum and minimum value is 1.88 which lies within the error bar range of the tool measurement, which is very small. The close proximity of the extracted ρ c with the different pattern geometry could imply (i) that the wellknow crowding effect, which depends on the TLM pattern geometry and on the size of the pads and the spacing values between the pads, has not been observed in the particular context of this preliminary study, or (ii) that the mesa etching performed for the fabrication of the square TLM patterns have led to a satisfying removal of the crowding effect.

Regarding the patterns geometry, as presented in Table B.1, the spacing values l i are significantly higher in square TLM (from 20 to 120 µm) than for small circular TLM (from 2 to 23.8 µm). Such a difference in the range of spacing values used has hence not led to a significant difference of extracted contact resistivity values. In addition, the contact areas have in addition shown a rather similar value, preventing from the overestimation observed when using large CTLM (see B.3.1). One could therefore consider that, having led to overall similar results, the small circular TLM and the square TLM patterns can both be selected either way.

It should be also added that after performing a large number of TLM measurements using fourprobe configuration, it has been noticed that in the case of circular TLM, the probes tend to slip during the path executed by the semi-automatic equipment, and it is very common that at least one of the probes do not remain on the contact with one of the pads, therefore invalidating the ongoing I-V acquisition necessary for the TLM method to be complete. In this regard, the conclusions of this preliminary TLM geometry study, as well as the impractical aspect of the circular TLM pattern have pointed us towards the use of the squared-TLM patterns. It should be added that the large size of the TLM patterns remains representative of the contacts envisioned in the final structure of the III-V devices photonic devices.

Ni 3 P phase (300 ℃ up to 550 ℃) In phase (as-deposited up to 550 ℃) In phase (as-deposited up to 500 ℃) In phase (as-deposited up to 500 ℃) In phase (as-deposited up to 500 ℃) While investigating the evolution of the system morphology after the emulation of Annealing 1 and Annealing 2, three of the systems listed in Table D.1 (the systems on n-InP) have been defined by the unexpected presence of Au within the reacted area, namely:

• ). For each of these systems, the presence of Au outside the electrode area is not coherent with the fact that the Pt layer located below the Au layer is supposedly an effective barrier to the diffusion of Au [START_REF] Katz | Au/Pt/Ti contacts to p-In 0[END_REF][START_REF] Katz | Pt/Ti/n-InP nonalloyed ohmic contacts formed by rapid thermal processing[END_REF]. Such phenomenon has not been observed in the p-In 0.53 Ga 0.47 As systems listed in Table D.1 (see Fig. The re-evaluation of the chemical analysis of the samples has confirmed that Au and P are indeed spread across the InP samples, which suggests that the detailed observations are indeed valid.

Various causes for the origin of such observations have been reviewed. For instance, it could be argued that an issue that had occurred during the sample preparation could be the cause, however, this would not explain why only the n-InP-samples are concerned. To our knowledge, such observations have not been previously reported by the literature, which means that at this point, not only the determination for its origin is hypothetical, but it certainly requires further characterizations. First and foremost, as the presence of Au outside the electrode area and the presence of P in the electrode area have been either both observed (in the n-InP samples), or none of them (in the p-In 0.53 Ga 0.47 As samples), it is highly possible that these two elementrelated observations are linked with one another. The first hypothesis that can been presented is that one of them is indeed responsible for the other.

As previously mentioned, the Pt-layer located below the Au layer is supposed to be an effective barrier to the Au diffusion. It however seems in these particular cases, that the Pt layer has not behaved as an effective barrier (see Fig. In the Ni/n-InP system (Fig. [START_REF] Sopousek | Au-Ni nanoparticles: Phase diagram prediction, synthesis, characterization,and thermal stability[END_REF]. On the contrary, the Au-In system presents a good solubility, as Au-In compounds (AuIn and AuIn 2 ) are commonly used for wafer-level bonding [START_REF] Sohn | Wafer-level low temperature bonding with Au-In system[END_REF]. The Au-Pt system as well presents a good miscibility [START_REF] Okamoto | The Au-Pt (Gold-Platinum) system[END_REF] (the most commonly formed compounds being AuPt and AuPt 3 ). As a result, Au has diffused towards the Pt 3 In 4 grains and formed Au-In and Au-Pt compounds.

Such observations would benefit from further investigations. For instance:

• It would be of great interest to perform XRD analyses on the Ni 0.9 Pt 0.1 /n-InP system at this stage of the reaction to determine with precision which phases are present.

• One could perform similar TEM and EDX characterizations on the various systems with the Au/Pt/Ti electrode after various RTA, and then after Annealing 1 as well. Closely monitoring the evolution of the distribution of Au and P would in this way help determine at which stage of the reaction such phenomena occurs.

• The investigation of various An Au-free electrodes could help determine if the previously detailed presence of Au on the InP layer is indeed a consequence of the P out-diffusion.

• In the final laser device, as the TiN/metal/InP stack is located at the bottom of a W-filled cavity, event though it is a Au-free environment, it is of great importance to determine if the W/TiN/metal/InP contact stack is affected by P-out diffusion.

From an integration perspective, it should be highlighted that, as detailed in section 2.3.1.1 (Chapter 2), the use of the Au/Pt/Ti top-electrode is for measurement purposes only. In this way, during laser contact integration, this stack will not be a part of the final integration scheme. As a result, the issues related to the n-contact regarding the Au-diffusion are not relevant as far as the integrated device is concerned.

The lift-off related-process for the elaboration of TLM samples is presented in Fig. E.2, while the planar-related process integration is presented in Fig. E.3. The main differences between the two processes integration discussed in this section are:

• the presence of a 150 nm-thick SiN layer in the case of planar integration: it represents a thermal budget of 300 ℃ during 133.5 s (120 s of thermalization + 13.5 s of deposition) applied to the III-V doped layer. The SiN etching/opening is well-controlled.

• the lift-off process requires the use of resists, which often leads to residual amounts of resist at the edge of the contact and can affect its electrical properties.

• the non-planarity of the lift-off process integration. The electrical results have suggested that the contacts elaborated with lift-off process are nonohmic from the as-deposited state to after a 500 ℃ RTA included (see left bar chart in Fig. E.4). This is in contradiction with previous works led on the topic, in which with lift-off process, ohmic behavior have been extracted [START_REF] Grenouillet | CMOS compatible contacts and etching for InP-on-silicon active devices[END_REF][START_REF] Liu | 200mm wafer scale III-V/SOI technology for all-optical network-on-chip and signal processing[END_REF]. It is possible that an integration issue has negatively impacted the electrical properties of the Au/Pt/Ti/TiN/Ti/n-InP, inducing a non-ohmic hebavior.

With planar-related processes on the contrary, as previously discussed in section 4.1.1.6, the system is ohmic from the as-deposited state and up to 500 ℃ included (see Fig. As previously stated, the lift-off process requires the use of resist, of which the removal may often be incomplete, leading to residual amounts at the edge of contact pads. In this way, during the electrical measurements, as a voltage is applied between two consecutive contact pads, the current paths may very likely be altered by the presence of residual resist, which can lead to the non-ohmicity of the contact. The lift-off process does not grant as much control and replicability over the elaborated contact pads as the planar process does, as the SiN etching is indeed well-controlled.

First and foremost, it appears that the EDX mappings of Ti, Pt and Au are the same with each process (see Fig. E.6 and Fig. 4.12). In the lift-off-elaborated system, the In and P mappings (elements originating from the substrate) have revealed free-In overlapping with free-P areas, where there normally should not have been (see the circled areas in Fig. E.6). These circled areas have been reported in the TEM image of the sample, and it has appeared that the latter correspond to holes in the structure. In these circled regions, there is indeed no contact between the Ti-based reacted layer (which is continuous) and the InP substrate. It has been reported in a previous study conducted by Lauvernier et al. that the use of the tetramethylammonium hydroxide (TMAH) resit developer, on a III-V material such as GaAs has induced many irregularities and extremely high roughness [START_REF] Lauvernier | Plusieurs systèmes bénéficieraient d'un échantillonnage plus fin de la température, par exemple 25 ℃ sur une plage de température donnée. Ainsi, cela permettrait de fournir des informations plus précises concernant l'évolution des systèmes. Par exemple, dans[END_REF]. As the TMAH developer has also been used in this study, it is possible that the InP layer, which is also a III-V material has been altered as well by the use of the latter.

In the light of the previously detailed electrical results obtained with lift-off process (Fig. ) is a major concern. The planar-processed system hence appears as more suitable.

After performing Annealing 1 emulating W-plug filling and BEOL, with either integration schemes, the extracted contact resistivity values have either remained constant (within the error bar range), or have been reduced (see middle bar chart in Fig. E.7). In the case of the system elaborated with planar integration, the initially as-deposited state sample has reached ohmicity after Annealing 1 (see Fig. 4.25), which is expected in the light of the thermal budget brought by Annealing 1 (400 ℃ -180 s + 400 ℃ -30 min), and the ohmicity of the samples initially annealed at 400 ℃ and 450 ℃. By all accounts, the thermal budget brought by Annealing 1 has not degraded the electrical properties of the contacts elaborated with either lift-off or planar integration.

After performing Annealing 2 emulating long-term thermal stress, it appears that the impact of the thermal budget brought by the annealing is the same with either lift-off integration or planar integration (see right bar chart in It should be noted that in the previously detailed TiN/Ti/InGaAs system with planar-related processes, no signs of delamination had been observed for either of the investigated thermal budget (up to 500 ℃), which means that delamination of the Au/Pt/Ti/TiN/Ti/p-InGaAs system with lift-off process is entirely related to the fragility of the process itself. In the light of the previously detailed electrical results obtained with lift-off process (Fig. E.7), it is very likely that the delamination issues are responsible for the highly variable electrical results extracted on the lift-off processed system. The overall stable electrical properties of the planar-processed system makes it more suitable.

E.2.2 Morphological properties

E.3 Impact of process integration: conclusion

As a result, by comparing the lift-off integration scheme used to develop state-of-the-art noblemetal based contacts with planar-related processes, it has been evidenced that aside from compatibility issues (see section 1.3.2.2), the use of the TMAH developer during lift-off-related integration would negatively alter the III-V layers, inducing the presence of holes below the Ti-based layer. As a result, the use of lift-off integration scheme would compromise the integrity of the systems as well as their reliability.

Appendix F

Impact of Ti layer thickness

As discussed in section 4.1, in the scope of a simultaneous integration of both n-and p-contacts, Ti is the most promising metallization of all the investigated candidates. In an attempt to further optimize such promising metallization, the impact of the thickness of Ti deposited on the III-V doped layers has been monitored. Both the electrical and morphological properties have been studied.

It should be announced that the 10 nm-system and the 40 nm-system have been elaborated at the same time, while the 20 nm-system has been elaborated significantly prior to the latter (several months apart). In this way, it is very likely that a comparison between the system elaborated with 20 nm vs. 10 nm of Ti, and 20 nm vs. 40 nm of Ti are not rigorously comparable due to the fact that the depositions have not elaborated in the same process run. Variations between systems might be observed that should be attributed to the process itself, instead of the thickness variations.

The nominal Ti thickness being 20 nm, two additional thicknesses have been studied, namely 10 and 40 nm.

F.1 The TiN/Ti/n-InP system

The investigated systems are:

• TiN(7 nm)/Ti(10 nm)/n-InP

• TiN(7 nm)/Ti(40 nm)/n-InP ), the contact is non-ohmic from the as-deposited state and up to 250 ℃ included, while with the reference thickness (Ti = 20 nm), an ohmic contact has been observed over this range. There is no reason that could explain such an observation. In this case, it is highly likely that the difference of process window is responsible for the difference of electrical behavior (law of series). This highlight the fragility of the deposition process, which constitutes a major issue in the scope of this study. After a 300 ℃ RTA, for both Ti = 10 nm and Ti = 40 nm thicknesses, the contacts have become ohmic and the extracted contact resistivities have reached 2.5 and 2.3 × 10 -5 Ω.cm 2 respectively, which is overall the same value. With Ti = 20 nm, the extracted contact resistivity is significantly higher (1.2 × 10 -4 Ω.cm 2 ). These differences observed between the reference thickness (Ti = 20 nm), and the investigated ones (Ti = 10 and 40 nm), may lie in the deposition process itself, as it has appeared to be more similarities between the Au/Pt/Ti/TiN(7 nm)/Ti(10 nm)/n-InP and Au/Pt/Ti/TiN(7 nm)/Ti(40 nm)/n-InP systems, while the Au/Pt/Ti/TiN(7 nm)/Ti(20 nm)/n-InP system highly differs from the latter. At higher temperature, with 10 nm of Ti, the contact resistivity has progressively decreased as the RTA temperature has increased, from 2.5 × 10 -5 Ω.cm 2 after a 300 ℃ RTA, to 3.5 × 10 -6 Ω.cm 2 after a 500 ℃ RTA. With 40 nm of Ti, the trend is different. The contact resistiviy has indeed exhibited a decrease of contact resistivity up to 400 ℃ included (reaching 8.1 × 10 -6 Ω.cm 2 ), before increasing up to 500 ℃ (reaching 1.7 × 10 -5 Ω.cm 2 ). Overall, the contact resistivity of the contact defined by Ti = 10 nm and 40 nm have exhibited lower contact resistivity than with 20 nm. In this case as well, it is very likely that such the appearing improved electrical properties of the 10 nm and 40 nm-series compared to the 20 nm-series are due to the variability of the deposition process. It is of great importance to reproduce the Ti depositions within the same process window, and perform the electrical measurements to ensure the relevance of the results. After Annealing 1, with Ti = 10 nm and 40 nm, the contact previously annealed up to 250 ℃ included (hence non-ohmic) have become ohmic, reaching between 3.0 × 10 -6 and 1.3 × 10 -5 Ω.cm 2 respectively. With each thicknesses, the contact resistivity of the contacts are the same after Annealing 1, namely between 2.9 and 3.5 × 10 -6 Ω.cm 2 with Ti = 10 nm, and between 1.3 and 1.9 × 10 -5 Ω.cm 2 with Ti = 40 nm. This highlight the stabilization induced by the thermal budget involved during Annealing 1. It has also been the case with Ti = 20 nm.

F.1.1 Electrical properties

After Annealing 2, with Ti = 10 nm the contact resistivity has either been slightly decreased or has remained the same as before Annealing 2. As a result, the contact resistivity ranges from 2.2 to 2.8 × 10 -6 Ω.cm 2 . Similarly, in the case of Ti = 40 nm, the contact resistivity has either been slightly decreased or has remained the same as before Annealing 2, except for the sample that has previously undergone a 500 ℃ RTA, and which has seen its contact resistivity significantly decrease from 1.4 × 10 -5 Ω.cm 2 to 5.9 × 10 -6 Ω.cm 2 (approximately half a decade of contact resistivity).

F.1.2 Morphological properties

The SEM image of the TiN/Ti(10 nm)/n-InP system after a 450 ℃ RTA followed by subsequent The previously investigated electrical properties of the Au/Pt/Ti/TiN/Ti(10 nm)/n-InP system after a 450 ℃ RTA followed by subsequent Annealing 1 and Annealing 2 (see Fig. ), contrary to the system elaborated with Ti = 40 nm, the system has exhibited an homogeneous and continuous reacted layer morphology. As a result, not only the electrical properties of the Au/Pt/Ti/TiN/Ti(40 nm)/n-InP system are improved compared to the Au/Pt/Ti/TiN/Ti(20 nm)/n-InP systems, but the layer morphology has in addition exhibited a strong stability. 

F.1.3 Impact of Ti layer thickness: conclusions

The investigation of various thicknesses of Ti on the TiN/Ti/n-InP system in the scope of optimizing the latter has demonstrated that both the electrical and morphological properties of the system are affected by the thickness of deposited metallization. The various samples have not been fabricated several months apart, which could have very likely impacted the system characteristics. However, in the light of the discussed results, with Ti = 10 nm, even though the electrical properties are promising (approximately 2 -3 × 10 -6 Ω.cm 2 after Annealing 1 and Annealing 2 ), it would be unwise to use this thickness as the agglomeration of the reacted layer appears to have occurred after the emulation of W-plug filling, BEOL and long-term thermal stress. An unreliable layer morphology indeed cannot be considered. One could however envision using a 40 nm-Ti-thickness on the TiN/Ti/n-InP system, as the latter not only appears to have improved electrical properties when compared to the 20 nm-Ti-thickness (1 -2 × 10 -5 Ω.cm 2 after Annealing 1 and Annealing 2 ), but has also granted an enlargement of the RTA domain to apply to the sample right after metal deposition (300-450 ℃). No sign of layer agglomeration has been observed through W-plug filling, BEOL and long-term thermal stress.

The fact that a lower thickness (10 nm) has led to layer agglomeration while a thicker layer (40 nm) has not, is corroborated by the work led by Thompson et al. [START_REF] Thompson | Solid-state dewetting of thin films[END_REF], in which it is detailed that as the film thickness decreases, the dewetting (agglomeration) temperature is reduced, the driving energy of the agglomeration increases, and as the diffusion distances are small, layer agglomeration is more likely to occur.

There is a compromise between a thickness that could possibly lead to layer agglomeration, and less favorable electrical properties. In the scope of simultaneous n-and p-contact integration, the use of (for instance) 4 different thicknesses of Ti metallization elaborated at the same time with the same equipment settings should be investigated on both n-InP and p-In 0.53 Ga 0.47 As.

Résumé substantiel en français

Afin de répondre à la demande croissante en terme d'échange de données, de nouveaux moyens de télécommunication innovants ont vu le jour. Parmi eux, ces travaux de thèse se concentrent essentiellemennt sur les circuits optoélectroniques, qui consistent en l'association d'émetteurs fabriqués à base de matériaux III-V (laser hybride III-V/Si) et récepteurs intégrés sur des circuits CMOS 300 mm. De tels dispositifs sont définis par une consommation énergétique réduite et des puces de haute performance. Les circuits optoélectroniques tirent profits des avantages offerts par la maturité de la ligne de production CMOS 300 mm, tels que la production en grand volume, et un faible coût de fabrication. Un élément clé nécessaire à l'intégration du laser hybride III-V/Si sur un circuit CMOS 300 mm est le développement de contacts CMOS compatibles sur les couches dopées n-InP et p-In 0,53 Ga 0, [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As, qui constituent les régions de contact n-et p-du laser hybride III-V/Si. Pour parvenir à intégrer les contacts n-et p-, des prérequis spécifiques doivent être respectés, tels que:

• un procédé planar doit être appliqué,

• une préparation de surface et une métallisation CMOS compatible communes pour les couches n-InP et p-In 0.53 Ga 0.47 As.

• la résistivité de contact ne doit pas dépasser ρ c, n lim = 7.2 × 10 -5 Ω.cm 2 et ρ c, p lim = 1.4 × 10 -5 Ω.cm 2 pour les contacts n-et p-respectivement.

• le budget thermique relatif à l'intégration des contacts ne doit pas dépoasser 450 ℃ dans le but de prévenir la dégradation des puits quantiques qui constituent la région active du laser hybride III-V/Si Pour mener cette étude, deux preclean et quatre métallisations ont été étudiés. Les deux preclean dont il est question sont un preclean à base d'argon, et un preclean à base d'hélium. L'impact de chacun de ces preclean sur la plus sensible et fragile des deux couches III-V en présence, à savoir l'InP, a été étudié. Les résultats ont démontré que le preclean argon endommage significativement la morphologie de la surface de l'InP, générant de mauvaises propriétés électriques, l'ohmicité du système n'étant pas atteinte au-delà de 350 ℃. Le preclean hélium n'a quant à lui pas eu d'impact négatif sur la morphologie du substrat InP. Par conséquent, dans le cadre de l'intégration simultanée des contacts n-et p-, l'utilisation du preclean à base d'hélium est privilégiée.

Parmi les quatre métallisations étudiées (Ni, Ni 0,9 Pt 0,1 , Ni 2 P et Ti), sur n-InP et p-In 0,53 Ga 0, [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As avec preclean hélium, les résultats obtenus sont les suivants: -Une solution de préparation de surface des couches III-V HF:H 2 O (1:10) pendant 1 min, afin de retirer les oxydes natifs, suivi par un rinçage à l'eau dé-ionisée.

-Un preclean hélium, servant à retirer les oxydes ayant cru à nouveau sur les surfaces III-V, -Un dépôt de 20 nm de Ni 2 P sur la couche n-InP, suivi d'un dépôt de 7 nm de TiN, laquelle sert de couche de protection.

-Un dépôt de 20 nm de Ni sur la couche p-In 0.53 Ga 0.47 As, suivi d'un dépôt de 7 nm de TiN, laquelle sert de couche de protection.

-Un recuit thermique de 300 ℃ pendant 60 s (précédant les étapes d'intégrations), qui conduira in fine à un état stabilisé et optimisé des régions de contact n et p.

• -Une solution de préparation de surface des couches III-V HF:H 2 O (1:10) pendant 1 min, afin de retirer les oxydes natifs, suivi par un rinçage à l'eau dé-ionisée.

-Un preclean hélium, servant à retirer les oxydes ayant cru à nouveau sur les surfaces III-V, -Un dépôt de 20 nm de titane, suivi d'un dépôt de 7 nm de TiN, laquelle sert de couche de protection.

-Un recuit thermique de 400 ℃ pendant 60 s (précédant les étapes d'intégrations), qui conduira in fine à un état stabilisé et optimisé des régions de contact n et p.

Résumé

In the present context of the Big Data era, the requirement for higher density data transmission is of the utmost importance, since the demand in terms of data exchange has been growing for over 20 years. As a result, innovative means of communications have inevitably emerged, such as optical devices and interconnections. The later consist in technologies such as emitters (laser) and receptors (photodetector), made from III-V materials and integrated onto 300 mm CMOS Si-based circuitry: this what Silicon photonics is about. The latter indeed offers the possibility to meet the growing demand in data exchange, while (i) leveraging the benefits offered by the maturity of the 300~mm CMOS Si fabline, such as high-volume production and low cost, combined with (ii) the use of optical circuitry made from III-V materials, granting reduced power consumption and high-performance chips. In the scope of optimizing the performances of such optoelectronic circuit, an innovative integration scheme has been developed in collaboration with STMicroelectronics and CEA-Leti. It consists in the full integration of the III-V emitter, which is a III-V/Si hybrid laser, onto a silicon wafer in a 300-mm CMOS-compatible clean room. One of the key components required for such integration is the development of CMOS-compatible contacts on both n-InP and p-In0.53Ga0.47As, which are the n-and p-contact layers of the III-V/Si hybrid laser, necessary for the generation and amplification of the optical signal. In this way, the goal of this PhD thesis lies in the development of these innovative contacts, meeting specific requirements, and allowing the full integration of the III-V/Si hybrid laser onto a 300 mm Silicon Photonics wafer. In this way, the eligibility of four metallization, hence eight systems, are thoroughly investigated. The systems are namely Ni/InP, Ni/In0.53Ga0.47As, Ni0.9Pt0.1/InP, Ni0.9Pt0.1/In0.53Ga0.47As, Ti/InP and Ti/ In0.53Ga0.47As. To do so, the formation phase sequence, layer morphology, element distribution and electrical properties of the enounced systems are studied. In addition, a reliability study has been performed on the systems, providing valuable and exclusive information regarding the evolution of the properties of the systems throughout subsequent process steps such as W-plug-filling and Back-End-Of-Line, as well as throughout the emulation of long-term thermal stress. Ultimately, a promising and reliable metallization is proposed for the full integration of the III-V/Si hybrid laser onto a 300~mm Si fab-line.

Dans le contexte actuel de la Big Data, la nécessité d'une transmission de données à plus haute densité est de plus en plus critique, puisque la demande en termes d'échange de données n'a cessé d'augmenter depuis les 20 dernières années. De ce fait, des moyens de communication innovants ont inévitablement vu le jour, tels que les dispositifs et interconnexions optiques. Il s'agit de dispositifs tels que des émetteurs (laser) et des récepteurs (photodétecteur), fabriqués à partir de matériaux III-V et intégrés à des circuits silicium CMOS en 300 mm : c'est ce quoi consiste la photonique sur silicium. Cette dernière offre la possibilité de répondre à la demande croissante en matière d'échange de données, tout en (i) exploitant les avantages offerts par la maturité de la ligne de fabrication silicium CMOS en 300 mm, tels que la production en grand volume et le faible coût, associés à (ii) l'utilisation de circuits optiques fabriqués à partir de matériaux III-V, garantissant une consommation d'énergie réduite et des puces de haute performance. Dans le cadre de l'optimisation des performances d'un tel circuit, dit optoélectronique, un schéma d'intégration innovant a été développé en collaboration avec STMicroelectronics et le CEA-Leti. Il consiste à intégrer directement l'émetteur III-V, qui est un laser hybride III-V/Si, sur un wafer de silicium dans une salle blanche compatible CMOS de 300 mm. L'un des éléments clés requis par une telle intégration est le développement de contacts compatibles CMOS sur n-InP et p-In0.53Ga0.47As, qui sont les couches de contact n-et p-du laser hybride III-V/Si, nécessaires à la génération et l'amplification du signal optique. L'objectif de cette thèse est ainsi de développer ces contacts innovants, tout en respectant des exigences spécifiques, et permettant l'intégration du laser hybride III-V/Si sur un wafer de silicium via une ligne de fabrication CMOS en 300 mm. Ainsi, l'éligibilité de quatre métallisations, donc de huit systèmes, est étudiée de manière approfondie. Il s'agit des systèmes Ni/InP, Ni/In0.53Ga0.47As, Ni0.9Pt0.1/InP, Ni0.9Pt0.1/In0.53Ga0.47As, Ti/InP et Ti/ In0.53Ga0.47As. Pour ce faire, la séquence de formation de phases, la morphologie des couches, la distribution des éléments et les propriétés électriques des systèmes sont étudiés. Une étude de fiabilité a été parallèlement réalisée sur les différents systèmes, fournissant des informations précieuses et inédites sur l'évolution des propriétés du contact tout au long des étapes de fabrication, telles que le remplissage des plugs en W, le Back-End-Of-Line, ainsi que l'émulation de la contrainte thermique à long terme. Une métallisation prometteuse et fiable, répondant aux différentes exigences est permettant l'intégration du laser hybride III-V/Si dans une salle blanche compatible CMOS de 300 mm est proposée.
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 11 Figure 1.1: Analysis of the growth in core network traffic since the dawn of the internet era in terms of the constituent five-year trend segment, according to Bell Labs Consulting [3]. ZB = Zettabyte = 10 21 bytes; PB = Petabyte = 10 15 bytes.
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 12 Figure 1.2: Optoelectronic circuit schematic.
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 13 Figure 1.3: Semiconductor PN junction at the thermodynamic equilibrium (V = 0).
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 14 Figure 1.4: Semiconductor PN junction under direct polarization (V > 0).
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 15 Figure 1.5: Schematic of the proposed laser structure with a zoomed-in area of the multiple quantum wells.
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 16 Figure 1.6: III-V/Si wafer bonding process: a) inverse structure growth, b) bonding InP wafer and c) cutting and substrate removal.

Figure 1 . 7 :

 17 Figure 1.7: One-step contact integration scheme of the III-V/Si hybrid laser.

Fig. 1 .

 1 Fig. 1.7a represents the T-shaped laser structure bonded to the Si circuitry via III-V/Si wafer bonding, on the oxidized SOI wafer (SiO 2 bonding layer). The structure undergoes a SiN and SiO 2 dielectric encapsulation by Plasma Enhanced Chemical Vapor Deposition (PECVD) at 300 ℃, followed by Chemical Mechanical Polishing (CMP) step in order to planarize the dielectric encapsulation (see Fig. 1.7b).
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 18 Figure 1.8: Sequential contact integration scheme of the III-V/Si hybrid laser.
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 19 Figure 1.9: Contact resistance (R c ) of p-and n-contacts as a function of the contact resistivity (ρ c ), with the deduced ρ c,plim and ρ c,nlim . The R c limit is represented by a pink horizontal line at 0.6 Ω for the specific III-V laser integration studied in this PhD.
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 110 Figure 1.10: Energy-band diagram after contact φ m < φ SC , n-doped semiconductor.
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 111 Figure 1.11: Energy-band diagram after contact φ m < φ SC , p-doped semiconductor.
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 112 Figure 1.12: Energy-band diagram after contact φ m > φ SC , n-doped semiconductor.
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 113 Figure 1.13: Energy-band diagram after contact φ m > φ SC , p-doped semiconductor.

•

  Diffusion of electrons in the depletion region • Diffusion of holes from the metal towards the semiconductor The conduction mechanisms are represented in Fig. 1.14.
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 114 Figure 1.14: Representation of the conduction mechanisms between a metal and a n-doped semiconductor junction.
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 115 Figure 1.15: Representation of vacancy diffusion.
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 116 Figure 1.16: Representation of interstitial diffusion.
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 117 Figure 1.17: Representation of the formation of a single M 2 S compound.
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 118 Figure 1.18: Representation of the formation of several compounds, M 2 S and MS.
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 119 Figure 1.19: Thin film agglomeration occurring at the metal/semiconductor interface.
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 120 Figure 1.20: State of the art of the Ni or Ti contacts with Au on a) n-InP and b) p-In 0.53 Ga 0.47 As.
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 121 Figure 1.21: State of the art of the Pd or Pt contacts with Au on a) n-InP and b) p-In 0.53 Ga 0.47 As.
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 1 22a and Fig. 1.22b summarize the contact resistivity on the various system previously detailed on n-InP ang p-In 0.53 Ga 0.47 As respectively.
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 122 Figure 1.22: State of the art of the W-based contacts on a) n-InP and b) p-In 0.53 Ga 0.47 As.
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 1 22a and Fig. 1.22b.

Figure 1 . 23 :

 123 Figure 1.23: State of the art of the Ti and Ni-based contacts on a) n-InP and b) p-In 0.53 Ga 0.47 As.

Fig. 2 .

 2 Fig. 2.1 presents description of the samples used for the physical characterizations.

Figure 2 . 1 :

 21 Figure 2.1: Description of the samples used for the physical characterizations: a) a native oxides layer naturally present on top of the non-intentionally doped InP epi-ready wafer, b) 1 min HF:H 2 O (1:10) wet-treatment for native oxide removal, c) quasi immediate regrowth of oxides, and in a dedicated 300 mm deposition tool d) Argon or Helium plasma dry-preclean for regrown oxide removal, e) contact metal deposition, f) TiN capping layer deposition, and in dedicated III-V RTA equipment g) optional RTA.

Figure 2 . 2 :

 22 Figure 2.2: a) p-In 0.53 Ga 0.47 As or n-InP doped epilayer on InP semi-insulating substrate, b) 150 nm SiN deposition, c) lithography and SiN etching, d) wet-preclean (HCl:H 2 O 1:10),followed by in-situ dry-preclean and contact metal deposition and TiN capping layer deposition (7 nm) using 300 mm tools, e) Ti/Pt/Au (15 nm/25 nm/150 nm) cavity filling, f) lithography and Ion Beam Etching (IBE), g) lithography and mesa etching to prevent the current from flowing and to contain it near the contact area, therefore reducing the crowding effect[START_REF] Reeves | Obtaining the specific contact resistance from transmission line model measurements[END_REF][START_REF] Schroder | Semiconductor Material and Device characterization[END_REF].

  3.2.1 in Fig 1.7. The III-V doped layers are as follow: Zn-doped In 0.53 Ga 0.47 As with N a = 2 × 10 19 at.cm -3 and Si-doped InP with N d = 5 × 10 18 at.cm -3 . The latters lie on a InP semi-insulating substrate (see Fig. 2.2a). Then, a 150-nm-thick SiN layer deposition takes place at 300 ℃ for 133.5 s (120-s-thermalization + 13.5-s-deposition) onto the III-V doped layer (see Fig. 2.2b). The SiN layer is then etched, to open the future contact cavities (see Fig. 2.2c).
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 23 Figure 2.3: AFM technique details: representation of a cantilever attached to a silicon holding block. The tip of the cantilever is facing down. The back side of the cantilever is coated with a metallic coating.

Figure 2 . 4 :

 24 Figure2.4: Tip of the cantilever-surface sample configuration for dynamic AFM. Z is defined as the average tip-surface distance, d is the minimum distance, and q is the instant displacement from Z of the cantilever when the cantilever is oscillated by an external force.
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 25 Figure 2.5: X-ray diffraction principle. λ is the wavelength of the incident X-ray, d hkl is the interreticular distance, θ is the incident angle, and 2θ is the diffraction angle.
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 26 Figure 2.6: Representation of the θ/2θ measurement setup.
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 27 Figure 2.7: Representation of the in-plane configuration (IPRSM) and out-of-plane configuration (conventional θ/2θ X-Ray Diffraction).
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 28 Figure 2.8: Ewald sphere and determination of the reciprocal space.
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 29 Figure 2.9: Simplified path of the electron beams in a Transmission Electron Microscope. As the electrons are transmitted throught the prepared sample, they are scattered by the electrostatic potential set up by the constituting elements of the sample. Then, the transmitted electrons travel through the electromagnetic objective lens, focusing the scattered electrons into the image plane.
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 2 Figure 2.10: a) Incident X-ray beam striking a core-level electron, and b) L-shell electron filling the induced vacancy on the K-shell, and c) M-shell electron filling the induced vacancy on the L-shell.
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 211 Figure 2.11: Representation of the resistance contributions between a metal and a semiconductor. In this example, two metallic contact pads are represented.

  2.12b and 3D representation in Fig.2.12c). As previously presented in Fig.2.11, each metallic pad is defined by its contact length d and its contact width w. In this particular study, squared-TLM are used and d = w = 200 µm. The squared pads are seperated by 5 spacing values: 20, 40, 60, 80 and 120 µm, referred as l i in this work, with i ranging from 1 to 5 (see Fig.2.12b). After the full TLM test structure is fabricated, it has been decided in this study to submit the latter to a Rapid Thermal Annealing (RTA) at temperatures ranging from 200 to 500 ℃ during a 60-second stage under N 2 atmosphere, in order to subsequently investigate the electrial state of the contact in various states.
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 212 Figure 2.12: Representation of the TLM test structure used in the scope of this work in a) top-view, b) cross-section and c) 3D representation.

Figure 2 .

 2 Figure 2.13: a) I-V characteristics extracted from the Transfer Length Method in the case of an ohmic contact and b) evolution of the deduced resistance as a function of the spacing value between pads.

  2.13b). The R i values are a function of the spacing value, and such trend can be fitted by a linear curve (y = ax + b), and is equivalent to Equation 2.1 previously established, representing the resistances encountered between two metallic pads on a semiconductor. By identification, R sh = a.w (2.2)
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 214 Figure 2.14: Repeatability measurement.

Figure 2 .

 2 Figure 2.15: a) I-V characteristics extracted from the TLM method in the case of a non-ohmic contact, and b) Voltage = f (ln Current) extracted between C 1 and C 2 (l 1 ).

  2.16).
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 216 Figure 2.16: General approach: Step 1: post-RTA (pre-annealing), Step 2: post-RTA followed by Annealing 1 emulating W-plug filling and BEOL, and Step 3: post-RTA + Annealing 1 followed by Annealing 2 emulating and long-term thermal stress.
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 111 Fig.3.1 presents the AFM images of the reference sample, i.e. InP surface without any preclean (Fig.3.1a), the InP surface precleaned with He and Ar (Fig.3.1b and Fig.3.1c respectively), the InP surface precleaned with He and Ar respectively followed by Ni and TiN depositions (Fig.3.1d and Fig.3.1e respectively). In these AFM images, it has appeared that the morphology of the InP surface reference sample (Fig.3.1a) and the InP surface precleaned with He preclean (Fig.3.1b) are very similar: surfaces are smooth and few particles are observed. Root mean square (RMS) of the roughness are in the same range of value, respectively 0.3 and 0.2 nm. Typical roughness for these surfaces state are ranging between 0.2 and 1 nm, mostly free of dots. This hence suggests that He preclean has a moderated impact on the morphology of InP surface. On the contrary, the InP surface precleaned with Ar (Fig.3.1c) has exhibited a higher roughness, reaching 3.5 nm (usually between 3 and 6 nm with Ar preclean). In addition, the surface of the sample precleaned with Ar contains numerous systematic dots, and has exhibited a morphology highly different from the InP reference (Fig.3.1a). After Ni/TiN deposition on a He precleaned InP surface (Fig.3.1d), a very few dots are present and the roughness has increased from 0.2 to 0.6 nm. The sample has however exhibited a smoother surface than the TiN/Ni/InP sample precleaned with Ar (RMS = 1.7 nm, shown in Fig.3.1e). After Ni/TiN deposition on an Ar precleaned InP surface, the dots featured prior to the Ni/TiN deposition (Fig.3.1c) have indeed been observed observed as well. The roughness has been however reduced from 3.5 to

  Fig.3.1 presents the AFM images of the reference sample, i.e. InP surface without any preclean (Fig.3.1a), the InP surface precleaned with He and Ar (Fig.3.1b and Fig.3.1c respectively), the InP surface precleaned with He and Ar respectively followed by Ni and TiN depositions (Fig.3.1d and Fig.3.1e respectively). In these AFM images, it has appeared that the morphology of the InP surface reference sample (Fig.3.1a) and the InP surface precleaned with He preclean (Fig.3.1b) are very similar: surfaces are smooth and few particles are observed. Root mean square (RMS) of the roughness are in the same range of value, respectively 0.3 and 0.2 nm. Typical roughness for these surfaces state are ranging between 0.2 and 1 nm, mostly free of dots. This hence suggests that He preclean has a moderated impact on the morphology of InP surface. On the contrary, the InP surface precleaned with Ar (Fig.3.1c) has exhibited a higher roughness, reaching 3.5 nm (usually between 3 and 6 nm with Ar preclean). In addition, the surface of the sample precleaned with Ar contains numerous systematic dots, and has exhibited a morphology highly different from the InP reference (Fig.3.1a). After Ni/TiN deposition on a He precleaned InP surface (Fig.3.1d), a very few dots are present and the roughness has increased from 0.2 to 0.6 nm. The sample has however exhibited a smoother surface than the TiN/Ni/InP sample precleaned with Ar (RMS = 1.7 nm, shown in Fig.3.1e). After Ni/TiN deposition on an Ar precleaned InP surface, the dots featured prior to the Ni/TiN deposition (Fig.3.1c) have indeed been observed observed as well. The roughness has been however reduced from 3.5 to
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 31 Figure 3.1: 1 µm × 1 µm Atomic Force Microscopy images of various InP samples, a) reference sample without preclean, b) after He preclean, c) after Ar preclean, d) after He preclean and Ni/TiN deposition, and e) after Ar preclean and Ni/TiN deposition.
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 32 Figure 3.2: 1 µm × 1 µm AFM images of (a) Ni/InP stack without preclean prior to deposition, (b) TiN/InP stack without preclean prior to deposition.
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 112 Layer morphology of the TiN/Ni/InP system in the as-deposited stateThe TEM images of the as-deposited samples precleaned with either Ar and with He are shown in Fig.3.3a and Fig.3.3b respectively. The EDX mapping are shown in Fig.3.3c through Fig.3.3f.
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 33 Figure 3.3: STEM images and EDX mapping of TiN/Ni/ InP as-deposited system with a) c) e) Ar preclean and b) d) f) He preclean.
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 34 Figure 3.4: EDX profiles of the TiN/Ni/InP system in the as-deposited state with a) Ar preclean and b) He preclean.
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 35 Figure 3.5: EDX profiles of the TiN/Ni/InP system after a 250 ℃ RTA a) precleaned with Ar and b) precleaned with He.
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 36 Figure 3.6: EDX profiles of TiN/Ni/InP system precleaned with Ar and after a) a 350 ℃ RTA and b) a 450 ℃ RTA.
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 37 Figure 3.7: EDX profiles of the TiN/Ni/InP system precleaned with He and after a) a 350 ℃ RTA and b) a 450 ℃ RTA.
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 38 Figure 3.8: RMS of the roughness of the TiN/Ni/InP system in jte as-deposited state and after various RTA, with either Ar or He preclean.
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 39 Figure 3.9: TEM images of the TiN/Ni/InP system after a 450 ℃ RTA with a) Ar preclean and b) He preclean.

  [START_REF] Yamaguchi | Near-noble transition-metal-based ohmic contacts to p-InP: Comparison of Ni and Pd as a base metal[END_REF] and Ghegin et al.[START_REF] Ghegin | Phase formation in the Ni/n-InP contacts for heterogeneous III-V/Silicon photonic integration[END_REF], in which the In phase has not appeared before 400 and 300 ℃ respectively. It is possible that the use of integrated IPRSM analyses in the present study, which are more sensitive to the top surface of the thin film than classical θ/2θ measurements (see section 2.2.2.2), are accountable for the divergences regarding the identification of the In phase at the lowest temperatures. In this work, the presence of the crystallized In phase in the case of the Ar-precleaned system is consistent with the previous observations, which have shown the presence of In dots on top of the InP surface induced by the preclean. For instance, the previously detailed EDX profiles of the Ar-precleaned samples have exhibited In accumulation at various stages of the reaction (see Fig.3.4a, Fig.3.6a and Fig.3.6b).

Figure 3 . 10 :

 310 Figure 3.10: Integrated IPRSM patterns of the TiN/Ni/InP system precleaned with a) Ar and b) He plasma annealed at various RTA. The surface of the analyzed area is ∼ 1 cm 2 . See detailed indexation in Appendix C.

  Strictly below 300 ℃, in both the Ar and the He-precleaned systems, no crystallized phases other than InP, TiN, In and Ni have been identified, which means that the Ni-In-P intermixing layer observed right after deposition in He-precleaned InP surfaces and after a 250 ℃ RTA in Ar-precleaned InP surface, is amorphous. After a 300 ℃ RTA, three crystallized Ni-based phases have been formed simultaneously : Ni 2 P, Ni 3 P and Ni 2 InP (see Fig. 3.10). It is very likely that regardless of the preclean, the amorphous intermixing layer has been consummed as the Ni-based crystallized phases have been formed (at 300 ℃). The three crystallized Ni-based phases (Ni 2 P, Ni 2 InP and Ni 3 P) have remained until at least 550 ℃. Two phases out of these three (Ni 2 P and Ni 2 InP) have also been observed by Yamaguchi et al. [94] from 300 to 500 ℃. This is also overall consistent with Ghegin et al., the Ni 3 P and Ni 2 InP phases had nevertheless not been identified at 450 ℃ [87], and Yamaguchi et al.

Figure 3 . 11 :

 311 Figure 3.11: Phase formation sequence of the TiN/Ni/InP system.

Figure 3 . 12 :

 312 Figure 3.12: Current-voltage characteristics of Au/Pt/Ti/TiN/Ni/n-InP contact (Si-doped, N d = 5 × 10 18 at.cm -3 ) extracted from Transfer Length Method measurements after a) a 250 ℃ RTA, b) a 350 ℃ RTA, and c) a 450 ℃ RTA with Ar preclean and d) a 250 ℃ RTA, e) a 350 ℃ RTA, and f) a 450 ℃ RTA with He preclean.

  3.12e), revealing an ohmic behavior. The contact resistivity values of the Heprecleaned contact are presented in Fig. 3.13.

Figure 3 . 13 :

 313 Figure 3.13: Contact resistivity of the Au/Pt/Ti/TiN/Ni/n-InP He-precleaned contact (Sidoped, N d = 5 × 10 18 at.cm -3 ) extracted from Transfer Length Method measurements in the as-deposited state and after various RTA. The red line symbolizes ρ c,n lim .

  3.11). Indeed, in the as-deposited state, unreacted Ni and In are present, while at 350 ℃, unreacted Ni has been consumed and the three crystallized phases Ni 3 P, Ni 2 P and Ni 2 InP are identified. Furthermore, it has been established in previous works that the Ni 2 P phase is the most favorable for extracting low contact resistivity on the Ni/InP system[START_REF] Appelbaum | Interaction of Nickel with InP as a function of annealing time and temperature[END_REF][START_REF] Ghegin | Phase formation in the Ni/n-InP contacts for heterogeneous III-V/Silicon photonic integration[END_REF][START_REF] Yamaguchi | Near-noble transition-metal-based ohmic contacts to p-InP: Comparison of Ni and Pd as a base metal[END_REF], which would have suggested that the contact resistivity at 350 ℃ should have been reduced compared to the contact resistivity extracted at lower temperatures. In the present study, the correlation between the electrical properties and the phase sequence of the Ni/InP system is therefore not clearly evidenced. In previous studies, Fatemi et al. have found that Ni 3 P is the cause of low contact resistivity values (contrary to Ghegin et al.), as they have obtained values in the low 10 -7 Ω.cm 2 range after an annealing of 400 ℃ -40 min with the In/Ni 2 P/Ni 3 P/n-InP system (Si-doped, N d = 1.7 × 10 18 at.cm -3 )[START_REF] Fatemi | The structural and electrical properties of low restistance Ni contacts to InP[END_REF]. The authors have also demonstrated that extending the annealing time has led to the formation of the In/Ni 2 P/n-InP stack, as well as the increase of the contact resistivity, reaching the 10 -4 Ω.cm 2 range. In the study led by Fatemi et al., a clear correlation has been shown between the phase formation sequence and the electrical properties of the contact[START_REF] Fatemi | The structural and electrical properties of low restistance Ni contacts to InP[END_REF]. This is however in disagreement with Appelbaum et al., who have obtained on the Ni 2 P/n-InP system (Sn-doped, N d = 2 × 10 18 at.cm-3 

Figure 3 . 14 :

 314 Figure 3.14: Current-voltage characteristics of the Au/Pt/Ti/TiN/Ni/n-InP with Ar preclean contact extracted from Transfer Length Method measurements a) in the as-deposited state + Annealing 1, b) in the as-deposited state + Annealing 1 + Annealing 2, c) after a 300 ℃ RTA + Annealing 1, d) after a 300 ℃ RTA + Annealing 1 + Annealing 2, e) after a 450 ℃ RTA + Annealing 1, f) after a 450 ℃ RTA + Annealing 1 + Annealing 2.

Figure 3 . 15 :

 315 Figure 3.15: Current-voltage characteristics of the Au/Pt/Ti/TiN/Ni/n-InP with He preclean contact extracted from Transfer Length Method measurements a) in the as-deposited state state + Annealing 1, b) in the as-deposited state state + Annealing 1 + Annealing 2, c) after a 300 ℃ RTA + Annealing 1, d) after a 300 ℃ RTA + Annealing 1 + Annealing 2, e) after a 450 ℃ RTA + Annealing 1, f) after a 450 ℃ RTA + Annealing 1 + Annealing 2.

  evolution of the layer morphology and element distribution of the Au/Pt/Ti/TiN/Ni/n-InP He-precleaned contact after Annealing 1 and Annealing 2 has been monitored. TEM and EDX characterizations have been performed on one of the squared patterns of the TLM sample composed of the Ni contact metal and the Ti/Pt/Au top-electrode. In this way, Fig. 3.16 represents the TEM image and the EDX profiles of the Au/Pt/Ti/TiN/Ni/n-InP sample which had previously undergone a 350 ℃ RTA, followed by subsequent Annealing 1 and Annealing 2, while Fig. 3.17 represents the TEM image and the EDX profiles of the Au/Pt/Ti/TiN/Ni/n-InP sample which had previously undergone a 450 ℃ RTA, followed by subsequent Annealing 1 and Annealing 2.

Figure 3 . 16 :

 316 Figure 3.16: TEM image of the Au/Pt/Ti/TiN/Ni/n-InP with He preclean sample after a 350 ℃ RTA followed by Annealing 1 + Annealing 2, a) EDX profile of the region crossed by the upper-arrow and b) EDX profile of the region crossed by the bottom-arrow.

Figure 3 .

 3 Figure 3.17: a) TEM image of the Au/Pt/Ti/TiN/Ni/n-InP with He preclean sample after a 450 ℃ RTA followed by Annealing 1 + Annealing 2, b) EDX profile of the region crossed by the lower arrow and c) EDX profile of the region crosses by the upper arrow.
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 1223 Fig. 3.18 presents the electrical properties of the Au/Pt/Ti/TiN/Ni/p-In 0.53 Ga 0.47 As contact (N a = 2 × 10 19 at.cm -3 ).

Figure 3 . 18 :

 318 Figure 3.18: Contact resistivity of the Au/Pt/Ti/TiN/Ni/p-In 0.53 Ga 0.47 As contact extracted from Transfer Length Method measurements in the as-deposited state and after various RTA.The horizontal line symbolizes ρ c,p lim .

  2 and 4.1 × 10 -6 Ω.cm 2 , which means that the electrical properties of the contact have been stabilized. After a 350 ℃ RTA, Ghegin et al. have extracted a contact resistivity of 5.6 × 10 -6 Ω.cm 2 , which is quite comparable to the extracted values (see Fig.3.18), while after a 450 ℃ RTA the significantly increased value of 2.0 × 10 -4 Ω.cm 2 has been reached. In this way, aside from the differences of contact resistivity values obtained between the ones reported in Fig.3.18 and the work led by Ghegin et al.[START_REF] Ghegin | Integration of innovative ohmic contacts for heterogeneous III-V/Silicon photonic devices[END_REF], it should be highlighted that an overall common trend towards the improvement of the contact resistivity has been observed strictly below 450 ℃, that can be correlated to the formation of the Ni 2 In 0.53 Ga 0.47 As phase[START_REF] Ghegin | Integration of innovative ohmic contacts for heterogeneous III-V/Silicon photonic devices[END_REF].

Figure 3 . 19 :

 319 Figure 3.19: Current-voltage characteristics of the Au/Pt/Ti/TiN/Ni/p-In 0.53 Ga 0.47 As contact extracted from Transfer Length Method measurements a) in the as-deposited state and b) after a 250 ℃ RTA.

Figure 3 . 20 :

 320 Figure 3.20: Contact resistivity of the Au/Pt/Ti/TiN/Ni/p-In 0.53 Ga 0.47 As contact extracted from Transfer Length Method measurements after various RTA (left bar chart), after RTA + Annealing 1 (middle bar chart) and after RTA + Annealing 1 + Annealing 2 (right bar chart).The horizontal line symbolizes ρ c,p lim .

Figure 3 . 21 :

 321 Figure 3.21: TEM images of the Au/Pt/Ti/TiN/Ni/In 0.53 Ga 0.47 As system a) in the asdeposited state followed by subsequent Annealing 1 and Annealing 2 and b) after a 400 ℃ RTA followed by subsequent Annealing 1 and Annealing 2.

  3.21). In this way, one can confirm that the electrode (used for measurement purposes) have not participated to the reaction occurring at the metal/III-V interface. In both TEM images, there is a non-uniform diffusion front between the Ni-based reacted layer and the p-In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As layer. The non-uniformity of the diffusion has been also observed by Cooke et al. and Czornomaz et al. and Irisawa et al. in the scope of the elaboration of Ni-InGaAs alloy for source and drain for MOSFET devices [103-105]. The Ni-based layer is nonetheless continuous and nonagglomerated. In this way, the layer morphology of the TiN/Ni/In 0.53 Ga 0.47 As system has not been negatively impacted by Annealing 1 and Annealing 2. The unaltered layer morphology is corroborated by the overall non-changing electrical properties of the system through Annealing 1 and Annealing 2 (see Fig.3.20). The evolution of the element distribution after Annealing 1 and Annealing 2 is presented in Fig. 3.22a and Fig. 3.22b.

Figure 3 . 22 :

 322 Figure 3.22: EDX profiles of the Au/Pt/Ti/TiN/Ni/In 0.53 Ga 0.47 As system a) in the asdeposited state followed by subsequent Annealing 1 and Annealing 2 and b) after a 400 ℃ RTA followed by subsequent Annealing 1 and Annealing 2.

  work led by Mangelinck et al., that the addition of Pt in Ni thin films during silicide formation enhances the thermal stability of the formed Ni-based silicides (Pt at. % = 5) [106]. Detavernier et al.

  3.10), which means that the presence of Pt in the system has postponed the consumption of the deposited metallic layer. Based on these results, one might estimate a 50 ℃-delay in Ni 0.9 Pt 0.1 consumption induced by Pt addition. This observation is in accordance with Ivey et al. who have reported that Pt-metals based contacts on III-V materials such as InP are generally less reactive[START_REF] Ivey | Platinium metals in ohmic contacts to III-V semiconductors[END_REF]. These observations are also corroborated by various works led on different substrates, for instance on Si by Mangelinck et al.[START_REF] Mangelinck | Enhancement of thermal stability of NiSi films on (100)Si and (111)Si by Pt addition[END_REF] and Detavernier et al.[START_REF] Detavernier | Influence of alloying elements on the formation and stability of NiSi[END_REF], and on Ge by Zhang et al. who have pointed out the fact that Pt is defined by a larger atomic radius than Ni (r P t = 1.35 Å vs. r N i = 1.21 Å) and is, as a result, believed to slow down the diffusion of Ni (into the Ge substrate)[START_REF] Zhang | Improvement of thermal stability of Ni germanide using a Ni -Pt (1%) alloy on Ge-on-Si substrate for nanoscale Ge MOSFETs[END_REF]. The slowed down Ni diffusion due to Pt cluster has resulted in an enhancement of the thermal stability of the system.

Figure 3 . 23 :

 323 Figure 3.23: Integrated In-Plane Reciprocal Space Mapping patterns of the TiN/Ni 0.9 Pt 0.1 /InP system in the as-deposited state and after various RTA. The surface of the analyzed area is ∼ 1 cm 2 . See detailed indexation in Appendix C.

  3.23) at 2θ ∼ 23.0°at 300 ℃ and above (see Fig.3.23) has not been evidenced in the Pt-free TiN/Ni/InP system and has not matched any other Ni-based phases either. To identify the crystalline phase related to this peak, various Pt-based phases composed of Ni, Pt, In or P have been investigated, and the In-Pt-P isothermal sections extracted from the work conducted by Lin et al. have been thoroughly studied (see Fig.3.24)[START_REF] Lin | Phase equilibria in the Pt-In-P system[END_REF]. Among the phases reported stable on InP and listed in the isothermic sections (PtP 2 and Pt 3 In 7 ), the only one matching the diffraction angle is the Pt 3 In 7 phase[START_REF] Ivey | Platinium metals in ohmic contacts to III-V semiconductors[END_REF][START_REF] Lin | Phase equilibria in the Pt-In-P system[END_REF]. As a result, the Pt 3 In 7 crystallized phase is formed on the TiN/Ni 0.9 Pt 0.1 /InP system from 300 ℃ and up to at least 500 ℃.

Figure 3 . 24 :

 324 Figure 3.24: Isothermal sections of the In-Pt-P ternary system at 600 ℃, adapted from [113].

Figure 3 . 25 :

 325 Figure 3.25: Energy Dispersive X-ray profile of the TiN/Ni 0.9 Pt 0.1 /InP system in the asdeposited state.

Figure 3 .

 3 Figure 3.26: a) Energy Dispersive X-ray profile and b) Energy Dispersive X-ray mappings of the TiN/Ni 0.9 Pt 0.1 /InP system after a 250 ℃ RTA.

Fig. 3 .

 3 Fig. 3.27 and Fig. 3.28 present the EDX profiles, TEM images and EDX mappings of the system after a 300 ℃ RTA and after a 350 ℃ RTA respectively.

Figure 3 .

 3 Figure 3.27: a) Energy Dispersive X-ray profile and b) Transmission Electron Microscopy image with Energy Dispersive X-ray mappings of the TiN/Ni 0.9 Pt 0.1 /InP system after a 300 ℃ RTA.

Figure 3 .

 3 Figure 3.28: a) Energy Dispersive X-ray profile and b) Transmission Electron Microscopy image with Energy Dispersive X-ray mappings of the TiN/Ni 0.9 Pt 0.1 /InP system after a 350 ℃ RTA.

Figure 3 . 29 :

 329 Figure 3.29: Phase formation sequence of the a) TiN/Ni 0.9 Pt 0.1 /InP and b) TiN/Ni/InP systems deduced from IPRSM and EDX characterizations.

Fig. 3 .

 3 Fig. 3.30 represents the EDX profiles, TEM images and EDX mappings of the TiN/Ni 0.9 Pt 0.1 /InP system after a 450 ℃ RTA. It appears that the Pt 3 In 7 crystallized nuclei have grown sideways after this thermal budget. Indeed, according to the TEM image in Fig. 3.30a, the reacted layer is continuous and bi-phased, as suggested by the two different squared zones referred as zone 1 and zone 2. The squared zone 1, of which the EDX profile is presented in Fig 3.30b, corresponds to the Ni-rich layer located between the TiN capping layer and the InP substrate. Meanwhile, the squared zone 2, of which the EDX profile is presented in Fig 3.30c, matches the Pt 3 In 7 phase, also located between the TiN capping layer and the InP substrate. The significant amount of Ni present in the EDX profile in Fig 3.30c is due to the EDX analyzed area which partially crosses the Ni-based area. At this temperature, the reacted layer is hence continuous while bi-phased, showing alternating Ni-rich zones and Pt-In-rich zones.

Figure 3 .

 3 Figure 3.30: a) Transmission Electron Microscopy image with Energy Dispersive X-ray mappings and b) Energy Dispersive X-ray profiles of the TiN/Ni 0.9 Pt 0.1 /InP system extracted from the squared-zone 1 and c) squared-zone 2 after a 450 ℃ RTA.

Fig. 3 .

 3 Fig. 3.31 represents the TEM image and EDX profiles of the TiN/Ni 0.9 Pt 0.1 /InP system after a 500 ℃ RTA. The system has exhibited a layer morphology highly altered compared to lower temperatures. The reacted layer is indeed discontinuous, and 3 distinct zones are clearly defined. The squared-zone 1 matches the centered area of a well-defined grain, of which the EDX profile is presented in Fig 3.31b, which indicates that the center of the grain is composed of the Nireacted layer stacked between the TiN capping layer and the InP substrate. The EDX profile shown in Fig. 3.31b presents similarities with the EDX profile extracted after a 450 ℃ RTA previously discussed (see Fig 3.30b). The squared-zone 2 corresponds to the edge of the grain, of which the EDX profile is presented in Fig. 3.31c. This region is composed of Ni, P, In and Pt. It hence corresponds to a grey area where the Ni-reacted layer and the Pt-In rich layer coexist. The squared-zone 3 matches a region remote from the grain, where after retraction of the Ni-based and Pt-In-based compounds, the initial substrate is observed directly under the TiN capping layer. The EDX profile of the zone 3 is presented in Fig 3.31d, evidencing the continuity between the Ti-N (TiN capping) layer and the InP substrate.

Figure 3 .

 3 Figure 3.31: a) Transmission Electron Microscopy image and b) Energy Dispersive X-ray profiles of the TiN/Ni 0.9 Pt 0.1 /InP system extracted from the squared-zone 1 and c) squaredzone 2 and d) squared-zone 3 after a 500 ℃ RTA.

Figure 3 . 32 :

 332 Figure 3.32: Energy Dispersive X-ray profiles of the Pt distribution in the TiN/Ni 0.9 Pt 0.1 /InP system in the as-deposited state and after various RTA.

Figure 3 . 33 :

 333 Figure 3.33: Transmission electron microscopy images of the a) TiN/Ni 0.9 Pt 0.1 /InP system and the b) TiN/Ni/InP system after a 450 ℃ RTA.

Figure 3 . 34 :

 334 Figure 3.34:Representation of the temperature-induced behavior of Pt in the TiN/Ni 0.9 Pt 0.1 /InP system at various stages of the reaction.

Figure 3 . 35 :

 335 Figure 3.35: Contact resistivity of the Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /n-InP contact extracted from Transfer Length Method measurements in the as-deposited state and after various RTA.The horizontal line symbolizes ρ c,n lim .

Figure 3 . 36 :

 336 Figure 3.36: Current-voltage characteristics of the Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /n-InP contact extracted from Transfer Length Method measurements a) after a 400 ℃ RTA and b) after a 450 ℃ RTA.

Figure 3 . 38 :

 338 Figure 3.38: TEM image and EDX mappings of the Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /n-InP with He preclean contact after a 400 ℃ RTA followed by subsequent Annealing 1 and Annealing 2.

Figure 3 . 39 :

 339 Figure 3.39: EDX profiles of the Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /n-InP with He preclean contact after a 400 ℃ RTA followed by subsequent Annealing 1 and Annealing 2 a) matching the upper arrow and b) matching the centered arrow in Fig. 3.38.
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 151 Solid-state reactions of the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As systemThe IPRSM patterns of the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system in the as-deposited state and after various RTA are presented in Fig.3.40. Aside from the identification of the InP, In 0.53 Ga 0.47 As and TiN phases at each stage of the reaction, the IPRSM patterns have revealed the presence of the Ni 0.9 Pt 0.1 crystallized layer from the as-deposited state and up to 300 ℃ included.

Figure 3 . 40 :

 340 Figure 3.40: IPRSM patterns of the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0.47 As system in the as-deposited state and after various RTA. The surface of the analyzed area is ∼ 1 cm 2 . See detailed indexation in Appendix C.

Figure 3 . 41 :

 341 Figure 3.41: Phase formation sequence of the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0.47 As system deduced from IPRSM analyses.

Figure 3 . 42 :

 342 Figure 3.42: EDX profiles of the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0.47 As system in the as-deposited state (plain lines) and after a 250 ℃ RTA (dotted lines).

Figure 3 . 43 :

 343 Figure 3.43: EDX mappings of a) the Ni element in the as-deposited state, and b) after a 250 ℃ RTA, c) the Pt element in the as-deposited state and d) after a 250 ℃ RTA.

  3.40), in the as-deposited state and after a 250 ℃ RTA, the identified crystallized phases are InP, In 0.53 Ga 0.47 As, TiN and Ni 0.9 Pt 0.1 exclusively. As a result, after a 250 ℃ RTA, the Pt-free Ni-In-Ga-As intermixing layer is amorphous. In the as-deposited state and after a 250 ℃ RTA, the layers have exhibited a smooth and continuous morphology. The interfaces between (i) the TiN capping layer and the reacted layer, and (ii) the reacted layer and the In 0.53 Ga 0.47 As layer are in addition particularly flat. The TEM images of the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system caught between 300 ℃ and 500 ℃ are presented in Fig.3.44a through Fig.3.44d.

Figure 3 . 44 :

 344 Figure 3.44: TEM images of the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0.47 As system a) after a 300 ℃ RTA, b) after a 350 ℃ RTA, c) after a 400 ℃ RTA and d) after a 500 ℃ RTA.

Figure 3 .

 3 Figure 3.45: a) EDX profiles and b) EDX mappings of the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0.47 As system after a 300 ℃ RTA.

Figure 3 .

 3 Figure 3.46: a) EDX profile and b) EDX mapping of the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0.47 As system after a 350 ℃ RTA.

Figure 3 .

 3 Figure 3.47: a) EDX profile and b) EDX mapping of the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0.47 As system after a 400 ℃ RTA.

Figure 3 .

 3 Figure 3.48: a) EDX profile and b) EDX mapping of the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0.47 As system after a 500 ℃ RTA.

  Fig. 3.49 presents the contact resistivity of the Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /p-In 0.53 Ga 0.47 As contact (Zn-doped, N a = 2 × 10 19 at.cm -3 ) in the as-deposited state and after various RTA.

Figure 3 . 49 :

 349 Figure 3.49: Contact resistivity of the Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /p-In 0.53 Ga 0.47 As contact with He preclean extracted from Transfer Length Method measurements in the as-deposited state and after various RTA. The horizontal line symbolizes ρ c,p lim .

Figure 3 . 50 :

 350 Figure 3.50: Contact resistivity of the Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /p-In 0.53 Ga 0.47 As contact extracted from Transfer Length Method measurements after various RTA (left bar chart), after RTA + Annealing 1 (middle bar chart) and after RTA + Annealing 1 + Annealing 2 (right bar chart). The horizontal line symbolizes ρ c,p lim .

Figure 3 . 51 :

 351 Figure 3.51: TEM images of the Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /p-In 0.53 Ga 0.47 As contact a) after a 450 ℃ RTA followed by subsequent Annealing 1 and Annealing 2.

Figure 3 . 52 :

 352 Figure 3.52: EDX mapping of the Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /p-In 0.53 Ga 0.47 As contact after a 450 ℃ RTA followed by subsequent Annealing 1 and Annealing 2.

Figure 3 . 53 :

 353 Figure 3.53: EDX profiles of the Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /p-In 0.53 Ga 0.47 As contact after a 450 ℃ RTA followed by subsequent Annealing 1 and Annealing 2.
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 155 Ni vs. Ni 0.9 Pt 0.1 on In 0.53 Ga 0.47 As
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 2113 Fig. 3.54 presents the θ/2θ ex-situ XRD patterns of the TiN/Ni 2 P/InP system in the asdeposited state and after various RTA. The peak analyses have revealed that from the asdeposited state up to 500 ℃, aside from the InP substrate, only the deposited crystallized Ni 2 P layer is present.

Figure 3 .

 3 Figure 3.54: θ/2θ ex-situ X-Ray diffraction of the TiN/Ni 2 P/InP system in the as-deposited state and after various RTA. See detailed indexation in Appendix C.

  3.54).
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 212 Electrical properties of the Au/Pt/Ti/TiN/Ni 2 P/n-InP contactThe electrical properties of the Au/Pt/Ti/TiN/Ni 2 P/n-InP system in the as-deposited state and after various RTA are presented in Fig.3.55. The contact is ohmic at each investigated stage, and the contact resistivity values have ranged from 1.9 to 3.2 × 10 -5 Ω.cm 2 , which constitutes a particularly narrow dispersion of values, close to the calculated error bar range and which is reasonably close to ρ c,n lim . As a result, the electrical properties are overall constant.

Figure 3 . 55 :

 355 Figure 3.55: Contact resistivity of the Au/Pt/Ti/TiN/Ni 2 P/n-InP contact with He preclean extracted from Transfer Length Method measurements in the as-deposited state and after various RTA.

Figure 3

 3 Figure 3.56: Electrical properties of the Au/Pt/Ti/TiN/Ni/n-InP, Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /n-InP and Au/Pt/Ti/TiN/Ni 2 P/n-InP systems with He preclean extracted from the Transfer Length Method measurements in the as-deposited state and after various post RTA.

Figure 3 . 57 :

 357 Figure 3.57: Contact resistivity of the Au/Pt/Ti/TiN/Ni 2 P/n-InP contact extracted from Transfer Length Method measurements after various RTA (left bar chart), after RTA + Annealing 1 (middle bar chart) and after RTA + Annealing 1 + Annealing 2 (right bar chart). The horizontal line symbolizes ρ c,n lim .

Fig. 3 .

 3 Fig. 3.58 presents the SEM image of the Au/Pt/Ti/TiN/Ni 2 P/n-InP contact after a 450 ℃ RTA, followed by Annealing 1 and Annealing 2.

Figure 3 . 58 :

 358 Figure 3.58: Scanning Electron Microscopy of the Au/Pt/Ti/TiN/Ni 2 P/n-InP contact after a 450 ℃ RTA, with subsequent Annealing 1 and Annealing 2.

  Au/Pt/Ti/TiN/Ni 2 P/p-In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As contactThe electrical properties of the Au/Pt/Ti/TiN/Ni 2 P/p-In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As contact in the as-deposited state and after various RTA are presented in Fig.3.59. Up to 400 ℃ included, the contact is non-ohmic (see the current-voltage characteristics after a 400 ℃ RTA in Fig.3.60a). After a 450 ℃ and 500 ℃ RTA, the contact has become ohmic (see the current-voltage characteristics extracted after a 450 ℃ RTA in Fig.3.60b), reaching respectively 1.3 and 1.1 × 10 -4 Ω.cm 2 . It should be highlighted that these values are above ρ c, p lim .

Figure 3 . 59 :

 359 Figure 3.59: Electrical properties of the Au/Pt/Ti/TiN/Ni 2 P/p-In 0.53 Ga 0.47 As contact with He preclean extracted from the Transfer Length Method measurements in the as-deposited state and after various RTA.

Figure 3 . 60 :

 360 Figure 3.60: Current-voltage characteristics of the Au/Pt/Ti/TiN/Ni 2 P/p-In 0.53 Ga 0.47 As contact extracted from the Transfer Length Method measurements a) after a 400 ℃ RTA and b) after a 450 ℃ RTA.

Figure 3 . 61 :

 361 Figure 3.61: Electrical properties of the Au/Pt/Ti/TiN/Ni/p-In 0.53 Ga 0.47 As, Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /p-In 0.53 Ga 0.47 As and Au/Pt/Ti/TiN/Ni 2 P/p-In 0.53 Ga 0.47 As systems with He preclean extracted from the Transfer Length Method measurements in the as-deposited state and after various post RTA.

Figure 3 . 62 :Fig. 3 .

 3623 Figure 3.62: Contact resistivity of the Au/Pt/Ti/TiN/Ni 2 P/p-In 0.53 Ga 0.47 As contact extracted from Transfer Length Method measurements after RTA (left bar chart), after RTA + Annealing 1 (middle bar chart) and after RTA + Annealing 1 + Annealing 2 (right bar chart).The horizontal line symbolizes ρ c,p lim .

Figure 3 . 63 :

 363 Figure 3.63: Scanning Electron Microscopy of the Au/Pt/Ti/TiN/Ni 2 P/p-In 0.53 Ga 0.47 As contact after a 450 ℃ RTA, with subsequent Annealing 1 and Annealing 2.

Fig. 3 .

 3 Fig.3.63 have shown a continuous layer morphology, homogeneous and flat. In this case as well, the morphology is highly stable, and it can be projected that the W-plug filling, Back End Of Line and long-term thermal stress would not have led to a degraded morphological state.

4. 1 . 1

 11 TiN/Ti/InP system 4.1.1.1 Solid-state reactions of the TiN/Ti/InP system For each investigated state of the TiN/Ti/InP system (from the as-deposited state up to 500 ℃), IPRSM characterizations have been performed. The patterns are presented in Fig.4.1. They have indicated that in the as-deposited state, InP, TiN, and unreacted crystallized Ti are present as well as two crystallized Ti-based phases, namely TiP (also observed in various previous studies mentionned in1.6 [50, 51, 68, 74-76]) and Ti 2 In 5 , which is corroborated by Ghegin et al.[START_REF] Ghegin | CMOS-compatible contacts to n-InP[END_REF]. It should be highlighted that it has been reported in previous studies of phase diagrams conducted by Okamoto et al. on the Ti-P and the Ti-In systems respectively, that both the TiP and the Ti 2 In 5 phases are stable up to 1990 ℃ and 808 ℃ respectively[START_REF] Okamoto | P-Ti (Phosphorus-Titanium)[END_REF][START_REF] Okamoto | In-Ti (Indium-Titanium)[END_REF].Metallic Indium has appeared after a 350 ℃ RTA and remains up to 500 ℃ included (see Fig.4.1). The solid-state reactions at the Ti/InP interface have occurred right after Ti deposition and are non-evolving even at high temperatures (500 ℃), which suggests highly stable phases (TiP and Ti 2 In 5 ).

Figure 4 . 1 :

 41 Figure 4.1: In-Plane Reciprocal Space Mapping pattern of the TiN/Ti/InP system in the as-deposited state and after various RTA. The surface of the analyzed area is ∼ 1 cm 2 . See detailed indexation in Appendix C.
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 112 Layer morphology and element distribution of the TiN/Ti/InP system

Figure 4 . 2 :

 42 Figure 4.2: Energy Dispersive X-ray profiles of the TiN/Ti/InP system a) in the as-deposited state, b) after a 250 ℃ RTA, c) after a 300 ℃ RTA and d) after a 350 ℃ RTA.

Figure 4 . 3 :

 43 Figure 4.3: Evolution of the thicknesses of the unreacted Ti layer, of the Ti-reacted layer, and of the sum of the latter in the TiN/Ti/InP system after various RTA. The thicknesses are estimated from the EDX profiles.

Figure 4 . 4 :

 44 Figure 4.4: Peak intensity of the TiP and Ti 2 In 5 phases in the TiN/Ti/InP system at 2θ = 33.39°and 66.82°respectively in the as-depsoited state and after various RTA.

Figure 4 . 5 :

 45 Figure 4.5: a) Transmission Electron Microscopy cross section with the corresponding (b and c) Energy Dispersive X-ray profiles of the TiN/Ti/InP system annealed at 500 ℃ for 60 s matching the squared zones, and (d through g) EDX mappings of the system.
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 113 Fig. 4.6 presents the AFM images and the roughness (RMS) of the TiN/Ti/InP system in the as-deposited state and after various RTA.

Figure 4 . 6 :

 46 Figure 4.6: 5 µm × 5 µm Atomic Force Microscopy images of the TiN/Ti/InP system a) in the as-deposited state, b) after a 250 ℃ RTA, c) after 300 ℃ RTA and d) after a 350 ℃ RTA.

Figure 4 . 7 :

 47 Figure 4.7: ToF-SIMS profiles of the TiN/Ti/n-InP system (N d = 5 × 10 18 at.cm -3 ) a) in the as-deposited state, b) after a 300 ℃ RTA, c) after a 350 ℃ RTA, d) 400 ℃ RTA, e) 450 ℃ RTA and f) after a 500 ℃ RTA. The dotted line represents the divided distribution of Si. Size of the analyzed area: 90 µm × 90 µm.
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 115 Electrical properties of the Au/Pt/Ti/TiN/Ti/n-InP contact The electrical properties of the Au/Pt/Ti/TiN/Ti/n-InP contact have been investigated in the as-deposited state and after various RTA (see Fig. 4.8).

Figure 4 . 8 :

 48 Figure 4.8: Contact resistivity of the Au/Pt/Ti/TiN/Ti/n-InP (Si-doped, N d = 5 × 10 18 at.cm -3 ) contact extracted from Transfer Length Method measurements. The horizontal line symbolizes ρ c,n lim .

  4.3), or in other words by the growth of the TiP (and Ti 2 In 5 ) phases (see Fig.4.4) as the RTA temperature increases. The resulting phase formation sequence of the TiN/Ti/InP system is represented in Fig.4.9.

Figure 4 . 9 :

 49 Figure 4.9: Phase formation sequence of the TiN/Ti/n-InP system deduced from the In-Plane Reciprocal Space Mapping patterns.

Figure 4 . 10 :

 410 Figure 4.10: Representation of two contact pads in the TLM structure, with a) the reference state, b) a delaminated state and c) an agglomerated state.

Fig. 4 .

 4 Fig. 4.11 represents the contact resistivity of the Au/Pt/Ti/TiN/Ti/n-InP system after various RTA (left bar charts) and after RTA + Annealing 1 (middle bar charts) and after RTA + Annealing 1 + Annealing 2 (right bar charts). After performing Annealing 1 emulating W-plug filling and BEOL steps, the previously as-deposited state has exhibited a significantly reduced contact resistivity, from 2.4 × 10 -4 (before Annealing 1 ) to 7.2 × 10 -5 Ω.cm 2 (after Annealing 1 ), as shown in Fig. 4.11. The decrease of contact resistivity is due to the decrease of the proportion of unreacted Ti vs. reacted Ti previously discussed, brought by the thermal budget of Annealing 1. The samples previously annealed from 200 to 450 ℃ have exhibited after Annealing 1 an either overall constant contact resistivity (within the error bar range) or a decreased one. Results have revealed that in terms of electrical properties, the Au/Pt/Ti/TiN/Ti/n-InP contacts annealed up to 450 ℃ included are very likely to undergo W-plug-filling and BEOL with no degradation of the electrical properties.

Figure 4 . 11 :

 411 Figure 4.11: Contact resitivity of the Au/Pt/Ti/TiN/Ti/n-InP contact with He preclean extracted from Transfer Length Method measurements after RTA (left bar charts), after RTA + Annealing 1 (middle bar charts) and after RTA + Annealing 1 + Annealing 2 (right bar charts). The horizontal line symbolizes ρ c, n lim .

Figure 4 . 12 :

 412 Figure 4.12: EDX mappings and TEM image of the Au/Pt/Ti/TiN/Ti/n-InP system withHe preclean after a 400 ℃ RTA followed by subsequent Annealing 1 and Annealing 2.

Figure 4 . 13 :

 413 Figure 4.13: EDX profiles of the Au/Pt/Ti/TiN/Ti/n-InP system with He preclean after a 400 ℃ RTA followed by subsequent Annealing 1 and Annealing 2.
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 12 TiN/Ti/In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system 4.1.2.1 Solid-state reactions of the TiN/Ti/In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system IPRSM characterizations have been performed on the TiN/Ti/In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system (on a InP substrate), in the as-deposited state and after various RTA (seeFig. 4.14). Unreacted crystallized Ti has been identified from the as-deposited state and up to 500 ℃ included. The deposited Ti is therefore not fully consumed at this temperature. After a 300 ℃ RTA, the metallic In phase has appeared, and after a 350 ℃ RTA, three Ti-based have been identified, namely: Ti 2 Ga 3 , TiAs 2 and TiAs. In this way, the thermal budget brought to the system allows the simultaneous formation of these three new Ti-based phases. These findings slightly differ from the work led by Bensalem et al., in which it has been reported that the Ti 2 Ga 3 and TiAs 2 crystallized phases have appeared at 300 ℃[START_REF] Bensalem | Study of the Ti/InGaAs solid-state reactions: Phase formation sequence and diffusion schemes[END_REF]. These results are nonetheless consistent with the work of Zhou et al. who have reported the formation of the TiAs crystallized phase at 350 ℃[START_REF] Zhou | Structural and electrical properties of Au/Pt/Ti ohmic contacts to degenerated doped n-GaAs[END_REF], and with Wada et al. who have observed the TiAs and Ti 2 Ga 3 phases on the Ti/GaAs system at 350 ℃ as well[START_REF] Wada | Thermal reaction of Ti evaporated on GaAs[END_REF].

Figure 4 . 14 :

 414 Figure 4.14: Integrated In-Plane Reciprocal Space Mapping patterns of the TiN/Ti/In 0.53 Ga 0.47 As system in the as-deposited state and after various RTA. The surface of the analyzed area is ∼ 1 cm 2 . See detailed indexation in Appendix C.

Figure 4 . 15 :

 415 Figure 4.15: Transmission Electron Microscopy images of the TiN/Ti/In 0.53 Ga 0.47 As system a) in the as-deposited state, after a b) 250 ℃ RTA, c) 300 ℃ RTA and d) 350 ℃ RTA.

Figure 4 . 16 :

 416 Figure 4.16: Energy Dispersive X-ray profiles of the TiN/Ti/In 0.53 Ga 0.47 As system obtained from Transmission Electron Microscopy analyses a) in the as-deposited state, b) after a 250 ℃ RTA, c) after a 300 ℃ RTA and d) after a 350 ℃ RTA.

Fig. 4 .

 4 Fig. 4.16 have indicated that the previously observed intermixing amorphous layer is composed of Ti, Ga and As (represented in Fig. 4.16a through Fig 4.16d), which is corroborated by Bensalem et al.[START_REF] Bensalem | Study of the Ti/InGaAs solid-state reactions: Phase formation sequence and diffusion schemes[END_REF]. According to various studies, the Ti-Ga-As intermixing amorphous layer is the result of Ti in-diffusion into the InGaAs substrate[START_REF] Katz | Au/Pt/Ti contacts to p-In 0[END_REF][START_REF] Katz | Pt/Ti/p-In 0.53 Ga 0.47 As low-resistance nonalloyed ohmic contact formed by rapid thermal processing[END_REF][START_REF] Bensalem | Study of the Ti/InGaAs solid-state reactions: Phase formation sequence and diffusion schemes[END_REF]. The EDX profiles presented in Fig.4.16 have also demonstrated that the thickness of the intermixing amorphous layer has increased from 2.0 to 2.5 to 3.0 nm (respectively in the as-deposited state, after a 250 ℃ RTA and after a 300 ℃ RTA). After a 350 ℃ RTA, the intermixing amorphous layer has remained equal to 3.0 nm. In the case of the system annealed at 350 ℃, it should be noticed that the In-depletion of the In 0.53 Ga 0.47 /As substrate (previously detailed in 4.1.2.1) is also evidenced in the EDX profile in Fig.4.16d. Indeed, immediately below the Ti-Ga-As intermixing amorphous layer, the In and Ga atomic percentages between the ∼34 and ∼75 nm positions have not met the overall

  4.16d), a ∼4 nm-thick layer composed of Ti and As (referred as Ti-As in Fig.4.15d) has been identified on top of the Ti-Ga-As intermixing amorphous layer. In the light of the previously detailed solid-state reaction of the TiN/Ti/In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system (see IPRSM patterns in Fig.4.14), the Ti-As layer supposedly corresponds to the TiAs and TiAs 2 crystallized phases. At the same temperature (350 ℃) a ∼4 nm-thick layer composed of Ti and Ga (referred as Ti-Ga in Fig.4.15d) on top of the Ti-As layer has been identified. It supposedly corresponds to the Ti 2 Ga 3 crystallized phase previously identified (see Fig.4.14). The Ti-As and Ti-Ga layers have been also been observed by Bensalem et al.. It has been detailed in their work that the formation of the Ti-As and Ti-Ga layers between the unreacted Ti and the substrate is the sign of Ga and As out-diffusion in the Ti thin film[START_REF] Bensalem | Study of the Ti/InGaAs solid-state reactions: Phase formation sequence and diffusion schemes[END_REF].

Figure 4 . 17 :

 417 Figure 4.17: High Resolution Transmission Electron Microscopy image of the TiN/Ti/In 0.53 Ga 0.47 As system after a 450 ℃ RTA.

Figure 4 . 18 :

 418 Figure 4.18: Energy Dispersive X-ray profiles of the TiN/Ti/In 0.53 Ga 0.47 As system obtained from Transmission Electron Microscopy analyses a) after a 450 ℃ RTA and b) after a 500 ℃ RTA.

Figure 4 . 19 :

 419 Figure 4.19: Energy Dispersive X-ray mappings of the TiN/Ti/In 0.53 Ga 0.47 As system obtained from Transmission Electron Microscopy analyses a) after a 450 ℃ RTA and b) after a 500 ℃ RTA.

Figure 4 .

 4 Figure 4.20: a) Layer transformation and b) phase formation sequence of the TiN/Ti/In 0.53 Ga 0.47 As system deduced various characterization methods.
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 123 Fig. 4.21 presents the AFM images and the roughness of the TiN/Ti/In 0.53 Ga 0.47 As system in the as-deposited state and after various RTA.

Figure 4 . 21 :

 421 Figure 4.21: Atomic Force Microscopy images of the TiN/Ti/In 0.53 Ga 0.47 As system a) in the as-deposited state, b) after a 300 ℃ RTA, c) after 350 ℃ RTA and d) after a 450 ℃ RTA.
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 124 Electrical properties of the Au/Pt/Ti/TiN/Ti/p-In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As contactThe electrical properties of the Au/Pt/Ti/TiN/Ti/p-In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As contact have been investigated in the as-deposited state and after various RTA, and reported in Fig.4.22.

Figure 4 . 22 :

 422 Figure 4.22: Contact resistivity of the Au/Pt/Ti/TiN/Ti/p-In 0.53 Ga 0.47 As contact (doped with Zn, N a = 2 × 10 19 at.cm -3 ) extracted from Transfer Length Method measurements in the as-deposited state and after various RTA. The horizontal line symbolizes ρ c, p lim .

Figure 4 . 23 :

 423 Figure 4.23: Current-voltage characteristics of the Au/Pt/Ti/TiN/Ti/p-In 0.53 Ga 0.47 As contact (doped with Zn, N a = 2 × 10 19 at.cm -3 ) extracted from Transfer Length Method measurements in the as-deposited state.

Figure 4 . 24 :

 424 Figure 4.24: Current-voltage characteristics of the Au/Pt/Ti/TiN/Ti/p-In 0.53 Ga 0.47 As contact (doped with Zn, N a = 2 × 10 19 at.cm -3 ) extracted from Transfer Length Method measurements after a 200 ℃ RTA.

Figure 4 . 25 :

 425 Figure 4.25: Contact resistivity of the Au/Pt/Ti/TiN/Ti/p-In 0.53 Ga 0.47 As contact (doped with Zn, N a = 2 × 10 19 at.cm -3 ) with He preclean extracted from Transfer Length Method measurements after various RTA (left bar charts), after various RTA + Annealing 1 (middle bar charts), and after various RTA + Annealing 1 + Annealing 2 (right bar charts). The horizontal line symbolizes ρ c, p lim .

Fig. 4 .

 4 [START_REF] Zitzelsberger | Electromigration testing on via line structures with a SWEAT method in comparison to standard package level tests[END_REF] (right bar charts). The contact resistivity of the initially as-deposited sample has been significantly reduced after Annealing 2 (from 5.7 to 1.5 × 10 -5 Ω.cm 2 ). The sample initially annealed between 200 and 450 ℃ have exhibited slight decreases of contact resistivity before and after Annealing 2. Overall, the samples initially annealed between 300 and 450 ℃ exclusively have demonstrated after Annealing 2 (i) a contact resistivity in close proximity with ρ c,p lim and (ii) no major alteration of the contact resistivity after Annealing 1 and after Annealing 1 + Annealing 2.

Figure 4 . 26 :

 426 Figure 4.26: EDX mappings and TEM image of the Au/Pt/Ti/TiN/Ti/p-In 0.53 Ga 0.47 As system with He preclean after a 400 ℃ RTA followed by subsequent Annealing 1 and Annealing 2.

Fig. 4 .

 4 26 and Fig. 4.27 (between the 150 and 165 nm positions) correspond to the formed Ti 2 Ga 3 phase previously discussed in section 4.1.2.1.

Figure 4 . 27 :

 427 Figure 4.27: EDX profiles of the Au/Pt/Ti/TiN/Ti/p-In 0.53 Ga 0.47 As system with He preclean after a 400 ℃ RTA followed by subsequent Annealing 1 and Annealing 2.

Fig. A. 1

 1 Fig. A.1 presents the oxygen distribution in the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0.47 As system, in the as-deposited state and after various RTA. In the top-sample area (pointed out in Fig. A.1), the atomic percentages of oxygen are high (between 20 and 60 %), which is to be expected, due to the fact that this area is in direct contact with the surrounding air. Below the TiN capping layer (relative position at ∼ 33 nm and above), the atomic percentage of oxygen has remained overall close to null for each sample, which suggests that the TiN capping layer has efficiently prevented the presence of oxygen within the system for RTA up to at least 500 ℃.

Figure A. 1 :

 1 Figure A.1: EDX profiles of the distribution of oxygen in the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0.47 As system in the as-deposited state and after various RTA.

Fig. A. 2

 2 Fig. A.2 presents the distribution of various elements including oxygen in the TiN/Ni/In 0.53 Ga 0.47 As system, in the as-deposited state followed by subsequent Annealing 1 and Annealing 2 (Fig. A.2a), and after a 400 ℃ RTA followed by subsequent Annealing 1 and Annealing 2 (Fig. A.2b). Within the two investigated samples, it has appeared that oxygen is only present at the Ti/TiN interface, in other words between the Au/Pt/Ti electrode stack and the TiN capping layer (at. % = 15). This is due to the fact that in the fabrication process of the sample, there has been an air-break between the TiN capping layer deposition, and the electrode deposition.

Figure A. 2 :

 2 Figure A.2: EDX profile of the TiN/Ni/In 0.53 Ga 0.47 As system a) in the as-deposited state followed by subsequent Annealing 1 and Annealing 2, and b) after a 400 ℃ RTA followed by subsequent Annealing 1 and Annealing 2.

Figure B. 1 :

 1 Figure B.1: TLM mask with the various geometries it contains. The patterns of interest are the small circular-TLM, the large circular-TLM and the square-TLM.

Figure B. 2 :

 2 Figure B.2: Correction factor required for the calculus of the contact resistivity in the case of a) small circular-TLM and b) large circular-TLM.

B. 3 . 1

 31 Figure B.3: Comparison of the extracted contact resistivities using the circular TLM method, in the case of the small and large CTLM patterns.

  B.4) has been extracted with the large circular TLM pattern.

Figure B. 4 :

 4 Figure B.4: Current-Voltage characteristics of the as-deposited Au/Pt/Ti/p-In 0.53 Ga 0.47 As contact extracted on large circular TLM.

Figure B. 5 :

 5 Figure B.5: Current-Voltage characteristics of the as-deposited Au/Pt/Ti/p-In 0.53 Ga 0.47 As contact extracted on small circular TLM.

Figure B. 6 :

 6 Figure B.6: Comparison of the extracted contact resistivities using the circular TLM method, in the case of the small CTLM and square TLM patterns.

  Ni/n-InP (see the EDX mappings in Fig. D.1a). • Ni 0.9 Pt 0.1 /n-InP (see the EDX mappings in Fig. D.1b). • Ti/n-InP (see the EDX mappings in Fig. D.1c).

Fig. D. 1

 1 Fig. D.1 presents the EDX mappings of the Ni/n-InP system after a 450 ℃ RTA (Fig. D.1a), the Ni 0.9 Pt 0.1 /n-InP system after a 400 ℃ RTA (Fig. D.1b), and the Ti/n-InP system after a 400 ℃ RTA (Fig. D.1c) followed in each case by subsequent Annealing 1 and Annealing 2.

Figure D. 1 :

 1 Figure D.1: EDX mappings of the a) Au/Pt/Ti/TiN/Ni/n-InP system after a 450 ℃ RTA, b) Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /n-InP system after a 400 ℃ RTA, c) Au/Pt/Ti/TiN/Ti/n-InP system after a 400 ℃ RTA, followed in each case by subsequent Annealing 1 and Annealing 2.
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 322 Fig. 3.52 and Fig. 3.53 in Chapter 3, and Fig. 4.26 and Fig. 4.27 in Chapter 4). In each presented system (on n-InP), it should be highlighted that between the Au and the Pt layer within the electrode, a non negligible amount of P is also present (see arrows in Fig. D.1a, Fig. D.1b and Fig. D.1c) (this is not the case on p-In 0.53 Ga 0.47 As).

  D.1). As a result, one could suppose that the presence of P between the Au and Pt layers is somehow the cause of the presence of Au on the n-InP layer. This hypothesis suggests that the unexpected presence of P, which by all accounts has originated from the InP layer, has somehow compromised the effectiveness of the Pt barrier. In this way, the Au layer, which would be on top of a non-effective Pt barrier, would be free to diffuse across the sample, and then to remain accumulated on the InP surface.The presented hypothesis for the cause of the unexpected Au-diffusion has been investigated and illustrated in Fig. D.2.

Figure D. 2 :

 2 Figure D.2: Representation of the phosphorus sublimation mechanism deduced, involved during Annealing 1 + Annealing 2, and gold-diffusion mechanism a) initial state post Au/Pt/Ti electrode deposition, b) Phosphorus diffusion towards the Au/Pt interface activated by the thermal budget of Annealing 1 + Annealing 2 , c) Au diffusion towards the InP substrate made possible by the phosphorus-induced paths.

Figure D. 3 :

 3 Figure D.3: Representation of the final states observed in the case of the a) Au/Pt/Ti/TiN/Ni/n-InP b) Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /n-InP and c) Au/Pt/Ti/TiN/Ti/n-InP systems.

Figure E. 2 :

 2 Figure E.2: Lift-off contact integration : TLM process steps : a) Semi insulating substrate with III-V doped layer, b) negative resist deposition, c) insolation, c) contact metal (Ti) and capping layer (TiN) deposition, followed by Ti/Pt/Au (15 nm/25 nm/150 nm) deposition, d) lift-off, e) lithography and mesa etching.

Figure E. 3 :

 3 Figure E.3: Planar integration : TLM process steps : a) Semi insulating substrate with III-V doped layer, b) 150 nm SiN deposition, c) lithography and SiN etching, d) contact metal (Ti) and capping layer (TiN) deposition, using 300 mm tools, e) Ti/Pt/Au (15 nm/25 nm/150 nm) filling, f) lithography and IBE etching, g) lithography and mesa etching.

Figure E. 4 :

 4 Figure E.4: Electrical properties of the Au/Pt/Ti/TiN/Ti/n-InP system with He preclean extracted from Transfer Length Method measurements elaborated with lift-off process after RTA (left bar charts), after RTA + Annealing 1 (middle bar charts), and after RTA + Annealing 1 + Annealing 2 (right bar charts). The horizontal line symbolizes ρ c, p lim .

  4.11), with a contact resistivity ranging from 2.4 × 10 -4 to 1.2 × 10 -5 Ω.cm 2 . For the sake of comparison, the current-voltage characteristics of the TiN/Ti/n-InP system elaborated with lift-off process and the planar process in the as-deposited state are presented in Fig. E.5a and Fig. E.5b respectively. In Fig. E.5a, the non-ohmicity is evidenced by the curved experimental data (plain line) not matching the linear fitting of the current-voltage characteristics (dotted line). In Fig. E.5b, the ohmicity is evidenced by the current-voltage experimental data overlapping the linear fitting, illustrating the difference of electrical behavior between the two integration processes.

Figure E. 5 :

 5 Figure E.5: Current-Voltage characteristics of the Au/Pt/Ti/TiN/Ti/n-InP system extracted from Transfer Length Method measurements in the as-deposited state in the case of a) lift-off and b) planar related processes.

  E.4), even though lower contact resistivities have been extracted after Annealing 2 with such integration process, the poor layer morphology (see Fig. E.6

  Fig. E.7 and Fig. 4.25). The contact resistivity values are indeed in both cases either overall the same or slightly reduced.

Fig. E. 8

 8 Fig. E.8 presents the EDX mappings of the TiN/Ti/p-In 0.53 Ga 0.47 As system elaborated with lift-off (Fig. E.8) after a 400 ℃ RTA, followed by subsequent Annealing 1 and Annealing 2.

Figure E. 8 :

 8 Figure E.8: EDX mappings and EDX image of the Au/Pt/Ti/TiN/Ti/p-In 0.53 Ga 0.47 As system elaborated with lift-off process after a 400 ℃ RTA followed by Annealing 1 and Annealing 2.

Fig. F. 1

 1 Fig. F.1 presents the electrical properties of the Au/Pt/Ti/TiN/Ti/n-InP systems, with Ti = 10, 20 and 40 nm. In the case of Ti = 10 nm and Ti = 40 nm (Fig. F.1), the contact is non-ohmic from the as-deposited state and up to 250 ℃ included, while with the reference thickness (Ti = 20 nm), an ohmic contact has been observed over this range. There is no reason that could explain such an observation. In this case, it is highly likely that the difference of process window

Figure F. 1 :

 1 Figure F.1: Contact resistivity of the Au/Pt/Ti/TiN/Ti/n-InP contact with Ti = 10, 20 and 40 nm extracted from Transfer Length Method measurements in the as-deposited state and after various RTA. The horizontal line symbolizes ρ c,nlim .

  Fig. F.2a and Fig. F.2b present the electrical properties of the Au/Pt/Ti/TiN/Ti(10 nm)/n-InP and Au/Pt/Ti/TiN/Ti(40 nm)/n-InP contacts after various RTA (left bar chart), after various RTA and Annealing 1 (middle bar chart) and after various RTA and Annealing 1 and Annealing 2 (right bar chart) extracted from TLM measurements.

Figure F. 2 :

 2 Figure F.2: Contact resistivity of the Au/Pt/Ti/TiN/Ti/n-InP contact with a) Ti = 10 nm and b) Ti = 40 nm extracted from Transfer Length Method measurements after RTA (left bar charts), after RTA + Annealing 1 (middle bar charts), and after RTA + Annealing 1 + Annealing 2 (right bar charts). The horizontal line symbolizes ρ c,nlim .

Annealing 1 and

 1 Annealing 2 is presented in Fig. F.3.

Figure F. 3 :

 3 Figure F.3: Scanning Electron Microscopy of the Au/Pt/Ti/TiN/Ti(10 nm)/n-InP system after a 450 ℃ RTA followed by subsequent Annealing 1 and Annealing 2.

After a 450 ℃

 450 RTA followed by subsequent Annealing 1 and Annealing 2 (see Fig. F.3), below the electrode stack (which is homogeneous and is continuous), discontinuous bright areas are identified, which are pointed to. The latter corresponds to the Ti-based reacted layer. As a result, the discontinuity of this layer has indicated that the 10-nm-thick-originally deposited Ti layer has agglomerated on top of the InP substrate.

  F.2a) have revealed a decrease of contact resistivity after Annealing 1. Even though the electrical results of the Au/Pt/Ti/TiN/Ti(10 nm)/n-InP system have appeared promising, the layer morphology of the system after Annealing 1 and Annealing 2 are concerning and suggest layer instability.The SEM image of the Au/Pt/Ti/TiN/Ti(40 nm)/n-InP system after a 450 ℃ RTA followed by subsequent Annealing 1 and Annealing 2 is presented in Fig. F.4. After a 450 ℃ RTA followed by subsequent Annealing 1 and Annealing 2 (see Fig. F.4

Figure F. 4 :

 4 Figure F.4: Scanning Electron Microscopy of the Au/Pt/Ti/TiN/Ti(40 nm)/n-InP system after 450 ℃ RTA, followed by subsequentAnnealing 1 and Annealing 2.

•

  Avec le nickel, le système TiN/Ni/In 0.53 Ga 0.47 As a démontré des résultats électriques appropriés (2 -4 × 10 -6 Ω.cm 2 < ρ c, p lim ) et des caractéristiques morphologiques prometteuses maintenues après le remplissage des plug W, du Back-End-Of-Line, et du stress thermique à long terme. Le système TiN/Ni/InP a toutefois présenté des problèmes morphologiques (agglomération) et des propriétés électriques préoccupantes (non ohmique strictement au-delà de 350 ℃). Le nickel peut donc être envisagé pour l'intégration du contact p. La Fig. F.5 représente les résistivités de contact obtenue sur n-InP et p-In 0.53 Ga 0.47 As dans les conditions optimales, c'est-à-dire après un RTA de 300 ℃, suivi par Annealing 1 et Annealing 2.

Figure F. 5 :

 5 Figure F.5: Résistivité de contact des systèmes Au/Pt/Ti/TiN/Ni/n-InP et Au/Pt/Ti/TiN/Ni/p-In 0.53 Ga 0.47 As, après un RTA de 300 ℃ (configuration optimale) extrait de mesures TLM.

Figure F. 6 :

 6 Figure F.6: Résistivité de contact des systèmes Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /n-InP et Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /p-In 0.53 Ga 0.47 As, après un RTA de 400 ℃ (configuration optimale) extrait de mesures TLM.

Figure F. 7 :

 7 Figure F.7: Résistivité de contact des systèmes Au/Pt/Ti/TiN/Ni 2 /n-InP et Au/Pt/Ti/TiN/Ni 2 /p-In 0.53 Ga 0.47 As, après un RTA de 450 ℃ (configuration optimale) extrait de mesures TLM.

  Le titane comme métal de contact a démontré, sur n-InP et p-In 0.53 Ga 0.47 As, des résultats électriques prometteurs en étroite proximité avec ρ c, n lim et ρ c, p lim (environ 5 × 10 -5 Ω.cm 2 et 2 × 10 -5 Ω.cm 2 respectivement), ainsi que des caractéristiques morphologiques fiables, maintenues après émulation du remplissage des plugs W, du Back-End-Of-Line et du stress thermique à long terme (voir Fig. F.8).

Figure F. 8 :

 8 Figure F.8: Résistivité de contact des systèmes Au/Pt/Ti/TiN/Ti/n-InP et Au/Pt/Ti/TiN/Ti/p-In 0.53 Ga 0.47 As, après un RTA de 450 ℃ (configuration optimale) extrait de mesures TLM.

  

  

  

  

  

Table 1 .

 1 

	1: p-and n-contact dimensions
		p-contact	n-contact
	Length (µm)	800	800
	Width (µm)	3	15
	Area (cm 2 ) 2.4 × 10 -5 1.2 × 10 -4

Table 1 . 2 :

 12 Electrical guidelines

		p-contact	n-contact
	R c (Ω)	0.6	0.6
	ρ		

c, n/p lim (Ω.cm 2 ) 1.4 × 10 -5 7.2 × 10 -5

Table 1 . 3 :

 13 Various scenarios for metal/semiconductor junctions

	n-doping	p-doping
	φ	

m < φ SC Example 1 Example 2 φ m > φ SC Example 3 Example 4

Table 1 . 4

 14 

: Conclusion : metal/semiconductor scenarios. n-doping p-doping φ m < φ SC Accumulation zone Depletion region φ m > φ SC Depletion region Accumulation zone It has been reported by Schroder et al. that by experience, it is complicated to alter the barrier height by involving metals of different work functions, and that the barrier height in the case of semiconductors such as Ge, Si, GaAs and III-V-based materials is overall independent of the work function of the metal

  Dautremont et al. have studied the latter on n-InP, in-situ deposited onto nitrogen ion bombarded InP substrate (N d = 8 × 10 18 at.cm -3 ), which has led with no intentional heating to a contact resistivity as low as 3.4 × 10 -6 Ω.cm 2 [34]. Katz et al. have also investigated this stack on both n-InP (Sn-doped, N d = 1 × 10 18 at.cm -3

  Stremsdoerfer et al. have investigated the Pd/n-InP system (Sn-doped, N d caught between 1.7 × 10 17 and 1.8 × 10 18 at.cm -3 ). Pd has been deposited by electroless bath deposition. As a result, in the as-deposited state, crystallized Pd is present along with InPd. The InPd compound evolves from 300 ℃ and up to 500 ℃, temperature at which the InPd 2 and In 3 Pd crystallized phases appear. A contact resistivity of 5 × 10 -7 Ω.cm 2 has been extracted in the 300 -350 ℃ range. This value is in addition reported to remain the same after a 20 h anneal at 400 ℃[START_REF] Stremsdoerfer | Low resistance ohmic contacts onto n-InP by palladium electroless bath deposition[END_REF], providing frist clues regarding the thermal stability of the system. Similarly, Jian et al. have investigated Pd-based metallizations on n-InP. In this regard the AuGe/Pd/n-InP and Ge/Pd/n-InP systems have been studied. It has been observed in both systems that at low temperatures, Pd reacts with the InP substrate to form an amorphous layer. The ohmicity has been reached between 300 and 375 ℃ and between 350 and 450 ℃ in the AuGe/Pd/n-InP and Ge/Pd/n-InP systems respectively[START_REF] Jian | Ohmic contact formation in palladium-based metallizations to n-type InP[END_REF]. The minimum contact resistivity extracted over the temperature ranges are equal to 2.5 and 4.2 × 10 -6 Ω.cm 2 respectively, which is higher than the contact resistivity extrated in the Pd/n-InP system presented by Stremsdoerfer et al.[START_REF] Stremsdoerfer | Low resistance ohmic contacts onto n-InP by palladium electroless bath deposition[END_REF]. The difference of contact resistivity is due to the presence of Au, as the latter reacts with In to form Au-In compounds, hence generating In vacancies in the InP substrate. As a result, the Ge doping is enhanced, responsible for the lowering of the contact resistivity. InP after 350 ℃ for Ni, and Pt 5 InP after 350 ℃, PtIn 2 , PtP 2 and Pt 7 In 3 after 500 ℃ for Pt respectively), while Ti and Cr formed phosphides (TiP after a 400 ℃ for Ti, and CrP, Cr 12 P 7 , after 300 ℃ for Cr respectively). Each formed phase are hence reported to be stable up to 500 ℃, except for the Pt/InP system[START_REF] Persson | Interfacial reaction studies of Cr, Ni, Ti, and Pt metallization on InP[END_REF]. Takeyama et al. have investigated the Pt/InP and Ti/InP systems, elaborated by sputter deposition at room temperature. In the case of a Pt/InP system, an amorphous intermixing layer is formed right after metal deposition.

	and 4.33 eV for Ti) is responsible for the contact
	barrier height lowering, and that the Pd has formed right after deposition a favorable interfacial
	compound (Pd x InGaAs), inducing a reduced contact resistivity [46]. The work led by Bengi et al.
	have reported on the Au/Pt/Ti/Pt/p-In 0.53 Ga 0.47 As contact after a 400 ℃ anneal, a minimum
	contact resistivity of 1.1 × 10 -7 Ω.cm 2 . The Pt/Si/Gd/p-In 0.53 Ga 0.47 As contact after a 300 ℃
	anneal, a minimum contact resistivity of 4.4 × 10 -6 Ω.cm 2 , the Au/Ir/Pd/p-In 0.53 Ga 0.47 As
	contact has exhibited a minimum ρ c after a 400 ℃ anneal of 2.1 × 10 -6 Ω.cm 2 [47].
	Chor et al. have studied the Au/Pd/Ti/p-In 0.53 Ga 0.47 As and the Au/Pd/Ti/Pd/p-In 0.53 Ga 0.47 As
	systems, with a doping level of N a = 1 × 10 19 at.cm -3 . It has been reported that the addition
	of a 10 nm-thick Pd interfacial layer on top of the p-In 0.53 Ga 0.47 As layer is indeed beneficial
	for the lowering of the contact resistivity. Indeed, the Au/Pd/Ti/Pd(10 nm)/p-In 0.53 Ga 0.47 As
	system has exhibited contact resistivity of 1.68 × 10 -6 Ω.cm 2 after a 400 ℃ -20 s RTA, while
	the Au/Pd/Ti/p-In 0.53 Ga 0.47 system has exhibited contact resistivity of 9.09 × 10 -6 Ω.cm 2 after
	a 450 ℃ -20 s RTA [48].
	Huang et al. have studied the Ge/Pt/Ge/Pt/n-InP system and have reported that in the 450
	-550 ℃ range, the contact resistivity lies close to 1.0 × 10 -5 Ω.cm 2 . Over this temperature
	range, a smooth morphology has been reported. After a 500 ℃ -30 s RTA, the lowest value
	of 7.7 × 10 -6 Ω.cm 2 has been extracted. The system has in addition maintained its electrical
	properties after a 400 ℃ -20 h anneal aging (9.15 × 10 -6 Ω.cm 2 ), and after a 400 ℃ -80 h
	anneal aging (2.77 × 10 -5 Ω.cm 2 ) [49]. Persson et al. have investigated the reactions between
	the transition metals Cr, Ni, Ti and Pt on InP. It has been reported that Ni and Pt have formed
	ternary phases (Ni 2

Yu et al. have investigated two systems, namely Au/Pt/Ti/Pt/p-InGaAs and Au/Pt/Ti/Pd/p-InGaAs. The doping level N a is comprised between 1 and 4 × 10 19 at.cm -3 . In the case of annealing temperatures ranging from 300 to 500 ℃, the investigated systems have exhibited contact resistivity lower than the reference Au/Pt/Ti/p-InGaAs for each investigated doping level. In addition, the barrier height of the Au/Pt/Ti/Pt/p-InGaAs system (0.11 eV) is lower than the barrier height of the Au/Pt/Ti/Pd/p-InGaAs (0.14 eV), which is lower that the barrier height of the of the Au/Pt/Ti/p-InGaAs (0.16 eV). It is reported that the high work function of the Pt (5.65 eV) metal (vs. 5.12 eV for Pd

  Ren et al. have studied nonalloyed sputtered amorphous WSi 0.79 contact on n-InP (Te-doped, N d = 1.4 × 10 20 at.cm -3

	1.6.2 CMOS-compatible contacts
	1.6.2.1 W-based contacts

  In the work led byMarkussen et al., in the scope of optimizing MOSFETs performances, the contact of such device are being specifically investigated. To do so, the interactions between a metal and the In 0.5 Ga 0.5 As layer (N d = 1 × 10 19 at.cm -3 ) are being investigated. Results have been obtained with W : 2.2 × 10 -8 Ω.cm 2 [54]. Hahn et al. have investigated W/Mo and W metallization on n-InP (Sn-doped 5 × 10 18 at.cm -3 ). The W/Mo/n-InP and W/n-InP contacts have exhibited contact resistivity values close to the 1 × 10 -5 Ω.cm 2 range [55]. In the scope of integrating CMOS-compatible lasers on silicon, Seifried et al. have investigated both the Mo/W stack on p-InGaAs, leading to the contact resistivity caught between 1 × 10 -5 Ω.cm 2 [56].

	Jain et al.
	have detailed a study of Si fab-line contacts to n-InP and p-InGaAs for photonic applications.
	In this regard, Au-free contacts such as Al/W/Ti and Al/W/Ge/Pd based metallization have
	been studied. As a result, the Al/W/Ti/p-InGaAs has exhibited a contact resistivity of 7.7 and
	3.3 × 10 -6 Ω.cm 2 after a 350 and a 450 ℃ RTA respectively. On n-InP, the same metallization
	is reported to have led to a contact resistivity of 1.2 × 10 -6 Ω.cm 2 and 1.2 × 10 -7 Ω.cm 2 after a
	350 and a 450 ℃ RTA respectively. The Al/W/Ge/Pd/p-InGaAs contact has exhibited contact
	resistivities equal to 1.2 and 2.4 × 10 -6 Ω.cm 2 after a 350 and a 450 ℃ RTA respectively, and
	the Al/W/Ge/Pd/n-InP contact has exhibited contact resistivities equal to 7.2 × 10 -8 Ω.cm 2
	after a 350 and a 450 ℃ RTA [53].

  Appelbaum et al. have investigated the interaction of Ni with InP as a function of annealing time and temperature[START_REF] Appelbaum | Interaction of Nickel with InP as a function of annealing time and temperature[END_REF]. The results of their study suggest that in the as-deposited state, the contact are ohmic. An anneal of 250 ℃ for either 30 or 60 minutes have led to the uniform distribution of In and P within the Ni layer. After an anneal of 250 ℃ for 90 minutes, as well as after an anneal of 300 ℃ for 10 to 60 minutes, the Ni-In-P layer evolved towards the formation of (i) the crystallized Ni 2 P phase close to the InP substrate, and (ii) a Ni-In layer below unreacted Ni. The unreacted Ni layer is only consumed after an annealing temperature above 400 ℃[START_REF] Appelbaum | Interaction of Nickel with InP as a function of annealing time and temperature[END_REF]. In a different paper, Appelbaum et al. have studied the sputtering of the Ni 2 P phase directly onto the n-InP (Sn-doped N d = 2 × 10 18 at.cm -3 ) and p-In 0.53 Ga 0.47 As (Zn-doped N a = 8 × 10 18 at.cm -3 ) substrates, leading, after a 300 ℃ -30 min anneal, to contact resistivities of 3 × 10 -6 Ω.cm 2 and 2 × 10 -5 Ω.cm 2 respectively[START_REF] Appelbaum | Sputtered Ni-P as an ohmic contact to n-InP, p-InGaAs and as a diffusion barrier[END_REF]. Sands et al. have investigated the Ni/n-InP system as well (5 × 10 18 at.cm -3 ). After a 200 ℃ anneal, an amorphous Ni 2.7 InP layer has been observed at the Ni/InP interface. The latter has crystallized after a 300 ℃ anneal to form the Ni 2 InP phase, which has then remained stable up to 500 ℃ included[START_REF] Sands | Ni-InP reaction: Formation of amorphous and crystalline ternary phases[END_REF]. In the scope of the study of InP solar cells, the investigation of Ni/n-InP (Si-doped, N d = 1 × 10 18 at.cm -3 ) contact by Weizer et al. has led to contact resistivity in the low 10 -6 Ω.cm 2 after a 400 ℃ -4 min sintering. After such anneal, Ni 2 P, Ni 3 P and In are present in the system [60]. Fatemi et al. have also investigated the electrical and metallurgical behavior of the Ni/n-InP system (N d = 1.7 × 10 18 at.cm -3 ). Similarly to the work led by Weizer et al., the sintering at 400 ℃ for several minutes on the Ni-InP contact. As a result, a contact resistivity in the low 10 -7 Ω.cm 2 has been extracted. At this stage of the reaction, the contact sequence stack is In/Ni 2 P/Ni 3 P/InP, which shows strong similarities with the work led by Weizer et al.. As the sintering time is increased, the Ni 3 P phase gets consumed, leading to the In/Ni 2 P/InP stack after 40 min of sintering, as well as an increased contact resistivity reaching the 10 -4 Ω.cm 2 range. This observation has led Fatemi et al. to state that the Ni 3 P phase is the one responsible for the low contact resistivity [61]. InP, Ni 2 P and In 2 O 3 . Increasing the annealing temperature to 500 ℃ for several minutes has led to the decomposition of Ni 2 InP into Ni 2 P and metallic Indium [62]. Mohney et al. have studied the Ni/n-InP system as well. To do so, both bulk and thin Ni films are considered. In the early stage of the reaction (250 ℃ for 5 min), an amorphous Ni x InP layer has been identified, which has been corroborated by various previous studies discussed in this work. Segregation of In and P into the NiIn and Ni 2 P phases have been reported in this study at an intermediate stage of the reaction. The Ni 2 InP ternary phase is on the contrary reported to have been formed in the final stage of the reaction of the Ni/n-InP system [63]. In the scope of the study of InGaAs channel n-MOSFETs, Zhang et al. have studied the Ni/p-Wang et al. have investigated the reactions occurring between Ti thin films and the InP substrate. An initial interaction has occurred at 325 ℃ [68]. At this temperature, crystallized metallic In and the TiP phases have been identified. It has been explained in the work lead by Wang et al. that the reason why the TiP phase has not been formed at an earlier stage of In the work led by Grenouillet et al., the Al/Ni and Al/Ti on n-InP (N d = 5 × 10 18at.cm -3 ) metallization has been investigated, in the scope of the elaboration of InP-based lasers to be integrated onto CMOS-compatible platform. In the as-deposited state, the Al/Ni/n-InP and Al/Ti/n-InP contacts have led to the contact resistivity of 2 × 10 -5 Ω.cm 2 and 9 × 10 -5 Ω.cm 2 respectively. The AlCu/TiN/Ti metallization has also been investigated, on both n-InP and p-In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As layers (N a = 3 × 10 19 at.cm -3 ). In the as-deposited state, if and only if a deoxidation is applied to the III-V layers prior to metallization, the contact are ohmic and the extracted contact resistivity are equal to 1 × 10 -4 Ω.cm 2 and 6 × 10 -5 Ω.cm 2 respectively[START_REF] Grenouillet | CMOS compatible contacts and etching for InP-on-silicon active devices[END_REF][START_REF] Liu | 200mm wafer scale III-V/SOI technology for all-optical network-on-chip and signal processing[END_REF]. Fulbert et al. have also reported the use of CMOS-compatible AlCu/TiN/Ti metallization on InP for a 200 mm integration[START_REF] Fulbert | Photonics -electronics integration on CMOS[END_REF].

	1.6.2.2 Ni-based contacts 1.6.2.3 Ti-based contacts
	the reaction lies in (i) the limited kinetics, and (ii) because P from the InP substrate has been
	released and lost into the atmosphere. In the work led by Fedeli et al. [69], in the scope of
	meeting the 200 mm CMOS-compatibility requirements for the elaboration of photonic devices
	p and n diodes, the AlCu/TiN/Ti metallization has been used on n-InP (5 × 10 18 at.cm -3 ),
	which has led to acceptable device performances. Similarly, Mandorlo et al. have used the same
	AlCu/TiN/Ti front-end metallization on n-InP layer (1 -5 × 10 18 at.cm -3 ) to form the top-
	contact of an integrated microdisk-based laser. Acceptable series resistance has been reported
	[70].
	Ivey et al. have investigated the same system (N d = 3 -5 × 10 16 at.cm -3 ). The formation of
	an amorphous Ni 3 InP layer at the Ni/InP interface has been reported after an initial annealing
	(< 250 ℃ for various minutes under a vacuum of at least 10 -4 torr). Such layer has then been
	crystallized after an anneal caught between 250 and 300 ℃ for several minutes to form the
	following crystallized phases: Ni 2 InGaAs contact (N a = 2 × 10 16 at.cm -3 ). The Ni-InGaAs film is formed after a 250 ℃ anneal.
	It has been reported that the sheet resistance has remained between 20.5 and 22.5 Ω/ , with
	selective etching [64]. In the work led by Zhiou et al. on the TiN/Ni/In 0.53 Ga 0.47 As/InP system,
	a TiN capping layer is present in order to prevent unwanted oxygen. It has been reported that
	up to 250 ℃ for 60 s, no reaction has occurred and no amorphous layer is identified either. After
	a 300 ℃, the unreacted Ni is fully consumed, and the Ni 3 InGaAs crystallized phase is formed,
	which has been transformed, after a 400 ℃ anneal, into the Ni 2 InGaAs phase, and then into the
	NiAs phase after a 550 ℃ RTA [65-67].

  Ghegin et al. have reported that right after Ti deposition, which had occurred at 100 ℃, unreacted Ti is present as well as In, the TiP and Ti 2 In 5 phases. As the RTA temperature increases, the Ti is fully consumed after a 450 ℃ -60 s RTA, and at this same temperature, the Ti 2 In 5 phase disappears as well, while the In and TiP phases are identified up to 550 ℃ included[START_REF] Ghegin | CMOS-compatible contacts to n-InP[END_REF]. In the work lead by Persson et al., the Ti/InP system have revealed that right after Ti deposition, unreacted Ti is present as well as the In phase. After an anneal at 350 ℃ the TiP phase is identified, while this phase has been observed right after Ti deposition (at 100 ℃). Another difference with the study lead by Ghegin et al. lies in the fact that the Ti 2 In 5 phase has not been identified, most likely due to TiP phase suspected by Persson et al. to act as a diffusion barrier[START_REF] Persson | Interfacial reaction studies of Cr, Ni, Ti, and Pt metallization on InP[END_REF]. Wang et al. have investigated the Ti/InP system and have reported results quite similar to the ones presented by Takeyama et al.. Indeed, Wang et al. have shown that at 325 ℃, the In metallic phase and the TiP phase have been observed. It is explained that the formation of the TiP phase has not occurred at lower temperatures due to the kinetics phenomena. In addition, P being a particularly volatile element, a part of it has been released into the atmosphere and could therefore not participate in the reaction. The TiP phase is reported to have grown as the temperature is risen[START_REF] Wang | Interfacial reactions between Ti thin films and InP[END_REF].Chassé et al. have studied the reactions between InP and thin layers of Ti as well, deposited at room temperature and at 140 K. As it has been found in most of the works previously detailed, Ti reacts easily with the InP substrate and forms the TiP compound[START_REF] Chasse | Chemical reactions and temperature-dependent interface formation of Ti/InP (110)[END_REF]. As observed in various studies[START_REF] Ghegin | CMOS-compatible contacts to n-InP[END_REF][START_REF] Persson | Interfacial reaction studies of Cr, Ni, Ti, and Pt metallization on InP[END_REF][START_REF] Takeyama | Study of chemical reactions at metal-InP interfaces formed by sputter deposition of Pt and Ti[END_REF][START_REF] Wang | Interfacial reactions between Ti thin films and InP[END_REF][START_REF] Takeyama | Interfacial reaction and electrical properties in the sputter-deposited Al/Ti ohmic contact to n-InP[END_REF][START_REF] Kendelewicz | Chemical reaction and Schottky barrier formation at the Ti/InP(110) and Sn/InP(110) interfaces: Reactive versus nonreactive cases[END_REF], In is dissociated from the InP substrate and forms metallic islands in the surface region. The Ti/In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system has been previously studied, namely by Bensalem et al. who reported the presence of a Ti-Ga-As amorphous intermixing layer right after Ti deposition and up to after a 250 ℃ RTA. At 250 ℃, the Ti 2 Ga 3 crystallized phase is formed, and at 300 ℃, the TiAs 2 phase appears. The TiAs and metallic In phase only appear after a 350 ℃ RTA, and at this same temperature the amorphous intermixing layer is no longer observed. Unreacted Ti is fully consumed between 450 and 500 ℃. It is also reported that at 350 ℃ and above, the In 0.53 Ga 0.47 As layer is depleted in In and a Ga-rich In x Ga 1-x

  3.1.1.3 Layer morphology, element distribution, surface states and solid-state reaction of the TiN/Ni/InP system after various RTAThe EDX profiles of the TiN/Ni/InP system precleaned with either Ar or He after a 250 ℃ RTA are presented in Fig.3.5a and Fig.3.5b respectively. Both profiles have exhibited the presence of a ∼21-22 nm-thick Ni-In-P intermixing layer. As a result, in the Ar-precleaned sample, while no intermixing layer has been identified in the as-deposited state, the thermal budget brought by a 250 ℃ RTA has allowed the formation of such layer. The atomic percentages (at. %) provided by the semi-quantitative EDX characterization, overall identical regardless of the preclean, are as

follow: Ni (∼45-50 at. %), In (15 at. %) and P (∼12-13 at. %). The stoichiometry of the Ni-In-P intermixing layer has been calculated: Ni x InP: 2.2 ≤ x ≤ 2.4, which is consistent with previous studies (taking into account the measurement errors/uncertainty), in which the stoichiometry of the intermixing layer has been estimated: Ni x InP: x 2.7

[START_REF] Sands | Ni-InP reaction: Formation of amorphous and crystalline ternary phases[END_REF][START_REF] Yamaguchi | Near-noble transition-metal-based ohmic contacts to p-InP: Comparison of Ni and Pd as a base metal[END_REF]

.

Table 3 . 1 :

 31 State of the art: Electrical results on Ni/n-InP contact

	contact resistivity (Ω.cm 2 ) stack/n-InP N d (at.cm -3 )	T(℃)-t(s)	Ref.
	low 10 -7	Ni 2 P/Ni 3 P	1.7 × 10 18	400 ℃-40 min	[61]
	10 -4	Ni 2 P	1.7 × 10 18	400 ℃-≥40 mn	[61]
	3 × 10 -6	Ni 2 P	2 × 10 18	400 ℃	[58]
	1.9 × 10 -5	see Fig. 3.11	5 × 10 18	250 ℃ -60 s	our work

In this section, after a 400 ℃ RTA and above, the He-precleaned Au/Pt/Ti/TiN/Ni/n-InP contact has presented a non-ohmic behavior (see the curved current-voltage characteristics after a 450 ℃ RTA in Fig.

3

.12f). The shift in the electrical behavior is most likely morphology-related.

Table 3 . 2 :

 32 Preclean equipment parameters

	Parameters	200 mm	300 mm
	Temperature room temperature room temperature
	Volume	V 200	V 200 < V 300
	Pressure	P 200	P 300 = 3 5 P 200

  [START_REF] Ghegin | Integration of innovative ohmic contacts for heterogeneous III-V/Silicon photonic devices[END_REF], it has been established that He preclean is the best option on n-InP layer prior to metal deposition. As a result, He preclean has been performed on p-In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As layers as well. In this section, the Ni/In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system has been investigated. The structural and electrical properties of this system are discussed and compared to previous works[START_REF] Ghegin | Integration of innovative ohmic contacts for heterogeneous III-V/Silicon photonic devices[END_REF][START_REF] Zhang | A self-aligned Ni-InGaAs contact technology for InGaAs Channel n-MOSFETs[END_REF][START_REF] Zhiou | Reaction of Ni film with In 0.53 Ga 0.47 As: Phase formation and texture[END_REF][START_REF] Zhiou | Formation and stability of intermetallics formed by solid-state reaction of Ni on In 0[END_REF][START_REF] Ghegin | Metallurgical studies of integrable Ni-based contacts for their use in III-V/Si heterogeneous photonics devices[END_REF][START_REF] Shekhter | Epitaxial NiInGaAs formed by solid state reaction on In 0.53 Ga 0.47 As: Structural and chemical study[END_REF][START_REF] Chen | Size and orientation effects on the kinetics and structure of nickelide contacts to InGaAs Fin structures[END_REF][START_REF] Ivana | Crystal structure and epitaxial relationship of Ni 4 InGaAs 2 films formed on InGaAs by annealing[END_REF]. 3.1.2.1 Solid-state reactions, layer morphology and element distribution of the TiN/Ni/In 0.53 Ga 0.47 As system In this study, contrary to the system previously detailed, the TiN/Ni/In 0.53 Ga 0.47 As system has not been entirely characterized on a structural level. A complete investigation of the latter had already been performed by Zhiou et al. in the scope of a PhD Thesis, which is why this section partially relies on their previous works. Zhiou et al. have investigated the TiN/Ni/In 0.53 Ga 0.47 As system with a 20 nm-thick Ni layer, and have found that at 250 ℃ and below, no crystallized phase has yet been formed [66]. This is corroborated by Ivana et al. who have exclusively observed the presence of an amorphous Ni-InGaAs intermixing layer right after Ni deposition, RTA the presence of the Ni 3 In 0.53 Ga 0.47 As crystallized phase (up to 550 ℃ at least) [66]. At this stage of the reaction, the In, Ga and As elements are at their nominal stoichiometry within the Ni 3 In 0.53 Ga 0.47 As compound [66]. The Ni 3 In 0.53 Ga 0.47 As crystallized phase has been identified in other studies, such as the one led by Ghegin et al., and by Perrin et al. on the Ni/InGaAs system after a 350 ℃ RTA, along with In accumulation on the Ni-InGaAs grain boundaries [1, 102]. After a 400 ℃ RTA, Zhiou et al. have observed the Ni 2 In 0.53 Ga 0.47 As crystallized phase, while Ghegin et al. have identified the latter after a 350 ℃ RTA [1]. This differs from various works in which the analogue Ni 4 InGaAs 2 crystallized phase has been identified either at 230 ℃ [100], 250 ℃ with a uniform composition through the layer and a fairly abrupt interface [64, 99], or 300 ℃, with an homogeneous composition as well [101]. Zhiou et al. have however reported that at 450 ℃, the proportions of In, Ga and As are no longer at their nominal composition within the reacted layer, and that film degradation has started to occur, which is in accordance with Chen et al., who have pointed out that the reacted layer is thermally stable between 350 and 450 ℃ [100]. The layer degradation is explained by Zhiou et al. as originating from the out-diffusion of Ga and In during the thermal annealing. The NiAs crystallized phase has then been identified after a 550 ℃ RTA by Zhiou et al. [66] and Ghegin et al. [1], induced by the In and Ga depletion of the Ni x In 0.53 Ga 0.47 As compounds. At this temperature, the reacted layer is further degraded

which has grown after 200 ℃ [101]. At 250 ℃, even though Ivana et al. have reported the full consumption of the Ni layer, which is corroborated by Zhang et al. [64], (vs. 300 ℃ RTA by Zhiou et al. [66] and 350 ℃ RTA by Ghegin et al. [1]), the Ni-InGaAs intermixing layer, homogeneous in composition, is still amorphous at 250 ℃ [101]. Zhiou et al. have identified after a 300 ℃

  In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As phase, which could be seen as its equivalent in the Pt-free TiN/Ni/In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system, and which has been identified by the majority of the previous works led on the TiN/Ni/In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system[START_REF] Ghegin | Integration of innovative ohmic contacts for heterogeneous III-V/Silicon photonic devices[END_REF][START_REF] Zhang | A self-aligned Ni-InGaAs contact technology for InGaAs Channel n-MOSFETs[END_REF][START_REF] Zhiou | Formation and stability of intermetallics formed by solid-state reaction of Ni on In 0[END_REF][START_REF] Ghegin | Metallurgical studies of integrable Ni-based contacts for their use in III-V/Si heterogeneous photonics devices[END_REF][START_REF] Shekhter | Epitaxial NiInGaAs formed by solid state reaction on In 0.53 Ga 0.47 As: Structural and chemical study[END_REF][START_REF] Chen | Size and orientation effects on the kinetics and structure of nickelide contacts to InGaAs Fin structures[END_REF][START_REF] Ivana | Crystal structure and epitaxial relationship of Ni 4 InGaAs 2 films formed on InGaAs by annealing[END_REF] (see section 3.1.2.1). In the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system, after a 350 ℃ RTA, two crystallized Pt-based phases have been formed, namely Pt 3 In 7 and PtIn 2 , up to 500 ℃ included (see Fig.3.

2 

In 0.53 Ga 0.47 As (or Ni 2 In 0.53 Ga 0.47 As) crystallized phase has been identified up to 500 ℃ included. This phase can be correlated to the Ni 2

  Pt 0.1 /In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system, the analogue (NiPt) 3 In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As crystallized phase has not been observed. The vast majority of the studies led on the Pt-free TiN/Ni/In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system are in accordance regarding the identification of the Ni 2 In 0.53 Ga 0.47 As (Ni 4 InGaAs 2 ) crystallized phase. The observed formation temperature of this phase however is highly dependent on experimental setup and samples. For instance, Chen et al. have reported the identification of this phase at 230 ℃ [100], while Shekhter et al. and Zhang et al. have reported the existence of the Ni 2 In 0.53 Ga 0.47 As phase at 250 ℃ [64, 99], and Ivana et al. at 300 ℃ [101]. On the contrary, Ghegin et al. have reported that the Ni 2 In 0.53 Ga 0.47 As phase is formed progressively from 350 to 550 ℃, due to the expulsion of Ni and Ga atoms from the Ni 3 In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As phase[START_REF] Ghegin | Integration of innovative ohmic contacts for heterogeneous III-V/Silicon photonic devices[END_REF][START_REF] Ghegin | Metallurgical studies of integrable Ni-based contacts for their use in III-V/Si heterogeneous photonics devices[END_REF]. The study of the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system has led to the identification of the analogue (NiPt) 2 In 0.53 Ga 0.47 As at 300 ℃ and above. This means that contrary to the study led by Ghegin et al., in this case the formation of the (NiPt) 2 In 0.53 Ga 0.47 As is not due to the expulsion of Ni and Ga atoms from the (NiPt) 3 In 0.53 Ga 0.47 As phase, as the latter has not been observed.The presence of Pt in the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system has resulted in the formation of two Pt x In y compounds, namely Pt 3 In 7 and PtIn 2 , of which the formation is thermodynamically favorable.3.1.5.6 Ni 0.9 Pt 0.1 as a III-V contact metal: conclusions In this section, Ni 0.9 Pt 0.1 has been investigated as a III-V contact metal in the scope of one-step contact integration on both InP and In 0.53 Ga 0.47 As layers. In this regard, the TiN/Ni 0.9 Pt 0.1 /InP and TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0.47 As systems have been studied.First and foremost it should by highlighted that a major difference observed between the addition of Pt in Ni thin films on InP vs. In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As lies in the fact on InP, Pt has induced a temperature delay of the consumption of the deposited metallization (see Fig.3.29), while this is not the case on In 0.53 Ga 0.47 As. Such difference of in the behavior of Pt on each substrate most likely lies in the presence of In on the InP top surface induced by the preclean, which has paved the way to the formation of a Pt-In layer on the TiN/Ni 0.9 Pt 0.1 /InP system exclusively, slowing down the Ni diffusion, and consequently delaying the consumption of the deposited metallization. An additional difference between the two systems lies in the fact that on the TiN/Ni 0.9 Pt 0.1 /InP system, there is an excess of In on the InP top surface, as well as a low solubility of Pt in the formed Ni-based compounds (Ni 2 P, Ni 3 P and Ni 2 InP). On the contrary, in the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0.[START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system, there is no excess of In on the top-surface, and the solubility of Pt in the formed (NiPt) 2 In 0.53 Ga 0.47 As phase is maintained up to 500 ℃. At 350 ℃ and above, the Pt-In compounds (Pt 3 In 7 and PtIn 2 ) are formed.

3 In 0.53 Ga 0.47 As crystallized phase is the topic of disagreements in previous studies. Indeed, while Ghegin et al. and Zhiou et al. have observed this phase after a 350 ℃ RTA and a 300 ℃ RTA respectively, Chen et al., Ivana et al., Zhang et al. and Shekhter et al. have not [64, 99-101]. In the TiN/Ni 0.9

Table C . 3 :

 C3 Diffraction angles and planes of the tetragonal Ni 3 phase, space group: I-4 (82) (a=8.9499 Å, c=4.3850 Å) in the Ni/InP system (ref.03-065-1605) 

	Diffraction angle (2θ (°)) (h k l)
	52.0612	(1 5 1)
	Ni 2 InP phase (300 ℃ up to 550 ℃)	

Table C . 4 :

 C4 Diffraction angles and planes of the monoclinic Ni 2 InP phase, space group: P (a=6.81 Å, b=5.29 Å, c=12.8 Å) in the Ni/InP system, (ref. 00-048-1270)

	Diffraction angle (2θ (°)) (h k l)
	26.29074	(2 0 0)
	31.37240	(2 1 0)
	32.65461	(2 1 1)
	33.48403	(-2 1 2)
	35.32137	(2 1 2)
	36.85170	(-1 2 1)
	48.40231	(-2 0 6)
	50.52270	(-1 2 5)
	54.12721	(4 0 0)
	60.02406	(0 3 4)
	60.45716	(4 0 3)
	66.92369	(2 0 8)
	74.74546	(4 2 4)

  Ni 0.9 Pt 0.1 /InP system Ni 0.9 Pt 0.1 phase (as-deposited up to 250 ℃)

	C.2	
	Table C.5: Diffraction angles and planes of the tetragonal In phase, space group: I4/mmm
	(139) (a=3.2517 Å, c=4.9459 Å) in the Ni/InP system (ref. 00-005-0642)
	Diffraction angle (2θ (°)) (h k l)
	32.9638	(1 0 1)
	36.3268	(0 0 2)
	39.1689	(1 1 0)
	56.5909	(2 0 0)
	69.1127	(2 0 2)

Table C . 6 :

 C6 Diffraction angles and planes of the cubic Ni 0.9 Pt 0.1 phase, space group:

		Fm-3m
	(225) (a = 3.5238 Å) in the Ni/InP system (ref. 00-004-0850)
	Diffraction angle (2θ (°)) (h k l)
	44.5066	(1 1 1)
	51.8459	(2 0 0)
	Ni 2 P phase (300 ℃ up to 500 ℃)	

Table C . 7 :

 C7 Diffraction angles and planes of the hexagonal Ni 2 P phase, space group: P321 (a=5.8500 Å, c = 3.3650 Å) in the Ni 0.9 Pt 0.1 /InP system (ref.03-065-9706) 

	Diffraction angle (2θ (°)) (h k l)
	40.844	(1 1 1)
	44.744	(0 2 1)
	47.441	(2 1 0)
	54.494	(0 0 2)
	50.522	(0 3 2)
	Ni 3 P phase (300 ℃ up to 500 ℃)	

  Ni 2 InP phase (300 ℃ up to 500 ℃)

	Table C.8: Diffraction angles and planes of the tetragonal Ni 3 phase, space group: I-4 (82)
	(a=8.9499 Å, c=4.3850 Å) in the Ni 0.9 Pt 0.1 /InP system (ref. 03-065-1605)
	Diffraction angle (2θ (°)) (h k l)
	50.6079	(2 2 2)
	58.9285	(4 0 2)

Table C . 9 :

 C9 Diffraction angles and planes of the monoclinic Ni 2 InP phase, space group: P (a=6.81 Å, b=5.29 Å, c=12.8 Å) in the Ni 0.9 Pt 0.1 /InP system (ref. 00-048-1270) Pt 3 In 7 phase (300 ℃ up to 500 ℃)

	Diffraction angle (2θ (°)) (h k l)
	32.65461	(2 1 1)
	35.32137	(2 1 2)
	54.12721	(4 0 0)
	60.45716	(4 0 3)
	63.97931	(0 3 5)
	66.17384	(-1 0 9)
	74.74546	(4 2 4)
	83.39248	(-5 2 4)

Table C .

 C 10: Diffraction angles and planes of the cubic Pt 3 In 7 phase, space group: Im-3m (229) (a=9.4274 Å) in the Ni 0.9 Pt 0.1 /InP system (ref. 04-010-9419)

	Diffraction angle (2θ (°)) (h k l)
	23.09021	(2 1 1)
	32.88336	(2 2 2)
	38.15249	(4 0 0)
	40.56526	(3 3 0)

Table C .

 C 11: Diffraction angles and planes of the tetragonal In phase, space group: I4/mmm (139) (a=3.2517 Å, c=4.9459 Å) in the Ni 0.9 Pt 0.1 /InP system (ref. 00-005-0642)

	C.3 Ni 2 P/InP system	
	Ni 2 P phase (as-deposited up to 500 ℃)	
	Diffraction angle (2θ (°)) (h k l)
	39.1689	(1 1 0)
	56.5909	(2 0 0)

Table C .

 C 12: Diffraction angles and planes of the hexagonal Ni 2 P phase, space group: P321 (a=5.8500 Å, c = 3.3650 Å) in the Ni 2 P/InP system (ref. 03-065-9706)

	Diffraction angle (2θ (°)) (h k l)
	31.901	(0 1 1)
	40.844	(1 1 1)
	44.744	(0 2 1)
	47.441	(2 1 0)
	54.494	(0 0 2)
	C.4 Ti/InP system	
	Ti phase (as-deposited up to 500 ℃)	

Table C .

 C 13: Diffraction angles and planes of the hexagonal Ti phase, space group: P63/mmc (194) (a=2.9505 Å, c=4.6826 Å) in the Ti/InP system (ref. 00-044-1294)

	Diffraction angle (2θ (°)) (h k l)
	35.09297	(1 0 0)
	38.42090	(0 0 2)
	40.17015	(1 0 1)
	TiP phase (as-deposited up to 500 ℃)	

  Ti 2 In 5 phase (as-deposited up to 500 ℃)

	Table C.14: Diffraction angles and planes of the hexagonal TiP phase, space group: P63/mmc
	(194) (a=3.487 Å, c=11.65 Å) in the Ti/InP system (ref. 04-004-3009)
	Diffraction angle (2θ (°)) (h k l)
	33.39442	(1 0 2)
	52.43769	(1 1 0)
	71.92250	(1 0 8)

Table C .

 C 15: Diffraction angles and planes of the tetragonal Ti 2 In 5 phase, P4/mbm (127) (a=10.0053 Å, c=2.9974 Å) in the Ti/InP system (ref. 00-051-1272)

	Diffraction angle (2θ (°)) (h k l)
	36.02060	(2 1 1)
	40.27316	(4 2 0)
	66.81545	(6 2 1)
	70.43563	(6 3 1)
	74.31370	(4 1 2)

Table C .

 C 16: Diffraction angles and planes of the tetragonal In phase, space group: I4/mmm (139) (a=3.2517 Å, c=4.9459 Å) in the Ti/InP system (ref. 00-005-0642) Pt 0.1 /In 0.53 Ga 0.47 As

	Diffraction angle (2θ (°)) (h k l)
	39.1689	(1 1 0)
	54.4754	(1 1 2)
	56.5909	(2 0 0)
	63.2019	(1 0 3)
	69.1127	(2 0 2)
	C.5 Ni 0.9	

Ni 0.9 Pt 0.1 phase (as-deposited up to 300 ℃)

Table C .

 C 17: Diffraction angles and planes of the cubic Ni 0.9 Pt 0.1 phase, space group: Fm-3m (225) (a = 3.5238 Å) in the Ni 0.9 Pt 0.1 /In 0.53 Ga 0.47 As system (ref. 00-004-0850) Pt 3 In 7 phase (350 ℃ up to 500 ℃)

	Diffraction angle (2θ (°)) (h k l)
	44.5066	(1 1 1)
	51.8459	(2 0 0)
	76.3699	(2 2 0)

Table C .

 C 18: Diffraction angles and planes of the cubic Pt 3 In 7 phase, space group: Im-3m (229) (a=9.4274 Å) in the Ni 0.9 Pt 0.1 /In 0.53 Ga 0.47 As system (ref. 04-010-9419)

	Diffraction angle (2θ (°)) (h k l)
	32.88336	(2 2 2)
	40.56526	(3 3 0)
	45.06870	(3 3 2)
	68.95444	(4 4 4)
	83.17889	(7 4 1)
	PtIn 2 phase (350 ℃ up to 500 ℃)	

Table C .

 C 19: Diffraction angles and planes of the cubic PtIn 2 phase, space group: Fm-3m (225) (a=6.353 Å) in the Ni 0.9 Pt 0.1 /In 0.53 Ga 0.47 As system (ref. 04-003-6845) In 0.53 Ga 0.47 As phase (300 ℃ up to 500 ℃)

	Diffraction angle (2θ (°)) (h k l)
	24.24531	(1 1 1)
	28.06749	(2 0 0)
	47.42280	(3 1 1)
	49.67062	(2 2 2)
	58.02319	(4 0 0)
	72.88065	(4 2 2)
	(NiPt) 2	

Table C . 20 :

 C20 Diffraction angles and planes of the hexagonal (NiPt) 2 In 0.53 Ga 0.47 As phase, space group: P63/mmc (194) (a=3.941 Å, c=5.06 Å) in the Ni 0.9 Pt 0.1 /In 0.53 Ga 0.47

	NiAs phase (450 ℃ up to 500 ℃)	
		As system
	(ref. 04-006-3284)	
	Diffraction angle (2θ (°)) (h k l)
	31.59412	(1 0 1)
	44.54192	(1 0 2)
	46.02175	(1 1 0)
	65.97552	(2 0 2)

Table C .

 C 21: Diffraction angles and planes of the hexagonal NiAs phase, space group: P63/mmc (194) (a=3.6224 Å, c= 5.0414 Å) in the Ni 0.9 Pt 0.1 /In 0.53 Ga 0.47 As system (ref. 00-047-1737)

	Diffraction angle (2θ (°)) (h k l)
	75.35088	(0 0 4)
	C.6 Ti/In 0.53 Ga 0.47 As	
	Ti phase (as-deposited up to 500 ℃)	

Table C .

 C 22: Diffraction angles and planes of the Ti hexagonal phase, space group: P63/mmc (194) (a=2.9505 Å, 4.6826 Å) in the Ti/In 0.53 Ga 0.47 As system (ref. 00-044-1294)

	Diffraction angle (2θ (°)) (h k l)
	35.09297	(1 0 0)
	38.42090	(0 0 2)
	40.17015	(1 0 1)
	53.00396	(1 0 2)
	70.66048	(1 0 3)
	TiAs phase (350 ℃ up to 500 ℃)	

Table C . 23 :

 C23 Diffraction angles and planes of the hexagonal TiAs phase, space group: P63/mmc (194) (a=3.645 Å, c=6.109 Å) in the Ti/In 0.53 Ga 0.47 As system (ref. 04-010-6873) TiAs 2 phase (350 ℃ up to 500 ℃)

	Diffraction angle (2θ (°)) (h k l)
	31.8845	(1 0 1)
	41.0860	(1 0 2)
	50.0040	(1 1 0)
	66.6430	(2 0 2)
	76.2623	(2 0 3)

Table C .

 C 24: Diffraction angles and planes of the orthorhombic TiAs 2 phase, space group: Pnnm (58) (a=8.915 Å, b=13.22 Å, c=3.478 Å) in the Ti/In 0.53 Ga 0.47 As system (ref. 04-004-4161) Ti 2 Ga 3 phase (350 ℃ up to 500 ℃)

	Diffraction angle (2θ (°)) (h k l)
	36.4367	(3 3 0)
	47.7451	(2 5 1)
	58.8909	(4 6 0)
	72.0852	(4 3 2)
	82.7797	(4 6 2)

Table C .

 C 25: Diffraction angles and planes of the tetragonal Ti 2 Ga 3 phase, space group: P4/m (83) (a=6.284 Å, c=4.01 Å) in the Ti/In 0.53 Ga 0.47 As system (ref. 04-004-3957)

	Diffraction angle (2θ (°)) (h k l)
	39.1088	(1 2 1)

  This Appendix investigates the unexpected presence of Au within the reacted area of various systems. The latter originates from the top-electrode (Au/Pt/Ti) of the TLM samples (see Chapter 3 and Chapter 4), and is evidenced after the emulation of W-plug filling (Annealing 1 ) and long-term thermal stress (Annealing 2 ). To do so, the systems presented in TableD.1 are detailed.

	Appendix D	
	Au diffusion on III-V-based systems
	Table C.26: Diffraction angles and planes of the tetragonal In phase, space group: I4/mmm
	(139) (a=3.2517 Å, c=4.9459 Å) in the Ti/In 0.53 Ga 0.47 As system (ref. 00-005-0642)
	Diffraction angle (2θ (°)) (h k l)
	32.9638	(1 0 1)
	54.4754	(1 1 2)
	56.5909	(2 0 0)
	69.1127	(2 0 2)

Table D . 1 :

 D1 Details of the studied systems with additional Au/Pt/Ti top-electrode In 0.53 Ga 0.47 As Ni 0.9 Pt 0.1 TiN/Ni 0.9 Pt 0.1 /n-InP TiN/Ni 0.9 Pt 0.1 /p-In 0.53 Ga 0.47 As

	n-InP	p-In 0.53 Ga 0.47 As
	Ni TiN/Ni/p-Ti TiN/Ni/n-InP TiN/Ti/n-InP TiN/Ti/p-In 0.53 Ga 0.47 As

  D.3a), the diffusing Au has been observed above and below the Ni-based layer, which is coherent with a previous work led bySopousek et al., in which it is detailed that the Au x Ni y compounds have limited mutual miscibility[START_REF] Sopousek | Au-Ni nanoparticles: Phase diagram prediction, synthesis, characterization,and thermal stability[END_REF], which suggest that Au would not naturally form compounds with the Ni-based grains. In the Ni 0.9 Pt 0.1 /n-InP system (Fig. D.3b), as Au has diffused through the sample, two grains of different compositions have been identified, namely (i) Ni-based grains, composed of the Ni 2 P, Ni 3 P and Ni 2 InP crystallized phases, and (ii) Pt 3 In 7 grains. As previously stated, Au would not naturally form compounds with the Ni-based grains

Equal to the product of length and maximal signal bandwidth of a fiber-optic link.

The metal deposition thickness is an additional parameter that is to be discussed in this PhD thesis.

The filling of n-and p-contact cavities in one single step will require a preclean recipe as well as a contact metal and a possible optimization RTA that suit both III-V doped layers. The indisputable upside of the one-step contact integration implies a lessen optimization window.

The wavelength of electrons being much smaller than the wavelenght of the light used in a light microscope, the optimal resolution reached in TEM characterizations is many orders of magnitude higher.

The sample is placed under vaccum in order to prevent the atmosphere from interfering with the X-rays. The surface sample is cleaned, to avoid the contamination of the results.

The transfer length (LT ) determines the current flowing effect due to the geometry of the metallic pad. It can be seen as the distance over which most of the current transfers from the semiconductor into the metal or from the metal to the semiconductor[START_REF] Schroder | Semiconductor Material and Device characterization[END_REF] 

As previously detailed, in 300 mm deposition equipment, the W-plug-filling takes place at 400 ℃. The use of a 450 ℃ (for 180 s) thermal budget during the emulation of W-plug filling therefore aims at overestimating the thermal budget to investigate the electrical properties outside of the processing range.

As previously detailed in section

2.3.1.1 and Fig.2.2, the Ti/Pt/Au top-electrode corresponds to the deposited stack necessary to perform the required electrical measurements.

3.1.4.5 Impact of emulated integration and long-term thermal stress

This is a hypothesis. No XRD measurement has been performed on this system.

As the TiN capping layer deposited with RF-PVD has been reported to be inefficient against oxygen diffusion, it is required that the TiN capping layer is deposited using ALD method.

Remerciements

Lowest available energy level of the conduction band

Electrical properties

The study of the impact of W-plug filling, BEOL and long-term thermal stress has been performed on the Au/Pt/Ti/TiN/Ni 0.9 Pt 0.1 /n-InP contact. The electrical measurements have shown that the contact is non-ohmic after Annealing 1 (450 ℃ -180 s + 400 ℃ -30 min) and after Annealing 2 (100 ℃ -1 week) as well (see Fig. 3.37). This is coherent with the previous electrical results, which had shown a non-ohmic behaviour strictly above 400 ℃. As a result, the TiN/Ni 0.9 Pt 0.1 /n-InP contact is expected to demonstrate poor electrical properties after integration and long-term thermal stress. In the light of such electrical properties, the TiN/Ni 0.9 Pt 0.1 /n-InP system has hence not fulfilled the contact requirements. The Ni 0.9 Pt 0.1 metallization is therefore not suitable for n-contact integration for III-V devices on Silicon.

Appendix A

Effectiveness of the TiN capping layer

In the scope of this study, a 7-nm-thick TiN capping layer has been deposited on the samples, allowing to protect the metal/III-V systems from air contamination (see sample description in Chapter 2, section 2.1). The effectiveness of the TiN capping layer has been studied by investigating the evolution of the atomic percentage (at. %) of oxygen within two systems at different stages of the reaction, namely:

• in the TiN/Ni 0.9 Pt 0.1 /In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system in the as-deposited state and after various RTA, hence monitoring the evolution of the oxygen distribution with increasing temperatures,

• in the TiN/Ni/In 0.53 Ga 0. [START_REF] Bengi | Au and non-Au based rare earth metal-silicide ohmic contacts to p-InGaAs[END_REF] As system after various RTA and subsequent Annealing 1 and Annealing 2, to evaluate the impact of the thermal budget of W-plug filling (450 ℃ -180 s), Back-End-Of-Line (400 ℃ -30 min), and long-term thermal stress (100 ℃ -1 week) on the oxygen distribution within the system.

Appendix B

Justification for the use of square-TLM patterns

B.1 TLM geometry patterns

In the TLM-patterned mask used for the fabrication of the TLM samples, various geometries of TLM patterns are available (see Fig. B.1). It has been decided that three of them would be investigated, namely the small circular-TLM, the large circular-TLM and the square-TLM (see the corresponding dimensions in Table B.1). This Appendix enounces the differences observed between the TLM pattern geometries in terms of extracted contact resistivity, in order to justify the reason for the squared-TLM preference over circular TLM. 

B.2 Specificity of the circular-TLM

The Circular TLM method is similar to the square TLM method described in Chapter 2 in 2.3.1.1. Even though the data acquisition is the same as for square TLM, the circular geometry of the metallic pads however induces variations in the contact resistivity extraction method [START_REF] Klootwijk | Merits and limitations of circular TLM structures for contact resistance determination for novel III-V HBTs[END_REF]. In the case of small circular-TLM, it is worth mentioning that the outer metallic pad is square-shaped minus the inner circle in its center (see Fig. Appendix E Impact of process integration: lift-off vs. planar-related processes

As discussed in Chapter 1 in section 1.3.2.2, the non-planar related processes such as lift-off integration are not compatible with the envisioned CMOS-compatible flow. In this regard, the previously described systems have been elaborated using planar-related processes (see Fig. 2.1 and Fig. 2.2 in Chapter 2). In an attempt to investigate the impact of the differences between the lift-off related processes on one hand and the CMOS-compatible planar-related processes on the other hand, it has been decided that the most promising of the metallizations investigated in this work, namely Ti, would be integrated onto the n-and p-doped layers using lift-off related processes as well. A comparison of the system characteristics is detailed in this Appendix. The electrical and morphological properties induced by the differences of integration scheme (lift-off vs. planar, see Fig. 

E.1.2 Morphological properties

Contributions

First author peer review publication