Abdelkader Souifi 
  
Devant Le 
  
Piarristeguy 
  
Andréa 
  
Marc Bocquet 
  
Rapporteur Calarco 
  
Raffaella 
  
Examinatrice Redaelli 
  
Renée El 
  
Melhem Bât 
  
Pascal Blaise 
  
M Stéphane 
  
ÉLECTROTECHNIQUE E E A Électronique 
  
M Philippe Delachartre 
email: philippe.delachartre@insa-lyon.fr
  
Bénédicte Lanza 
  
Mme Sandrine 
email: sandrine.charles@univ-lyon1.fr
  
Mme Sylvie 
  
M Hamamache Kheddouci 
  
M Stéphane Benayoun 
email: stephane.benayoun@ec-lyon.fr
  
Stéphanie Cauvin 
  
M Jocelyn Bonjour 
  
M Bruno 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
The Back-End Selector: from material development to device performances

Keywords: 

Introduction

In the field of electronic memories and at the begging on the Big Data era, it appears that the traditional memory technologies are outdated by the performances of the computing units. The need to develop new memory technologies that enable the fast storage of an increasing amount of data with outstanding reliability has emerged.

Resistive memories are great candidates for the development of new architectures and systems that enable important storage capabilities with high endurance. Some of them are mature enough to be already commercialized. Nevertheless, these memories require a selection element. Traditionally, this constraint is filled by transistors or diodes, with dimensions larger than the memory to enable the programming current delivery. In order to increase the density of the memory, back-end selector technologies have been developed. Back-end selector devices enable the scaling of memory technologies down to few tens of nanometers and their stacking in three dimensions.

The objectives of the thesis is to study the ovonic commutation (OTS, Ovonic Threshold Switching) of a wide range of chalcogenide glasses. The OTS behaviour corresponds to a volatile electronic commutation between highly resistive and highly conductive state when a voltage higher than the threshold voltage is applied. The material recovers its highly resistive state when the current density drops below the material's holding current. Some chalogenide materials present these properties and are used to replace silicon-based traditional selector technologies. OTS materials enable the stacking of the memory with the selector with equivalent feature sizes, increasing indeed the density of the memory. During this thesis, a wide range of materials was explored and the increasing complexity of their compositions and structure was investigated through physico-chemical and electrical analyses. Two base materials were analysed, i.e. SbSe and AsSe.

The influence of Ge, Si and N doping on the electrical performances and the thermal stability of the doped alloys were examinated. The electrical performances gather the working voltages (commutation and saturation voltages), working currents (leakage and holding currents), endurance, drift, device-to-device variability, evolution of the listed parameters in temperature and along cycling.

This thesis is an opportunity to investigate a wide range of materials with increasing complexity. The binary alloys SbSe and AsSe are first introduced and studied. The influence of germanium, silicon and nitrogen on these basic alloys will be investigated. The materials gathering four or even more elements are complex and their local order might be impossible to monitor, leading to early crystallization and disabling the ovonic commutation. Reducing the local complexity of the materials is achieved by a multilayer stacking of layers with a composition gathering two or three elements. Multilayer materials are investigated to demonstrate that this change of material structure may lead to improved performances with respect to bulk layers. The materials are compared by systematic measurement of their working currents and voltages, drift and endurance. This approach leads to an isolation of the advantages and the drawbacks of the studied compositions. It have been highlighted that the germanium and silicon content present an optimum to meet high electric performances and high thermal stability. The thesis provides a demonstration that the reliability of the devices could be increased by optimizing the composition but also by introducing multilayer OTS materials with tunable electric properties.

The thesis work led to different publications in peer-reviewed journals and communications in international conferences.
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Chapter 1

Tomorrow's memories: context and technologies

In this chapter, the current context about microelectronic and memory technology will be given with the current main roadblocks and the investigated short term solutions. A recent innovative approach integrating non-conventional memory technologies, the Storage Class Memories, is investigated. A detailed description of their specifications and performances shows that they could and will fill the latency gap between conventional planar NAND-Flash and DRAM. To achieve this goal, novel crossbar architecture solutions have been developed in the Back-End-of-the-Line. This solution coupled with competitive resistive memories needs the addition of a Back-End selection element. A short review of the different available or under development alternatives is reported to justify the study of OTS Back-End selectors, that will the the subject og the work presented in this manuscript.

Current context

In the Big Data era, the storage capacities need to increase more and more. The density of memories have increased, following the Moore's law for years. The bottleneck of scaling has been reached for conventional planar transistor based technologies and challenging issues have emerged. This section reports the current state of the memory industry, its requests and constraints and suggested alternatives for the next technology nodes.

Von Neumann architecture and its limits

The Von-Neumann architecture takes its name from John Von-Neumann, an Hungarian American (computer) scientist . He made major contributions in many fields including mathematics, physics, computing, etc. He played an important role in the EDVAC (Electronic Discrete Variable Automatic Computer) project in the 40s. He participated to the design of the computer architecture and of the arithmetic operations that are needed to realize it [START_REF] Krakowiak | Le modèle d'architecture de von Neumann[END_REF]. Fig. 1.1 presents a simple version of the Von-Neumann architecture: the command and logic unit, called central processing unit (CPU, labelled as 'Logic' in the figure) is physically separated from the memory. The CPU, which executes the instructions of computer program, and the memory, which stores the program and the input and output data, communicate through data buses. A bus is a data transfer system that includes soft and hardware. It transfers the data (the message, strictly speaking), the address (where the message should be stored, i.e. in which physical devices) and the control (that explicits the action type: read or write, message size, etc.). The bus is also a tangible part: a wire, an optical fiber, etc. Historically, the CPU was at the center of the computer and a control unit was in charge of the coordination of the CPU with the input/output and the memory. The first CPUs, made form large electronic or electromechanic components were replaced, in the 70s, by microprocessors. That means that all the electrical components were shrunk and integrated on the same circuit board. Therefore, the computing hardware grew more complex, following Moore's law 1 . Transistors, key components of CPUs, were shrunk until reaching scales where quantum physics rules could destabilize their reliability. This evolution made exponentially growing the computing power, doubling it each year without cost increase. Sixty years after its invention, the Von-Neumann architecture still governs computers, even if some adjustments were done on the initial architecture. Where inputs and outputs were connected to the CPU, they are now connected to the memory, which become the central part of the computer. This adaptation allows parallel computation, meaning that multiple Logic blocks, that compute independently and at the same time, are linked to the memory. It increases the parallelism and reduces global computing time without enhancing the computing performances of hardware. The performances of the CPUs increased faster than the buses ones, leading to a latency phenomenon. Meaning that CPUs are idle, most of the time, waiting for the result of their computation to get properly transfer to the memory via the buses. Von-Neumann architecture: the memory unit, composed by the main memory (RAM) and the data storage are spacially separated from the logic unit (CPU). Data travel thank to buses between logic and memory functions [START_REF] Capra | Hardware and Software Optimizations for Accelerating Deep Neural Networks: Survey of Current Trends, Challenges, and the Road Ahead[END_REF].

It consumes time and power to wait and the further the memory is from the CPUs, the longer the latency will be.

Stand-alone memories are defined as memories that are independent from CPUs, fabricated on discrete chips dedicated to storage or memory functions 2 . On the other hand, embedded memories are either on-chip memories (typically, SRAM 3 , integrated in the CPUs, microprocessors, systems on chip (SoC) or mobile application processors, etc.) or in-package memories (System in Package including a memory die on the same integrated circuit chip than other functions). The different types of memories are classed depending of their function and their latency, as reported in Fig. 1.2. The working memories are close to the CPU. They store the small amount of data needed for the computation to proceed. They have to be fast, and therefore, the available technologies are non-volatile. That means that they should be always powered, otherwise, the data they store is lost after few hundreds of milliseconds. It is energy consuming to refresh frequently the DRAM 4 and supply continuously the SRAM because it implies to have power applied on the chip constantly (even when idle). On the other hand, the data storage are huge memory systems that are far from the processing unit. They are used to store data on the long term, so their storage capacity should be very large, their price very low, they have to be non-volatile but their access time is not a strict parameter because of the distance and the limited bus speed to transfer data.

A latency gap exists between conventional working memories and data storage. In the last 10 to 20 years, solutions have been developed to fill the gap and the new filling class is called Storage Class Memory (SCM). These memories are faster to access than conventional NAND-Flash, present high storage capability and low power Fig. 1.2. Classification of memories. Storage Class Memories (SCM) fill the speed-cost-capacity gap between working memories and data storage [START_REF] Bertolazzi | Emerging Non-Volatile Memory 2020[END_REF]. consumption thanks to their non-volatility. If the emerging Non-Volatile Memories (NVM, in the SCM-kind,i.e. excluding conventional data storage such as NAND and HDD) represented only 0.5% of the stand-alone market in 2019, it is highly dynamic and a growth of 800% is expected by 2025 [START_REF] Bertolazzi | Emerging Non-Volatile Memory 2020[END_REF]. The part of emerging non-volatile memories is only 0.5% with ∼ $502M. This niche market is dominated by PCM with 86% of the revenues in 2019, followed by MRAM at 13% and RRAM with only 1% [START_REF] Bertolazzi | Emerging Non-Volatile Memory 2020[END_REF].

Since transistors are harder and harder to shrink due to new constraints linked to nanometric scales and since storage density requirements are still increasing, some innovative solutions have been developed to bypass conventional scaling strategies and the overwhelming Von-Neumann bottleneck that is also addressed as memory wall. Before to investigate in depth the potential of SCM emerging memories, a detour on adaptations of current technologies solutions might be instructive.

Current memory technology solutions

DRAM and NAND-Flash technologies are mature and mass produced. In the classification in Fig. 1.2, they surround the latency gap and their performances can be boosted in order to close it and propose a continuous memory offer between working memory and data storage. High Bandwidth Memory (HBM) scheme [START_REF] Capra | Hardware and Software Optimizations for Accelerating Deep Neural Networks: Survey of Current Trends, Challenges, and the Road Ahead[END_REF]. HBM gather 3D-stacked Dynamic Random Access Memory (DRAM) for high-speed computer memory with low consumption applications.

DRAM is typically used to store machine code or working data. Since its location is physically close to the CPU, the time to access the data is reduced. As reported before, DRAM has low capacity in terms of octet storage even if it is dense with respect to SRAM (8 transistors in one bit of SRAM for only one capacitance and one transistor for one bit of DRAM). When the working data volume increases, several solutions exist: insert another memory module, equivalent to the first one or develop an innovative memory module that is more efficient than the first one. Actually, the method used to boost DRAM performances is at the intersection of the previous propositions. High Bandwidth Memories (HBM) are 3D-stacks of DRAM on the same chip, see Fig. 1.4. The processor (CPU) can access working data and code in memory in the HBM dies thanks to a controller and conductive silicon vias. The advantage of this solution is that the third dimension is used to multiply the memory capacity. Two of the main challenges are that the bonding between the dies should be perfectly aligned, the vias consume non negligeable wafer area and, the connections between the processor and the memory still need a silicon interposer (i.e. non negligeable distance for the data to travel). In late 2021, a 12 dies HBM was demonstrated and mass produced by SK Hynix [START_REF] Hynix | Ultimate DRAM for New Horizons of High-end Memory[END_REF].

The SK Hynix HBM technology works thanks to a System-on-Chip (SoC), meaning that various components are embedded on the same chip (i.e. same wafer) using copper micro-bump stacking (the ball-like structures, in yellow, between the different chips, on Fig. 1.4) to ensure the electrical connection between the different dies. A scaled optimization of SoC, System on Integrated Chips (SoIC), developped by TSMC goes beyond and allows heterogeneous integration of Known Good Dies (KGDs) that have different chip sizes, technology nodes and, logic/memory stacking thanks to smaller conductive connexions [START_REF] Hu | 3D Multi-chip Integration with System on Integrated Chips (SoIC TM )[END_REF]. The Fig. 1.5 presents some SoIC possibilities.

At the other side of the latency gap, is found NAND-Flash that is a non-volatile memory, also based on Front-End integration. Information is stored thanks to electron trapping in a floating gate. The density of NAND-Flash is thus linked to the technological node when the architecture is planar. Planar technology has been optimized (by improving the lithography, process, design of circuit, etc.) decade after decade but reaching technological nodes under 20nm, more challenges are popping up. For example the channel doping concentration becomes hard to control, increasing the device to device variability, reducing the endurance and retention time, or, the electric field between the adjacent wordlines becomes higher, increasing the bit error rate. To still increase the density of the Flash memories, 3D structures have Fig. 1.5. System on Integrated Chips (SoIC) enable the heterogeneous integration of known good dies with different chip sizes, functionality and waker node technology [START_REF] Tsmc | TSMC-SoIC[END_REF]. This method could be used to bond the different layers in HBM [START_REF] Tsai | Low Temperature SoIC TM Bonding and Stacking Technology for 12/16-Hi High Bandwidth Memory (HBM)[END_REF]. Fig. 1.6. Proposition of 3D-NAND architectures [START_REF] Goda | Opportunities and challenges of 3D NAND scaling[END_REF]. been proposed Fig. 1.6. A lot of variants of these vertical and horizontal 3D-NAND approaches have been proposed [START_REF] Du | An Extremely Scaled Hemi-Cylindrical (HC) 3D NAND Device with Large Vt Memory Window (>10V) and Excellent 100K Endurance[END_REF][START_REF] Parat | Scaling Trends in NAND Flash[END_REF][START_REF] Micheloni | Array Architectures for 3-D NAND Flash Memories[END_REF]. The concept stays the same than planar NAND and the complexity comes from the geometry and its realization. Additional steps are required with respect to planar NAND such as the etching of the vertical channel (NAND string in Fig. 1.6) which is not an ideal pillar with the same radius at the bottom and the top of the array, the deposition of continuous and conform material in the holes, the peripheral control of all the metal lines. These integration steps comes with their challenges, nervertheless, commercial products are on the market since few years with the Z-SSD from Samsung that show a 5 times lower latency than ordinary TCL NAND (Triple Level Cell NAND, the cheapest planar NAND memory on the market) [START_REF] Samsung | Redefining fast responsiveness[END_REF], or the XL Flash from Toshiba based on 3D BiCS Flash with single level cells which shows 10 times less latency than the TCL NAND [START_REF] Gmbh | Toshiba Memory lance la solution de mémoire de stockage XL-FLASH[END_REF].

The revolution of 3D-NAND increased drastically the storage density and offered a better endurance and lower power consumption, placing 3D-NAND in competition with emerging SCM on some markets. In this introduction, only the room temperature and stand-alone applications were addressed. What if the memories Fig. 1.7. Outline of memory taxonomy. Many emerging NVM have a simple two-terminal structure, suitable for high-density crossbar memory arrays [START_REF] Chen | A review of emerging non-volatile memory (NVM) technologies and applications[END_REF]. F is the minimum feature size etching could access. It depends on the lithography process and thus on the technological node. 4F 2 is the lowest theoretical footprint achievable with crossbar structures. should operate under high temperature? What if the application was more binding? What if the memory could not be build in the Front-End-of-Line (FEOL, at the transistor level) but above it? These questions will be investigated in the following section.

Context and opportunities for emerging non-volatile memories

Emerging non-volatile memories is a generic term that includes prototypical (or in the first years of mass production) and emerging memories. In this section, the development context and the marketplaces that the different technologies aim at will be investigated.

Emerging memories outline

Emerging non-volatile memories are based on various physical phenomena. Fig. 1.7 presents an outline of the memory taxonomy. The conventional volatile and nonvolatile memories cited before are also presented. In the green area are listed the principals memories with a distinction between the prototypical and the emerging technologies. The degree of maturity between Phase Change Memory (PCM) (that is already on the market, commercialized under the name of "Optane" Memory from Intel based on 3D Xpoint technology [START_REF] Intel | Intel Optane TM Memory -Responsive Memory, Accelerated Performance[END_REF]) and the Mott memory (where the material itseft is extremelly challenging to grow [START_REF] Zhou | Mott Memory and Neuromorphic Devices[END_REF]) is huge. Many of the emerging technologies present a simple two-terminal structure that is suitable, a priori, for high-density crossbar memory arrays. These structures are designed in the Back-End-of-the-Line, they are based on a simple intersection of metal lines, as suggested in the inset of Fig. 1.7 and more detailed information about them will be provided later in the manuscript. Three of these technologies will be detailed in the following sections: Phase Change Memories (PCM), Oxide-based Resistive memories (ReRAM) and Magnetic memories (MRAM). In this three examples, the data is stored using a resistance contrast between two physical states, instead of charge trapping like in DRAM and Flash.

Phase-Change memories

In Phase-Change Memory technology, the storage of the information is based on the resistance ratio, about one or two orders of magnitude, between the crystalline and amorphous phases of chalcogenide materials 5 . The chalcogen element in such materials is tellurium which allows the formation of crystalline materials with metallic properties at low temperature. The most studied material is Ge 2 Sb 2 Te 5 , a pseudo binary alloy that owns to the tieline between GeTe and Sb 2 Te 3 . Some other materials are under investigation like InSbTe, AgInSbTe, or without chalcogen element, like GaSb [START_REF] Wuttig | Phase-change materials for rewriteable data storage[END_REF][START_REF] Rütten | Relation between bandgap and resistance drift in amorphous phase change materials[END_REF][START_REF] Chang | The use of Ga16Sb84 alloy for electronic phase-change memory[END_REF][START_REF] Tomelleri | Overcoming the Thermal Stability Limit of Chalcogenide Phase-Change Materials for High-Temperature Applications in GeSe1xTex Thin Films[END_REF][START_REF] Ielmini | Phase change materials in non-volatile storage[END_REF][START_REF] Kau | A stackable cross point Phase Change Memory[END_REF]. Phase Change materials could require important temperature increase to amorphise or can get stuck their low resistance state, degrading their cycling capabilities. Therefore, in addition, doping elements like nitrogen, carbon or oxygen can be used to reduce power consumption by reducing programmation currents, increasing the crystallization temperature and increasing endurance [START_REF] Caravati | First-principles study of nitrogen doping in cubic and amorphous Ge 2 Sb 2 Te 5[END_REF][START_REF] Horii | A novel cell technology using N-doped GeSbTe films for phase change RAM[END_REF][START_REF] Li | Atomic-Scale Observation of Carbon Distribution in High-Performance Carbon-Doped Ge 2 Sb 2 Te 5 and Its Influence on Crystallization Behavior[END_REF][START_REF] Privitera | Amorphous-to-crystal transition of nitrogen-and oxygen-doped Ge2Sb2Te5 films studied by in situ resistance measurements[END_REF]. It is integrated in a two-terminal cell as reported in Fig. 1.8. If the phase change material is amorphous (i.e., its atoms randomly disposed, without any short range order), its resistance is high and encode a logic "0". The crystalline state (i.e. its atoms are well ordered following a defined pattern in the crytalline matrix) is more conductive and encode a logic "1". The switch between amorphous and crystalline states is done thanks to pulse application. By Joule effect, the current application heats up the material [START_REF] Ciocchini | Impact of Thermoelectric Effects on Phase Change Memory Characteristics[END_REF], and, depending on the shape of the pulse, the PCM reaches the Set [START_REF] Krakowiak | Le modèle d'architecture de von Neumann[END_REF] or Reset (0) state. A high voltage pulse with a short falltime (typically 50ns) melt-quench the PCM. A Set pulse is characterized by a lower volage application with a long falltime (∼ 100ns to 10µs, depending on the material and the cell design). PCM cell could also be programmed using a specific Set and Reset current with short pulse duration [START_REF] Lama | Multilayered Sb-Rich GeSbTe Phase-Change Memory for Best Endurance and Reduced Variability[END_REF]. The crystalline phase is thermodynamically stable in time. For the amorphous phase, the defects in the glass relax along time to meet a lower energy level and the resistance of the material increases, this is called the drift phenomenon [START_REF] Raty | Aging in Phase Change Materials: Getting Insight from Simulation[END_REF]. The programmable region volume, i.e. the volume that changes state, depends on the programming conditions and on the design of the cell. On Fig. 1.8, only the conventional mushroom-type cell is reported, but other designs exist. The programming of the cell needs heat. To reduce power consumption, some teams optimized device integration to efficiently use the generated heat and confined it in the memory cell. These structures could also allow increased scal- A fast (∼50 ns) high-temperature pulse is used to amorphize the PCM into the high resistance reset state, while a long (∼100 ns10µs) medium-temperature pulse above the crystallization temperature is used to crystallize the PCM into the low-resistance set state. Read does not generate much heat/temperature in the phase-change layer [START_REF] Fong | Phase-Change MemoryTowards a Storage-Class Memory[END_REF]. ability capability. Confined structures [START_REF] Kim | ALD-based confined PCM with a metallic liner toward unlimited endurance[END_REF] and dielectric encapsulation [START_REF] Serra | Phase-change memory electro-thermal analysis and engineering thanks to enhanced thermal confinement[END_REF] have been studied together with PCM material optmization [START_REF] Lama | Multilayered Sb-Rich GeSbTe Phase-Change Memory for Best Endurance and Reduced Variability[END_REF] to improve reliability.

The PCM could be integrated in crossbar arrays and thus present a high scalability potential. The cell size could be shrunk to 4F 2 . Some industrial products containing PCM technologies are on the market since 2012, commercialized by Nokia through Micron development [START_REF]Micron ships phase-change memory for Nokia phones[END_REF], and after by Intel in Optane™ aiming at SCM applications [START_REF] Intel | Intel Optane TM Memory -Responsive Memory, Accelerated Performance[END_REF].

Oxide based resistive memories

Resistive memories are based in a change of resistance of the material, but the phenomenon is really different than the one occurring in PCM. In Oxide-based ReRAM, the resistance switch is obtained thanks to the formation and dissolution of a conductive oxygen vacancies-based filament in a dielectric material. Depending on the direction of the electric field in the cell, the oxygen ions present in the hafnium oxide layer (other oxide layers such as TaO x or TiO x can also be used) migrate in the active electrode (in TiN, in Fig. 1.9), creating or dissolving the filament. Logic "0" and "1" are encoded thanks to this phenomenon. Logic "0" is for the highly resistive state. The oxide is integrated in a two-terminals device, allowing ReRAM integration in crossbar arrays, making the technology theoretically scalable until a 4F 2 footprint. The Set state resistance is independent of the surface of the electrodes, due to the filamentary conduction (the diameter of the filament is about few atomic radii). The conduction of the Reset state is done through all the surface of the material and is thus dependent on the device size but also on the random dissolution of the filament. Such an operation leads to an intrinsic dispersion of the Reset resistance [START_REF] Lee | Metal Oxide Resistive Memory using Graphene Edge Electrode[END_REF].

Without voltage application, the migration of oxygen atoms is very slow, giving to the programmed cell a non-volatile behaviour. An initialization step, called forming, is needed for the formation of the filament for the first operation. This step requires a higher voltage than working voltages. The higher the voltage of the firing, the larger the filament diameter and the lower the forming time [START_REF] Lorenzi | Forming Kinetics in $\hboxHfO_2$ -Based RRAM Cells[END_REF]. The compromise between the increase of the memory window (ratio between Set and Reset resistances) and the endurance improvement is one of the greater challenges for the OxRAM technologies. A great memory window (considering Reset dispersion) requires a high programming current that decreases the endurance performances of the cell. This technology is less mature than PCMs but promising for neuromorphic and on edge applications [START_REF] Moon | RRAM-based synapse devices for neuromorphic systems[END_REF][START_REF] Yu | Binary neural network with 16 Mb RRAM macro chip for classification and online training[END_REF][START_REF] Saxena | A Mixed-Signal Convolutional Neural Network Using Hybrid CMOS-RRAM Circuits[END_REF][START_REF] Wu | Nonlinear Weight Quantification for Mitigating Read Disturb Effect on Multilevel RRAM-Based Neural Network[END_REF][START_REF] Nano | Weebit Nano to publicly demonstrate its ReRAM IP module for the first time[END_REF].

Another type of resistive memory is Conduction Bridge RAM (CBRAM). The principle is close to the one of OxRAM. Instead of forming and dissolving an oxygen vacancies-based filament into the oxide, the memory states of CBRAM are dictated by forming and dissolving of a metallic ions based filament in an oxide or a chalcogenide layer [START_REF] Valov | Electrochemical metallization memories-fundamentals, applications, prospects[END_REF].

Magnetoresistive memories

Magnetoresistive memories (MRAM) address high speed applications, close or equivalent to DRAM. MRAM is actually a memory family including Spin-Transfer Torque Magnetic RAM (STT-MRAM), the most advanced technology. STT-MRAM is based on a magnetic tunnel junction (MTJ) with a pinned and a free ferromagnetic layers on each side of a insulating barrier. The pinned layer is usually thicker than the free layer. When a current is applied on the pinned layer, the ratio of up and down electron spin is changed (i.e. different from the initial 50/50 ratio) and a spin polarized current is produced. The angular momentum (i.e. the spin) is transferred to the free layer in series and changes its orientation. When spin of the free and pinned layer are aligned (parallel), a logic "1" is encoded and a "0" is stored otherwise (antiparallel spins).

STT-MRAM cells are often associated with a transistor that controls the applied current. Their footprint is comparable to DRAM bit cell (which is 1T1C -one transistor, one capacitance). STT-MRAM are non-volatile and present a near zero leak- When the magnetization directions are parallel the reading current is low and represents a logic "0". When they are anti parallel, it stands for a logic "1". The free ferromagnetic layer, in blue, is programmed using positive voltage either on the bit line (BL) or the source line (SL) [START_REF] Farkhani | STT-RAM write energy consumption reduction by differential write termination method[END_REF].

age current that allow to drastically reduce power consumption with respect to DRAM. This technology has been commercialized by Everspin [START_REF] Everspin | Spin-transfer Torque DDR Products[END_REF] targeting datacenter/SCM applications. For more innovative challenges, Samsung is interested in integrating STT-MRAM in crossbar-like structure for in-memory computing. In [START_REF] Jung | A crossbar array of magnetoresistive memory devices for in-memory computing[END_REF], one bit includes two FET switches and two MTJ. The bits are connected in series and each series forms a column of crossbar-like array structure 6 .

Crossbar arrays: from FEOL to BEOL

Crossbar arrays are structures designed to integrate emerging non-volatile memories [START_REF] Kau | A stackable cross point Phase Change Memory[END_REF][START_REF] Cerofolini | Nanoscale Devices, ser. NanoScience and Technology[END_REF]. It allows intrinsically high density of devices. This density can reach a 4F 2 footprint on the wafer and even less if multiple arrays are stacked in the third dimension.

Crossbar arrays are simple structures made of crossing metal lines. The lines are called wordlines (WL) and bitlines (BL). At each intersection is located a device that is a memory cell. The main advantage of this structure is that it could be designed in the Back-End-of-the-Line (BEOL) and is completely independent of the CMOS technology node. A crossbar array is presented on Fig. 1.11. It co-integrates a resistive memory with a selector. The utility of the selector will be explained later on. To access a specific memory cell, the selected cell, on the right of the scheme, the wordlines and bitlines have to be polarized with a given scheme, as reported in Fig. 1.12. A ground scheme selects a complete line. This option is non optimal when the target is to address a single cell. V/2 and V/3 schemes allow single cell addressing. Either one line and one column of cells are half-selected and the other cells remain unselected for the V/2 scheme or, for the V/3 scheme, all the cells are Fig. 1.11. Schematic diagram of crossbar array structure with WLs (Word Lines, vertical) and BLs (Bit Lines, horizontal). R(M, N) at the lower-right corner is the selected cell. The output sensing current detected by the sense amplifier is the sum of the ideal sensing current and unwanted noise components [START_REF] Kim | Numerical study of read scheme in oneselector one-resistor crossbar array[END_REF]. Fig. 1.12. Three read bias schemes: ground scheme; V/2 scheme; and V/3 scheme [START_REF] Kim | Numerical study of read scheme in oneselector one-resistor crossbar array[END_REF]. one-third selected except the only fully selected cell. This programming schemes will not be debated more here, and the V/2 scheme will be considered in the rest of the manuscript for the analyses of the investigated devices.

The state of the memory cell (i.e. logic "0" or "1") can be determined reading the sensing current I sensing that is the sum of the current passing through the selected cell and the leakage current minus the dropping current due to the resistance of the metallic lines. The leakage current is due to the sneak paths that non-ideal memory cells create and is intrinsic of the crossbar structure. The leakage current could be responsible of reading and writing fails and of an over power consumption of the array. It also limits the maximal size of the crossbar and thus its density.

The selector is a device integrated in series with the memory to help the decrease of the leakage current. This device is a switch that, when not fully selected, presents a really high resistance and, when fully selected, it has the capability to deliver a high current density, necessary for memory programming.

As a reminder, in this manuscript, crossbar structures will refer only to structures that could be fully integrated in the BEOL only (i.e. no transistors in the array itself).

Conventional memories like DRAM or Flash are based on Front-End technology and are therefore subjected to scaling and integration constraints. That means that the feature size of the transistors (i.e. the technological node) will determine indeed the performances and density of the memory. It is well known that scaling becomes harder and harder to industrially set up when the features sizes goes down to few nanometers. Furthermore, the thermal constraints of the Front-End-of-Line (FEOL) makes it impossible to stack conventional transistors to improve density or speed of the memory. It has been demonstrated in the previous sections that adaptations of conventional memories are functional and competitive but, the memory and the logic functions are not yet "really" on the same chip. This means that the memory needs to be bonded to the logic chip after designing the KGDs (Known Good Dies) separately. What is so interesting about crossbar arrays is that they can be directly integrated over the logic since there are build in the Back-End-of-the-Line. Crossbar structure is independent on the technological node of the logic and thus, memory arrays with lower feature size can be integrated with theoretically any node. This independence makes the crossbar arrays a portable solution to bring the memory closer to the computing functions without major drawbacks. Furthermore, the integration of the crossbar array operates at low temperature with respect to FEOL processes, between two Back-End metal levels and requires few additional masks and integration steps for the simpler versions.

To conclude about crossbar arrays: this structure allows BEOL integration on the logic functions but it needs an efficient memory devices and selection elements to meet SCM requirements (together with crossbar and memory cell design but these aspects will not be investigated in this thesis).

Selection Elements

Several selection elements have been investigated to meet specification for 3D crossbar access devices, i.e. a high ON state current density coupled with an ultra-low leakage current in OFF state. Furthermore, the device should show bidirectional operation, a process compatibility with 3D stacking and a voltage compatibility with the co-integrated memory element. One last thing, the selection element needs to demonstrate better performances than the memory element in order to do not to become a limiting factor [START_REF] Burr | Access devices for 3d crosspoint memory[END_REF].

A summary of the different selection elements is given in Fig. 1.13. They could be split in four categories, the transistors, the diodes, the volatile switches and the non-linear devices. The working principle is either based on active selection in transistors, on the asymmetry of devices for diodes and on non-linearity of the electrical characteristic for the others. The selection mechanisms are thus various and a good knowledge of the targeted application is fundamental in order to determine the best solution for the selection element device. The following section is an overview of three of these selection elements that are commonly used or in development, and based on different mechanisms: Bipolar Junction Transistor (BJT), Mixed-Ionic-Electronic-Conduction (MIEC) and Ovonic Threshold Switching (OTS) selector devices.

Bipolar Junction Transistor

Silicon based diodes and transistors gather multiple devices: semiconductor diodes, bipolar transistors and MOSFET [50]. In this section, only the planar bipolar junction transistor (BJT) is reviewed.

Bipolar transistor consists of a three regions structure, alternatively doped N-type and P-type, see Fig. 1.14, that combines two semiconductors junctions and three regions (Emitter -E, Base -B and Collector -C). This transistor uses electrons and holes as charge carriers. Most of the time in planar bipolar transistors, the collector region surrounds the base, making impossible the leak of carriers from the base without being collected. A BJT is thus not symmetrical.

BJT presents several regions of operations, namely the forward-active, the reverseactive, the saturation and the cut-off. Depending of the voltages applied on the different electrodes (E, B and C), the junctions bias could be forward or reverse and the connection in series of these junctions leads to a different mode. The following table summarizes the different modes for a NPN bipolar transistor [51]. The forward-active and reverse-active modes are used to maximize, resp. minimize the current gain. These modes are not useful for selector applications. The saturation mode allows the BJT to deliver a high current from the emitter to the collector, thanks to both junctions in forward, and corresponds to the ON state of a selector device. The OFF state is achieved thanks to the cut-off mode, with the two junctions in reverse.

Bipolar transistors have been developed for several decades and this option, with respect to MOSFET or Insulated Gate Bipolar Transistor is often used when the main concern is the cost reduction. This device is designed in the FEOL and submitted to the equivalent constrains than other transistors (high thermal budget, scaling, etc.). It could be used for neuromorphic computing when co-integrated with resistive memories [START_REF] Aluguri | One bipolar transistor selector -One resistive random access memory device for cross bar memory array[END_REF][START_REF] Li | Memristive Crossbar Arrays for Storage and Computing Applications[END_REF].

Mixed-Ionic-Electronic-Conduction (MIEC)

Mixed-Ionic-Electronic-Conduction access devices are integrated in the BEOL, show high scalability and high selectivity [START_REF] Shenoy | MIEC (mixed-ionic-electronic-conduction)-based access devices for non-volatile crossbar memory arrays[END_REF]. These devices are based on copper containing MIEC materials [START_REF] Yokota | On the Electrical Conductivity of Cuprous Sulfide: A Diffusion Theory[END_REF], and are intensively studied by IBM. In this materials, metallic copper ions have a great mobility that enables high conduction when the device is submitted to an electric field. The mechanism is not filamentary-based but, due to a large asymmetry of the device design and high current application, one could form permanently and leads to device malfunction [START_REF] Shenoy | Endurance and scaling trends of novel access-devices for multi-layer crosspoint-memory based on mixed-ionic-electronic-conduction (MIEC) materials[END_REF]. The ionic conduction, guaranteed by half of the MIEC material mass in cooper ions, allows a high current delivery compatible with PCM programming [START_REF] Burr | Large-scale (512kbit) integration of multilayer-ready access-devices based on mixed-ionic-electronic-conduction (MIEC) at 100% yield[END_REF]. The measured current is proportionnal to the device size [START_REF] Gopalakrishnan | Highly-scalable novel access device based on Mixed Ionic Electronic conduction (MIEC) materials for high density phase change memory (PCM) arrays[END_REF]. The endurance of the selector is highly correlated to the driving currents: 10 10 cycles could be reached with 5 µA when only 10 8 cycles with 150 µA [START_REF] Shenoy | MIEC (mixed-ionic-electronic-conduction)-based access devices for non-volatile crossbar memory arrays[END_REF]. ON state is not imediately established with electric field application (but established within 50 ns) and devices need a 1 µs to recover their high resistive state [START_REF] Burr | Recovery dynamics and fast (sub-50ns) read operation with Access Devices for 3D Crosspoint Memory based on Mixed-Ionic-Electronic-Conduction (MIEC)[END_REF] which make these selectors a limiting factor for high speed memory applications. Indeed, MIEC selectors demonstrate a non-linear I-V characteristic. Reading is done thanks to low voltage pulses and the resistive partition between the programmed state and the MIEC transistor leads to different read currents Fig. 1.15. 

Metallic filament threshold swicthes (TS)

Metallic filament threshold switches (TS) lean of metallic ion filament formation thanks to a voltage application. This is the volatile version of a CBRAM. Their two-terminal structure allows their integration in high density crossbar arrays and the devices are scalable down to 4F 2 . The metallic ions could be either copper or silver [START_REF] Lim | Excellent threshold switching device (Ioff ∼ 1 pA) with atom-scale metal filament for steep slope (< 5 mV/dec), ultra low voltage (Vdd = 0.25 V) FET applications[END_REF][START_REF] Joo | Study on Threshold Behavior of Operation Voltage in Metal Filament-Based Polymer Memory[END_REF] and the insulating layer that guarantees the highly resistive state is adapted depending of the nature of metallic ions (either CuS for Cu n+ ions or a-Si for Ag + ions). The application of appropriate voltage on the two-terminal TS selector allows the formation of the conductive filament (ON state with high current delivery). When voltage is removed, the device recovers its high resistive state (OFF state). The Fig. 1.16 reports the filament formation for Ag/a-Si TS devices. The formation of the metallic filament is either stable or unstable depending of the compliance current. Unstable formation of the filament will result to a dissolution of the filament when the voltage is removed. Voltages used for the commutation are usually < 1V [START_REF] Lim | Excellent threshold switching device (Ioff ∼ 1 pA) with atom-scale metal filament for steep slope (< 5 mV/dec), ultra low voltage (Vdd = 0.25 V) FET applications[END_REF][START_REF] Yoo | Threshold switching behavior of Ag-Si based selector device and hydrogen doping effect on its characteristics[END_REF][START_REF] Hua | A Threshold Switching Selector Based on Highly Ordered Ag Nanodots for X-Point Memory Applications[END_REF] and their endurance is limited to 10 6 cycles [START_REF] Lim | Excellent threshold switching device (Ioff ∼ 1 pA) with atom-scale metal filament for steep slope (< 5 mV/dec), ultra low voltage (Vdd = 0.25 V) FET applications[END_REF]. 

Ovonic Threshold Switching (OTS) Back-End selectors

Ovonic 7 Threshold Switching (OTS) materials present a property known in some chalcogenide glasses. They could commute abruptly from a highly resistive state (OFF state) to a metastable high conductive state (ON state) under an electric field when the applied voltage is higher than the threshold voltage V th [START_REF] Ovshinsky | Reversible Electrical Switching Phenomena in Disordered Structures[END_REF]. When the current drops under a holding current I h , the material recovers its high resistance. The first commutation is achieved through an initialization step commonly identified as forming or firing in the literature and requires a higher voltage V fire > V th . After this initialization step, the threshold voltage stays stable along the device lifetime. The subthreshold current increases also after initialization. Fig. 1.17 reports an I-V characteristic of standard OTS device [START_REF] Cheng | Ultra-High Endurance and Low IOFF Selector based on AsSeGe Chalcogenides for Wide Memory Window 3D Stackable Crosspoint Memory[END_REF] along its first cycles. The main characteristics of an OTS selector are:

• Their bipolar behaviour that makes them compatible with filamentary memories (OxRAM [START_REF] Lopez | OxRAM+OTS optimization for Binarized Neural Network hardware implementation[END_REF] and CBRAM [START_REF] Lopez | Optimization of RRAM and OTS selector for advanced low voltage CMOS compatibility[END_REF])

• Quasi-instant commutations between states, which allow high speed reading and writing operations [START_REF] Adler | Threshold switching in chalcogenideglass thin films[END_REF] • On current density higher than 1 MA•cm -2 [START_REF] Cheng | Ultra-High Endurance and Low IOFF Selector based on AsSeGe Chalcogenides for Wide Memory Window 3D Stackable Crosspoint Memory[END_REF] • More than 10 11 endurance cycles [START_REF] Cheng | Ultra-High Endurance and Low IOFF Selector based on AsSeGe Chalcogenides for Wide Memory Window 3D Stackable Crosspoint Memory[END_REF][START_REF] Garbin | Composition Optimization and Device Understanding of Si-Ge-As-Te Ovonic Threshold Switch Selector with Excellent Endurance[END_REF] OTS selectors are from the same material family as the Phase Change Material but report a volatility of the ON state. PCM materials are be able to crystallize and melt quench to amorphize while OTS materials present a metastable commutation without crystallization process occurring. OTS materials are thus chalcogenide glasses, more commonly based on selenium (Se) and/or tellurium (Te). In addition, they contain glass forming elements from IV and V columns (Ge, Sb, As, etc.). The main challenge concerning OTS development is to find optimal compositions that allows the material to stay amorphous, when operating but also during the fabrication process where the thermal budget could reach 400 • C during 3 hours together s ĨŝƌĞ s ƚŚ Fig. 1.17. OTS device I-V characteristic. An initialization step is required to access stable performances. An external current limitation is established to enforce maximum current in ON state at 100µA (Compliance current) [START_REF] Cheng | Ultra-High Endurance and Low IOFF Selector based on AsSeGe Chalcogenides for Wide Memory Window 3D Stackable Crosspoint Memory[END_REF]. The first threshold voltage is identified as V fire and the following as V th .

with electrical performances compatible with the targeted memory co-integration. Beside the drawbacks of the OTS solution (i.e. high threshold voltages, high leakage with respect to MIEC or TS), its compatibility with PCM and its short commutation time and endurance have lead to its integration in 3D crossbar arrays in commercialized Intel's Optane TM products [START_REF] Intel | Intel Optane TM Memory -Responsive Memory, Accelerated Performance[END_REF][START_REF]TechInsights. Intel 2nd Generation XPoint Memory[END_REF] and intense research on this field in recent years [START_REF] Garbin | Composition Optimization and Device Understanding of Si-Ge-As-Te Ovonic Threshold Switch Selector with Excellent Endurance[END_REF][START_REF] Cheng | Optimizing AsSeGe Chalcogenides by Dopants for Extremely Low IOFF, High Endurance and Low Vth Drift 3D Crosspoint Memory[END_REF][START_REF] Wu | Low-voltage ( 1.3V), Arsenic Free Threshold Type Selector with Ultra High Endurance ( gt; 1011) for High Density 1S1R Memory Array[END_REF][START_REF] Koo | Simple Binary Ovonic Threshold Switching Material SiTe and Its Excellent Selector Performance for High-Density Memory Array Application[END_REF]. The OTS materials operations and characteristics are detailed in the Chapter 2.

Table 1.2 gives a summary of the electrical parameters and performances of selection elements. 

Reading strategies

The reading strategies vary depending on the selector technology. For active selectors (that require a voltage application to determine ON and OFF states) such as transistors, only right polarization of the transistor gate allows access to memory cell. For passive Back-End selectors, the resistive partition between the selector and the memory makes the commutation of the selector and the memory programming more tricky. One memory cell and one selector series is addressed as 1S1R. In this 1S1R structure, when a voltage is applied, the resistive partition changes with respect to the memory state. When the memory is in Set state, its resistance is low and the I-V characteristic of the 1S1R stack is close to the selector alone. When the memory is in Reset state, the resistance between the memory and the OFF state of the selector should be comparable in the optimal case. The I-V characteristic of 1S1R is partially modified and the switching voltage of the stack is either the same or pushed to higher values. The Fig. 1.18 reports a scheme of the different reading strategies depending of the selector technology.

Voltage (a.u.)

Current (a.u.) The Phase Change Memory reading strategies are based either on resistance delta (∆R), threshold voltage delta (∆V th ) and voltage and/or current delta (∆V, ∆I) and the details reported below:

• ∆R strategy: TS selectors Threshold switches report very low threshold voltage and current (V th TS and I th TS ). When the TS selector is in OFF state, it takes the near-integrity of the voltage partition. The reading could be done only if V th TS <V th Memory the threshold voltage of the memory. When this condition is fulfilled, the selector can switch independently of the memory state, without disturbing it. The reading is done by applying a voltage V Read with V th TS <V Read <V th Memory . The direct read resistance determines the memory state. When integrated in a crossbar array, adjacent cells perturbations linked to a unsolicited commutation add another constraint concerning V th TS value. When the polarization of the array is V/2, V th TS should be higher than V th Memory /2 and higher than V th Memory /3 for V/3 scheme. This reading strategy requires a commutation at each reading operation and implies high endurance of the selector, that TS switches do not have.

• ∆V th strategy: OTS selectors With high I th OTS and V th OTS , subthreshold reading of the memory could be achieved. These conditions are not always met by OTS materials. Therefore, in the case of ∆V th reading strategy, the commutation voltage of the OTS needs to be higher than the one of the memory (V th Memory <V th OTS ). The memory is in Set state, the low Set resistance does not have an influence on 1S1R I-V characteristic which is close to the OTS alone I-V characteristic. When the memory is in Reset state, and due to the similar resistances values of OTS OFF state and memory Reset state, the resistive partition will change and the commutation voltage of the 1S1R stack increases to reach V th OTS +∆V th . This ∆V th corresponds to the additional voltage needed to reach I th OTS in the PCM. When integrated in a crossbar array, adjacent cells perturbations linked to an unsolicited commutation add another constraint concerning V th OTS value. When the polarization of the array is V/2, V th OTS should be higher than V Prog /2 and higher than V Prog /3 for V/3 scheme with V Prog the programming voltage (V Prog ≥ V th OTS +∆V th ). This reading strategy requires commutation only to read Set state of the PCM. The Set state could be impacted by the commutation of the OTS and rewriting operation might be needed. Some alternative reading modes have been suggested by Navarro et al. [START_REF] Navarro | Innovative PCM+OTS device with high sub-threshold non-linearity for non-switching reading operations and higher endurance performance[END_REF]: when the threshold voltage of the PCM is higher tha n the V th OTS and when the subthreshold I-V characteristic slope of the OTS is high, subthreshold reading with current difference at V Read could be considered. This hypothesis is debated in Chapter 5.

• ∆V and/or ∆I strategy: MIEC selectors MIEC selectors have a continuous electric behaviour and does not demonstrate commutation. Two ways are considered to read the memory. Either a fixed V Read voltage is applied and the read current determines the memory state (∆I strategy). The other way is to impose a fixed current I read and compare it to the needed voltage to apply to reach it (∆V strategy). Indeed, different reading strategies could be applied depending on the co-integrated selector. Table 1.3 summarizes the characteristics and advantages and drawbacks of each technology and the memory technology they could be integrated with.

On Fig. 1.19, VtS and VtR represent the Set and Reset threshold voltage for a GST225 phase change memory. If a V/2 scheme is used in the crossbar array (black area), high OTS threshold voltage is needed to fulfil the necessary conditions, meaning that V read /2 < VtS for reading and V prog /2 < VtS and V prog > VtR from programming. Indeed, the 1S1R reading window size is correlated to the threshold voltage of the memory and the dispersion of the Reset state 8 . OxRAM and CBRAM present The selectivity of the selector is also a parameter addressed in the literature and represents the ratio between Set reading current and the leakage current measured at V th /2. A benchmark of several selector technologies has been reported in [START_REF] Govoreanu | Thermally stable integrated Se-based OTS selectors with >20 MA/cm2 current drive, >3.103 half-bias nonlinearity, tunable threshold voltage and excellent endurance[END_REF] and in Chapter 2. In this thesis, the OTS has been studied alone in most cases, only the leakage current I off , measured at V th /2 is reported instead of the selectivity. This value depends also on the co integrated memory.

As reported in section 1.3, leakage current in crossbar arrays could impact reading operation. When the matrix is polarized using V/2 scheme, all the half selected cells are subjected to V/2 residual voltage. A leakage current is established in the array. The sensing current is more precisely defined as I sensing = I read state +2I off (n-1) (considering a square matrix size of n lines). I read state is either I read Set or I read Reset and the I read Set /I read Reset ratio determines what the circuit needs to discern. By increasing the matrix size, the values of leakage current increase and progressively close the reading window margin. 

Chapter summary

In this chapter, the current problematic of memory industry is reviewed: the need to fill the latency gap between DRAM and NAND-Flash and the urge to propose high density Back-End memories are expressed. In order to reach the Big Data storage capacity requirements, the condensation of memories is fundamental. Short term solutions, implying heterogeneous integration to enhance DRAM storage capabilities, boost of Flash memory thanks to 3D solutions are explained. More innovative solutions are also explored, to emancipate the memory industry from constraints linked to the Front-End-of-the-Line processes. The crossbar array structure, a Back-end compatible solution, is investigated for its high potential of storage density thanks to 3D stacking of high density decks 9 . Some of emerging memory technologies are reported and the need of selection element, to guarantee the good reliability of the array and higher matrix sizes have been highlighted. State-of-the-art selectors have been presented, such as bipolar junction transistor for the FEOL alternatives, and metallic filament threshold switches, MIEC access devices and Ovonic Threshold switching selectors for their Back-End compatibility. The next chapter will give an overview of the most promising solution for crossbar co-integration with resistive memories, Ovonic Threshold Switching-based selection elements, from the intimate structure of the material to the resulting device electrical performances.

Chapter 2 Ovonic Threshold Switching selectors

In this chapter, Ovonic Threshold Switching materials are investigated in details. A short introduction about chalcogenide materials is provided before a review of the alloys of the literature presenting ovonic commutation. Hypothesis about the commutation mechanism and the conduction mechanisms in the OFF and ON state are investigated. The importance of the initialization step and its influence on the device parameters are reported. Drawbacks of OTS materials are also presented: the temperature increasing leading to material crystallization and the drift phenomenon concerning the OFF state mainly. A short review of measurement protocols of the electrical parameters is given. Finally, a benchmark of the state-of-the-art OTS materials is reported and the objectives of the thesis are identified.

OTS materials

OTS materials are based on glasses containing at least a chalcogen and a non-chalcogen element. Chalcogen elements corresponds to elements of the VI th column of the periodic table. In the field of phase change memories and OTS materials, this selection is often reduced to sulfur (S), selenium (Se) and tellurium (Te) due to their atomic stability and electronegativity value allowing the formation of metavalent bonds 1 . In OTS materials the non-chalcogen elements are often a combination of Sb, As, Ge, Si [START_REF] Zhu | Ovonic threshold switching selectors for threedimensional stackable phase-change memory[END_REF][START_REF] Read | Evaluating Ovonic Threshold Switching Materials with Topological Constraint Theory[END_REF]. The global composition is often complex in order to fulfil the specifications: high thermal stability to undergo fabrication process (at least 400 • C during 3 hours) but also to operate at high temperatures (e.g. like in embedded applications), low leakage current, high endurance and tunable threshold voltage2 to be compatible with memory co-integration. Several binary alloys have been investigated, like GeSe [START_REF] Avasarala | Doped GeSe materials for selector applications[END_REF][START_REF] Verdy | Improved Electrical Performance Thanks to Sb and N Doping in Se-Rich GeSe-Based OTS Selector Devices[END_REF][START_REF] Hatem | Endurance improvement of more than five orders in Ge x Se 1-x OTS selectors by using a novel refreshing program scheme[END_REF][START_REF] Chai | GeSe-Based Ovonic Threshold Switching Volatile True Random Number Generator[END_REF][START_REF] Kim | Effect of Ge Concentration in GexSe1-x Chalcogenide Glass on the Electronic Structures and the Characteristics of Ovonic Threshold Switching (OTS) Devices[END_REF], GeTe [START_REF] Koo | Te-based amorphous binary OTS device with excellent selector characteristics for x-point memory applications[END_REF][START_REF] Wang | Performance Improvement of GeTex-Based Ovonic Threshold Switching Selector by C Doping[END_REF][START_REF] Gu | Structural features of chalcogenide glass SiTe: An ovonic threshold switching material[END_REF], SiTe [START_REF] Koo | Te-based amorphous binary OTS device with excellent selector characteristics for x-point memory applications[END_REF][START_REF] Gu | Structural features of chalcogenide glass SiTe: An ovonic threshold switching material[END_REF], with the composition combining a chalcogen element and a cation from column VI. More complex alloys with these bases are also studied (GeSbSe [START_REF] Verdy | Improved Electrical Performance Thanks to Sb and N Doping in Se-Rich GeSe-Based OTS Selector Devices[END_REF][START_REF] Shin | The effect of doping Sb on the electronic structure and the device characteristics of Ovonic Threshold Switches based on Ge-Se[END_REF], GeSeAsTe [START_REF] Read | Evaluating Ovonic Threshold Switching Materials with Topological Constraint Theory[END_REF][START_REF] Verdy | Tunable Performances in OTS Selectors Thanks to Ge3Se7-As2Te3[END_REF], SiGeAsTe [START_REF] Garbin | Composition Optimization and Device Understanding of Si-Ge-As-Te Ovonic Threshold Switch Selector with Excellent Endurance[END_REF][START_REF] Devulder | A combinatorial study of SiGeAsTe thin films for application as an Ovonic threshold switch selector[END_REF]). In this thesis, a clear bias is exposed: the building blocks of the OTS materials are selenium chalcogen element combined with antimony (Sb) or arsenic (As) from column V. An introduction about chalcogenide glasses and their bonding structure is exposed. The choice of selenium as chalcogen element in this thesis is discussed. In the Chapter 3 and Chapter 4, the need to build complex alloys is described.

Introduction about chalcogenide materials

Phase change materials are based on chalcogenide materials and are characterized by an important contrast of conductivity between the amorphous and crystalline phases. This is related to a local order difference, meaning how atoms are located and linked with their neighbours. Most of the works concerning PCM are focused on a pseudo binary alloy, GeTe-Sb 2 Te 3 , more commonly addressed as Ge 2 Sb 2 Te 5 or GST225.

In covalent solids, the valence of the atoms usually respect the 8-N rule, meaning that atoms constituting the solid create bonds with neighbours atoms to obtain eight electrons in their valence shell. The number of bonds atoms should create to fulfil the 8-N rule could be calculated with Z = 8 -N where Z is the coordination number of the atoms and N is the number of s and p valence electrons. This relation is not fulfilled in some chalcogenide materials such as Ge 2 Sb 2 Te 5 . For example, Ge atoms should be fourfold coordinated but, according to [START_REF] Akola | Structural phase transitions on the nanoscale: The crucial pattern in the phase-change materials Ge2Sb2Te and GeTe[END_REF], one third of them are only threefold coordinated, allowing the formation of tetrahedral units instead of the expected octahedral structures. The resulting structure of GST225 is a combination of distorted octahedral patterns, with tetrahedral units and about 10 % of voids that ease the glass phase formation. The distortion of octahedral units is implied by the unequal length of the six bonds. This phenomena is address as Peierls transition and corresponds to a distortion of the crystal lattice and, in 1D, lead to an alternation of long and short bonds instead of regularly spaced atoms. The intensity of the distortion depends of the mass of the considered atom and is higher in semiconductors and inhibited in metals. A strong Peierls distortion leads to localized bonding between atoms, i.e. covalent bonding. On the other hand, low distortion initiate delocalize bonding and metallic conduction. Wuttig et al. [START_REF] Wuttig | Incipient Metals: Functional Materials with a Unique Bonding Mechanism[END_REF][START_REF] Cheng | Metavalent Bonding in Solids: Characteristic Representatives, Their Properties, and Design Options[END_REF], thanks to a new bond description, describe phase change materials as incipient metals. The bonds are called metavalent and present characteristics between metallic and covalent bonds. These materials should present the ability to commute between localized and delocalize bonding (implying resistance contrast) by a modification of the intensity of their Peierls distortion of octahedral units. The tetrahedral units also present in the materials are stabilized by short homopolar Ge-Ge bonds and small atoms where octahedral units are favoured by bigger atoms [START_REF] Caravati | Coexistence of tetrahedral-and octahedral-like sites in amorphous phase change materials[END_REF][START_REF] Liu | New Structural Picture of the Ge 2 Sb 2 Te 5 Phase-Change Alloy[END_REF]. Glass formation is enhanced by tetrahedral or pyramidal local order where octahedral units, introduced by heavy elements, could destabilize the glassy phase and ease crystallization [START_REF] Zachariasen | The Atomic Arrangement In Glass[END_REF][START_REF] Li | Materials Selection and Mechanism of Non-linear Conduction in Chalcogenide Selector Devices[END_REF][START_REF] Dory | GeSbSSeTe amorphous chalcogenide thin films towards on-chip nonlinear photonic devices[END_REF].

The strong resistivity contrast of phase change materials is maintained by a fragile balance of bonding nature and lattice distortion.

The choice of selenium as chalcogen element

In this thesis, the choice to studied exclusively selenium-based chalcogenide glasses is motivated by the following points. With respect to tellurium, the selenium element is lighter. As highlighted before, light elements favourize the forming if tetrahedral and pyramidal units that ease and maintain the glass formation. Furthermore, Pethes et al. [START_REF] Pethes | Chemical Short-Range Order in Selenide and Telluride Glasses[END_REF] report that the Se-based materials exhibit at larger glass forming region with respect to similar Te-based materials. A large glass forming region enables more material compositions and at the end a larger variety of electrical parameters. In practice, OTS materials composition does not take too much distance from the stoichiometric tie-line Ge(Se/Te) 2 -(Sb/As) 2 Se 3 . The OTS behaviour of GeSe alloys are known since several years. In this thesis, alloys on Se with non-chalcogen elements from column V are investigated. As reported by Wuttig et al. [START_REF] Wuttig | Incipient Metals: Functional Materials with a Unique Bonding Mechanism[END_REF], the bonding structure of chalcogenide glasses has an impact on their conductivity. Within p-bonded covalent solids are presented GeSe and Sb 2 Se 3 alloys that demonstrate similar structural and chemical bonding polarizability indicators [START_REF] Wuttig | Incipient Metals: Functional Materials with a Unique Bonding Mechanism[END_REF], and similar Peierls distortion [START_REF] Cheng | Metavalent Bonding in Solids: Characteristic Representatives, Their Properties, and Design Options[END_REF]. In functional OTS alloys, Se has been combined with Sb or As [START_REF] Cheng | Optimizing AsSeGe Chalcogenides by Dopants for Extremely Low IOFF, High Endurance and Low Vth Drift 3D Crosspoint Memory[END_REF][START_REF] Verdy | Optimized Reading Window for Crossbar Arrays Thanks to Ge-Se-Sb-N-based OTS Selectors[END_REF][START_REF] Cheng | Si Incorporation into AsSeGe Chalcogenides for High Thermal Stability, High Endurance and Extremely Low Vth Drift 3D Stackable Cross-Point Memory[END_REF] and the ability of SbSe and AsSe chalcogenide glasses to exhibit ovonic commutation has not been widely studied yet. It is expected that AsSe based glasses present higher resistivity with respect to SbSe based glasses due to the lower electronegativity of arsenic atoms.

Raman and infrared spectra of SbSe and AsSe base alloys

The spectroscopic data about glassy SbSe and AsSe base alloys is reported in this section. Fig. 2.3 and Fig. 2.4 report Raman spectra of Sb 46.5 Sb 53.5 and Sb 2 Se 3 respectively. Even if the observed features are not drastically the same, similarities between these two compositions exist. The peak labelled as A in Fig. 2.3 is related to Sb-Sb bonds in Se 2 Sb-SbSe 2 and is also visible in Fig. 2.4 [START_REF] Chen | Fast reversible laser-induced crystallization of Sb-rich Zn-Sb-Se phase change material with excellent stability[END_REF][START_REF] Malligavathy | Growth and characteristics of amorphous Sb2Se3 thin films of various thicknesses for memory switching applications[END_REF][START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF]. The feature labelled as B (main feature in Fig. 2.4) is related to Sb-Se bond vibration in the E 1 mode of SbSe 3/2 pyramids [START_REF] Chen | Fast reversible laser-induced crystallization of Sb-rich Zn-Sb-Se phase change material with excellent stability[END_REF][START_REF] Malligavathy | Growth and characteristics of amorphous Sb2Se3 thin films of various thicknesses for memory switching applications[END_REF][START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF][START_REF] Chen | Optical and structural properties of GeSbSe thin films fabricated by sputtering and thermal evaporation[END_REF]. The feature at 250 cm -1 in Fig. 2.4 is attributed to Se-Se bond stretching vibration is amourphous chains [START_REF] Malligavathy | Growth and characteristics of amorphous Sb2Se3 thin films of various thicknesses for memory switching applications[END_REF][START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF][START_REF] Goldan | Molecular structure of vapor-deposited amorphous selenium[END_REF][START_REF] Carroll | Raman Scattering of amorphous selenium films[END_REF]. After annealing, the A peak is divided into two contributions, both attributed to the Sb phase.

Fig. 2.5 reports FTIR analyses of Sb 10 Se 90 . The feature at 72 cm -1 is attributed to SbSe 3/2 pyramids [START_REF] Sharda | Finger prints of chemical bonds in SbSeGe and SbSeGeIn glasses: A Far-IR study[END_REF] and the peak at 190 cm -1 is related to SbSe 3 stretching mode [START_REF] Sharda | Finger prints of chemical bonds in SbSeGe and SbSeGeIn glasses: A Far-IR study[END_REF][START_REF] Corredor | Structural interpretation of the infrared spectrum of a Sb0.05As0.45Se0.50 glassy semiconductor[END_REF].

Concerning AsSe base alloy, Fig. 2. [START_REF] Hu | 3D Multi-chip Integration with System on Integrated Chips (SoIC TM )[END_REF] and Fig. 2.7 report the Raman spectra of various As x Se 1-x compositions. The feature at 227 cm -1 is related to AsSe 3 pyramidal units [START_REF] Corredor | Structural interpretation of the infrared spectrum of a Sb0.05As0.45Se0.50 glassy semiconductor[END_REF][START_REF] Kovanda | Structure of AsSe and AsPSe glasses studied by Raman spectroscopy[END_REF][START_REF] Mori | Raman Scattering in Amorphous As-Se System[END_REF][START_REF] Gan | Analysis of Raman Spectra of GeAsSe Glass Using Different Peak-fitting Method[END_REF]. The feature at 238 cm -1 to 252 cm -1 are attributed to Se-Se bonds and also observed in pure Se spectra [START_REF] Mori | Raman Scattering in Amorphous As-Se System[END_REF]. As reported in these two figures, the composition ratio between As and Se modifies the Raman spectra features intensity but similar atomic structures are found in a large range of As x Se 1-x glasses. Fig. 2.8 and Fig. 2.9 report the infrared spectra of various compositions of AsSe. The feature at 227 cm -1 is related to AsSe 3 pyramidal units and the one at 250 cm -1 is related to Se 8 rings [START_REF] Delaizir | Structural characterizations of AsSeTe glasses[END_REF][START_REF] Ohsaka | Infrared spectra of glassy Se containing small amounts of S, Te, As, or Ge[END_REF][START_REF] Khan | Investigation of temperature dependent optical modes in GexAs35xSe65 thin films: Structure specific Raman, FIR and optical absorption spectroscopy[END_REF][START_REF] Munzar | Far-infrared spectra and bonding arrangement in GeAsSSe glasses[END_REF].

SbSe and AsSe alloys present similarities in their bonding network. Both forms pyramidal units linked by Se amorphous strings. In SbSe, Se 2 Sb-SbSe 2 structures are also found and corresponds to volumes depleted in Se. Their feature intensity is related to the composition of the material. Similar bonding networks is not highlighted in the literature.

Building a reliable OTS material

The deposition of the OTS materials, made by sputtering, could be identified with a melt-quench glassy material that is, by definition, thermodynamically unstable (or metastable). In this thesis, the thermal stability of an OTS material corresponds to its ability to maintain an amorphous structure after annealing, cycling, or operating at high temperature. The main parameters to characterize the thermal stability of a material are indeed, its crystallization and melting temperatures.

As reported before, the light chalcogen and non-chalcogen elements enable glass formation. The use of various elements with different atomic radius also helps to preserve the amorphous structure [119]. Composition is key: in [START_REF] Cheng | Ultra-High Endurance and Low IOFF Selector based on AsSeGe Chalcogenides for Wide Memory Window 3D Stackable Crosspoint Memory[END_REF], the progressive enrichment of As 2 Se 3 with germanium leads to better thermal stability but degrades the OTS performances, in [START_REF] Garbin | Composition Optimization and Device Understanding of Si-Ge-As-Te Ovonic Threshold Switch Selector with Excellent Endurance[END_REF] the introduction of silicon in GeAsTe enhances the thermal stability but increases the variability of the threshold voltage. Furthermore, adding light elements such as nitrogen helps reducing highly defective dangling bonds and improve selector reliabilty [START_REF] Avasarala | Doped GeSe materials for selector applications[END_REF][START_REF] Verdy | Improved Electrical Performance Thanks to Sb and N Doping in Se-Rich GeSe-Based OTS Selector Devices[END_REF][START_REF] Wang | Performance Improvement of GeTex-Based Ovonic Threshold Switching Selector by C Doping[END_REF][START_REF] Chen | Role of Nitrogen in the Crystallization of Silicon Nitride-Doped Chalcogenide Glasses[END_REF]. As Fig. 2.10 and Fig. 2.11 report, the material composition, the devices size and the use of doping element could increase the performances of a material. A composition optimum between highly thermally stable material and competitive alloy is to be achieved. Since the drawbacks of each optimization is unavoidable, the establishment of strict specifications for each different application is necessary.

Commutation hypothesis

Several hypothesis have been proposed to explain the commutation phenomenon and none obtains a full consensus from the scientific community. The mechanisms that are detailed in this section were first designed for PCM materials and extended to OTS materials since the origin of the commutation seems similar. They are based on different phenomenon: purely electronic commutation, field-induced nucleation and thermally assisted switching.

• Purely electric commutation

In the OFF state, the OTS conduction follows a Poole-Frenkel model. The electric field is uniform and the carriers are homogeneously distributed in the material. When the electric field reaches a critical value, the equilibrium distribution of carriers is broken. A cathode electronic transfer by tunnel effect fills the localized states close to the conduction band, that are usually empty. This rupture of equilibrium leads to a non-homogeneous electric field in the material and the material switches to the ON state. The threshold voltage corresponds to the loss of equilibrium and it is lower when the material layer is thinner [START_REF] Adler | Threshold switching in chalcogenideglass thin films[END_REF][START_REF] Ielmini | Analytical model for subthreshold conduction and threshold switching in chalcogenide-based memory devices[END_REF];

•

Field-induced nucleation

The OFF state is guaranteed by the highly resistive amorphous phase of the material. The electric field application on the material would implement the formation of a cylindrical crystalline nuclei that grows from one electrode to the other. A threshold voltage is needed to form the complete the conductive filament and a holding field maintains the crystalline cylinder. The unstable crystalline phase is dissolved when these conditions are not met [START_REF] Karpov | Nucleation switching in phase change memory[END_REF][START_REF] Karpov | Field-induced nucleation in phase change memory[END_REF][START_REF] Lopez | Ge-Se-Sb-N-based OTS scaling perspectives for high-density 1 S1R crossbar arrays[END_REF];

• Thermally assisted switching Le Gallo et al. [START_REF] Gallo | Evidence for thermally assisted threshold switching behavior in nanoscale phase-change memory cells[END_REF] work suggests that the commutation mechanism is based on a thermal overload of the material by Joule effect that would decrease its resistivity. PCM chalcogenide glasses demonstrate a low thermal conductivity when in Reset state, concentrating the heat where the current is injected. The cell design thermally confining the material in advanced nodes could amplify this thermal overload effect. The Reset state is described to follow a Poole-Frenkel conduction and the highly conductive state may be reached only thanks to the important temperature raise in the material. This phenomenon is self-powered by the increasing current density in the heated volume. [START_REF] Karpov | Nucleation switching in phase change memory[END_REF], the cylindrical nucleus grows inside the material thanks to the electric field application E 0 and c) Thermal assisted switching [START_REF] Gallo | Evidence for thermally assisted threshold switching behavior in nanoscale phase-change memory cells[END_REF], the self-powered mechanism is reported.

Conduction description in OFF and ON states

The conduction description of the OFF state of an OTS material is interpreted as a Poole-Frenkel-like conduction, as in phase change materials. In this kind of conduction, electronic transfer happens from near to far, meaning that carriers jump from one localized state to the other through the conduction band, see Fig. 2.13. By definition, the activation energy E a is the height of the energetic barrier carriers must cross to reach another localized state when not external field is applied. This barrier is lowered thanks to external electric field and/or increasing temperature application. The Poole-Frenkel has thus two components: one depending on the temperature and the other on the electric field. The following equation is a proposition of formalism [START_REF] Ielmini | Analytical model for subthreshold conduction and threshold switching in chalcogenide-based memory devices[END_REF]:

J PF = q µ N C E exp -E a k b T exp β PF √ E (2.1)
with J PF the current density, q the elementary charge, µ the electronic mobility, N C the conduction carrier density, E the electric field, E a the activation energy 3 , k b the Boltzmann constant, T the absolute temperature and β PF the Poole-Frenkel parameter. β PF represents the electric field influence on the barrier lowering and is homogeneous to q/π .

A lot of studies cover the OFF state conduction of OTS materials [START_REF] Li | Materials Selection and Mechanism of Non-linear Conduction in Chalcogenide Selector Devices[END_REF][START_REF] Ielmini | Analytical model for subthreshold conduction and threshold switching in chalcogenide-based memory devices[END_REF][START_REF] Nardone | Electrical conduction in chalcogenide glasses of phase change memory[END_REF] but few investigates the ON conduction. Some interesting works from the 1970s [START_REF] Petersen | On state of amorphous threshold switches[END_REF] report that, on micrometric devices, the size of the first formed channel (i.e. initialized volume) depends on the applied current value during forming, suggesting a constant current density. The conclusions of these studies may not be applicable nowadays considering of the shrunk device sizes, especially when explained that the commutation of all the cross-section of the chalcogenide glass is processed and lead to a deterioration of the material due to excessive heating [START_REF] Adler | The mechanism of threshold switching in amorphous alloys[END_REF]. The use of over-heating current could lead to the fusion of the material, like in PCM. Doubts about the physical state of the OTS channel when in ON state are still present. variation of device resistance with device area before and after forming [START_REF] Coward | Experimental evidence of filament forming in non-crystalline chalcogenide alloy threshold switches[END_REF]. This results may not be relevant when the device size is reduced to few tens of nanometers.

Initialization step

The initialization step, i.e. the forming, is an important operation in the OTS device lifetime. It will create, for the first time, appropriate conditions for the device setting. The first switching operation requires a higher voltage than the following commutations [START_REF] Cheng | Ultra-High Endurance and Low IOFF Selector based on AsSeGe Chalcogenides for Wide Memory Window 3D Stackable Crosspoint Memory[END_REF][START_REF] Garbin | Composition Optimization and Device Understanding of Si-Ge-As-Te Ovonic Threshold Switch Selector with Excellent Endurance[END_REF][START_REF] Verdy | Optimized Reading Window for Crossbar Arrays Thanks to Ge-Se-Sb-N-based OTS Selectors[END_REF][START_REF] Li | Extended endurance performance and reduced threshold voltage by doping Si in GeSe-based ovonic threshold switching selectors[END_REF]. Even though the origin of the mechanism is not fully established yet, this section gathers comprehension elements to better understand this fundamental step.

Considering that the commutation phenomenon is purely electrical, Lee et al. [START_REF] Lee | Understanding of forming and switching mechanism using trap distribution model for ovonic threshold switch device[END_REF] suggest that the forming is indeed the formation of a metastable conductive filament in the chalcogenide layer, form one electrode to the other. This phenomenon is statistical. The modified volume, i.e. the channel 4 , presents lower energy level of the previously activated traps. This operation results into a subsequent lower electric field to reach similar conduction in the channel (i.e. V th <V fire ). The traps, in orange in Fig. 2.15 are closer the ones from the others which allows the carriers to jump more easily, explaining the lower threshold voltage af-ter initialization. The initialization voltage is higher in devices with lower surfaces due to the statistical nature of the phenomenon. The size of the channel is determined by the first applied current. Once the channel is formed, with an equivalent current density, the threshold voltage V th becomes independent from the device surface [START_REF] Lopez | Ge-Se-Sb-N-based OTS scaling perspectives for high-density 1 S1R crossbar arrays[END_REF][START_REF] Lee | Understanding of forming and switching mechanism using trap distribution model for ovonic threshold switch device[END_REF], suggesting that its size does not change along cycling, if the testing conditions stay the same and other phenomena do not take action (i.e. degradation linked to temperature, diffusion of electrode elements in the chalcogenide material [START_REF] Verdy | Carbon electrode for Ge-Se-Sb based OTS selector for ultra low leakage current and outstanding endurance[END_REF], etc.). The forming voltage depends also on the chalcogenide layer thickness, just like subsequent threshold voltages, and increases with the thickness. The lower forming voltages observed at higher temperature are consistent with the electronic jumping theory, which is eased with temperature increase.

The initialization steps modify the Poole-Frenkel parameters of the subthreshold behaviour of the material before and after forming, leading to higher leakage current and permanent decrease of the activation energy.

With these available elements, it could be easily pointed out that the material responsible of the commutation process is not equivalent to the as-fabricated one. This comment is fundamental to better understand the following section on temperature impacts on performances but also to fully appreciate the caution taken where physico-chemical studies will be compared to device electrical parameters in the experimental chapters of this thesis. Studies on the materials are nevertheless precious to establish tendencies and help to confirm hypothesis but should not be compared directly to electrical results.

Temperature impacts on performances

OTS materials show high crystallization temperature with respect to PCM but their electrical parameters are impacted by temperature. In early stages of material development, the devices were not able to undergo a BEOL-like thermal budget (i.e. at least 3 hours at 400 • C) [START_REF] Cheng | Ultra-High Endurance and Low IOFF Selector based on AsSeGe Chalcogenides for Wide Memory Window 3D Stackable Crosspoint Memory[END_REF][START_REF] Garbin | Composition Optimization and Device Understanding of Si-Ge-As-Te Ovonic Threshold Switch Selector with Excellent Endurance[END_REF][START_REF] Verdy | High Temperature Stability and Performance Analysis of N-doped Ge-Se-Sb Based OTS Selector Devices[END_REF] or had crystallized after cycling. Even though the OTS materials themselves are hard to crystallize thanks to the material complexity and established amorphous bonds networks, conductive and stables crystallites can gradually form within the layer and lead to device failure in endurance. This is usually observed as a progressive decreasing of the OFF resistance [START_REF] Cheng | Ultra-High Endurance and Low IOFF Selector based on AsSeGe Chalcogenides for Wide Memory Window 3D Stackable Crosspoint Memory[END_REF]. Nevertheless, annealing could have its advantages. In Verdy et al. work [START_REF] Verdy | Optimized Reading Window for Crossbar Arrays Thanks to Ge-Se-Sb-N-based OTS Selectors[END_REF], the annealing of GeSbSeN OTS materials helped relax the amorphous structure of the material without crystallizing it and the resulting annealed devices demonstrated lower threshold voltage for similar leakage current.

As reported in the Poole-Frenkel model in section 2.3, the temperature has also an impact on the leakage current of the device. Indeed, a perfectly functional device will show higher subthreshold conduction when the operating temperature increases. Studies to report OTS devices behaviour with an increasing temperature are not common in the literature. This thesis targets to bring, as often as possible, information on devices operating at temperatures higher than 25 • C in order to provide a better understanding of how they could behave in embedded conditions (at 150-160 • C). As reported before (sections 1.3 and 1.4.5), the leakage current value determines the maximum matrix size for reliable crossbar arrays. The behaviour of OTS material under high operating temperature 5 should thus be addressed in details.

Drift

The drift is a relaxation mechanism that impacts the OFF state of OTS materials. This phenomenon was firstly investigated in PCM materials [START_REF] Raty | Aging in Phase Change Materials: Getting Insight from Simulation[END_REF][START_REF] Karpov | Fundamental drift of parameters in chalcogenide phase change memory[END_REF][START_REF] Noé | Structural change with the resistance drift phenomenon in amorphous GeTe phase change materials thin films[END_REF]. The Reset state could present an increase of its resistance along time, i.e. when no programming pulse is applied during a given amount of time. The drift phenomenon, also called aging is linked to the amorphous relaxation of the material that lowers its potential energy [START_REF] Raty | Aging in Phase Change Materials: Getting Insight from Simulation[END_REF][START_REF] Karpov | Fundamental drift of parameters in chalcogenide phase change memory[END_REF]. This phenomenon is often attributed to Ge-Ge bonds presence, and more precisely to the fraction of tetrahedrally coordinated Ge. This environment of the germanium atoms leads to a higher number of defaults (i.e. defects in the gap or free electrons mainly). Along time, the PCM structure relaxes and defects disappear to reduce the global energy of the system. Less defects in the bandgap leads to a higher resistivity of the material and thus a higher Reset resistance and threshold voltage, as reported in Fig. 2.16. Same phenomenon has been more recently observed in OTS materials [START_REF] Demira | Modeling Electrical Resistance Drift with Ultrafast Saturation of OTS Selectors[END_REF][START_REF] Clima | Material relaxation in chalcogenide OTS Selector materials[END_REF]. The authors attributed also the Ge-Ge bonds relaxation to the drift mechanism. The resistance and threshold voltage drift of OTS selectors is a key parameter to study. It has an impact on the reading window margin of the 1S1R stack and could introduce errors in the reading and programming operations. 

Measurements of electrical parameters

This section gathers a quick overview of the electrical parameters measurement protocols.

• Forming voltage V fire

The forming voltage is measured thanks to a staircase protocol. Consecutive square and short pulses with increasing voltage are applied on the device and V fire corresponds to the voltage where the read current is above an arbitrary value (∼0.8 mA usually).

• Threshold voltage V th

The measurement of V th is a little bit different than the one of V fire . The same method could be used but the access to ON regime is limited to only one point. V th measurement protocol requires a pulse with long rise and fall time with the applied voltage V on about 1V higher than V th . The same protocol is used to measure the saturation voltage and the holding parameters. It is described in Fig. 6.12 and Fig. 6.13.

• Saturation voltage V sat

The previous V th measurement protocol allows the computation of the saturation voltage. V sat corresponds to the voltage drop on the OTS device extrapolated to I=0.

• Holding voltage V h

The holding voltage is the voltage corresponding to the holding current that is needed to maintain the OTS in its ON state. V h is measured with the same pulse as V th .

• Holding current I h

The holding current, as defined previously, is also extracted from the V th measurement protocol.

• Leakage current I off

The leakage current is measured using DC. A subthreshold IV curve is acquired with appropriate range. I off value corresponds to the current measured at V th /2.

• Threshold current I th

The threshold voltage corresponds to the current measured at the threshold voltage. This parameter is identified on Fig. 6.12 and Fig. 6.13. Its value does not give information about the leakage current, that is why it will not be further investigated in this thesis, even if it will be measured systematically. The size of the reading window when the selector is co-integrated with a specific memory depends on the threshold current. In the Chapter 6, equivalence between the measured threshold current and the reading window of a stack including OTS and specific PCM is reported. •

Poole-Frenkel parameters

The Poole-Frenkel parameters are extracted from the subthreshold DC IV curves.

• V th drift

The drift of V th is measured thanks to a protocol gathering a reset pulse (i.e. square short pulse with V on >V th ), a tunable delay and a V th measurement protocol pulse. Because of the current range management of the testing equipment, the OFF resistance is too high to be reliably monitored. To characterize the drift of OTS materials, only the V th parameters is investigated in this thesis.

Benchmark of OTS materials

A great variety of OTS materials have been investigated in the past years [START_REF] Zhu | Ovonic threshold switching selectors for threedimensional stackable phase-change memory[END_REF].

Their complexity (i.e. their number of elements) is variable and so are their performances. Table ?? reports the different materials and parameters and performances of a decade of works and developments.

The high selectivity, endurance and low leakage are often targeted and highlighted to meet 1S1R integration in crossbar arrays but the thermal stability of the devices and the drift are two parameters that are sometimes neglected. This thesis aims at complete these experiments as often as possible. Table ?? summarizes the main characteristics of different OTS materials investigated from 2009. A good resistive contrast between the ON and OFF states (ratio between I on and I off ) is often respected but data concerning the devices endurances or their stability in temperature are sometimes missing. For demanding applications, all theses parameters, including also the drift along time of the OFF state, are required to be optimized yo reach the best compromise.

Material

Unknown [START_REF] Kau | A stackable cross point Phase Change Memory[END_REF] AsTeGeSiN [START_REF] Lee | Highly-scalable threshold switching select device based on chaclogenide glasses for 3D nanoscaled memory arrays[END_REF] Unknown [START_REF] Yang | Novel selector for high density nonvolatile memory with ultra-low holding voltage and 10 7 on/off ratio[END_REF] GeSe [START_REF] Govoreanu | Thermally stable integrated Se-based OTS selectors with >20 MA/cm2 current drive, >3.103 half-bias nonlinearity, tunable threshold voltage and excellent endurance[END_REF] AsTeGeSiSe [START_REF] Cheng | An ultra high endurance and thermally stable selector based on teasgesise chalcogenides compatible with beol ic integration for cross-point pcm[END_REF] 

(A/cm 2 ) - - - - - - I on (A) >5•10 -4 >10 -3 >10 -4 >10 -4 >10 -4 >10 -4 OFF (A/cm 2 ) - - - - - - I off (A)
10 -8 10 -10 10 -9 

Objectives of the thesis

The development of resistive memories such as PCM or OxRAM has led to new systems that demonstrate intermediate performances between DRAM and NAND-Flash. The density of these memories is heavily linked to their access device dimensions. High current density has to be delivered and that implies large device dimension (even larger than the memory) if the access device is designed in the Front-End-of-the-Line (diode, transistor). Since the current target is to integrate the memory in 3D to increase its density, FEOL access devices are not an option anymore, due to their large size and incompatibility with 3D stacking. To reach this goal, new access devices have to be implemented. These devices need to undergo the delivering of high current density in order to have the same size as the memory and suppress the leakage currents, intrinsic of a crossbar array. The OTS-based Back-End selector is one of the more promising solution. OTS selector understanding is partial, by the time of this thesis redaction, with respect to the very mature resistive memory technologies. The links between the physico-chemical properties of the materials and the electrical performances of the devices are slowly connected. The commutation mechanism is not yet fully understood and mastered, such as its drift in time.

During this thesis, a comparison of a wide range OTS materials with increasing complexity is based on the study of their physico-chemical properties and their electrical characteristics when integrated in devices. The influence of the different element addition in OTS binary alloys and the material structure is investigated thanks to infrared and Raman spectroscopy. More characterization methods such as X Ray diffraction and TEM analyses are used to bring additional informations and details on the material intimate structure. Electrical characterisation, based on one single devices integration, allows an objective comparison of all studied material in equivalent testing conditions.

Two material categories are studied: SbSe-based and AsSe-based. Chapter 3 explores the capability of SbSe and AsSe to demonstrate an OTS behaviour. This part of the study focuses on these simple alloys in order to better understand the materials behaviour after their device level integration. Since these binary alloys do not meet the expected performances, other elements are introduced to increase device reliability and thermal stability. Chapter 4 reports how the germanium, silicon and nitrogen addition influences the binary alloys parameters, in particular how higher reliability is reached thanks to fine composition tuning. Indeed, the material global composition is investigated and the different elements intake is compared. The change of the OTS material structure is explored in Chapter 5. To demonstrate that a better monitoring of the variability of electrical parameters and thermal stability is achievable using the same global composition, OTS multilayer materials are investigated. Efforts are made to keep these chapters objective and focused on result description. In the Chapter 6, a more personal point of view is given. Some hypothesis that are made in this thesis are not yet supported in the literature and the first one is that the OTS behaviour is driven by SbSe and AsSe materials and that Ge, Si and N addition provides a better thermal stability to the binary alloys.

Chapter summary

In this chapter, the composition of OTS materials is reviewed. The large range of chalcogenide glasses presenting an ovonic threshold switching behaviour is studied by multiple teams. Three hypotheses about the commutation mechanism are given. The OFF state is driven by a Poole-Frenkel conduction, and is dependent of the external electric field applied on the device but also on the operating temperature of the material. About the ON conduction, the available literature from the 1970s may not be relevant to make strong hypotheses, considering the smaller size of the investigated devices. The importance of the initialization step was debated and its impacts on the material will be investigated in Chapter 4. This fundamental forming step modifies the material structure and creates a favoured channel for current conduction when the device is turned in its ON state. The temperature impacts on the devices are reviewed. The drift of the OFF state is also addressed. This phenomenon, which results in a progressive increase of the OFF resistance and threshold voltage seems linked to the presence of highly defective Ge-Ge bonds relaxation along time. A benchmark of state-of-the-art materials is given in order to address the current strengths and weaknesses of several OTS materials. Finally, the objectives of the thesis have been given and the outline of the thesis has been briefly explained.

Chapter 3 OTS mechanism in Se-based binary systems

In this chapter, the ability of Se-based alloys to demonstrate a commutation mechanism responsible of the OTS behaviour is studied. SbSe and AsSe alloys are investigated through material and electrical analyses. Raman and FTIR spectra of Sb 3 Se 7 and stoichiometric Sb 2 Se 3 and As 2 Se 3 are provided for as deposited and annealed layers. Furthermore, preliminary electrical testing results are reported and demonstrate a commutation behaviour for SbSe and AsSe binary alloys along the ten first cycles of the devices. Their subthreshold behaviour is studied in a wide range of temperature and the conduction is demonstrated consistent with Poole-Frenkel model.

Alloys choices

SbSe and AsSe are the investigated alloys. These elements combinations were found in more complex and state-of-the-art OTS materials such as GeSbSeN [START_REF] Verdy | Optimized Reading Window for Crossbar Arrays Thanks to Ge-Se-Sb-N-based OTS Selectors[END_REF], SiGe-AsSe [START_REF] Kabuyanagi | Understanding of Tunable Selector Performance in Si-Ge-As-Se OTS Devices by Extended Percolation Cluster Model Considering Operation Scheme and Material Design[END_REF] or GeAsSe [START_REF] Cheng | Optimizing AsSeGe Chalcogenides by Dopants for Extremely Low IOFF, High Endurance and Low Vth Drift 3D Crosspoint Memory[END_REF]. These materials includes three or four elements and the influence of each element on the device performances seems hard to distinguish. The target of this chapter is to provide a basis for understanding the role that SbSe and AsSe binary compounds could play in more complex alloys.

The targets used to deposit the binary materials are Sb 3 Se 7 , Sb 2 Se 3 and As 2 Se 3 . GeSbSeN material from Verdy and al. work [START_REF] Verdy | Optimized Reading Window for Crossbar Arrays Thanks to Ge-Se-Sb-N-based OTS Selectors[END_REF] is based on an antimony addition in GeSe alloy. The idea was to reproduce the composition of the studied GeSbSeN alloys from Sb 3 Se 7 and pure germanium targets to understand the influence of germanium in SbSe alloy. The goal was also to tune the percentage of germanium in the GeSbSeN alloy in order to understand how Ge content influences the material thermal stability and device performances (these results are reported in the Chapter 4). This chapter contains elements that demonstrate the SbSe alloy OTS behaviour and may be the source of ovonic commutation in more complex state-of-the-art alloys.

The exploration of AsSe alloys is also present in this chapter. The selected target was As 2 Se 3 . In this thesis, a thought process is provided to understand if this difference ratio between selenium and the element from column V (Sb or As) is influencing the alloy thermal stability and device performances. The AsSe alloy present a high melting temperature with respect to SbSe (T melt (As 2 Se 3 ) = 260 • C [START_REF]der Deutschen Gesetzlichen Unfallversicherung (IFA). Arsenic triselenide[END_REF] and T melt (Sb 3 Se 7 ) = 217 • C [START_REF] Bordas | Phase diagram of the ternary system Ge-Sb-Se[END_REF]) that could improve the thermal stability of the resulting OTS device.

In this thesis, when not specified differently, SbSe represents Sb 3 Se 7 alloy and AsSe represents As 2 Se 3 alloy.

Se-based alloys material study

In this section, physico-chemical analyses are provided for SbSe and AsSe alloys. These materials are deposited by sputtering in silicon wafer and caped with few nanometer thick carbon layer to prevent oxidation. The annealing was proceded in a pre-heated chamber with constant temperature. The Se homopolar feature is completely absent in the Sb 2 Se 3 spectrum, suggesting that the material is composed mainly by SbSe 3/2 pyramidal units [START_REF] Malligavathy | Growth and characteristics of amorphous Sb2Se3 thin films of various thicknesses for memory switching applications[END_REF][START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF].

Se-rich SbSe and Sb 2 Se 3 binary alloys

time: Sb-Sb features appear when the Sb-Se peaks discretize and homopolar Se feature increases. The fusion and solidification of selenium is not excluded since its melting temperature is 221 • C [START_REF] Wunderlich | The crystallization and melting of selenium[END_REF][START_REF] Lide | CRC Handbook of Chemistry and Physics[END_REF].

In comparison, the Raman spectra of Sb 2 Se 3 alloy is reported in Fig. 3.2. The feature related to Se-Se bonds is absent from the Sb 2 Se 3 spectra, suggesting that the material is composed, in the majority, of SbSe 3/2 pyramidal units. The melting temperature of Sb 2 Se 3 is 612 • C [START_REF] Bordas | Phase diagram of the ternary system Ge-Sb-Se[END_REF] (which is higher than the one of Sb 3 Se 7 at 217 • C [START_REF] Bordas | Phase diagram of the ternary system Ge-Sb-Se[END_REF]). The absence of homopolar Se-Se bonds in Sb 2 Se 3 could lead to less selenium segregation and thus, the material could crystallize at higher temperature than Sb 3 Se 7 .

On the FTIR analyses (reported in Fig. 3.3), the change of the amorphous network is visible above 155 • C. The strong shift of the Sb-Se feature could be attributed to a progressive degradation of the initial material structure. Sharda et al. [START_REF] Sharda | Finger prints of chemical bonds in SbSeGe and SbSeGeIn glasses: A Far-IR study[END_REF] attributes the feature ∼80 cm -1 to Sb(Se 1/2 ) 3 pyramids in Sb 10 Se 90 .

Stoichiometric As 2 Se 3 binary alloy

This section includes the Raman and FTIR analyses of As 2 Se 3 .

Fig. 3.4 reports the Raman spectra of As 2 Se 3 as deposited and after annealing up to 400 • C. The main features are As-Se at 223 cm -1 [START_REF] Corredor | Structural interpretation of the infrared spectrum of a Sb0.05As0.45Se0.50 glassy semiconductor[END_REF][START_REF] Kovanda | Structure of AsSe and AsPSe glasses studied by Raman spectroscopy[END_REF][START_REF] Gan | Analysis of Raman Spectra of GeAsSe Glass Using Different Peak-fitting Method[END_REF] and Se-Se at 236 cm -1 [START_REF] Mori | Raman Scattering in Amorphous As-Se System[END_REF][START_REF] Kostadinova | Structure and vibrational modes of AgI-doped AsSe glasses: Raman scattering and ab initio calculations[END_REF] and 260 cm -1 [START_REF] Mori | Raman Scattering in Amorphous As-Se System[END_REF]. An additional feature appears after annealing at 400 • C and may be attributed to As-Si [START_REF] Vishwanath | Evolution of arsenic in high fluence plasma immersion ion implanted silicon: Behavior of the as-implanted surface[END_REF] or As-O [START_REF] Kloprogge | In-Situ X-ray Photoelectron Spectroscopy and Raman Microscopy of Roselite Crystals, Ca2(Co2+,Mg)(AsO4)2 2H2O, from the Aghbar Mine, Morocco[END_REF]. No features were found in the literature to explain this feature with As-As, As-Se or Se-Se bonds. Se hompolar bonds may exist to link AsSe 3/2 pyramidal units in the amorphous network. [START_REF] Corredor | Structural interpretation of the infrared spectrum of a Sb0.05As0.45Se0.50 glassy semiconductor[END_REF][START_REF] Kovanda | Structure of AsSe and AsPSe glasses studied by Raman spectroscopy[END_REF][START_REF] Gan | Analysis of Raman Spectra of GeAsSe Glass Using Different Peak-fitting Method[END_REF]) and Se-Se (at 236 cm -1 [START_REF] Mori | Raman Scattering in Amorphous As-Se System[END_REF][START_REF] Kostadinova | Structure and vibrational modes of AgI-doped AsSe glasses: Raman scattering and ab initio calculations[END_REF] and 260 cm -1 [START_REF] Mori | Raman Scattering in Amorphous As-Se System[END_REF]).

The feature at 303 cm -1 could not be attributed to As-As, As-Se or Se-Se bonds. and 264 cm -1 corresponds to AsSe 3/2 pyramids [START_REF] Khan | Investigation of temperature dependent optical modes in GexAs35xSe65 thin films: Structure specific Raman, FIR and optical absorption spectroscopy[END_REF][START_REF] Munzar | Far-infrared spectra and bonding arrangement in GeAsSSe glasses[END_REF][START_REF] Kato | Far Infrared Spectra in (As2Se3)1-x(Sb2Se3)x Glasses[END_REF]. A degradation the the layer is observed after annealing at 400 • C.

As 2 Se 3 samples. Up to 300 • C, the main features are related to AsSe 3/2 pyramids. The double feature was observed in [START_REF] Khan | Investigation of temperature dependent optical modes in GexAs35xSe65 thin films: Structure specific Raman, FIR and optical absorption spectroscopy[END_REF][START_REF] Munzar | Far-infrared spectra and bonding arrangement in GeAsSSe glasses[END_REF][START_REF] Kato | Far Infrared Spectra in (As2Se3)1-x(Sb2Se3)x Glasses[END_REF]. After annealing, the material undergoes an important degradation that annihilates totally the As-Se features. The melting temperature of As 2 Se 3 should be at 260 • C [START_REF]der Deutschen Gesetzlichen Unfallversicherung (IFA). Arsenic triselenide[END_REF]157] and this data can partially explain the material failure. SbSe and AsSe alloys show similar bonding structures (i.e. pyramidal units XSe 3/2 with X = Sb or As) and limited thermal stability due to material segregation/crystallization/melting.

Se-based device behaviour study

In this section, the basic electrical behaviour of Sb 3 Se 7 and As 2 Se 3 are reported. The materials were integrated in single devices with tungsten bottom electrode and a few nanometer thick carbon buffer layer between the chalcogenide layer and the titanium nitride top electrode. The chalcogenide layer thickness is few tens of nanometers. A scheme of the device integration is given in Fig. 3.6. 

Commutation demonstration in Sb 3 Se 7 and As 2 Se 3

To demonstrate the OTS commutation, IV characteristics are performed. The results of one functional device are reported in Fig. 3.7 for Sb 3 Se 7 . Only the up part of the curves are represented because, when switched to ON state thanks to quasistatic testing, SbSe devices show important degradations, preventing multiple cycles testing on the same population sample and not allowing the measurement of holding current.

SbSe shows a switch with a 5 order of magnitude selectivity (ration between I off @V th /2 and I on ∼ 1 mA). The commutation voltage is higher during forming and decreases with the following cycles. The device shows less than 10 cycles endurance and crystallizes. Fig. 3.8a) reports the IV characteristics of As 2 Se 3 of the initialization step and of the 10 th cycle in linear scale. Fig. 3.8b) reports the IV characteristics of the 10 th commutation. This behaviour is representative for the functional devices of the sample population (∼ 80 % of the 54 tested devices). Current (mA) A hysteresis cycle is observed in Fig. 3.8b), meaning that the threshold voltage V th to commute the As 2 Se 3 material in the ON state is higher than the holding voltage V h to maintain AsSe conductive. The ovonic commutation is volatile, meaning that the devices recovers their low leakage current and that the up and down IV characteristics overlap in the subthreshold regime.

Voltage (V) Forming Threshold V th V th V fire a) b) Current (A) Voltage (V) V h V th I h I th
The basic electrical parameters of Sb 3 Se 7 and As 2 Se 3 are reported in Fig. 3.9. These values are measured on 54 devices but the rate of functional devices after 10 cycles is different between the two materials: it reaches ∼ 80 % for AsSe while it is only about 8 % for SbSe. The crystallization of the devices is happening when the leakage current I off crosses 10 -4 A. The data of defective devices are not reported. The leakage current I off is measured at ∼V th /2. For SbSe, the I off variability covers about five orders of magnitude and reaches values above 0.1 mA after 10 cycles.
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The majority of the 54 tested devices shows crystallization after only 10 cycles. On the contrary, AsSe devices show lower I off variability and the value of the leakage increases along the 10 cycles without reaching values above 1 nA. Considering the working voltages V fire and V th , AsSe shows higher values with respect to SbSe. The higher device to device variability of AsSe is linked to the higher number of functional devices after 10 cycles. The high defectiveness of SbSe devices is related to the high content of Se that leads to easier crystallization process, enhanced by Se segregation.

Subthreshold behaviour investigation in temperature

The subthreshold behaviour of Sb 3 Se 7 and As 2 Se 3 is characterized using quasistatic IV testing. The temperature arbitrary range goes from room temperature (20 • C -∼290 K ) to 350 K (∼80 • C) for the experiments done at CEA Leti. Low temperature range (from 77 K to 270 K) is investigated at INL. The extrapolated current at V=0, called intercept, and the β PF values are reported in Table 3.1. The intercept value, which is correlated to the leakage current, increases with temperature, meaning that the IV characteristics of SbSe devices are shifted to higher leakage current. The subthreshold slope, β PF decreases with temperature, meaning that the device demonstrate lower subthreshold non linearity with temperature increase. For AsSe devices, tendencies are less clear. The intercept shows an increasing trend but less marked than SbSe. β PF presents values around 10 -12 , independently from the operating temperature, suggesting that the subthreshold non linearity of AsSe is not strongly correlated with temperature.

The activation energy could be extracted from these quasistatic curves. E m , the energetic barrier the carriers need to cross from a localized state to the other when the external electric field is generated by a non zero voltage, corresponds to the slope of ln(I/V) as a function of 1/kT, according to eq. 2.1. The non linearity of E m and the applied voltage V when it decreases (Fig. 3.12b) has also been observed in [START_REF] Ielmini | Analytical model for subthreshold conduction and threshold switching in chalcogenide-based memory devices[END_REF]. To be consistent with computation from [START_REF] Ielmini | Analytical model for subthreshold conduction and threshold switching in chalcogenide-based memory devices[END_REF], for SbSe, only the values between 1.1 V and 2 V are considered for E a computation. The extrapolation to V = 0V corresponds to the activation energy E a (SbSe) = 0.14±0.06 eV. Considering the available data, the activation energy computation for AsSe includes a huge error due to the experimental data measurements. The high resistivity of As 2 Se 3 , the device to device variability and the low temeprature influence on the subthreshold region lead to dispersed values when performing fitting of E m . Furthermore, the computed values of E a of each extrapolation is inconsistent with the literature [START_REF] Aparimita | Photo-and thermally induced property change in Ag diffusion into Ag/As2Se3 thin films[END_REF][START_REF] Tichá | Temperature dependence of the optical gap in thin amorphous films of As2S3, As2Se3 and other basic non-crystalline chalcogenides[END_REF]. Better results might be obtained with further testing and more statistics, i.e. more investigated devices.

These results were obtained with one device per temperature, and, considering the high device-to-device variability, the reproducibility of this experiment is low. To summarize the obtained results:

• Sb 3 Se 7 and As 2 Se 3 devices follow a Poole-Frenkel subthreshold conduction;

• The leakage current of Sb 3 Se 7 devices increases with temperature until 330 K (60 • C, maximum operating temperature before crystallization of 100 % of the tested devices)

• The leakage current of As 2 Se 3 devices increases with temperature and reaches a maximum leakage <10 nA at 330 K which suggests that devices could undergo higher operating temperatures;

• The subthreshold non linearity of Sb 3 Se 7 devices decreases when the operating temperature increases. In the contrary, it stays stable for As 2 Se 3 ;

• For SbSe, an activation energy E a of 0.14 eV is extracted from quasistatic IV characteristics covering a large range of temperature (77 K to 330 K);

• The available data do not allow a reliable activation energy computing for As 2 Se 3 due to experimental constraints.

Chapter summary

In this chapter, the physico-chemical analyses of Sb Chapter 4

Effects of Ge, Si and N introduction in SbSe and AsSe

The influence of the introduction of Ge, Si and N in binary SbSe and AsSe alloys will be investigated in this chapter. The electrical parameters and thermal stability of the OTS devices are deeply dependent of the material composition. This chapter present physico-chemical and electrical testing highlighting the influence of germanium, silicon and nitrogen doping on Sb 3 Se 7 and As 2 Se 3 binary alloys investigated in Chapter 3. The goal of this investigation is to understand how the additional elements interact with the base alloy and how the electrical properties of the devices are influenced by this composition change. The results of Chapter 3 have shown that binary alloys are not reliable, especially due to their low thermal stability and their low cycling capabilities and high device-to-device variability. The introduction of other elements meant to increase this reliability by introducing features in the amorphous system capable to delay the crystallization of the OTS material.

This chapter aims to answer the following questions: how Ge, Si and N merge in the binary alloy (what type of bonding structure, does the material crystallised, etc.)? Is the commutation mechanism maintained with introduction of Ge, Si and N? Does an optimum composition exists? Are the resulting devices presenting a reliability gain?

Elements choices

Ge, Si and N addition in binary SbSe and AsSe alloys is investigated with different goals. The addition of nitrogen aims a decrease of the device-to-device variability by reducing the defects number (i.e. dangling bonds) and delaying crystallization by inhibiting homopolar bond formation that could lead to segregation of selenium. The introduction of germanium aims an improving of the thermal stability of the material by introducing strong Ge-Se bonds. The germanium content is tuned to reach the best compromise between thermal stability and switching properties. Silicon introduction is studied to decrease the threshold voltage drift often related to Ge homopolar bonds in chalcogenide glasses. Since Si and Ge are in the same column, their role might be similar in binary alloys and an increase of thermal stability and endurance is expected. The influence of nitrogen doping is investigated for GeSbSe and GeAsSe materials. The nitrogen doping rate is identical for each material but the absolute nitrogen content could vary between 10% to 15%. Variable germanium content is introduced in SbSe and AsSe binary alloys with respectively five (0.05 to 0.5 Ge ratio) and three (0.1 to 0.5 Ge ratio) samples. Three compositions for SiSbSeN family are available (0.02 to 0.3 Si ratio).

All the materials were deposited using magnetron reactive co-sputtering from either Sb 3 Se 7 or As 2 Se 3 targets and Ge/Si under constant N flow. For physico-chemical analyses, chalcogenide layers are caped without air break with 3.5 to 5 nm thick carbon layer in order to prevent the surficial oxidation. The annealing of the samples was performed applying an increasing temperature ramp (10 • C/min) up to the selected temperature if not mentioned otherwise. For device annealing, wafers are placed in a pre-heated chamber to the selected temperature. The given duration of annealing corresponds to the time the chamber maintained the temperature before slowly cooling. The devices are extracted of the chamber when T < 50 • C. Device integration is the same as binary alloys and is reported in Fig. 3.6.

GSSNc is deposited by co-sputtering of Ge 3 Se 7 and Sb with a constant flow of nitrogen. The global composition is similar to GSSNC. The top electrode of the devices is replace by Indium Tin oxide (ITO). This material is transparent in the visible light [START_REF] Cruz | Optoelectronic Performance of TCO on Silicon Heterojunction Rear-Emitter Solar Cells[END_REF] and especially at 532nm, the wavelength of the LASER used to make in-situ Raman observations. GSSNc is investigated to understand device failing mechanisms by comparing Raman spectra of annealed material full sheets and cycled device.

Ge and N addition in SbSe

In this section, the influence of N doping and germanium content is investigated. Physico-chemical analyses are performed on five different GeSbSeN, and N-doped SbSe alloys in order to understand how the germanium content and the nitrogen doping influence the material structure and its integrity once submitted to temperatures up to 400 • C. Thanks to electrical characterization of GeSbSeN devices, the evolution of the electrical parameters along cycling up to 10 8 cycles and before and after annealing at 400 • C is analysed. Cycle-to-cycle variability and drift phenomenon are also investigated. Finally, the demonstration of how Ge content should be properly tuned in order to improve the thermal stability of the alloy without affecting the leakage current and the electrical parameters variability is provided.

Material characterization

The Raman spectra of as deposited GeSbSeN layers is reported in Fig. 4.1. The main feature, centered at 200 cm -1 , combines the bonds vibrations of both SbSe 3/2 pyramids (190 cm -1 ) and GeSe 4/2 tetraedron connected by corners (200 cm -1 ) and edges (214 cm -1 ) [START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF][START_REF] Jackson | Raman-active modes of a GeSe 2 and a GeS 2 : A first-principles study[END_REF][START_REF] Baudet | Structural analysis of RF sputtered Ge-Sb-Se thin films by Raman and X-ray photoelectron spectroscopies[END_REF] and is present in all the samples.

The excess of Se in the system gives rise to the formation of Se-Se weak homopolar bonds (bond energy = 44.04 kcal/mol [163]) that gradually decreases when increasing Ge content from GSSNA to GSSNE. The formation of stronger Ge-Se bonds (49.44 kcal/mol [163]) with the reduction of the amount of Sb-Se features is therefore observed. Such impoverishment in Se of the Sb environment provides the gradual appearing of Sb-Sb vibrations, well visible in GSSNE. A high Ge content, like in GSSNE, is also responsible for the appearing of Ge-Ge modes (37.60 kcal/mol [START_REF] Sharda | Finger prints of chemical bonds in SbSeGe and SbSeGeIn glasses: A Far-IR study[END_REF][START_REF] Saleh | Synthesis and Characterization of Sb65Se35-xGex Alloys[END_REF][START_REF] Lee | Thermal properties of ternary GeSbSe chalcogenide glass for use in molded lens applications[END_REF]) in the band from 250 cm -1 to 300 cm -1 [START_REF] Prazakova | Temperature driven structural evolution of Ge-rich GeSbTe alloys and role of N-doping[END_REF]. A higher concentration of Ge-Se features at increasing Ge content should lead to an increase of the bandgap of the layer [START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF]. However, the appearing of Ge-Ge motifs at high Ge content, like in GSSNE composition, is expected to reduce the forbidden gap energy [163,[START_REF] Saffarini | The composition dependence of the optical band gap in GeSeIn thin films[END_REF], leading to a more conductive layer (i.e. higher leakage). The nitrogen introduction in the GSSC composition (i.e. GSSNC) provides an increase of homopolar selenium bonds, and the proportion of Ge-Se bonds is more exacerbated when nitrogen is added. A slight decrease of the homopolar Ge bonds is also observed in GSSNC with respect to GSSC.

After the annealing at 400 • C, a reduction of the Ge-Se and Sb-Se features in GSSNA spectrum, with the increase in intensity of the Se homopolar feature is observed (Fig. 4.2). This is likely correlated with Se phase segregation. A similar behavior has been observed in GSSNB layer (not reported). On the contrary in layer GSSNC (and GSSND), the annealing leads to the disappearing of Se homopolar mode, as previously observed in [START_REF] Verdy | Optimized Reading Window for Crossbar Arrays Thanks to Ge-Se-Sb-N-based OTS Selectors[END_REF], likely due to the layer reorganization in favour of stable Ge-Se features. Finally, almost no evolution is observed in sample GSSNE after 400 • C annealing.

In Fig. 4.3, the FTIR spectra of as deposited materials are reported. The spectra gather features related to Sb-Se, Ge-Se and N-related bonds. Sb-Se feature at 201 cm -1 [START_REF] Goyal | Far-infrared absorption in amorphous Sb15GexSe85 -x glasses[END_REF] does not present a significant correlation with respect to Ge content. The peak of Ge-Se feature (between 250 cm -1 and 300 cm -1 ) is present in all the samples and it shifts towards lower frequencies increasing Ge content. It means an increase of corner linked GeSe 4/2 tetrahedron (267 cm -1 ) at the expense of edge linked GeSe 4/2 tetrahedron (294 cm -1 ) [START_REF] Sharda | Finger prints of chemical bonds in SbSeGe and SbSeGeIn glasses: A Far-IR study[END_REF][START_REF] Goyal | Far-infrared absorption in amorphous Sb15GexSe85 -x glasses[END_REF][START_REF] Dwivedi | Raman study of ion irradiated GeSe films[END_REF] (due to higher Ge availability). The introduction of nitrogen in GeSbSe layers enables the formation of N-related bonds such as Sb-N, Ge-N and Se-N and exhibits the Sb-Se feature with Raman spectra for GSSNA, GSSNC and GSSNE samples as-deposited and after annealing at 400 • C. Results from layers GSSNB and GSSND are not reported for sake of clarity, being the results obtained for GSSNB close to GSSNA, and for GSSND close to GSSNC. A strong Se segregation is observed in GSSNA leading to important material degradation. Annealing reduces Se segregation in GSSNC by slightly increasing the Ge-Se content. Material GSSNE stays stable after annealing.

respect to Ge-Se features. Furthermore, the presence of modes between the positions of the known frequencies for N-related bonds [START_REF] Prazakova | Temperature driven structural evolution of Ge-rich GeSbTe alloys and role of N-doping[END_REF][START_REF] Buckeridge | N incorporation and associated localized vibrational modes in GaSb[END_REF][START_REF] Shiraishi | Optical and electrical properties on transparency a-SbN films[END_REF][START_REF] Chambouleyron | Nitrogen in germanium[END_REF][START_REF] Andrews | Reactions of Selenium in a Quartz Discharge Tube. Infrared Spectra and Density Functional Theory Calculations of New SeleniumNitrogen and SeleniumSilicon Species in Solid Argon[END_REF], are likely related to the presence of such bonds embedded in more complex features, nominally Sb-SeN and GeSeN. Such analysis is supported by the fact that SbSeN features (indexed at about 640 cm -1 ) well defined in GSSNA and GSSNB, decrease with the increasing of Ge content in GSSNC and GSSND sample in favor of GeSeN motifs (indexed at about 757 cm -1 ). At even higher Ge content, Ge-N features (indexed at about 690 cm -1 [START_REF] Prazakova | Temperature driven structural evolution of Ge-rich GeSbTe alloys and role of N-doping[END_REF][START_REF] Chambouleyron | Nitrogen in germanium[END_REF]) are promoted, together with GeSeN ones still present in the system, in agreement with Raman results (Fig. 4.1).

After annealing at 400 • C, the shift of Sb-Se and Ge-Se features towards lower frequencies in sample GSSNA (Fig. 4.4) are the indication of an advanced evolution (i.e. degradation) of the layer integrity. This is in line with Raman analysis (Fig. 4.2) and likely due to the starting of Se segregation. Moving to higher Ge contents, after annealing, Ge-N features are favoured (Ge-N and GeSeN) with the narrowing and the intensity increase of the motif between 700 cm -1 and 800 cm -1 .

From XRD analysis performed on all the samples after the annealing at 400 • C, only GSSNE remains completely amorphous (Fig. 4.5). In the other samples, Sb 2 Se 3 crystallites appear with increasing peaks intensity moving towards GeSbSeN alloys with lower Ge content. The higher concentration of Ge-N and GeSeN features at increasing Ge content might allow the crystallization phenomena delay, similarly to what already observed in other chalcogenide layers [START_REF] Prazakova | Temperature driven structural evolution of Ge-rich GeSbTe alloys and role of N-doping[END_REF].

To conclude, increasing Ge content in GeSbSeN system leads to an increase of the amount of Ge-Se and Ge-N bonds. Ge-Se and Ge-N bonds are responsible for a higher bandgap, important to reduce the OTS device leakage, and a higher ther- XRD spectra for materials GSSNA to GSSNE annealed at 400 • C. GSSNB and GSSND spectra match GSSNA and GSSNC spectra respectively (not reported). GSSNE remains perfectly amorphous after annealing (i.e. no crystalline patterns). Peaks detected in the other samples are attributed to Sb 2 Se 3 crystalline phase (orthorhombic Pnma (62) space group of ICDD database).

mal stability up to 400 • C. However, higher Ge content (GSSNE) could lead to the formation of Ge-Ge features, likely responsible for a higher conductivity (i.e. higher leakage).

Electrical parameters

In these following sections, the results are collected for a population about ten devices, the error bars represent the min and max values for each measured parameters.

The electrical parameters of GeSbSeN devices are measured before and after annealing at 400 • C during 30 minutes. By increasing Ge content in as fabricated devices from composition GSSNA to GSSND, and thus increasing the GeSe content as observed in previous section, it leads to an increase of the material bandgap and its resistivity, which leads to a higher initialization voltage V fire , a higher threshold voltage V th (Fig. 4.6) and a reduced leakage current I off (Fig. 4.7). This trend is inversed in GSSNE composition, where the presence of Ge-Ge features, combined with Sb-Sb features embedded in SbSe, decreases the bandgap [163,[START_REF] Saffarini | The composition dependence of the optical band gap in GeSeIn thin films[END_REF] and thus the switching voltages, combined with an increase of I off . Holding parameters, V sat (saturation voltage) and I h (holding current), do not show a dependency on Ge content, likely due to the equivalent nature of the ON state (i.e. the active channel has the same composition independently of the global composition of the layer) in the five different alloys. Indeed, SbSe system is present in all the studied layers, more or less prevented from crystallization (Fig. 4

.5).

The previous observations are still valid after the annealing at 400 • C, that mainly causes a reduction of V fire and V th , and an increase of I off which still remains in the nA range for GSSNC and GSSND compositions. The starting of SbSe crystallization (Fig. 4.5) and the structural relaxation [START_REF] Verdy | Optimized Reading Window for Crossbar Arrays Thanks to Ge-Se-Sb-N-based OTS Selectors[END_REF] are the main causes of such evolution. GSSNA is not anymore functional after annealing, due to the segregation (Fig. The summary of the observed evolution after annealing of I off and V th is reported in Fig. 4.8. As expected, independently from the evolution of each material caused by the annealing, a decrease of V th (i.e. lower bandgap of the material) is linked to an increase of I off (i.e. higher conductivity). Moreover, as reported in Fig. 4.9, the higher the Ge content, the lower the V th and I off variation before and after annealing. This behavior matches the physico-chemical results presented in Fig. 4.2 and Fig. 4.4, in which high Ge content leads to almost unchanged spectra after annealing at 400 • C (i.e. higher thermal stability induced by Ge-N and GeSeN features). [START_REF] Ielmini | Analytical model for subthreshold conduction and threshold switching in chalcogenide-based memory devices[END_REF] are extracted from to the following relations.

Subthreshold conduction analysis

STS = ∂ln(I) ∂V

= q kT ∆z 2u a (4.1) DV th (%) Fig. 4.9. Variation of the order of magnitude of I off (rI off ), calculated as the log 10 of the ratio between the value after and before annealing, as a function of the V th variation in % before and after annealing.

ln(I/V) ∝ E a + β PF V 1/2 kT (4.2)
where STS is the subthreshold slope, k the Boltzmann constant, T the room temperature (25 • C), ∆z the intertrap distance, u a the layer thickness and β PF a Poole-Frenkel coefficient.

The observed trend for ∆z and E a is in agreement with the observed trends for the electrical parameters (i.e. V th , I off ). Indeed, for GSSNA the bandgap is reduced by the likely formation of SbSe features, and in GSSNE by the segregation of Ge. For intermediate Ge contents (GSSNB, GSSNC, GSSND) the amorphous nature of the layer is on the contrary preserved. 

Endurance and cycle-to-cycle variability

The impact of cycling on as fabricated GeSbSeN devices is investigated. The endurance up to 10 8 and the cycle-to-cycle variability after 10 4 cycles are evaluated. Endurance results for GeSbSeN devices. We applied a sequence of 10 8 pulses (rise time-width time-fall time equal to 20 ns-300 ns-20 ns) with a specific V on selected for each material following (V on = V th increased by about 15%). I off variation along cycling (in orders of magnitude) is reported as a function of the variation of V th in %. In Fig. 4.11, the variation of I off as a function of the variation V th during cycling is reported, along with the evolution of the absolute values of I on and I off , in Fig. 4.12. The data are reported from 10 2 up to 10 8 cycles with increasing symbols size, in Fig. 4.11. The dotted lines highlight the region (at the bottom-left of the graph) in which it would be suitable to maintain the variation of both I off and V th along cycling. The square at the bottom evidences the region of the graph in which all the five material start at the beginning of the cycling (i.e. after only 10 2 cycles). GSSNA, GSSNB, GSSNC and GSSND reach 10 8 cycles keeping a selectivity of at least 10 5 (i.e. ratio between I on and I off ). GSSNE on the contrary shows an increasing leakage along cycling. I off variation (rI off ) and V th variation (∆V th ) are calculated as follows:

rI off = log 10 I off (N) I off (1) (4.3 
)

∆V th = V th (N) -V th (1) V th (1) (4.4) 
where I off (N) and V th (N) are respectively the I off and the V th measured at cycle N. GSSNA presents a good compromise in terms of I off increase (only about 2 orders of magnitude) with an extremely low V th variation along cycling. A low V fire , as reported in Fig. 4.6, avoids a too high stress of the material at the initialization step, and this should maintain the switching properties of the SbSe system (i.e. main system present in material A as observable in spectra of Fig. 4.1 and Fig. 4.3) without triggering the crystallization within 10 8 cycles.

Despite a low I off evolution along cycling, GSSNB, GSSNC and GSSND show a considerable evolution of V th , with a minimum for GSSND that presents a V th variation of less than 25%. Similarly to what observed after annealing, an intermediate Ge content is responsible for more Ge-N and GeSeN features that help in maintaining the amorphous nature of the layer (i.e. low leakage) but with an increase in the stability of such features at high temperature (i.e. FTIR results in Fig. 4.3), and a consequent increase of the bandgap and of the V th of the material along cycling.

Finally, GSSNE shows the inversion of the trend with a reduction of V th along cycling together with the increase of I off , likely due to the ongoing Ge segregation attributable to the presence of Ge-Ge features already in the as deposited layer (Fig. 4.1), likely favoring the parallel segregation of SbSe. In this case, despite an observed high stability and delayed crystallization at high temperature, the rising of the temperature well above 400 • C during programming operations should be responsible for Ge segregation, similarly to what previously observed in other Ge-rich chalcogenides [START_REF] Prazakova | Temperature driven structural evolution of Ge-rich GeSbTe alloys and role of N-doping[END_REF]. Ge crystallization by accelerating SbSe features enrichment in the active region of the device, induces a decrease of the bandgap of the material and a higher leakage current. In Fig. 4.13, the V th cycle-to-cycle variation after 10 4 cycles is presented. V th value was measured 100 times consecutively with a V th sensitivity of 0.1 V. No major differences are observed between materials and devices, with a really high stability of V th in the range of cycles explored. The differences should be found only for high cycles number, as reported in Fig. 4.8.

Threshold voltage drift

Fig. 4.14 reports the evolution of V th along time for all the GeSbSeN devices. V th drift follows the following empirical rule:

V th (t) = α ln t t 0 + V th (t 0 ) (4.5)
where α is the drift coefficient and V th (t 0 ) is the value of V th at time equal to t 0 (in our case 1 µs). An ultra low drift is observed within the studied delays. V th drift is more important for materials with high threshold voltage like GSSNC and GSSND. The higher Ge content of these layers (with respect to GSSNA and GSSNB) likely leads to the formation of Ge-Ge bonds and Ge-Sb wrong bonds after the meltquench process following the pulse application. However, the presence of stable GeSe units hinders the crystallization of the material during the pulse application, leaving the system in a disordered and amorphous phase (i.e. with a high bandgap and resistivity). As reported in [START_REF] Zhang | Unveiling the structural origin to control resistance drift in phase-change memory materials[END_REF], the structural relaxation in amorphous systems implies the suppression of homopolar or wrong bonds along time (like in GSSNC and GSSND), if they are not leading to the formation of stable nuclei of a segregated phase. On the contrary, materials A and B feature a higher SbSe content with less probability to form Ge-Ge homopolar bonds and the possibility on the contrary to form stable heteropolar bonds proper to SbSe crystalline phase (Fig. 4.5). Materials with higher drift are the ones with higher activation energy as reported in Fig. 4.10. These observations could be put in parallel with the work of [START_REF] Hatem | Endurance improvement of more than five orders in Ge x Se 1-x OTS selectors by using a novel refreshing program scheme[END_REF] which reports that numerous Ge-Ge bonds lead to more slow defects in the energy bandgap that remain delocalized after the device turn OFF, along endurance study, causing degradation. To conclude, as already highlighted during cycling, GSSNE is featuring Ge segregation and crystallization since first cycles. The increase of the conductivity, due to formation of percolation paths in the material, leads to a lower sensitivity to the relaxation phenomena. This happens in the amorphous volume of the layer.

The electrical characterization of GeSbSeN devices showed that thermal stability is improved increasing the Ge content up to a maximum value (composition GSSND), after which the layer likely undergoes the segregation phenomenon (composition GSSNE). Endurance up to 10 8 is achievable in all the samples with some compromises: too low Ge content could lead to early SbSe crystallization with an increase of I off , too high Ge content could lead to a fast degradation of switching properties still due to Ge segregation. At intermediate Ge contents, an optimum should be found (composition GSSND) to avoid a too high V th variation during cycling due to enhanced Ge-/N-related features (GeSeN and Ge-N). Finally, the drift of V th is correlated as well with previous observations, in particular revealing the possible impact of Ge-Ge homopolar bonds relaxation in Ge-rich amorphous layers with intermediate Ge content (compositions GSSNC and GSSND). Fig. 4.16 summarizes this section. The results obtained in this section, showing the optimum compromise in terms of performances are found in GSSNC/GSSND alloys. 

Investigation of device switching mechanisms by in-situ Raman spectroscopy

In the last section, demonstrations of the performances of GSSNC material have been provided. This material presents a compromise between electrical parameters variability and thermal stability. In this section, the same alloy global composition has been achieved by co-sputtering of Ge 3 Se 7 and Sb with constant N flow. The OTS layer thickness is 25 nm. Slight differences between GSSNC and GSSNc will be observed in the reported Raman spectra and are linked to the different deposition process. At the time of GSSNc integration and deposition, Ge 3 Se 7 and Sb targets were the only ones available, this is why the deposition of the chalcogenide layer were not made thanks to Sb 3 Se 7 and Ge like the other samples. Nevertheless, the material and electrical characteristics of GSSNc and GSSNC are close enough to extend the conclusions of this section to GSSNC [START_REF] Verdy | Optimized Reading Window for Crossbar Arrays Thanks to Ge-Se-Sb-N-based OTS Selectors[END_REF].

The phenomenon investigation that could induce device damage (i.e. segregation and/or crystallization) is provided in this section. We investigated, by in-situ Raman technique, the correlation between the phenomena of degradation of commutation mechanism along cycling and the effect of high temperature annealing. Annealing and cycling can be both responsible of material segregation leading to device failing [START_REF] Garbin | Composition Optimization and Device Understanding of Si-Ge-As-Te Ovonic Threshold Switch Selector with Excellent Endurance[END_REF][START_REF] Verdy | High Temperature Stability and Performance Analysis of N-doped Ge-Se-Sb Based OTS Selector Devices[END_REF]. Material segregation and thus crystallization reduce drastically the OFF resistance of the device and results in degradation of the OTS switching behaviour. A single device integration including an indium tin oxide (ITO) top electrode has been developed for this thesis. This transparent conductive oxide allows us to perform Raman spectroscopy on the active OTS layer and to follow its electrical parameters. ITO is a transparent conductive oxide (TCO) which has superior conductivity and transparency [START_REF] Cruz | Optoelectronic Performance of TCO on Silicon Heterojunction Rear-Emitter Solar Cells[END_REF]. ITO is transparent in visible light and especially at 532 nm, which is the wavelength of our Raman LASER equipment. The innovation of integrating an ITO top electrode is allowing us to make non-destructive direct observations the OTS material within the device, as shown in Fig. 4.17. Therefore, the effective changes in the OTS active layer due to pulse application is accessible to complete the full sheet measurements (200 nm thick deposited on Si substrate with carbon capping, same as previous measurements). For the electrical characterization of GSSNc devices, series of short pulses (300 ns) with increasing voltage are used to form the devices (staircase protocol) were applied. Initialization step was achieved when the current suddenly becames higher than 0.8 mA. Forming voltages observed in our ITO devices are comparable with reference values on GSSNC material. The OFF resistance, the ON current and the switching voltage V th along 1000 pulses were monitored and are reported in Fig. 4.18. The integration change to insert an ITO top electrode instead of a TiN likely can affect the integrity of the OTS layer with respect to GSSNC, especially R off (measured @V th /2). Nonetheless, these three parameters do not show a huge variation along 1000 cycles, indeed the devices show a selectivity of more than 100, confirming the functionality of the GSSNc device. Raman spectroscopy was performed at different steps of the device lifetime. 1000 cycles were achievable with a selectivity > 100 before a likely crystallization of the layer (device stuck in a conductive state after the last Raman observation) and results are reported in Fig. 4.19. The main features are related to GeSe and SbSe structures. Sb-Sb motifs are part of Se 2 Sb-SbSe 2 more complex structure [START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF]. Virgin sample shows two features related to SbSe 3/2 pyramids (190 cm -1 ) and GeSe 4/2 tetrahedron connected by edges (197 cm -1 ) and by corners (215 cm -1 ) [START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF][START_REF] Edwards | Structure and Relaxation in Germanium Selenide Glasses and Supercooled Liquids: A Raman Spectroscopic Study[END_REF]. After initialization (i.e. forming step), Raman spectra exhibit a higher Sb-Se normalized peak area with respect to Ge-Se features. After 100 pulses, the Sb-Sb feature becomes predominant, suggesting an important presence of Sb-rich SbSe features in the observed volume of the device. Furthermore, Ge related features become less intense, suggesting that germanium is expelled from the active volume. It leads to the hypothesis that switching process may be mainly related to SbSe bonds. After 1000 pulses, the features related to Ge-Se and Sb-Se bonds become negligible with respect to Sb-rich SbSe feature, suggesting a Sb segregation in the layer. Sb seg-regation is supported by the apparition of Se-Se features (115 cm -1 and 128 cm -1 ) implying a demixing of SbSe units. Fig. 4.20 reports Raman observations on as deposited and annealed full sheets samples. The displayed temperatures are the ones of the hot chamber in which we annealed the samples during 3 hours. The Raman features of full sheet samples are broad, suggesting a high disorder in the layers. The same features are comparable with the ones observed in the previously analyzed devices. In addition, a small Ge-Ge contribution appears at 300 cm -1 [START_REF] Edwards | Structure and Relaxation in Germanium Selenide Glasses and Supercooled Liquids: A Raman Spectroscopic Study[END_REF]. X-Ray diffraction, as reported in Fig. 4.21, confirms that the layer remain amorphous. The small peak features observed around 14-16 • are related to Sb 2 Se 3 clusters.

Raman spectra of GSSNc material measured for devices along cycling are compared with spectra obtained for with full sheets as deposited and after annealing. Cycling and annealing are different stresses. The material is heated by Joule effect up to a high temperature (+800 • C) [START_REF] Serra | Outstanding Improvement in 4Kb Phase-Change Memory of Programming and Retention Performances by Enhanced Thermal Confinement[END_REF] during short pulse application (300 ns) while annealing maintains the OTS layer at a given lower temperature during 3 hours. The aim of this approach is to understand if annealing and switching process could have a similar effect on GSSNc layers, even though the thickness and environment of the OTS layer is different on devices and full sheet (about 8 times thicker for full sheets compared to devices). The deconvolution on these spectra was performed and presented in Fig. 4.22. The intensity of different features were extracted and normalized thanks to the Sb-Se feature. Either in devices and full sheets, the tendencies along stress are the same: a strong increase of Ge-Se and Sb-Sb features with respect to Sb-Se.

Two reasons for Sb enrichment of SbSe are proposed: the first one will be purely thermodynamic. Considering that the Ge-Se bonds are more likely to form and persist with respect to Sb-Se [START_REF] Lee | Thermal properties of ternary GeSbSe chalcogenide glass for use in molded lens applications[END_REF], a formation of Ge-Se bonds could lead to a Se depletion and though Sb enrichment [START_REF] Halenkovi | Amorphous Ge-Sb-Se thin films fabricated by co-sputtering: Properties and photosensitivity[END_REF][START_REF] Baudet | X-ray photoelectron spectroscopy analysis of Ge-Sb-Se pulsed laser deposited thin films[END_REF]. The second hypothesis is that the switching mechanism is mainly linked to the SbSe bonding network and that cycling of switching may lead to a repulsion of Ge atoms (linked to Se) on the peripheral of the channel/device. Germanium and nitrogen addition in SbSe improve the thermal stability of the material thanks to the presence of Ge-Se and Ge-N strong bonds and these features do not seem to play an important part in the commutation mechanism.

To support the physico-chemical analyses, TEM and EDX analyses were performed. Fig. 4. [START_REF] Kau | A stackable cross point Phase Change Memory[END_REF] presents the EDX maps of the cycled OTS layer after the device broke and it remained stuck in a high conductive state. The normalized intensity of Ge, Sb and Se are reported and three zones A, B, and C, where the material composition presents some differences, are identified.

In order to highlight elemental segregation in each zone, the atomic percentage of Ge, Sb and Se is extracted and reported in Fig. 4.24. A strong Sb segregation at the center of a SbSe-rich zone (A) is highlighted. An intermediate zone where segregation is low and the composition matches approximately the nominal composition of the global material is found in region B. The third zone (C) exhibits a significant Ge segregation. These results, which reflect local phenomenon that are inaccessible through conventional Raman observation, complete the spectroscopy analysis: device degradation due to cycling seems to be linked to de-mixing of the GSSNc layer, pulling apart the germanium and forming Sb-rich regions likely leading to layer crystallization of antimony. The hypothesis is that device failure observed in different works [START_REF] Garbin | Composition Optimization and Device Understanding of Si-Ge-As-Te Ovonic Threshold Switch Selector with Excellent Endurance[END_REF][START_REF] Verdy | High Temperature Stability and Performance Analysis of N-doped Ge-Se-Sb Based OTS Selector Devices[END_REF] is related to a continuous channel of highly conductive segregated clusters (Sb-rich or crystalline Ge). A correlation between degradation of GSSNc OTS layers observed during cycling in devices and annealing in full sheet is proposed. The damage related to repetitive pulse application on devices is similar to the material evolution in full sheets along annealing. Both cycling and annealing lead to higher content in Ge-Se and Sb-Sb features that could induce to Sb and Ge segregation and device failing to be noticed that performances of the OTS could be degraded by the co-integration with ITO electrode.

The present results add nevertheless value to the previous studies on GeSbSeN. Elements that confirm that material segregation effectively leads to device damage are provided. The changes in the material come progressively and the device failure seems linked to a continuous path of highly conductive segregated clusters.

Si and N introduction in SbSe

In this section, the influence of silicon introduction in Sb 3 Se 7 is investigated. Three SiSbSeN compositions are available and will be compared to Sb 3 Se 7 and SSN. The thermal stability of the SSSN materials is investigated thanks to physico-chemical analyses. Thanks to electrical characterization of SSSN devices, the influence of Si content in SSSN devices along cycling is analysed.

Material characterization

The Raman spectra of as deposited layers is reported in Fig. 4.25. The main features in Sb 3 Se 7 and SSN are related to Sb-Se bonds (SbSe 3/2 pyramidal units [START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF]). The features observed in SSSN samples are found at the same frequencies. The feature at 254 cm -1 could be either attributed to Se homopolar bonds [START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF] or Si-Se bonds [START_REF] Tenhover | Atomic Structure of Si S 2 and Si Se 2 Glasses[END_REF][START_REF] Pradel | Two new polymorphs of silicon selenide (SiSe2): structural investigation by Raman and silicon-29 MAS NMR spectroscopies and relationship with the structure of vitreous SiSe2[END_REF]. The feature could be a superposition of the two contributions but considering the aspect of the spectra, the deconvolution is too subjective to demonstrate how the Se-Se contribution evolves with respect to the Si-Se feature. In SSSNA, the Si content is low and the predominant feature is at 254 cm -1 . This feature decreases in intensity when the silicon content increases, suggesting that this feature is mainly related to homopolar Se bonds. The high silicon content leads to a Sb-Sb feature presence. The tendency is similar to the one observed in GeSbSeN materials: introducing silicon in Sb 3 Se 7 decreases the Se homopolar contribution and increases Sb-Sb contribution [START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF].

The evolution of the Raman spectra of SSSNA and SSSNB is reported in Fig. 4.26 and Fig. 4.27. SSSNC shows layer damage after annealing at 100 • C and its spectrum (not reported) contained only the feature at 520 cm -1 corresponding to the silicon substrate. The SSSNC material is then considered as non-reliable in temperature. The evolution of the Raman spectra of SSSNA is gradual along the annealing process up to 400 • C. The feature at 254 cm -1 is decreasing in favour of Sb-Se bond related features. At 400 • C, the material seems to have expulsed the silicon out of the observed volume. The spectra show strong similarity as Sb 2 Se 3 [START_REF] Chen | Fast reversible laser-induced crystallization of Sb-rich Zn-Sb-Se phase change material with excellent stability[END_REF][START_REF] Malligavathy | Growth and characteristics of amorphous Sb2Se3 thin films of various thicknesses for memory switching applications[END_REF].

For SSSNB, annealing does not have an important influence on the Raman spectra up to 300 • C. After a 400 • C annealing, the feature at 254 cm -1 increases in intensity with respect to the Sb-Se bond related feature. This might be interpreted as a selenium segregation as it has been observed in GSSNA after annealing at 400 • C.

The FTIR spectra of as deposited SSSN materials are reported in Fig. 4.28. The Raman spectra of as deposited materials. Main features at 190 and 210 cm -1 corresponds to Sb-Se vibrations [START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF]. The feature at 254 cm -1 could be attributed to either Se-Se or Si-Se vibrations [START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF][START_REF] Tenhover | Atomic Structure of Si S 2 and Si Se 2 Glasses[END_REF][START_REF] Pradel | Two new polymorphs of silicon selenide (SiSe2): structural investigation by Raman and silicon-29 MAS NMR spectroscopies and relationship with the structure of vitreous SiSe2[END_REF]. This feature is present in all the samples and decreases when the silicon content increases. The Sb-Sb feature [START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF] increases and it widens with the silicon content. spectrum of SSSNC is not reported: the layer shows high surface inhomogeneity and the obtained spectrum was inconsistent with the SbSe-based deposited material. In Sb 3 Se 7 , the main feature is related to SbSe 3/2 pyramidal units [START_REF] Chen | Fast reversible laser-induced crystallization of Sb-rich Zn-Sb-Se phase change material with excellent stability[END_REF][START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF]. This feature is also present in SSN, SSSNA and SSSNB. SSN reports a main feature related to nitrogen bonding at ∼ 610 cm -1 and it could be decorrelated in two contributions: Sb-N and SbSeN [START_REF] Shiraishi | Optical and electrical properties on transparency a-SbN films[END_REF]. In SSSN, an additional feature at 430 cm -1 is attributed to Si-Se vibrations [START_REF] Tenhover | Vibrational studies of crystalline and glassy SiSe2[END_REF] and is more intense in Si rich SSSNB with respect to SSSNA. Some parasitic bonds with oxygen and hydrogen might have form as the features ∼ 900 cm The indexation of the features of the FTIR spectra and their evolution along annealing show some inconsistency: in Raman spectrum after 400 • C annealing, the main feature is related to SbSe and in the FTIR spectra, it seems reduced or even absent. Some explanation might come from the fact that a different area of the sample was studied. Both FTIR and Raman spectra of SSSNA show important changes between 300 • C and 400 • C, suggesting that SSSNA presents significant reorganization in its material structure that should impact its electrical properties. For SSSNB, the FTIR spectra show light changes until 400 • C. A decrease of the Si-Se feature may indicate that the increase of the 254 cm -1 feature of SSSNB Raman spectra is indeed related to Se segregation. [START_REF] Sharda | Finger prints of chemical bonds in SbSeGe and SbSeGeIn glasses: A Far-IR study[END_REF]) and Si-Se (large feature around 430 cm -1 [START_REF] Tenhover | Vibrational studies of crystalline and glassy SiSe2[END_REF]). Parasitic features are also visible. Sb-Se feature is not impacted by the annealing up to 300 • C. The Si-Se feature decreases along annealing and becomes unlikely observable at 300 • C and higher temperatures.

The introduction of silicon in Sb 3 Se 7 has a similar a effect than germanium in as deposited samples. The increasing of Si content tends to reduce the homopolar selenium features. The behaviour in temperature is different: the SSSN materials show a limited thermal stability with surface alteration from 200 • C and important spectra changes from 200 • C for SSSNA and 400 • C for SSSNB.

Electrical parameters

In this section, the results are collected on a population of thirty devices and the error bars represent the min and max values for each measured parameter.

The electrical parameters of SSSN devices are measured as fabricated, meaning without any annealing or special treatment. The increase of the silicon content from composition SSSNA to SSSNC, leads to a first increase of the V fire and V th then to a strong decrease of these two parameters (Fig. 4.31). The leakage current increases with the silicon content. The parameters related to the ON state are independent from the Si content. With the available elements and considering that silicon have the same role as germanium in the Sb 3 Se 7 alloy, the SSSNB material might be a composition with a good compromise in terms of stability and switching performances, just as GSSSNC-D. With respect to GeSbSeN materials, SSSN devices show higher (about one order of magnitude) leakage current. an influence on the subthreshold conduction. The dispersion of the IV characteristics is important but even more on SSSNC. The V th drift is measured on SSSNA. It appears that, considering the margins errors, the threshold voltage shows no drift along the studied delay range. The absence of Ge-Ge bonds that could eventually relax along time in this SSSNA devices confirms that V th drift is linked to germanium content. Indeed, germanium free OTS could be used for low drift applications. Fig. 4.34 reports endurance testing on SSSNA. The 30 devices undergo the applied 10 7 pulses while maintaining their leakage current under 10 -6 A. A continuous increase of I off is observed from the 10 4 cycle, implying a progressive crystallization of the material, as the physico-chemical analyses report.

Silicon introduction in Sb 3 Se 7 provides a better stability of the material, in temperature and along cycling. The silicon content must be properly tuned in order to guarantee the benefits of the elemental addition (lower device-to-device variability, better thermal stability, better endurance) without triggering silicon segregation and sudden drop of the working voltages. Furthermore, SSSN materials do not contain Ge-Ge bonds that relax along time, which makes them V th drift free.

Ge and N introduction in AsSe

In this section, the influence of N doping and germanium content in AsSe system is investigated. Six different GeAsSe alloys are available with three Ge atomic percentages and N-doped GeAsSe with the same nominal Ge content percentages. Physicochemical analyses are performed on these materials in order to understand how the germanium content and nitrogen doping influence the material structure and its integrity once submitted to temperatures up to 400 • C. Thanks to electrical characterization of GeAsSe and GeAsSeN devices, the evolution of electrical parameters with Ge content and along time at 150 • C is reported. Finally, preliminary endurance results will be reported as well.

Material characterization

Raman spectra of as deposited layers are reported in Fig. 4.35. The two main features are related to Ge-Se (∼ 180 cm -1 [START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF][START_REF] Jackson | Raman-active modes of a GeSe 2 and a GeS 2 : A first-principles study[END_REF][START_REF] Baudet | Structural analysis of RF sputtered Ge-Sb-Se thin films by Raman and X-ray photoelectron spectroscopies[END_REF]) and As-Se (∼ 240 cm -1 [START_REF] Corredor | Structural interpretation of the infrared spectrum of a Sb0.05As0.45Se0.50 glassy semiconductor[END_REF][START_REF] Kovanda | Structure of AsSe and AsPSe glasses studied by Raman spectroscopy[END_REF][START_REF] Gan | Analysis of Raman Spectra of GeAsSe Glass Using Different Peak-fitting Method[END_REF]). These features are spread in a large frequency range, suggesting that the material is amorphous. Some homopolar Ge and Se bonds are also likely present at 300 cm -1 and 125 cm -1 [START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF], respectively. With the increase of Ge content in undoped GeAsSe samples, the Ge-Ge features increase in intensity and the Ge-Se feature shift toward lower frequencies. This may be linked to a different density of GeSe 4/2 tetrahedron packing, since corner linked tetrahedrons exhibit a smaller shift than edge sharing [START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF]. Concerning GeAsSeN samples, the main feature seems linked to As-Se more exclusively for GASNA and GASNB (materials with lower Ge content). In GASNC, the Ge-Se feature is visible as a shoulder around 200 cm -1 . In all the three GeAsSeN materials, the homopolar Ge feature is present and increases with the Ge content.

In order to investigate the thermal stability of GeAsSe and GeAsSeN materials, annealing at 400 • C during 3 hours was performed. The Raman spectra are reported in Fig. 4. [START_REF] Lorenzi | Forming Kinetics in $\hboxHfO_2$ -Based RRAM Cells[END_REF] and Fig. 4.37. For GeAsSe samples, the annealing does not have a great influence on the material bonding structure since only small changes are observed. The increase of the As-Se feature in GASA could be attributed to a structure rearrangement in favour of As 2 Se 3 formation that could lead to a further crystallization of the material. For GeAsSeN samples, annealing leads to a shift of the Ge-Se feature to higher frequencies compatibly with the literature reports [START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF][START_REF] Jackson | Raman-active modes of a GeSe 2 and a GeS 2 : A first-principles study[END_REF][START_REF] Baudet | Structural analysis of RF sputtered Ge-Sb-Se thin films by Raman and X-ray photoelectron spectroscopies[END_REF]. The change of peak shape around 240 cm -1 suggests that the feature related to As 2 Se 3 pyramidal units is increasing in intensity. The features shape suggests that the Ge-AsSe based materials are still amorphous after an annealing of 3 hours at 400 • C. Raman spectra of GeAsSe alloys, with and without N doping as deposited. For materials without nitrogen doping, the main features are Ge-Se around 173-186 cm -1 (likely Ge 2 Se 6/2 in glassy GeSe 2 [186, 187]) and As-Se at ∼ 240 cm -1 (AsSe 3/2 pyramidal units [START_REF] Gan | Analysis of Raman Spectra of GeAsSe Glass Using Different Peak-fitting Method[END_REF][START_REF] Schwarz | Processing and fabrication of micro-structures by multiphoton lithography in germanium-doped arsenic selenide[END_REF]). With N 2 sccm, the Ge-Se feature shifts to higher frequencies (∼ 200 cm -1 ). A Ge-Ge should be visible at 300 cm -1 [START_REF] Verdy | Optimized Reading Window for Crossbar Arrays Thanks to Ge-Se-Sb-N-based OTS Selectors[END_REF], in particular in N-doped samples. Such features increase in intensity with Ge content. Raman spectra of as deposited and annealed up to 400 • C GeAsSe materials. The features observed in annealed samples are equivalent to the ones as deposited, meaning Ge-Se at ∼ 180 cm -1 [START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF][START_REF] Baudet | Structural analysis of RF sputtered Ge-Sb-Se thin films by Raman and X-ray photoelectron spectroscopies[END_REF] and As-Se at ∼ 240 cm -1 with Ge-Ge shoulder at 300 cm -1 [START_REF] Corredor | Structural interpretation of the infrared spectrum of a Sb0.05As0.45Se0.50 glassy semiconductor[END_REF][START_REF] Kovanda | Structure of AsSe and AsPSe glasses studied by Raman spectroscopy[END_REF][START_REF] Gan | Analysis of Raman Spectra of GeAsSe Glass Using Different Peak-fitting Method[END_REF]. The thermal stability of this three samples at 400 • C is validated by the small changes in their Raman spectra. The features observed after annealing are equivalent to the ones as deposited. With annealing, the Ge-Se feature shifts to higher frequencies, increasing indeed the intensity of the spectra maximum around 230 cm -1 . Samples show thermal stability at least up to 400 • C.

The FTIR analysis of as deposited GeAsSe based materials is reported in Fig. 4.38. For undoped GeAsSe, a strong As-Se bond related feature is observed at 224 cm -1 with a shoulder at 300 cm -1 related to Ge-Se [START_REF] Corredor | Structural interpretation of the infrared spectrum of a Sb0.05As0.45Se0.50 glassy semiconductor[END_REF][START_REF] Kovanda | Structure of AsSe and AsPSe glasses studied by Raman spectroscopy[END_REF][START_REF] Gan | Analysis of Raman Spectra of GeAsSe Glass Using Different Peak-fitting Method[END_REF]. The Ge content seems not to have an influence of the features' shape nor on intensity of the peaks in the infrared spectra. When nitrogen is introduced in the layer, this feature exhibits lower intensity with important Ge-Se shoulder and apparition of a second Ge-Se bond related feature at 340 cm -1 . The N related features are reported at ∼690 cm -1 [START_REF] Chambouleyron | Nitrogen in germanium[END_REF] and 751 cm -1 . The feature at 690 cm -1 is attributed to Ge-N bonds and the one at 751 cm -1 to GeSeN structures. This result is consistent with what was already observed in GeSbSeN materials and previously presented in FTIR spectra of GeAsSe alloys, with and without N doping as deposited. For materials without nitrogen doping, the main feature is As-Se at 224 cm -1 [START_REF] Corredor | Structural interpretation of the infrared spectrum of a Sb0.05As0.45Se0.50 glassy semiconductor[END_REF][START_REF] Kovanda | Structure of AsSe and AsPSe glasses studied by Raman spectroscopy[END_REF][START_REF] Gan | Analysis of Raman Spectra of GeAsSe Glass Using Different Peak-fitting Method[END_REF]. A small Ge-Se shoulder at 300 cm -1 is also observed and contributes to the peak asymmetry. With N 2 sccm, the two modes of Ge-Se vibrations (300 and 340-350 cm -1 ) appear a well as the N related features at 690 cm -1 for Ge-N and 751 cm -1 for GeSeN [START_REF] Chambouleyron | Nitrogen in germanium[END_REF].

The infrared analyses after annealing are reported in Fig. 4. [START_REF] Saxena | A Mixed-Signal Convolutional Neural Network Using Hybrid CMOS-RRAM Circuits[END_REF] and Fig. 4.40. For GeAsSe materials, the main feature at ∼ 240 cm -1 related to As 2 Se 3 pyramidal units gets sharpen after annealing. The Ge-Se related shoulder at 300 cm -1 becomes more visible, suggesting that the materials undergo a structural rearrangement leading to a more organized amorphous structure. A small N-related contribution is also observed around 800 cm -1 . Considering that the annealing process was made under a constant N flow in the hot chamber and that the carbon capping layer may become porous when submitted to high temperatures, the N related contribution on annealed samples is attributed to the annealing process and is not inherent of the materials themselves. Considering N doped GeAsSeN materials, GASNA and GASNB show very sharp As-Se feature and strong shift of N-related features. It could be attributed to a progressive enrichment in nitrogen of the Ge-N and GeSeN structures. The higher the Ge content in GeAsSeN materials, the lower is the annealing impacts on the FTIR spectra, suggesting that Ge-rich GeAsSeN materials demonstrate an improved thermal stability. FTIR spectra of GeAsSe materials as deposited and after annealing at 400 • C. The Ge-Se shoulder at 300 cm -1 becomes more visible with annealing and some GeSeN features (∼780 cm -1 ) appear. GeSeN features are related to an incorporation of nitrogen in the layer, through the porous encapsulation carbon layer, during the annealing process, because of the constant N flow within the annealing chamber. FTIR spectra of GeAsSeN materials as deposited and after annealing at 400 • C. The As-Se features become more defined with annealing in GASNA and GASNB while they are not really impacted in GASNC. The N related features above 600 cm -1 are highly shifted with annealing, suggesting an important rearrangement of the material structure around the GeSeN network.

Electrical parameters

In this section, the results of electrical testing are reported. They were collected on a population of thirty devices approximately. The errors bars represent the min and max value of each measured parameter.

The basic electrical parameters of GeAsSe and GeAsSeN have been measured on as fabricated devices at room temperature and compared to As 2 Se 3 . In Fig. 4.41, the results of GeAsSe materials are reported. By increasing the Ge content from GASA to GASB, the bandgap of the material is also increased, leading to a higher V fire , V th and reduced leakage current. This assumption is made considering that GeAsSe materials show similar behaviour as GeSbSeN. In the GASC, the Ge concentration is important enough to reverse the tendency, as observed for GSSNE.

The introduction of germanium, combined with nitrogen, shows a similar tendency on working voltages, i.e. V th and V fire however, likely the optimal concentration might not been reached in the studied composition range, as reported in Fig. 4.42. The N doping improves the leakage current of the GeAsSe materials by one order of magnitude.

The electrical characterization focused mainly on N doped samples because of their higher endurance. V th drift measurements performed at different annealing duration are reported in Fig. 4.43. The devices were initialized at room temperature and their threshold voltage was measured and considered as a reference (INIT). These same devices were annealed in a hot chamber at 150 • C during 1 hour and their V th were measured again after the annealing process. The same procedure has Maximum cycles number reached on a population of 12 devices depending of the pulse duration at V on (∼ V th + 15% of V th ). The empty symbols represent an extrapolation of the maximum endurance that the materials could reach using a pulse duration of 10 ns (N@ 10 ns). GASNA devices did not reach more than 5 cycles for the 10 -2 s and 10 -6 s pulses experiments.

been applied for 3 hours and 64 hours of annealing duration. All GeAsSeN materials exhibit an increase of their threshold voltage after annealing. This effect seems to have reached a saturation for GASNC. The total drift, after 64 hours at 150 • C, reaches approximately 1V. Homopolar Ge bonds are present in all the materials and may be responsible of such relaxation observed on V th drift in all the materials. The drift experiment was done at a temperature higher than room temperature for this materials. The temperature influence could not be strictly established with respect to other experiments reported in this thesis, since the experimental protocol was different. Nevertheless, all GeAsSeN materials demonstrate full functionality after annealing at 150 • C during 64 hours. Fig. 4.44 reports the maximum measured number of cycles that the GeAsSeN materials could reach for a given pulse duration. The pulses used feature a "rectangular" shape meaning a fast rise and fall time of 20 ns with an amplitude of V on (this voltage corresponds to V th of each material increased by ∼ 15%). This experiment was done for three pulse duration (1 µs, 100 µs and 10 ms) and the empty symbols represent an extrapolated maximum cycle GASNB and GASNC could reach with a pulse duration of 10 ns. The material with the higher germanium concentration (GASNC) shows the best results but could not reach more than 10 8 cycles. The GASNA devices could not reach more than 10 cycles, independently of the applied pulse duration. This result could explain why the leakage current of GASNA, measured after 5 cycles in Fig. 4.42 is higher with respect to GASNB and GASNC: the material crystallization may had began within the first cycles. Additional testing may be needed to confirm this hypothesis.

Ge introduction in As 2 Se 3 has a likely similar influence on the electrical parameters as Ge introduction in Sb 3 Se 7 : working voltages increase with the germanium content until a specific Ge content (i.e. GASB) at which Ge clusters form and it reduces the band gap and thus reduces the working voltages and increases the leakage current. Nevertheless, the material composition ratio between Ge and the binary alloy (SbSe or AsSe) is different than the one studied in the case of GeSbSeN alloys. In this section, the alloy As 2 Se 3 was enriched with germanium and nitrogen. In the last section, the based alloy is Sb 3 Se 7 , meaning that, eventually, one of the deposited composition, reached the Sb 2 Se 3 +GeSe 2 composition, that is not possible with Ge-AsSe alloys. A substitution of Sb by As with same content of Se and Ge was then not studied in this thesis. It has been demonstrated that a high Ge content leads to a high thermal stability and degraded electrical performances. This could explain why the GeAsSe and GeAsSeN materials do not reach outstanding electrical performances. This issue will be debated more in details in the Discussion chapter.

Chapter summary

The introduction of additional elements in OTS devices material was investigated in this chapter. The influence of germanium and silicon content in Sb 3 Se 7 , and germanium content in As 2 Se 3 have been studied. Physico-chemical and electrical testing have been performed to understand how the germanium and silicon content influence the bonding network, thermal stability and electrical behaviour of the materials.

A wide range of GeSbSeN alloys have been investigated and it have been demonstrated that increasing the germanium content improves the thermal stability at 400 • C (with an optimum for intermediate Ge contents -GSSNC-D). This stability is ensured by the presence of strong Ge-Se and Ge-N features. A proper tuning of the Ge content allows the best compromise in terms of I off and V th variation along cycling (less than one order of magnitude for I off and 25% for V th ). GeSbSeN devices undergo more than 10 8 cycles and ensure low V th drift in time. Degradation mechanisms have been explored on devices. Cycling and annealed impacts have been monitored with Raman spectroscopy and electric testing. It has been shown that degradations related to annealing and cycling might lead to a crystallization of the OTS material starting by a gradual segregation of SbSe and GeN atoms.

Silicon introduction in Sb 3 Se 7 has been explored. SSSN materials demonstrate a better thermal stability than Sb 3 Se 7 but worse than GeSbSeN. Increasing the silicon content leads to an increase of the working voltages and leakage current without affecting the subthreshold regime. A tuning of the composition is necessary to compromise between a high thermal stability, I off and device to device variability. Nevertheless, an endurance of 10 7 cycles has been demonstrated on the Si-poor material, featuring a zero V th drift.

The influence of germanium and nitrogen introduction in As 2 Se 3 have been investigated. The physico-chemical analyses have demonstrated that the nitrogen doping in these GeAsSe samples has an important influence on the features distribution in frequency. Nevertheless, all GeAsSe(N) materials demonstrated a high thermal stability up to 400 • C. Electrical testing highlight that increasing the germanium content leads to an increase of working voltages and leakage current, as observed in GeSbSeN. The nitrogen introduction in the layers delays the optimum Ge content to higher atomic percentages, since the expected saturation of the parameters has not been reached in GeAsSeN. V th drift activated in temperature shows that GeAsSeN materials are affected by drift with about 1 V shift, but devices show perfect functionality after 64 hours at 150 • C. The empirical maximum endurance of GeAsSeN devices has been computed and it does not reach the crossbar OTS requirements with only 10 8 cycles predicted for 10 ns pulses.

To conclude, the introduction of germanium or silicon in chalcogenide binary alloys allows to increase the thermal stability of layers while maintaining the commutation mechanism. The electrical parameters and performances of the devices can be tuned to reach good compromise between high thermal stability of at least 3 hours at 400 • C, important endurance of at least 10 8 cycles, low leakage current and tunable threshold voltage.

Chapter 5 OTS Multilayer

The multilayer influence on OTS device reliability will be investigated in this chapter. The composition of the OTS material is a key factor to play on to enhance its device performances. In Chapter 4, optimum composition have been highlighted. The idea of the multilayer came from a need to reduce OTS device variability and increase its stability in temperature without adding even more elements, and without great changes in the device integration. The multilayer option provides an alternative way to integrate materials with a high intrinsic complexity with easier deposition steps. The goal is to reduce the complexity of the deposition process by replacing layers made of 4+ elements by an innovative stack of layers made of binary alloys. With this approach, the effective material in the devices is expected to have a better quality without changes in its global composition. This chapter aims to answer the following questions: is the multilayer structure a viable choice for OTS device functionality? How to tune the multilayer parameters to improve OTS device reliability? Is the Multilayer structure remaining after cycling or annealing? Is the cost (time to deposit the whole layer multiplied by approximately 30 with respect to bulk) of the multilayer solution worthwhile considering the yield increased?

Material selection

The promising results in Chapter 4 of GSSN, GAS and GASS materials lead to a further investigation of their properties when integrated in multilayers. The multilayer integration aimed at increasing the reliability of devices. The hypothesis is that, by reducing the complexity of individual layers, and integrating highly resistive and thermally stable GeN layers in binary alloys, the resulting multilayer materials will be more homogeneous on the wafer scale and the device to device variability will be thus decreased. Individual layer composition were selected on the base of previous studies: Sb-Se and As-Se features are responsible from the commutation mechanism and Ge-Se and Ge-N bonds provide high thermal stability of the material. An alternation of Sb 3 Se 7 and N doped Ge layers could provides the bonding structure necessary for the commutation and its remaining along cycling and annealing while delaying the crystallization mechanism that leads to device failure. The same approach is used for AsSe-based multilayer samples.

Three composition family were selected to be integrated in multilayers: GeSbSeN, GeAsSeN and GeAsSeSi. In this thesis, the multilayer structure of OTS materials corresponds to a stack of several nanometric layers. The individual layer thickness varies from 1 to 5 nm. The global OTS thickness is kept constant so the number of individual layer varies from one sample to the other. The individual layer composition is either binary alloy or N-doped germanium (expect for GeAsSeSi where the layers alternate between GeAsSeSi and GeN). Table ?? is summarizing the splits and Fig. 5.1 illustrates some splits as examples. Bulk is used to characterise OTS layers where all the material is deposited at the same time and the material, which is amorphous, does not present any order. In the other hand, multilayer is used to characterize OTS materials that are also amorphous and present a mid range order with stack of nanometric layers with different composition. The deposition of a multilayer stack takes 10 to 30 more time than a bulk material. For GeSeSbN-based materials, the targets used for deposition were Se-rich SbSe and Ge. For GeAsSeN-based materials, the targets used for deposition were stoiechiometric As 2 Se 3 and Ge. For GeAsSeSiN-based materials, the target used for deposition is GeAsSeSi monotarget. The proposed optimized stack, MLO, comes from a second deposition campaign. 

GeSbSeN multilayer stacks

The influence of the layer thickness and the nitrogen doping rate on GeSbSeN multilayer stacks will be studied in this section. The multilayer results are compared with a unique bulk GSSN reference. Influences of the individual layer thickness and the nitrogen doping rate are investigated. An optimized layer with thin individual layers and medium nitrogen rate is also proposed.

Physico-chemical studies on GeSbSeN multilayer stacks with variable individual layer thickness and variable nitrogen doping rate

The physico-chemical analyses on multilayer stacks of GeSbSeN-are investigated in this section. Materials GSSN, MLA, MLB and MLC are characterized using IR spectroscopy. Fig. 5.2 shows FTIR spectra of GSSN and multilayers as deposited and after a monitored temperature ramp up of 10 • C/min stopped at 400 • C for 1 min approximately. All the spectra are normalized with respect to Sb-Se peak as reference. We observe the presence in all the layers of expected Sb-Se and Ge-N bonds. The presence of Ge-Se bonds even in ML certifies the strong inter-layers interaction and the high probability of Ge-Se formation [START_REF] Goyal | Far-infrared absorption in amorphous Sb15GexSe85 -x glasses[END_REF]. Ge-Se bonds are important to preserve the amorphous layer thermal stability and to avoid the OTS mechanism degradation (i.e. layer crystallization). The interfaces in ML play the role of controlling such feature, together with SbSe layer stoichiometry and N doping control. In Fig. 5.3 this phenomenon is evidenced by the increasing of Ge-Se with respect to Sb-Se and Ge-N moving toward a higher interface number in MLA, even boosted after annealing at C annealing. The peak at 266 cm -1 corresponds to GeSe 4 which is priviledged in multilayer structure while the shoulder at 300 cm -1 should correspond to GeSeGe [START_REF] Goyal | Far-infrared absorption in amorphous Sb15GexSe85 -x glasses[END_REF][START_REF] Sharma | Far-infrared study of amorphous Ge0.17Se0.83-xSbx chalcogenide glasses[END_REF] that is more intense in bulk GSSN. After annealing, GSSN bond network evolves to a structure comparable to multilayers. 400 • C. Ge-N features in bulk GSSN, important for glass stability, evolves toward a more defined GeN peak [START_REF] Verdy | High Temperature Stability and Performance Analysis of N-doped Ge-Se-Sb Based OTS Selector Devices[END_REF] that is compatible with the one already present in as deposited ML, in which it is stable and only slightly increasing after annealing at a higher wavenumber presented in Fig. 5.2. The higher the content of GeN in the layers, the higher the final thermal stability expected. Higher N content is higher GSSN with respect to multilayers, which explains the higher intensity of Ge-N peak. Fig. 5. [START_REF] Bertolazzi | Emerging Non-Volatile Memory 2020[END_REF] shows Raman spectra for GSSN and ML as deposited and after annealing. The major band around 200 cm -1 is the convolution of Ge-Se and Sb-Se that is present in both bulk and ML structures. The band near 160 cm -1 can be assigned to vibration mode of a Sb-Sb. In the case of ML this mode remains stable even after annealing, that could be linked to the structure of SbSe involving Se 2 Sb-SbSe 2 features [START_REF] Kau | A stackable cross point Phase Change Memory[END_REF][START_REF] Baudet | Structural analysis of RF sputtered Ge-Sb-Se thin films by Raman and X-ray photoelectron spectroscopies[END_REF]. The presence of amorphous Ge layers, and the unchanged ML associated spectra after annealing, support the integrity of the ML under thermal stress.

The inter-layers interaction, the stoichioemtry and the selective N doping in Ge+SbSe-based OTS multilayers lead to a higher control of the material structure and of its thermal stability with respect to standard bulk GSSN. tilayer thermal stability. The tuning of nitrogen content is another lever to increase stability in temperature. In summary, the physico-chemical signature of multilayers are not drastically different than the GSSN ones. The artificial atomic spatial segregation of SbSe in one side and Ge in the other does not inhibit the formation of strong Ge-Se bonds that are essential to material thermal stability. It introduces Sb-rich SbSe regions that are highlighted by Sb-Sb bonds on Raman spectra that seems stable in temperature. The optimization of multilayer stacks to access better thermal stability could be done using layer thickness and nitrogen doping rate engineering.

Electrical studies on GeSbSeN multilayer stacks with variable individual layer thickness

The electrical behaviour of GeSbSeN multilayer single devices are reviewed in this part. First, the influence of layer thickness is investigated and compared with GSSN bulk reference. The samples are identified as MLA, MLB and MLC. The optimized layer MLO is also investigated.

The experiments were performed on populations of 20 devices. In Fig. 5.6 are reported the subthreshold IV curves before and after firing (DC mode), in order to compare the conduction mechanism in GSSN with respect to multilayers. Theses curves can be fitted using the Poole-Frenkel conduction relation eq. 2.1.

β PF is calculated before and after firing. Firing operation induces a material evolution, that appears similar in all the samples. The increase of subthreshold non- linearity is higher in bulk layer with respect to ML samples (i.e. higher β PF ) that could be correlated with the higher material disorder after firing operation. It might be related to a structural reorganization due to the initialization and a remixing of the multilayer stack.

In Fig. 5.7 and Fig. 5.6 are reported all the electrical parameters measured with the protocol given in Chapter 2 for the materials investigated, after 10 4 and 10 8 cycles. As a reminder, SbSe shows OTS behavior up to 10 2 cycles, with higher dispersion of starting fire voltage (V fire ) and following V th , before to trigger crystallization and loss of the OTS behavior. GSSN presents both higher V fire and V th and higher variability from starting cycles with respect to ML. Lower V th variability in OTS has a strong importance for the reliability of reading operation once co-integrated with resistive memory devices [START_REF] Salam | Thickness and temperature dependence of the electrical resistivity of amorphous Sb2Se3 films[END_REF]. The gradual reduction of the V fire from bulk to ML can be linked to SbSe layers thickness. Indeed SbSe has a lower resistivity [START_REF] Salam | Thickness and temperature dependence of the electrical resistivity of amorphous Sb2Se3 films[END_REF] compared to N-doped Ge layer and a lower firing voltage with respect to GSSN. Therefore, firing operation becomes easier and achieved at lower voltage when SbSe layer thickness increases (i.e. from MLC to MLA).

GSSN shows lower leakage current compared to ML (Fig. 5.7), but it confirms the higher variability of both ON (e.g. ON current I on ) and OFF parameters even after 10 8 cycles. An I on /I off ratio of more than 10 6 is ensured by MLA, with I off in nA range with a reduced dispersion. Endurance capability of ML solution is demonstrated in Fig. 5.8 where the endurance of MLA reaches more than 2•10 9 cycles with extremely low cycle-to-cycle variation of I off and I on parameters. In order to evaluate the thermal stability of multilayer devices, the devices are annealed with a thermal budget of 30 min at 400 • C. V fire and V th after 10 4 and 10 8 cycles for GSSN and multilayers. GSSN shows higher V fire and V th values and higher variability with respect to multilayers. SbSe parameters are shown only up to 10 2 cycles since after the material triggers crystallization. lector requirements even if materials show a decrease of their OFF resistance. The trend is in line with material analyses, where the GeN presence, likely responsible for the glass stability, is found higher in GSSN (Fig. 5.2). MLC, even though its N doping rate is three times inferior to GSSN, shows comparable thermal stability. This result highlights the capability of ML solution to improve the structure control of the layer, in particular enabling selective bonds formation. Focusing on GSSN and MLC, Fig. 5.11 shows their IV curves before and after firing after annealing. The annealing increases significantly the subthreshold conductivity in GSSN with respect to MLC. Moreover, the electric field dependency of subthreshold conductivity remains lower in MLC (i.e. lower β PF ), confirming a likely lower disorder even after annealing. In Fig. 5.9 is reported the post annealing spread in % of V th and I off measured after 10 4 and 10 8 cycles for GSSN and MLC. Variability of electrical parameters is always lower for MLC with respect to GSSN, even after cycling. As demonstrated in the previous paragraphs, MLA shows low variability but poor themal stability. As reported in Fig. 5.5, the number of Ge-N bonds could be increased by higher nitrogen doping rate, and thus help improving material thermal stability.

Electrical and physico-chemical studies on optimized multilayer stack

The optimized material, MLO, is compared to GSSN and the studies are pushed deeper, including measurement with increasing in-situ temperature, TEM analyses on devices and scaled single devices. Electrical tests and statistics were performed on populations of 30 devices. For GSSN, the tested devices were taken in a different area of the same wafer as previous
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Fig. 5.12. GSSN and MLO switching voltages measured on 30 devices after 100 cycles: fire voltage (V fire ), threshold voltage (V th ), saturation voltage (V sat ), threshold voltage after annealing of 30 min at 400

• C (V tha ).
experiments. Fig. 5.12 reports the comparison of voltages used for main operations in our selectors after 100 cycles. 100 cycles are performed before the measurement to ensure that the OTS is at regime and demonstrate a behaviour that is representative of their electrical parameters along their lifetime. MLO reports compatible switching voltages with respect to GSSN, even after an annealing of 30 minutes at 400 • C. A slight increase of the threshold voltage V th is observed after annealing (V tha ) for both GSSN and MLO, likely due to a structural reorganization during annealing.

Subthreshold conduction study for different temperatures up to 160 • C is reported in Fig. 5.13. The subthreshold current increases with temperature, being Poole-Frenkel conduction dominant in both materials [START_REF] Ielmini | Analytical model for subthreshold conduction and threshold switching in chalcogenide-based memory devices[END_REF]. From activation energy calculation, a good compatibility between the two materials in terms of E a is observed, meaning an equivalent localization of the trap states in the gap in both bulk and MLO, giving rise to close conduction mechanisms.

Main device parameters and their variability are reported in Fig. 5.14, following their evolution up to the operating temperature of 160 • C. Similar trends are observed in the two materials, with median values almost stable for ON current (I on ) and V th , and an increase of the leakage current (I off ) as previously highlighted in subthreshold conduction analysis. However, a higher parameters variability is found in GSSN, starting already at 80 • C.

In order to study the capability of GSSN and MLO OTS devices to sustain aggressive BEOL thermal budget, a consecutive annealing procedures at 400 • C up to a total time of 3 hours was performed. The main OTS parameters measured after the different annealing steps are reported in Fig. 5.15. After about 1 hour of annealing, GSSN starts to show a degradation of the switching mechanism in more than 25% of the tested devices, likely related to the incoming crystallization of the layer. On the contrary MLO shows perfect functionality even after 3 hours at 400 • C. The decrease of I off and the increase of V th are compatible with a gradual evolution of the MLO morphology, not detrimental for the switching properties of the device till the integrity of the amorphous structure of the layer is preserved. Indeed, after the 3 hours annealing, MLO tends to approach values for I off (< 0.1 nA) and Vth (∼4.5V) close to the ones that bulk GSSN presents after only 30 minutes of annealing. Therefore, the multilayer configuration helps delaying the crystallization and segregation phenomena that are responsible for the loss of functionality of the devices.

To support the last hypothesis, Raman and FTIR analyses were performed on as deposited and annealed OTS layers reported in Fig. 5. [START_REF] Zhou | Mott Memory and Neuromorphic Devices[END_REF] and Fig. 5.17. After 30 minutes of annealing, a slight change in the main features highlighted in Raman spectra and a shift of the Ge-N broad band, indicative of both an amorphous structural relaxation and GeN features reorganization, are observed. In particular, a shift of the Ge-N vibration modes towards higher wavenumbers, as observed in GSSN, could be due to a gradual change of Ge and N atoms arrangement, towards Ge-N features poorer in Ge content, driven by an already started phase segregation and following crystallization. Some similar observations have been done in other chalcogenide based systems [START_REF] Prazakova | Temperature driven structural evolution of Ge-rich GeSbTe alloys and role of N-doping[END_REF]. After 3 hours at 400 • C, Raman spectum of GSSN shows the appearing of separated SbSe and GeSe peaks, that is a demonstration of an already advanced segregation and likely crystallization of the layer [START_REF] Wang | Compositional dependence of crystallization and structural stability in GeSbSe chalcogenide films[END_REF]. Indeed, Ge-Se and Sb-Se bonds are likely to form at high temperature [163] giving rise to separated stable phases. On the contrary, the spectrum of MLO does not show significant changes. The localization of Ge-Se bonds at the interfaces between SbSe and Ge layers, the slower diffusion of Ge atoms implied in GeN features, and the retarded crystallization of SbSe layers due to their specific stoichiometry and thickness, delay the segregation process in the MLO layer. TEM/EDX analyses are performed on devices after an electrical stress represented by more than 10 6 cycles and reported in Fig. 5.18. An overall homogeneous elemental distribution in both GSSN and MLO, without any Ti contamination from the top electrode is observed. The compatible morphology of the two layers, confirms the possibility to achieve at the forming operation, and then in the following of programming operations, the same composition in the formed region of the device in both layers. This is confirmed by the strong alignment observed in electrical characteristics between the two materials. In TEM images and nano diffraction patterns of Fig. 5.18, the comparison of GSSN and MLO devices before and after annealing at 400 • C is shown. GSSN shows crystalline patterns after annealing, compatibly with devices performances degradation previously highlighted. On the contrary, MLO preserves the high layers integrity after fabrication and the amorphous structure even after the annealing at 400 • C, confirming previous observations.

The impact of pulse duration on endurance performances of as fabricated and annealed devices is investigated. As reported in Fig. 5.19, GSSN presents a high variability of the total cycles numbers before failure, that makes difficult the extrapolation of the possible endurance achievable at short pulse duration. After annealing at 400 • C, GSSN devices present a limited endurance not overcoming 10 3 cycles. MLO shows better performances and low variability on maximum cycles number achievable, even after annealing. This allows to more reliably extrapolate an endurance of more than 10 9 cycles at reduced pulse duration, and to confirm in OTS devices the link between endurance and pulse energy. The possibility to achieve more than 10 9 cycles was experimentally verified for 300 ns wide pulses.

The electrical behaviour of 50 nm and 300 nm devices integrating GSSN and MLO layers is compared. To be noticed, the same initialization procedure was used for all the devices and the devices undergo the same I on as in Fig. 5.15, without triggering specific current control (i.e. higher device stress than potential real working conditions at lower current). In Fig. 5.20, the subthreshold analysis and the values measured for V th and I off are reported. Variability of the devices behaviour appears in GSSN already from the subthreshold IV curves, compared with ML that confirms on the contrary the possibility to reduce I off in scaled devices. Moreover, functional GSSN 50 nm devices show functionality degradation already after 10 cycles. In Fig. 5.21 is reported the total % of functional devices found for both GSSN and MLO and the variability of main electrical parameters. MLO shows a less sensitivity to scaling with respect to GSSN, demonstrated by a higher yield with more than 90% of functional devices and lower variability of electrical parameters in both studied devices dimensions.

GeAsSeN multilayer stacks

The influence of the multilayer structure on GeAsSe material will be studied in this section. The multilayer results are compared with a unique bulk GAS reference.

Physico-chemical analyses on GeAsSe multilayer stack with variable individual layer thickness

To achieve multilayer structure, selectively N-doped AsSe and Ge layers were alternatively deposited. Material samples were capped without air-break with 3.5 nm thick carbon layer to prevent surface oxidation. Annealing procedure was performed in a pre-heated chamber under N flow at 400 • C during 30 min. Raman spectra for GASN and multilayers as deposited (top) and after annealing at 400 • C (bottom). All spectra are normalized using the main feature at ∼ 230 cm -1 that is attributed to [AsSe 3/2 ] pyramidal units [] features. [GeSe 4/2 ] features are observed at 190 cm -1 and have a higher intensity when the layers are thicker. ML3 material is damanaged after annealing (not reported).

The Raman spectra obtained for samples as deposited and annealed at 400 • C during 30 min are reported in Fig. 5.22. The main feature at 230 cm -1 is attributed to [AsSe 2/3 ] pyramids. From bulk to ML3 thick layers, the As-Se feature shifts gradually to lower frequencies. It may be linked to a small and spread homopolar Se contribution at 255 cm -1 [START_REF] Gan | Analysis of Raman Spectra of GeAsSe Glass Using Different Peak-fitting Method[END_REF][START_REF] Schwarz | Processing and fabrication of micro-structures by multiphoton lithography in germanium-doped arsenic selenide[END_REF] that increases with layer thickness and thus Ge content or, more likely, to another As-Se contribution [START_REF] Khan | Investigation of temperature dependent optical modes in GexAs35xSe65 thin films: Structure specific Raman, FIR and optical absorption spectroscopy[END_REF][START_REF] Kostadinova | Structure and vibrational modes of AgI-doped AsSe glasses: Raman scattering and ab initio calculations[END_REF]. The higher the Ge content, the more important is the Ge-Se contribution but also the amorphous germanium contribution around 300 cm -1 . Like in GeSbSeN multilayers stacks, the inter-layers interaction, materialized by strong Ge-Se bonds is indeed present in AsSe-based multilayer materials.

The FTIR spectra for the same samples are reported on Fig. 5.23. The spectra show features linked to As-Se pyramidal units, Ge-Se tetrahedral units and N-related features. ML1 shows higher intensity in As-Se features and the thicker the layers, the lower this feature. Annealing has an influence on the bonding structure of the materials: the thinning of the As-Se and Ge-Se features suggests that layers have reached a higher atomic order. The Ge-N feature, initially around 690 cm -1 [START_REF] Chambouleyron | Nitrogen in germanium[END_REF] shows a high drift to the higher wavenumbers which means that the germanium environment is impacted by annealing.

Electrical characteristics of GeAsSe multilayer stacks with variable individual thickness

In the following part, preliminary electrical characterization results are reported electrical characterization results are given. The measurements were done on a set of 30 devices. Fig. 5.24 reports V fire and V th for GASN and multilayers stacks. ML1 and ML2 show similar behavior to GASN reference. Thinner layers lead to lower variability after initialization, as shown in GeSbSeN multilayers. Low V fire is observed in ML3, however the devices do not show switching properties after 10 cycles. As suggested in the physico-chemical analyses, the material have undergone strong rearrangement with high temperature exposition through annealing or pulse application. The hypothesis regarding ML3 fail is that the AsSe and Ge layers are thick enough to allow crystallization within the layers and neither Ge-Se or Ge-N bonds are numerous enough to keep the material amorphous and thus, enable the reliable switching operation.

Fig. 5.25 reports the ON and OFF current over the 10 first cycles. The data are not reported for ML3 because the devices crashed before reaching this point. The multilayer structure provides lower I off with respect to bulk GASN. On the same figure is also reported the subthreshold slopes when computable. The calculation are the same that has been done with GSSN materials thanks to eq. 2.1. Without considering ML3, the observed tendencies are the same observed in SbSe-based multilayers: thicker layers lead to higher subthreshold slope and firing decreases subthreshold slope. It is also interesting to note that AsSe-based multilayer shows higher subthreshold slope and thus, higher non linearity of the resulting device.

GeAsSeSi multilayer stacks

The influence of the multilayer structure on GeAsSeSi material will be studied in this section. The multilayer results are compared with a bulk GASS reference. [181] and Ge-Se features around 190 cm -1 (and 212 cm -1 for ML) [START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF][START_REF] Gan | Analysis of Raman Spectra of GeAsSe Glass Using Different Peak-fitting Method[END_REF][START_REF] Nemec | Structure and properties of the pure and pr3+-doped ge25ga5se70 and ge30ga5se65 glasses[END_REF]192] with Ge-Ge shoulders at 300 cm -1 . Spectrum of GASS annealed at 400 • C is not reported because of the strong degradation of the sample after such annealing.

Physico-chemical analyses on GeAsSeSi multilayer stack

To achieve ML-GASS structure, layers of GASS and GeN are alternatively deposited, the latter obtained from a Ge target under constant N flow. Material samples were capped without air-break with 3.5 nm thick carbon layer to prevent surface oxidation. Annealing procedure was performed in a pre-heated chamber under N flow at a selected temperature and time. The Raman spectra obtained for samples as deposited and annealed at 400 • C for 3 hours are reported in Fig. 5.26. As deposited GASS and ML-GASS exhibit the same three main features: As-Se, Si-Se and Ge-Se. The Ge-Se contribution decreases with annealing in GASS while ML-GASS spectra are not strongly affected by annealing. GASS spectrum shows an evolution after annealing, which could correspond to the beginning of material segregation. As shown previously on SbSe-based OTS, the multilayer structure delays structural changes related to crystallization process in OTS layers. Indeed, the introduction of GeN layers in GASS increases the Ge-Se bonds with respect to As-Se and Si-Se because of interlayer interactions leading to Ge-Se bonds formation likely responsible for a higher layer stability.

The FTIR spectra for same samples are reported in Fig. 5.27. The spectra report features linked to As-Se, Ge-Se, Si-Se, Ge-Si and Ge-N (only in ML-GASS) bonds vibrations. After annealing, a thinning of the As-Se/Ge-Se convoluted feature is observed, suggesting that the structural order is higher in annealed devices. Annealing modifies the shape of the double-mode Si-Se feature, favouring vibrations at higher frequencies. Ge-N features in ML-GASS as deposited and annealed at 300 • C at 690 cm -1 are observed. Despite the strong reduction of Ge-N features after annealing at 400 • C it seems possible that they should shift at higher frequencies FTIR spectra of GASS and ML as-deposited and annealed at 300 • C and 400 • C during 3 hours. The feature at 230-300 cm -1 is a convolution of As-Se and Ge-Se vibrations [START_REF] Khan | Investigation of temperature dependent optical modes in GexAs35xSe65 thin films: Structure specific Raman, FIR and optical absorption spectroscopy[END_REF][START_REF] Munzar | Far-infrared spectra and bonding arrangement in GeAsSSe glasses[END_REF] and the one around 400 cm -1 is composed by at least two modes related to Si-Se vibrations [START_REF] Tenhover | Vibrational studies of crystalline and glassy SiSe2[END_REF]. In ML, a Ge-N feature is also observed at 690 cm -1 [START_REF] Chambouleyron | Nitrogen in germanium[END_REF] at low temperature. Multiple features of difficult indexation are present around 830 cm -1 in ML after 400 • C (not reported).

(around 830 cm -1 [START_REF] Chambouleyron | Nitrogen in germanium[END_REF]) due to their stabilization towards Ge-poorer motifs. Unfortunately the analysis at such frequencies is perturbed by several other contributions in our samples preventing a correct indexation. ML-GASS can undergo the annealing at 400 • C without triggering crystallization nor segregation whereas bulk GASS layer starts important structural changes. The increase of Ge-Se and addition of Ge-N features in ML delay crystallization phenomena and preserve the amorphous nature integrity of the OTS layer.

Electrical analyses on GeAsSeSi multilayer stack

GASS and ML-GASS layers are integrated in analytical OTS single devices. When not differently specified, data are obtained using AC measurements (i.e. pulsed voltage/current) on populations of 30 devices.

The electrical parameters of GASS and ML-GASS up to an operating temperature of 300 • C to evaluate their functionality in high temperature environment are reported and compared in the following paragraph.

In order to evaluate the change of the conduction properties in the studied materials after firing, DC current-vs-voltage measurements (IV chracteristics) at several temperatures in the sub-threshold regime before (virgin) and after firing (initialized) are performed. The effective activation energy E m 1 is interpolated from the conductivity dependency on the temperature for each voltage as reported in Fig. 5. [START_REF] Ciocchini | Impact of Thermoelectric Effects on Phase Change Memory Characteristics[END_REF] and compatibly with model reported in [START_REF] Ielmini | Analytical model for subthreshold conduction and threshold switching in chalcogenide-based memory devices[END_REF]. The extraction of the activation energy (E a , the activation energy corresponds to the energy barrier that electrons would E a ) extraction from E m -vs-Voltage interpolations. E m for each voltage is obtained by current vs temperature fitting (not reported) compatibly with [START_REF] Ielmini | Analytical model for subthreshold conduction and threshold switching in chalcogenide-based memory devices[END_REF] for virgin (before firing) and initialized devices (after firing). ML shows a higher activation energy (i.e. higher gap) with respect to GASS before and after firing.

cross to read another localized trap and E a is computed, by definition, when no external electric field is applied) reveals that ML-GASS exhibits always a higher E a with respect to GASS (i.e. higher energy gap). The presence of additional Ge-Se features and the introduction of GeN [START_REF] Chambouleyron | Nitrogen in germanium[END_REF], highlighted in material analyses, likely contribute to the increase of the energy gap in ML-GASS. Initialization is a process responsible of the creation of a channel in the OTS that likely has a different structural organization (and even composition) with respect to the virgin device.

The functionality of the devices is evaluated by applying AC pulses inducing ON current in mA range. The initialization voltage V fire and the threshold voltage V th decrease when the operating temperature increases as shown in Fig. 5.29. GASS devices do not show functionality above 250 • C. At the same time, the leakage current (I off ) increases with operating temperature as already observed in [START_REF] Garbin | Composition Optimization and Device Understanding of Si-Ge-As-Te Ovonic Threshold Switch Selector with Excellent Endurance[END_REF][START_REF] Laguna | Multilayer OTS Selectors Engineering for High Temperature Stability, Scalability and High Endurance[END_REF]. The saturation voltage V sat , calculated as the voltage drop on the devices at zero current extrapolated from ON current-vs-voltage characteristics, is stable in temperature for ML-GASS devices while it decreases in GASS. We suggest that, considering the impact of annealing on GASS reported in Fig. 5. [START_REF] Li | Atomic-Scale Observation of Carbon Distribution in High-Performance Carbon-Doped Ge 2 Sb 2 Te 5 and Its Influence on Crystallization Behavior[END_REF] and Fig. 5.27, the active material should evolve at 250 • C. This leads to a reduction of the saturation voltage and an increase of the holding current (i.e. I h , the current needed to maintain the OTS in its ON state). On the contrary, the decrease of I h at high temperature in ML is compatible with the temperature activated ON conduction in the device (i.e. less current required to achieve the same temperature in the material to sustain the conduction in the ON state). GASS and ML-GASS show a high compatibility in terms of electrical parameters. However, ML-GASS allows functionality up to higher temperatures: the addition of GeN layers in multilayer delays crystallization phenomena without degrading devices electrical properties and increases the activation energy of the conduction (i.e. higher energy gap).

In the following part, the influence of a thermal budget on the devices electrical parameters, V th drift and cycling capabilities is studied.

Devices were annealed in a pre-heated chamber at 400 • C during 3 hours and slowly cooled down to room temperature within the chamber. Such high thermal budget can be assimilated to a BEOL thermal budget that the devices should overcome during a complete fabrication process. In the following, devices after fabrication and initialization (after firing) are addressed as "As fabricated" and as "400 • C" the initialized devices after annealing.

As reported in Fig. 5.30, the annealing has similar effects as the ones observed at high operating temperatures. The structural evolution (i.e. relaxation) and the formation of stable features in the two materials lead to similar trends. Thus, the presence of GeN layers in ML does not affect the switching capabilities of GASS-based chalcogenide glass even after annealing. The V th drift (i.e. the relaxation-induced changes after a given delay on the threshold voltage) in ML-GASS and GASS devices as fabricated and after annealing is reported in Fig. 5.31. Considering GASS devices, the drift is low before annealing but after 3 hours at 400 • C, device-to-device variability increases due to material degradation leading to a high drift in some devices. As fabricated ML-GASS shows a high increase of V th of about 2 V after 100 s from programming pulse, likely due to the presence of highly defective Ge-Ge bonds in GeN layers, which tend to relax after pulse application, as reported in [START_REF] Clima | Ovonic Threshold-Switching GexSey Chalcogenide Materials: Stoichiometry, Trap Nature, and Material Relaxation from First Principles[END_REF]. Annealing, as observed in physico-chemical analyses, leads to the formation of stable GeN features and the increase of Ge-Se bonds, therefore to a reduction of Ge-Ge bonds in the system and a reduced drift in the device. Indeed, after annealing ML-GASS exhibits a reduced drift and low device-to-device variability. Fig. 5.32 reports the maximum cycles number reached by GASS and ML-GASS as fabricated and after annealing together with the evolution of V th along cycling on long and short time scales for as fabricated devices. The degradation of GASS material begins within the first cycles. On the contrary the structure of ML delays crystallization preserving the switching capability for a higher number of cycles. As fabricated ML-GASS devices reach 10 6 cycles with a V th decrease of 0.6 V that begins after the first 1000 cycles. To be noticed that ON current is kept at high values of about 1 mA during endurance tests. The structural evolution observed after annealing, seems to induce a higher sensitivity of the layer to ON current, being the endurance reduced of about 10 times. Cycle-to-cycle variability evaluated on first 50 cycles shows a compatible result between the two materials.

ML-GASS presents a lower device-to-device variability with respect to GASS after BEOL-like thermal budget. Endurance capability is also enhanced in the multilayer of at least 2 orders of magnitude.

Co-integration of ML-GASS and Ge 2 Sb 2 Te 5 PCM have been successfully performed, as reported in Fig. 5.33a. Carbom-based buffer layers have been integrated to avoid element from the adjacent electrodes to diffuse in the OTS material [START_REF] Verdy | Carbon electrode for Ge-Se-Sb based OTS selector for ultra low leakage current and outstanding endurance[END_REF]. The PCM is programmed thanks to Set (10µs-300ns-10µs at 6V) and Reset (20ns-300ns-20ns at 6V) pulses. The reading of V th is done successively thanks to a Set pulse Fig. 5.33b and demonstrate a reading window of more than 1 V between V SET and V RESET (respectively the switching voltages of the device when the PCM is programmed in SET and RESET state). Considering the overlay of the subthreshold curves after Set and Reset operations does not alloy subthreshold reading as pro- posed in [START_REF] Navarro | Innovative PCM+OTS device with high sub-threshold non-linearity for non-switching reading operations and higher endurance performance[END_REF]. Nevertheless, leakage current is kept below 0.1 nA at half of the reading voltage.

Chapter summary

The multilayer structure influence on OTS devices reliability was investigated in this chapter, with the goal to increase the thermal stability of the material and the device reliability, i.e. higher endurance, lower device to device variability. The composition of the studied layers stacks is similar to the bulk materials. The binary alloys, likely responsible of the commutation mechanism, were deposited in alternation with N-doped germanium layers, that would guarantee high thermal stability thanks to the formation of Ge-Se and Ge-N bonds. Furthermore, the multilayer deposition process is expected to reduce the possibility of crystalline cluster formation, delaying the crystallization of the OTS material with stress application (annealing or cycling processes).

A reliability gain has been demonstrated through the different experiments that have been performed on SbSe and AsSe-based multilayer material.

The good matching of electrical performances of MLO with standard bulk GSSN up to operating temperatures of 160 • C is demonstrated. Thanks to an improved stability assured by the multilayer structure, the capability of MLO to withstand a BEOL thermal budget of 3 hours at 400 • C is proven. To support the results, electrical characterizations after annealing (I off < 0.1 nA), together with Raman and FTIR spectroscopy showing the stability of the spectra, and TEM/EDX analyses are provided. The higher yield of MLO with respect to bulk GSSN allows reliable endurance up to more than 10 9 cycles and reduced electrical parameters variability, confirmed even in scaled devices down to 50 nm. All these results, confirm the suitability of OTS multilayer solution for high stability in extreme BEOL thermal budget, ensuring a great control of device performances and variability down to nm scale devices.

The un-optimized AsSe-based multilayer structure have been investigated to show that similar structure than SbSe-based multilayer show functionality. The tuning of the thickness has an influence on device electrical parameters and their variability is not only applicable to SbSe-based but also to AsSe-based OTS. The highlighted tendencies are different than the ones observed in SbSe-based multilayer OTS, meaning that a saturation of the electrical parameters was not reported. The working voltages are compatible between bulk and multilayers but the leakage current is decreased of more than 3 orders of magnitude with the multilayer solution. This offset may come from the different material composition between SbSe and AsSe deposition targets and it will be debated in the 6.

GASS-based multilayers show high thermal stability against BEOL-like thermal budget of 3 hours at 400 • C, supported by physico-chemical analyses, and high operating voltages up to 300 • C. The device-to-device variability is increased thanks to the multilayer solution, especially after annealing. The cycling performances are enhanced of 3 orders of magnitude in ML-GASS with respect to bulk. Finally, a successful demonstration of co-integration with PCM is provided. The measured memory window is larger than 1V between the SET and RESET states of the standard GST225 phase change memory.

To conclude, the multilayer configuration is fully functional and provides lower device-to-device variability, better thermal stability and larger endurance than the bulk structure. Nevertheless, some optimizations are needed to reach the optimal individual layer thickness, material composition and nitrogen doping in germanium layers. For theses reasons, the increased cost, linked to the additional time need to deposited multilayer devices, seems justified. Some hypothesis to enhance the multilayer configuration are given and detailled in 6.

Chapter 6 Discussion, conclusions and perspectives

Along this thesis, physico-chemical and electrical analyses were performed on a wide range of materials. The influence of their composition and structure has been studied with the systematic measurement of chosen parameters, which enables the comparison of the investigated materials.

Back-End selectors are fundamental in crossbar memory architectures to reduce the sneak paths in the array that could lead to reading or programming errors. These devices are key and their performances should be higher than the ones of the memory they are co-integrated to. OTS materials are a promising solution for Back-End selectors applications because they feature a low leakage current, highly conductive ON state, necessary for memory programming, and a volatile switch. The composition of state-of-the-art OTS materials is often complex, including 4 or even more elements. Along this thesis, materials with increasing complexity were studied to understand the role of germanium, silicon and nitrogen introduction in binary alloys SbSe and AsSe. The multilayer structure of these materials was also investigated. This approach meant to address challenges OTS materials face, i.e. poor device to device variability, early crystallization, limited endurance. First, the commutation mechanism was investigated in SbSe and AsSe. Then, the introduction of Ge, Si and N was studied to increase the device lifetime by providing a higher thermal stability and reduce variability between devices. Finally, the influence of multilayer structure is provided with the goal to decrease even more device to device variability, increase endurance and delays crystallization.

This chapter summarizes the main results, provides correlations between material and electrical properties and opens scientific perspectives to this thesis work.

Demonstration of Ovinic Threshold Switching in SbSe and AsSe chalcogenide glasses

The Ovonic Threshold Switching behaviour has been demonstrated in SbSe and AsSe chalcogenide glasses. Fig. 6.1 reports the correlation between threshold voltage and leakage current for binary chalcogenide glasses from the literature featuring investigated Sb 3 Se 7 and As 2 Se 3 . A decrease of V th is done at the expense of an increase of the leakage. The selenium excess in Sb 3 Se 7 led to a formation of high conductivity Se-Se bonds leading to characteristics close to Te-based binary alloys.

On the contrary, stoichiometric As 2 Se 3 material provides a breakthrough OTS characteristics exhibiting an ultra-low leakage current with moderate threshold current I th with high thermal stability. These results open the discussion considering the composition of the active volume, i.e. the channel, responsible of the ovonic commutation in more complex alloys including germanium. OTS commutation of SbSe and AsSe materials have not been yet investigated to literature. In previous works, the OTS materials are based on GeSe material and it was suggested that Ge-Se bonding network drove the switching mechanism in GeSbSe-based and GeAsSe-based OTS materials. Indeed, even if GeSe alloy presents an Ovonic Threshold Switching behaviour, this thesis brings new data that suggest that the commutation in complex alloys could be mainly induced by SbSe or AsSe features.

Material benchmark and parameters correlation

Among the measured parameters of the OTS devices that have been investigated along this thesis work, the threshold voltage and the leakage current (measured always at the half of the threshold voltage) show a correlation, as reported in Fig. 6.2. As observed in binary alloys reported in Fig. 6.1, the decrease of the threshold voltage is done at an expense of an increasing of the leakage current. For a given device integration with constant chalcogenide layer thickness and device dimensions, an increase of the threshold voltage due to a modification of the composition (Ge or Si introduction) implies an exponential reduction of the leakage current. A compromise between leakage current and threshold voltage needs to be found to maximize the resistance window and the crossbar array density of the resulting chip when co integrated with phase change memory, as suggest in Fig. 6.3. The size of the resistance window and the crossbar array density can be computed for a given PCM+OTS stack (including the PCM characteristics, the device size, type of architecture, etc.) with the OTS as limiting element. The correlation between the leakage and threshold current happens to be also true for the resistance window and the matrix size: a decrease of the leakage current is done at the expense of a decrease of the threshold current. Some compromises seem to be necessary to achieve manageable reading window of the PCM and large array.

The activation energy of the different materials, extracted from room temperature IV characteristics, shows a correlation with the threshold voltage, see Fig. 6.4. Since the activation energy is approximately the half of the bandgap energy, materials exhibiting a Poole-Frenkel subthreshold conduction require more voltage for electrons to overcome potential barrier and participate to the conduction.

The evolution of the threshold voltage along time, i.e. drift, is related to Ge-Ge bond relaxation and is present in all materials containing germanium. Since the experiment protocol was not absolutely the same for GeSbSeN and GeAsSeN materials, absolute comparison between these materials can not be established. Nevertheless, GeSbSeN and GeAsSeN materials show a drift phenomena that may be activated by an increased temperature. Preliminary investigation of SiSbSeN materials suggests that these materials are drift free. This is a huge result considering that drift is a major challenge designing crossbar structures. The thermal stability of the different investigated materials in the bulk configuration depends on the germanium content in Sb 3 Se 7 . The bond formation of germanium atoms with excess of selenium atoms leads to the formation of tetrahedral GeSe 4/2 thermally stable structure. The addition of nitrogen in these materials also delays crystallization. In AsSe-based materials, the thermal stability of the materials is also increased by the introduction of germanium and nitrogen, but considering that the maximum temperature tested does not exceed 400 • C, and no absolute tendencies can be extracted.

The multilayer solution

The demonstration of an optimum composition in GeSbSeN materials have been provided. Nevertheless, the thermal stability of the bulk materials along time and the device to device variability could be further improved. The multilayer solution provides an alternative way to increase the OTS performances without bringing more additional elements. Tendencies about the correlated evolution of I off and V th are similar that the ones observed in bulk materials, as reported in Fig. 6.6. Nevertheless, the tuning of the threshold voltage and the leakage current are not related to the material global composition but to the number of individual layers that composes the devices (and, by extension, to their individual thickness). It has been demonstrated that thin individual layers lead to a high device to device variability monitoring and optimized GeN layers doping rate lead to high thermal stability of the devices.

With only two loops of deposition, and thus one optimization step, the variability of the threshold voltage and the leakage current decreases of about eight times.

An additional loop may be interesting to investigate and would include thin individual layers of Sb 2 Se 3 and 4sccm N-doped GeSe 2 .

In both SbSe and AsSe multilayers, the introduction of GeN layers leads to an improvement of the electrical reliability of the devices. The leakage current of multilayers is lowered by four orders of magnitude without a huge increase of V th and while maintaining a low device to device variability.

The mutlilayer architecture of the devices has an important influence on GeAsS-eSi devices. The bulk and multilayers devices present similar electrical characteristics with equivalent V th , I off , etc. The improvement related to the multilayer structures comes from the thermal stability of multilayer devices. Indeed, The devices could sustain operations up to 300 • C, even after a thermal budget of 3 hours at 400 • C annealing without important increase of device to device variability. Moreover, the multilayer structure improves the threshold voltage drift after annealing and the endurance of the devices. To conclude about multilayer structure improvements: the composition optimization is a necessary step to be done to reach before the multilayer integration. Once done, several optimization loops may be needed to achieve highly reliable devices. Tendencies about the composition optimization and the layer thickness engineering are provided thanks to the experience gathered from the testing on GeSbSeN, GeAsSeN and GeAsSeSi based materials.

Further investigations thanks to stoichiometric targets

The exploration of OTS materials investigated during this thesis is mainly related to the available target composition. As a reminder, the used targets were Sb 3 Se 7 , As 2 Se 3 , Ge, Si, GeAsSeSi. The compositions of GASN and GSSN are based not only on a substitution of antimony by arsenic. GSSN alloys are Se-rich Sb 2 Se 3 in which germanium is added until reaching a perfect balance between Ge content and Se excess content, while in GASN, the system is based on stable As 2 Se 3 alloys in which Ge has been added with a possible destabilization of the As 2 Se 3 stoichiometry (i.e. part of Se bonds with Ge). The compositions of GASN alloys are within the glass forming region of Ge-As-Se but no pseudo binary compositions such as As 2 Se 3 -GeSe or As 2 Se 3 -GeSe 2 can be reached using the available targets.

Concerning GSSN alloys, the targets used for deposition have an influence on the resulting material. Fig. 6.8 presents the Raman analysis of samples deposited from Ge 3 Se 7 +Sb or Sb 3 Se 7 +Ge or GeSbSe-based targets. Even if the same global composition is targeted, the resulting materials present some disparities, especially on homopolar bonds. The Se-Se feature, present in SbSe+Ge+N and a sample of GeSbSe+N are less pronounced in GeSe+Sb+N layers when it is the contrary for Ge-Ge bonds. GeSe+Sb+N and GeSbSe+N devices were not investigated1 during this thesis, the influence of the difference in the bonding network could have on the electrical performances and thermal stability remains to be further investigated. An hypothesis to avoid the formation of unwanted homopolar bonds could be to use stoichiometric targets such as Sb 2 Se 3 and GeSe 2 or a single GeSbSe target (when no multilayer is involved). The use of stoichiometric targets could also suppress the depletion of Se in Sb environment (i.e. formation of Sb-Sb bonds) in multilayers that usually leads to early segregation and device failing. The use of stoichiometric targets in AsSe-based alloys could also be valuable to take advantage to the high thermal stability of As 2 Se 3 and GeSe 2 , for example, while maintaining a low leakage current and manageable threshold current.

Further in-situ investigations of devices

As reported in Chapter 4, the material deposited in full sheet is not completely equivalent to the resulting OTS layer in the device integration, mainly due to the integration process. Investigation on full sheet of OTS materials are valuable because they allow to establish tendencies and point out easily the limits of the materials as deposited. The material changes (including segregation, influence of annealing, impact of neighbours materials such as titanium in the electrode, etc.) between a full sheet and a device are usually inaccessible to Raman spectroscopy. Thanks to in-situ measurement of devices with transparent ITO electrode, some interesting results were reported. This could be the first step of numerous interesting observations. The evolution of Raman spectra could be monitored in temperature along time with a dedicated equipment. This equipment could include, with small modifications, in-situ electrical testing of devices at high temperature. This testing trial may help to follow the V th drift of the device and relates it to the presence of Ge-Ge bonds, observable by Raman spectroscopy.

Furthermore, electrical testing at low temperature was performed in collaboration with INL. The electrical behaviour of OTS glasses at low temperature is not a commonly addressed characteristics but the provided results suggests that the subthreshold conduction mechanisms, i.e. Poole-Frenkel conduction, is also valid down to 77K.

After demonstrating the ovonic commutation of binary SbSe and AsSe alloys, investigating the influence of additional elements and the reliability gain thanks to the multilayer structure, here is the end of this thesis manuscript.

The Back-End Selector: from material development to device performances

Abstract

This thesis work has its roots in the development of a new memory concept in computer architecture that has the goal to fill the gap between the fast and enduring DRAM and the non volatile and dense Flash. With Storage Class Memories, we gather these performances. Thanks to the Crossbar architecture, which is simple, 3D stackable in the back-end and easy to scale down, we access a new range of portable memories. The memory revolution led by Intel open the door to 3D integration of the memory on the logic. This architecture is interesting for its low footprint of 4F 2 per bit and per deck, which enable high density. Nevertheless, it requires a selector integrated in the back-end. The back-end selector thus becomes a key device with reliability as main challenge. In particular, to open Crossbar technology to new applications such as neuromorphic computing or, in the future, embedded circuits. Reliability of devices means that they should report a thermal stability compatible with the integration BEOL, an almost zero threshold voltage variability to guarantee a large reading window, an ultra-low leakage current to reach higher matrix sizes and finally an important endurance to reach the considered application compatible number of cycles. The thesis work is on the OTS selectors, from Ovonic Threshold Switching. They are based on chalcogenide glasses that present the following electrical characteristics: A low leakage current in the OFF state, a high conductivity while in the ON state and a volatile commutation between these two states. A large range of materials based on SbSe and AsSe have been studied. The influence of additional elements such as germanium, silicon or nitrogen have been investigated. The material structure could be modified by alternatively depositing binary alloys creating multilayer materials. Their electrical and thermal performances are going beyond the ones of so-called bulk OTS alloys. A discussion is finally proposed and supported to increase the performances of future OTS materials.

Le Sélecteur Back-End : du développement du matériau vers les performances du dispositif

Résumé

Ce travail de thèse trouve ses origines dans le développement d'un nouveau concept de mémoire dans l'architecture des calculateurs dont l'objectif était de combler le fossé de taille et de temps d'accès entre la DRAM, rapide et endurante et la Flash non volatile et dense. Avec les Storage Class Memory, on réunit ces performances. Grâce à la stratégie d'architecture Crossbar, qui est simple, empilable en 3D dans le back-end et facile à mettre à l'échelle, on accède ainsi à une nouvelle technologie de mémoire portable. La révolution de la mémoire Crossbar d'Intel ouvre la porte de l'intégration 3D de la mémoire sur le calcul. Cette architecture est intéressante entre autres pour sa faible empreinte de 4F 2 par bit par couche, ce qui permet d'atteindre de grandes densités. De plus, elle est basée de mémoire à changement de phase qui est non volatile. Elle nécessite cependant un sélecteur intégré en back-end. Le Sélecteur back-end devient alors un élément clé avec la fiabilité comme problématique principale. Notamment pour ouvrir la technologie Crossbar vers de nouvelles applications, comme le calcul neuromorphique ou, dans le futur, les circuits embarqués. Par fiabilité, par-là est entendu une stabilité en température compatible avec un BEOL de l'intégration ; une variabilité de la tension de seuil quasi nulle pour garantir une fenêtre de lecture large ; un courant de fuite ultra faible pour des tailles de matrices plus grandes ; ainsi qu'une endurance importante pour obtenir un nombre de lectures compatible avec l'application envisagée. Le travail de thèse porte sur les sélecteurs back-end à base d'OTS, de l'anglais Ovonic Threshold Switching. Il s'agit de verres de chalcogénures. Ses caractéristiques électriques sont les suivantes : un faible courant de fuite en OFF, une haute conductivité en ON pour permettre la programmation de la mémoire et une volatilité du switch. Une large gamme de matériaux basés sur les alliages SbSe et AsSe a été étudiée. L'influence des éléments additionnels tels que le germanium, le silicium et l'azote est explorée. La structure du matériau peut être modifiée en déposant des alliages binaires en alternance pour créer un matériau multicouche dont les performances électriques et thermiques vont au-delà des alliages OTS dit bulk. Une réflexion est finalement proposée et argumentée pour augmenter les performances des futurs matériaux OTS.

Texte de synthèse en français

Le contexte actuel de la microélectronique et des technologies mémoires est énoncé avec ses limites et les solutions envisagées à court terme. La nouvelle classe de mémoire appelée Storage Class Memory, qui intègre des approches non conventionnelles, est présentée avec une description détaillée de ses spécifications et performances pour comprendre comment elle remplira l'intervalle de latence entre la DRAM et la Flash. Pour atteindre cet objectif, une architecture novatrice appelée Crossbar a été développée pour être intégrée dans la fin de ligne (BEOL, pour Back End of the Line). Cette solution, couplée avec une mémoire résistive émergente nécessite l'ajout d'un élément de sélection également compatible avec la fin de ligne. Une courte synthèse présente les différentes solutions technologiques et apporte des éléments d'argumentation justifiant l'étude de dispositifs sélecteurs à commutation ovonique (OTS, pour Ovonic Threshold Switching, en anglais).

Les mémoires de demain : contexte et solutions technologiques Problématique actuelle : l'architecture Von Neumann, ses limites et les actuelles solutions technologiques

L'architecture Von Neumann, qui tient son nom du scientifique du même nom, est caractérisée par une séparation spatiale des fonctions dites de logique (fonctions exécutant les calculs, soit le processeur) et la mémoire. La communication entre la logique et la mémoire se fait via l'intermédiaire de bus de données. Il s'agit de structures physiques et logicielles qui permettent la transmission de l'ensemble des données entre le processeur et la mémoire comme le message lui-même mais également son adresse dans la mémoire, c'est-à-dire l'endroit physique où le message va être stocké, et l'action à effectuer (lire, écrire, etc.). Depuis les années 70, la taille des processeurs a grandement diminuée grâce à la mise à l'échelle des éléments les composant, les transistors. Cela a impliqué un doublement de leur nombre par puce et par année sans augmentation du coût, adressé comme la loi de Moore [START_REF] Wikipedia | Loi de Moore[END_REF]. Les performances des processeurs ont donc évolué de manière exponentielle, mais pas l'architecture circuit les intégrant. Ainsi, les fonctions logiques, dans une architecture Von-Neumann standard, attendent que les données leur soient fournies via les bus de données qui ont une vitesse finie et une mémoire d'autant plus éloignée que sa taille est importante. Pour diminuer l'attente, également consommatrice d'énergie, du processeur, augmenter le parallélisme est une solution. C'est-à-dire que plusieurs processeurs sont connectés au même élément de mémoire et qu'ils effectuent des calculs en parallèle, indépendamment les uns des autres. Cette solution permet de réduire, par un facteur correspondant au nombre de processeurs en parallèle, la durée d'un calcul mais cette solution atteint rapidement ses limites. Une autre hypothèse serait de rapprocher physiquement la mémoire de la logique, diminuant ainsi la distance que les données doivent parcourir à vitesse finie et donc diminuer la durée d'attente du processeur. Pour atteindre cet objectif, plusieurs pistes existent : augmenter la capacité de stockage des mémoires DRAM qui sont déjà proches de la logique en empilant en 3D plusieurs couches et en connectant les dispositifs via des tranchées verticales de silicium, que l'on appelle intégration hétérogène [START_REF] Hynix | Ultimate DRAM for New Horizons of High-end Memory[END_REF][START_REF] Tsmc | TSMC-SoIC[END_REF][START_REF] Tsai | Low Temperature SoIC TM Bonding and Stacking Technology for 12/16-Hi High Bandwidth Memory (HBM)[END_REF]. Une autre piste est de diminuer le temps de latence de la Flash. Pour cela, l'utilisation de la troisième dimension est de mise : la révolution de la 3D-NAND permet une nette augmentation de la densité de la Flash, la mettant en compétition avec les SCM sur certains marchés [START_REF] Du | An Extremely Scaled Hemi-Cylindrical (HC) 3D NAND Device with Large Vt Memory Window (>10V) and Excellent 100K Endurance[END_REF][START_REF] Parat | Scaling Trends in NAND Flash[END_REF][START_REF] Micheloni | Array Architectures for 3-D NAND Flash Memories[END_REF][START_REF] Samsung | Redefining fast responsiveness[END_REF][START_REF] Gmbh | Toshiba Memory lance la solution de mémoire de stockage XL-FLASH[END_REF]. Ces solutions ne permettent pas d'effectuer un stockage efficace à haute température et occupent toujours, aussi denses soient-elles, un espace sur la puce car elles sont à côté du processeur. Dans cette introduction, l'intégration de la mémoire thermiquement stable dans la fin de ligne, c'est-à-dire littéralement au-dessus de la logique, est abordée.

Contexte et opportunités pour les mémoires émergentes non volatiles

Sont regroupés sous le terme générique de mémoires émergentes non volatiles les prototypes et les mémoires émergentes. La figure Fig. 6.9 présente un aperçu des différentes mémoires. Dans l'aire en vert sont listées les principales mémoires émergentes non volatiles avec dans l'encart en rouge celles qui ne disposent que de deux terminaux, ce qui les rend intrinsèquement compatibles avec les matrices crossbar.

Parmi les technologies les plus matures figurent les mémoires à changement de phase (PCM). Cette technologie est basée sur un contraste de résistance entre la phase amorphe et cristalline d'un matériau dit à changement de phase. Le matériau le plus commun est un chalcogénure de composition Ge 2 Sb 2 Te 5 . La programmation du volume actif est exécutée via l'application de pulses électriques dont l'intensité et la forme ont pour effet de tremper le matériau pour l'amorphiser ou, au contraire, de provoquer sa cristallisation. La mémoire PCM a un bon potentiel de mise à l'échelle et peut atteindre une empreinte sur le substrat de 4F 2 . Des produits contenant cette technologie sont déjà sur le marché depuis 2012 [START_REF] Intel | Intel Optane TM Memory -Responsive Memory, Accelerated Performance[END_REF][START_REF]Micron ships phase-change memory for Nokia phones[END_REF]. Une autre technologie de mémoire émergente est également en voie de commercialisation. Il s'agit des mémoires résistives. Le principe est assez proche de la PCM mais le phénomène est très différent. Le contraste de résistance entre les deux états est garanti par l'existence, ou non, d'un filament conducteur dans un oxyde hautement résistif. L'application d'une pulse électrique avec une polarisation donnée déplace des ions d'oxygène. L'état conductif de la mémoire est atteint quand les trous laissés par les ions oxygène forment un filament stable. L'état résistif est retrouvé quand une pulse de polarité opposée est appliquée sur la cellule mémoire. Cette technologie présente également une empreinte de 4F 2 et un démonstrateur a été récemment présenté [START_REF] Valov | Electrochemical metallization memories-fundamentals, applications, prospects[END_REF]. Fig. 6.9. Resumé de la taxonomie des mémoires. Beaucoup de mémoires non volatiles aux deux terminaux, ce qui les rend compatibles avec la structure crossbar [START_REF] Chen | A review of emerging non-volatile memory (NVM) technologies and applications[END_REF]. F est la taille minimale que la gravure peut restituer de manière fidèle et elle dépend du processus de lithographie et donc du noeud technologique. 4F 2 est la limite théorique inférieure de l'empreinte sur le substrat.

Les matrices crossbar : du FEOL vers le BEOL

L'idée de créer une matrice n'est pas nouvelle car elle permet d'intégrer une haute densité de dispositifs. La densité peut atteindre 4F 2 d'empreinte sur le substrat et encore moins si plusieurs matrices sont empilées en 3D. Une matrice Crossbar est une structure simple fabriquée à partir de lignes de métal qui se croisent. À chaque intersection est localisé un dispositif que l'on appellera cellule mémoire. Le plus grand avantage de cette structure est qu'elle peut être intégrée en fin de ligne (BEOL, Back End of Line), et qu'elle est complètement indépendante de la technologie CMOS et du noeud correspondant. La matrice crossbar est présentée en Fig. 6.10 et elle intègre une mémoire résistive avec un sélecteur. Le sélecteur a pour rôle de diminuer le courant de fuite dans la matrice qui peut être à la source d'une consommation électrique importante ainsi que d'erreurs de lecture et de programmation. Le dispositif sélecteur commute uniquement quand il est entièrement sélectionné, c'est-à-dire quand il est soumis à une différence de potentiel supérieure à sa tension de commutation. Il doit présenter les caractéristiques suivantes : une haute résistivité lorsqu'il est à demi sélectionné et la capacité de délivrer un courant important, nécessaire pour la programmation de la mémoire, lorsqu'il est entièrement sélectionné.

Dans ce manuscrit les structures crossbar réfèreront uniquement à des structures qui peuvent être complètement intégrées en fin de ligne, c'est-à-dire qui ne contiennent pas de transistor. Les mémoires conventionnelles comme la DRAM ou la Flash sont basées sur des transistors et sont donc soumises à des contraintes de mise à l'échelle et d'intégration. Cela veut dire que la taille du transistor c'est-àdire la taille du noeud technologique, détermine les performances et la densité de la mémoire. Comme la mise à l'échelle des transistors a atteint un niveau de com- plexité extrêmement élevé et que les contraintes thermiques liées au début de ligne (FEOL, Front End of Line) sont exigeantes, l'empilement en 3D de transistors conventionnels est impossible pour améliorer la densité ou la vitesse de la mémoire. En théorie une matrice mémoire Crossbar présentant une taille de cellule plus grande que le noeud technologique utilisé pour le transistor peut être intégrée directement au-dessus de la logique, ce qui permet de ramener la mémoire au plus proche des fonctions logiques. Pour conclure à propos des matrices crossbar : cette solution innovante permet une intégration en fin de ligne au-dessus des fonctions logiques mais nécessite un dispositif mémoire efficace et un élément de sélection performant pour atteindre les contraintes liées au Storage Class Memories.

Les éléments de sélection

Plusieurs éléments de sélection ont été étudiés pour atteindre les contraintes liées à l'intégration 3D dans des matrices crossbar, c'est-à-dire de présenter une haute conductivité dans l'état ON et d'un courant de fuite extrêmement faible dans l'état OFF. De plus, le dispositif sélecteur doit présenter un comportement bidirectionnel, une compatibilité avec le process de l'empilement 3D et une tension de commutation compatible avec l'élément mémoire avec lequel il est co-intégré. Finalement, l'élément sélecteur doit présenter des performances supérieures à celles de la mémoire pour ne pas devenir un élément limitant [START_REF] Burr | Access devices for 3d crosspoint memory[END_REF]. Ces dispositifs présentent une tension de seuil < 1 V et une endurance limitée de 10 6 cycles. Ils ne sont donc pas compatibles avec l'application de matrices crossbar avec co-intégration d'une mémoire résistive visée. Les éléments de sélection à commutation ovonique sont des dispositifs plus adaptés car ils présentent un comportement bidirectionnel [START_REF] Lopez | OxRAM+OTS optimization for Binarized Neural Network hardware implementation[END_REF][START_REF] Lopez | Optimization of RRAM and OTS selector for advanced low voltage CMOS compatibility[END_REF], une commutation quasi-instantanée, qui permet une haute vitesse de lecture et de programmation [START_REF] Adler | Threshold switching in chalcogenideglass thin films[END_REF], une densité de courant dans l'état ON de plus de 1 MA•cm -2 ainsi qu'une endurance dépassant 10 11 cycles [START_REF] Cheng | Ultra-High Endurance and Low IOFF Selector based on AsSeGe Chalcogenides for Wide Memory Window 3D Stackable Crosspoint Memory[END_REF][START_REF] Garbin | Composition Optimization and Device Understanding of Si-Ge-As-Te Ovonic Threshold Switch Selector with Excellent Endurance[END_REF]. Les sélecteurs OTS sont basés sur des verres de chalcogénure (c'est-à-dire qu'ils contiennent un élément de la colonne VI, soit du sélénium ou du tellure dans la plupart des études) dans lesquels sont ajoutés des éléments favorisant la formation d'un verre comme le germanium, l'antimoine ou l'arsenic. Les performances électriques des sélecteurs OTS sony extrêmement dépendantes de leur composition chimique. Ces matériaux ont été le sujet d'intenses recherches dans les dernières années [START_REF] Garbin | Composition Optimization and Device Understanding of Si-Ge-As-Te Ovonic Threshold Switch Selector with Excellent Endurance[END_REF][START_REF] Cheng | Optimizing AsSeGe Chalcogenides by Dopants for Extremely Low IOFF, High Endurance and Low Vth Drift 3D Crosspoint Memory[END_REF][START_REF] Wu | Low-voltage ( 1.3V), Arsenic Free Threshold Type Selector with Ultra High Endurance ( gt; 1011) for High Density 1S1R Memory Array[END_REF][START_REF] Koo | Simple Binary Ovonic Threshold Switching Material SiTe and Its Excellent Selector Performance for High-Density Memory Array Application[END_REF].

Eléments de sélection à commutation ovonique (OTS)

Les matériaux à commutation ovonique (OTS) sont étudiés en détail dans cette partie. Une courte introduction à propos des matériaux chalcogénure est proposée. Les hypothèses sur la source de la commutation ovonique sont rapportées. L'ensemble des caractéristiques des sélecteurs OTS est évoquée et un benchmark rassemblant les matériaux à l'état de l'art est proposé. Les objectifs de la thèse sont clairement énoncés.

Matériaux OTS

Les matériaux OTS sont basés sur des verres contenant au minimum un élément chalcogène et un élément non-chalcogène. Les éléments chalcogènes sont issus de la colonne VI. Dans le champ des mémoires à changement de phase et des sélecteurs, cette sélection est réduite au soufre (S), au sélénium (Se) et au tellure (Te). Les éléments additionnels sont souvent une combinaison de Sb, As, Ge, Si [START_REF] Zhu | Ovonic threshold switching selectors for threedimensional stackable phase-change memory[END_REF][START_REF] Read | Evaluating Ovonic Threshold Switching Materials with Topological Constraint Theory[END_REF]. La composition des matériaux OTS est souvent complexe pour atteindre le cahier des charges suivantes : une haute stabilité en température (au moins 400 • C pendant 3 heures), un courant de fuite faible, une conductivité élevée lorsque le dispositif est dans l'état ON, une endurance importante et une tension de commutation adaptable. Une large gamme de matériaux avec une complexité croissante ont été étudiés ces dernières années [START_REF] Garbin | Composition Optimization and Device Understanding of Si-Ge-As-Te Ovonic Threshold Switch Selector with Excellent Endurance[END_REF][START_REF] Avasarala | Doped GeSe materials for selector applications[END_REF][START_REF] Verdy | Improved Electrical Performance Thanks to Sb and N Doping in Se-Rich GeSe-Based OTS Selector Devices[END_REF][START_REF] Hatem | Endurance improvement of more than five orders in Ge x Se 1-x OTS selectors by using a novel refreshing program scheme[END_REF][START_REF] Chai | GeSe-Based Ovonic Threshold Switching Volatile True Random Number Generator[END_REF][START_REF] Kim | Effect of Ge Concentration in GexSe1-x Chalcogenide Glass on the Electronic Structures and the Characteristics of Ovonic Threshold Switching (OTS) Devices[END_REF][START_REF] Koo | Te-based amorphous binary OTS device with excellent selector characteristics for x-point memory applications[END_REF][START_REF] Wang | Performance Improvement of GeTex-Based Ovonic Threshold Switching Selector by C Doping[END_REF][START_REF] Gu | Structural features of chalcogenide glass SiTe: An ovonic threshold switching material[END_REF][START_REF] Shin | The effect of doping Sb on the electronic structure and the device characteristics of Ovonic Threshold Switches based on Ge-Se[END_REF][START_REF] Verdy | Tunable Performances in OTS Selectors Thanks to Ge3Se7-As2Te3[END_REF]. Dans cette introduction, un résumé à propos du réseau de liaison des verres de chalcogénure est fournie. Le choix du sélénium comme élément chalcogène est argumenté.

Hypothèses sur l'origine de la commutation ovonique

Plusieurs hypothèses expliquant le mécanisme de commutation ovonique sont débattues, aucun consensus n'étant clairement établi. Les mécanismes détaillés dans cette partie ont d'abord été créés pour les matériaux à changement de phase puis adaptés aux matériaux OTS comme l'origine de la commutation semble similaire. Dans le cas de l'hypothèse d'une commutation purement électronique, l'OTS, dans son état OFF, suit une conduction de type Poole Frenkel : le champ électrique est uniforme et les charges reparties de manière homogène. Lorsque le champ atteint une valeur critique, l'équilibre de la répartition des charges est rompu et les états localises dans la bande interdite du matériau se remplissent, le champ électrique dans l'OTS devient non uniforme et la commutation vers l'état ON se déclenche. La tension de seuil correspond à la valeur de champ nécessaire a la rupture de l'équilibre [START_REF] Adler | Threshold switching in chalcogenideglass thin films[END_REF][START_REF] Ielmini | Analytical model for subthreshold conduction and threshold switching in chalcogenide-based memory devices[END_REF]. Une autre hypothèse est liée à la nucléation sous champ. L'état résistif est garanti par la haute résistivité de l'état amorphe. L'application d'un champ électrique forme un nuclei cristallin dont la croissance se fait grâce à la présence du champ et l'état ON est atteint quand le nuclei cylindrique rejoint les deux électrodes. Lors de la suppression du champ, le nuclei, instable, se dissous et le dispositif retrouve sa haute résistivité [START_REF] Karpov | Nucleation switching in phase change memory[END_REF][START_REF] Karpov | Field-induced nucleation in phase change memory[END_REF][START_REF] Lopez | Ge-Se-Sb-N-based OTS scaling perspectives for high-density 1 S1R crossbar arrays[END_REF]. La dernière hypothèse abordée est celle de l'emballement thermique. Le matériau OTS, hautement résistif dans l'état OFF, est chauffe par effet joule lors de l'application d'un courant. La faible conductivité thermique du matériau OTS implique une concentration de la chaleur dans un volume réduit. Ce mécanisme est autoalimenté jusqu'à l'emballement thermique du dispositif et le déclenchement de l'état hautement conductif [START_REF] Gallo | Evidence for thermally assisted threshold switching behavior in nanoscale phase-change memory cells[END_REF].

Description de la conduction dans les états ON et OFF

La conduction de l'état OFF suit le modèle de Poole-Frenkel, comme dans les matériaux à changement de phase [START_REF] Li | Materials Selection and Mechanism of Non-linear Conduction in Chalcogenide Selector Devices[END_REF][START_REF] Ielmini | Analytical model for subthreshold conduction and threshold switching in chalcogenide-based memory devices[END_REF][START_REF] Nardone | Electrical conduction in chalcogenide glasses of phase change memory[END_REF]. Concernant la conduction de l'état ON, seulement quelques travaux des années 1970 abordent le sujet [START_REF] Petersen | On state of amorphous threshold switches[END_REF]. Sur des disposi-tifs micrométriques, la taille de la zone initialisée dépend de l'intensité du courant appliqué lors de la première impulsion, suggérant une densité de courant constante. Cette hypothèse n'est peut-être plus valable de nos jours considérant la taille extrêmement mise à l'échelle des dispositifs, surtout compte tenu de l'effet d'une surchauffe du verre [START_REF] Adler | The mechanism of threshold switching in amorphous alloys[END_REF]. Des doutes concernant l'état physique du canal quand l'OTS est dans l'état ON sont toujours présents.

Etape d'initialisation

L'étape d'initialisation est fondamentale dans la vie d'un dispositif OTS. Pour la première fois, les conditions nécessaires sont réunies pour la formation du canal. Cette opération d'initialisation demande une tension plus élevée que celle nécessaire pour les prochaines commutations [START_REF] Cheng | Ultra-High Endurance and Low IOFF Selector based on AsSeGe Chalcogenides for Wide Memory Window 3D Stackable Crosspoint Memory[END_REF][START_REF] Garbin | Composition Optimization and Device Understanding of Si-Ge-As-Te Ovonic Threshold Switch Selector with Excellent Endurance[END_REF][START_REF] Verdy | Optimized Reading Window for Crossbar Arrays Thanks to Ge-Se-Sb-N-based OTS Selectors[END_REF][START_REF] Li | Extended endurance performance and reduced threshold voltage by doping Si in GeSe-based ovonic threshold switching selectors[END_REF]. Si la commutation est considérée purement électronique, le phénomène est statistique et la valeur de la tension requise est d'autant plus faible que la surface du dispositif est grande [START_REF] Lee | Understanding of forming and switching mechanism using trap distribution model for ovonic threshold switch device[END_REF]. Une fois le canal formé, la tension de commutation devient indépendante de la superficie totale du dispositif. L'initialisation impacte les paramètres Poole Frenkel régissant la conduction sous seuil, augmente la valeur du courant de fuite et réduit de manière permanente la valeur de l'énergie d'activation du dispositif. Avec ces éléments, il peut être établi que le matériau contenu dans le canal n'est plus le même que celui qui constitue les dispositifs après leur fabrication.

Impact de la température sur les performances des dispositifs

Les matériaux OTS rapportent une haute température de cristallisation par rapport aux PCM mais leurs performances sont impactées par une augmentation de la température. La résistance de l'état OFF décroit avec l'augmentation de la température [START_REF] Cheng | Ultra-High Endurance and Low IOFF Selector based on AsSeGe Chalcogenides for Wide Memory Window 3D Stackable Crosspoint Memory[END_REF] et les matériaux, même s'ils démontrent une importante stabilité thermique, peuvent cristalliser après un recuit correspondant à un budget thermique d'un BEOL [START_REF] Cheng | Ultra-High Endurance and Low IOFF Selector based on AsSeGe Chalcogenides for Wide Memory Window 3D Stackable Crosspoint Memory[END_REF][START_REF] Garbin | Composition Optimization and Device Understanding of Si-Ge-As-Te Ovonic Threshold Switch Selector with Excellent Endurance[END_REF][START_REF] Verdy | High Temperature Stability and Performance Analysis of N-doped Ge-Se-Sb Based OTS Selector Devices[END_REF].

Dérive au cours du temps de l'état OFF

La dérive de l'état OFF est un phénomène de relaxation qui conduit à une augmentation de la résistivité au cours du temps. Ce phénomène fut d'abord investigué sur les matériaux à changement de phase [START_REF] Raty | Aging in Phase Change Materials: Getting Insight from Simulation[END_REF][START_REF] Karpov | Fundamental drift of parameters in chalcogenide phase change memory[END_REF][START_REF] Noé | Structural change with the resistance drift phenomenon in amorphous GeTe phase change materials thin films[END_REF]. La relaxation de la phase amorphe mène à une réduction de son énergie potentielle [START_REF] Raty | Aging in Phase Change Materials: Getting Insight from Simulation[END_REF][START_REF] Karpov | Fundamental drift of parameters in chalcogenide phase change memory[END_REF] et est souvent attribuée à la présence de liaisons homopolaires d'atomes de germanium. La dérive mène également à une augmentation de la tension de commutation des dispositifs OTS, conduisant à une fermeture progressive de la fenêtre mémoire de l'empilement PCM+OTS.

Mesure des paramètres électriques

Les paramètres électriques sont mesurés grâce aux protocoles suivants. La tension d'initialisation est mesurée grâce à un protocole d'escaliers. Des pulses d'intensité croissante sont appliquées sur les dispositifs et le courant est mesuré. Quand sa valeur dépasse 0.8 mA environ, la valeur de la tension est la tension d'initialisation. Le test s'arrête ici pour ne pas impacter l'intégrité du matériau. Dans le cas d'une mesure de la tension de commutation, le même protocole est appliqué mais plusieurs points sont mesurés dans l'état ON pour calculer la tension de saturation. Fig. 6.12. Protocole de mesure de la tension de commutation V th (les pulses sont légèrement décalées pour plus de clarté). Les parties de la courbe qui sont utilisées pour l'extraction des paramètres sont identifiées. Les figures Fig. 6.12 et Fig. 6.13 rapportent une représentation graphique des courbes mesurées et des points clés correspondants aux paramètres électriques du dispositif. La tension de saturation correspond à la tension qui tombe effectivement sur le dispositif OTS. Le courant et la tension de maintien correspondent au plus faible courant nécessaire, et à la tension associée, au maintien de l'état ON. Là courant de fuite est la valeur de courant mesurée a la tension de commutation divisée par 2. Les paramètres Poole-Frenkel sont extraits des courbes IV dans le régime sous seuil. Le drift de la tension de commutation est mesuré avec le même protocole escalier à la suite d'une pulse rectangulaire provoquant la commutation et un délai fixe.

Benchmark des matériaux OTS de la littérature

Une grande variété de matériaux OTS a été investiguée dans les dernières années. La complexité de leur composition et leurs performances sont variables. Le tableau Tableau ?? résume les paramètres électriques d'une décennie de développement.

Un bon contraste de résistivité entre les états ON et OFF est souvent respecté mais les données concernant l'endurance maximale ou la stabilité des dispositifs en température sont souvent manquantes malgré le fait que ces paramètres sont fondamentaux pour évaluer la fiabilité d'un matériau intégré.

Matériau

Inconnu [START_REF] Kau | A stackable cross point Phase Change Memory[END_REF] AsTeGeSiN [START_REF] Lee | Highly-scalable threshold switching select device based on chaclogenide glasses for 3D nanoscaled memory arrays[END_REF] Inconnu [START_REF] Yang | Novel selector for high density nonvolatile memory with ultra-low holding voltage and 10 7 on/off ratio[END_REF] GeSe [START_REF] Govoreanu | Thermally stable integrated Se-based OTS selectors with >20 MA/cm2 current drive, >3.103 half-bias nonlinearity, tunable threshold voltage and excellent endurance[END_REF] AsTeGeSiSe [START_REF] Cheng | An ultra high endurance and thermally stable selector based on teasgesise chalcogenides compatible with beol ic integration for cross-point pcm[END_REF] 

Etude de la capacité des alliages binaires à base de sélénium à induire une commutation ovonique

Dans cette partie, l'habilité des alliages SbSe et AsSe à démontrer une commutation ovonique est fournie. Les analyses physico-chimiques des alliages binaires sont rapportées et les résultats d'une caractérisation électrique simple sont fournis. Le choix des alliages SbSe et AsSe s'est fait sur la base de leur présence dans bon nombre de matériaux OTS complexes et compétitifs comme GeSbSeN [START_REF] Verdy | Optimized Reading Window for Crossbar Arrays Thanks to Ge-Se-Sb-N-based OTS Selectors[END_REF], SiGeAsSe [START_REF] Kabuyanagi | Understanding of Tunable Selector Performance in Si-Ge-As-Se OTS Devices by Extended Percolation Cluster Model Considering Operation Scheme and Material Design[END_REF] ou GeAsSe [START_REF] Cheng | Optimizing AsSeGe Chalcogenides by Dopants for Extremely Low IOFF, High Endurance and Low Vth Drift 3D Crosspoint Memory[END_REF]. Ces matériaux rassemblent trois, quatre ou même plus d'élément différents et il peut être difficile d'extraire l'influence de chacun de ces éléments sur les performances des dispositifs. Le choix du sélénium par rapport au tellure est expliqué par une plus grande capacité des alliages à base de sélénium à maintenir une structure amorphe [START_REF] Wuttig | Incipient Metals: Functional Materials with a Unique Bonding Mechanism[END_REF]. Le comportement OTS de GeSe n'est plus à démontrer et son réseau de liaisons est proche de celui de Sb 2 Se 3 , d'où la motivation de l'étude de l'alliage SbSe2 . L'arsenic et l'antimoine étant dans la même colonne et la température de fusion de As 2 Se 3 étant plus élevée que celle de Sb 3 Se 7 , l'étude de As 2 Se 3 est également intéressante. La démonstration de l'habilité de Sb 3 Se 7 et As 2 Se 3 à commuter est fournie dans les Fig. 6. [START_REF] Zhou | Mott Memory and Neuromorphic Devices[END_REF] et Fig. 6.17. Après dix cycles, le taux de fonctionnalité de As 2 Se 3 est d'environ 80% quand celui de Sb 3 Se 7 est de 8 % seulement. La tension de commutation de Sb 3 Se 7 est plus faible que celle de As 2 Se 3 et la tendance est inversée pour le courant de fuite. Le régime de conduction sous le seuil suit le modèle de Poole-Frenkel et le courant de fuite des deux matériaux augmente avec la température. 

Etude de l'influence de l'ajout d'autres éléments dans les alliages binaires

Dans cette partie, l'influence de l'ajout d'autres éléments dans les alliages binaires est étudiés. Les autres éléments sont le germanium, le silicium et l'azote.

Choix des éléments

L'introduction de germanium dans SbSe et AsSe est motivée par les liaisons fortes Ge-Se que l'atome pourrait former et qui permettraient d'augmenter la stabilité en température du matériau. L'ajout de silicium peut être intéressant pour les mêmes raisons et, de plus, la dérive de l'état OFF pourrait être réduit grâce à l'absence de liaisons homopolaires Ge-Ge. L'azote introduit dans les couches est intéressant car il peut passiver les liaisons pendantes et ralentir la formation de cristallites, réduisant la variabilité entre les dispositifs et augmentant la stabilité thermique des couches.

Etude des matériaux GeSbSeN

Dans cette section, l'influence de l'ajout de germanium et d'azote dans Sb 3 Se 7 est étudiée. Les compositions, nommées GSSNA-GSSNE, ont une concentration de germanium en augmentation. La Fig. 6.18 rapporte les spectres Raman des matériaux GSSNA (pauvre en Ge), GSSNC et GSSNE (riche en Ge) après dépôt et après recuit à 400 • C. Plus la concentration de germanium est élevée, moins le spectre Raman est impacté par le recuit. Cela est dû au taux en augmentation de liaisons fortes Ge-Se. Les analyses par diffraction aux rayons X supportent ces résultats. Après recuit à 400 • C, seul le matériau riche en Ge, GSSNE ne présente aucun signe de cristallisation. Les paramètres électriques sont aussi influencés par la concentration en germanium. un optimum de composition correspondant à GSSND à partir duquel la proportion de Ge devient suffisamment importante pour engendrer une baisse des tensions de commutation probablement liée à la présence de liaisons Ge-Ge qui sont plus conductrices. La tension de saturation, qui dépend uniquement de l'état ON, n'est pas affectée par la concentration de germanium, ce qui suggère que cet élément n'influence pas le comportement du canal lorsqu'il est hautement conductif. Les courants de fonctionnement évoluent également. La hausse de la concentration en Ge réduit le courant de fuit jusqu'à la composition GSSND puis augmente pour GSSNE. Apres recuit a 400 • C, tous les matériaux subissent une chute de leur tension de fonctionnement et une hausse de leur courant de fuite. L'analyse de la conduction sous seuil permet de confirmer qu'elle est cohérente avec le modèle de Poole-Frenkel et d'en extraire certains paramètres comme la distance entre les pièges et l'énergie d'activation des matériaux. Les matériaux à haute tension de commutation sont aussi ceux qui présentent les énergies d'activation les plus élevées. A part GSSNE, tous les alliages GeSbSeN supportent une endurance de 10 8 cycles. La dérive au cours du temps des tensions de commutation est mesurée avec des délais compris entre 1µs et 100s. Le coefficient de dérive est plus important pour les matériaux avec concentration de germanium intermédiaire, qui présentent une hausse de leur tension de commutation d'environ 0.25 V après un délai de 10 ans. Les mécanismes de dégradation des dispositifs sont analysés grâce à des dispositifs adaptés aux mesures Raman in situ. C'est-à-dire que l'électrode supérieure est remplacée par un oxyde transparent dans le visible et conducteur [START_REF] Cruz | Optoelectronic Performance of TCO on Silicon Heterojunction Rear-Emitter Solar Cells[END_REF]. Cette intégration permet de suivre l'évolution du matériau effectivement intégré dans les dispositifs au cours du cyclage. Il est démontré que la défaillance observée dans les dispositifs est liée à une forte ségrégation du matériau qui comporte, après dégradation liée au cyclage, des cristallites riches en germanium et d'autres riches en antimoine.

Etude des matériaux SiSbSeN

L'influence de l'ajout de silicium et d'azote dans Sb 3 Se 7 est étudiée dans cette partie. La concentration de silicium augmente de SSSNA jusqu'à SSSNC. Les analyses physico-chimiques menées sur des échantillons recuits montrent que la stabilité thermique de SSSNB est plus importante que celle de SSSNA. Le matériau SSSNC montre des hétérogénéités visibles à l'oeil nu, suggérant que la proportion de silicium est trop importante et a dégénéré la couche. La Fig. 6.20 rapporte les paramètres électriques des trois matériaux à base de SiSbSeN. Les tendances observées ne sont pas aussi franches que dans le cas des alliages GeSbSeN et la variabilité entre les dispositifs observée sur les dispositifs Sb 3 Se 7 n'est pas réduite de manière aussi spectaculaire par l'ajout de silicium que par l'ajout de germanium. L'endurance est mesurée sur SSSNA et atteint au moins 10 7 cycles avec une augmentation du courant de fuite d'une décade entre la troisième et la septième décade. L'avantage de l'ajout de silicium par rapport au germanium est que les dispositifs testés ne présentent pas de dérive de leur tension de commutation. 

Etude des matériaux GeAsSeN

Dans cette partie, l'influence de l'introduction de germanium et d'azote dans As 2 Se 3 est investiguée. L'alliage GASNA a une faible concentration en germanium quand GASNC en a une forte. Sur les spectres Raman des échantillons après dépôt et après recuit à 400 • C, peu de changements sont observés pour l'ensemble des matériaux, suggérant une haute stabilité thermique des matériaux à base de GeAsSeN. La Fig. 6.21 présente les paramètres électriques de base. Une nette tendance concernant l'augmentation des tensions de commutation avec la concentration en ger- 

Etude de l'influence de la structure multicouche sur la fiabilité des dispositifs

Dans les parties précédentes, l'importance de la composition sur les paramètres électriques a été abordée. Des optimums de composition ont été isolés mais la variabilité entre les dispositifs demeure élevée. La défaillance des dispositifs est attribuée à la formation de cristallites conductrices ou, dans une moindre mesure, à une ségrégation d'atomes de sélénium ou de germanium. Avec la structure en multicouche, l'objectif est de retarder l'évolution du matériau tout en simplifiant le processus de déposition qui se ferait alors en déposant une alternance de couches moins complexes. Une amélioration des performances, et notamment de la variabilité entre les dispositifs est attendue.

Matériaux sélectionnés pour l'étude

Parmi les matériaux sélectionnés pour l'étude, il y a des lots de couche de composition GeSbSeN, GeAsSeN et GeAsSeSiN. L'épaisseur (et donc le nombre de couches dans les dispositifs) est un paramètre adaptable, de même que le taux l'azote dans les couches de germanium.

Etude des multicouches à base de GeSbSeN

Les multicouches GeSbSeN sont fabriquées à partir des cibles Sb Une analyses des paramètres électriques montre dans la Fig. 6.23 que les tensions de commutation des multicouches sont dans une gamme similaire à celle du matériau GSSN de référence mais avec une variabilité réduite. Le matériau MLA montre une excellente endurance mais une stabilité en température limitée. Les couches GeN plus épaisses du matériau MLC permettent d'atteindre une meilleure stabilité thermique. Avec le matériau optimisé MLO, les performances du GSSN sont dépassées : MLO fonctionne jusqu'à au moins 160 • C et après un recuit de 3 heures à 400 • C quand les dispositifs GSSN rapportent une perte de fonctionnalité et une variabilité de la tension de commutation d'environ 1 V après seulement 30 min à 400 • C. Les mesures TEM montrent que même si l'empilement multicouche n'est pas maintenu après le recuit, les motifs de nano-diffraction ne montrent pas de présence de cristallites, contrairement au GSSN de référence. Les performances supérieures du MLO sont maintenue même lorsque la taille du dispositif est réduite à 50 nm.

Etude des multicouches à base de GeAsSeN

Les multicouches GeAsSeN sont fabriquées avec les cibles As 2 Se 3 et Ge pur. Les matériaux à couches fines ML1 et ML2 ne montrent pas d'évolution significative dans leurs spectres Raman avec un recuit à 400 • C mais ML3 est endommage par le recuit. La variabilité de la tension de commutation des multicouches ML1 et ML2 est réduite par rapport à la référence GASN. De même, les courants de fuite des dispositifs sont extrêmement réduits pour les multicouches, reportant, 0.01 nA environ pour ML1.

Etude des multicouches à base de GeAsSeSi

La multicouche ML-GASS a été obtenue par déposition alternée de couches de Ge-AsSeSi et de couches de germanium dope azote. Les tests physico-chimiques montrent que ML-GASS peut soutenir un recuit jusqu'à 400 • C quand GASS montre des évolutions comme un affinement des pics sur le spectre infrarouge à partir de 300 • C. Les énergies d'activation de dispositifs vierges, c'est-à-dire avant initialisation, et après quelques cycles sont calculées à partir des courbes IV en sous seuil. Il est démontré que l'initialisation impacte le matériau de matière irréversible et que la baisse de l'énergie d'activation des dispositifs cycles est probablement liée à une modification du matériau composant le canal, c'est-à-dire le volume qui subit la commutation ovonique. La solution multicouche permet d'augmenter la température de fonctionnement de 250 • C à au moins 300 • C avec une variabilité des paramètres électriques faibles. Il est démontré que les deux matériaux, la référence GASS et le multicouche ML-GASS, fonctionnent, malgré une perte de performances, après un recuit de 3 heures à 400 • C. La dérive est mesurée sur les dispositifs après fabrication et après recuit et le multicouche rapporte une faible dérive après recuit quand la référence rapporte, certes, une faible dérive mais également, une variabilité de 3V entre les dispositifs après seulement 10 secondes de délai.

L'endurance du multicouche est supérieure à celle de la référence de trois ordres de grandeur. L'intégration du matériau ML-GASS avec une PCM standard à base de GST225 est démontrée fonctionnelle avec une fenêtre de lecture entre l'état SET et l'état RESET de la PCM de plus d'un volt.

Discussion, conclusions et perspectives

Au cours de ce manuscrit, des analyses physico-chimiques et électriques ont été réalisées sur une large gamme de matériaux. L'influence de leur composition et de leur structure a été étudiée grâce à une mesure systématique de paramètres cruciaux, ce qui permet leur comparaison. Dans cette dernière partie, les résultats principaux sont résumés, des corrélations entre différents paramètres sont fournies et des perspectives à propos de prochains travaux sont abordées.

Démonstration de la commutation ovonique des alliages binaires SbSe et AsSe

La commutation ovonique a été démontrée pour les alliages binaires SbSe et AsSe. Une réduction de la tension de commutation est souvent associée a une augmentation du courant de fuite, comme le suggère la Fig. 6.24. L'excès de sélénium dans l'alliage Sb 3 Se 7 le place en cohérence avec les alliages plus conducteurs à base de tellure. Au contraire, l'alliage As 2 Se 3 se détache réellement des autres matériaux en permettant d'atteindre un courant de fuite extrêmement faible avec une tension de commutation modérée. Ces résultats permettent d'ouvrir la réflexion concernant l'origine de la commutation dans les alliages à base de GeSbSe et GeAsSe qui ne serait pas supportée exclusivement par le réseau de liaisons Ge-Se. V th (V) Fig. 6.24. Corrélation entre la tension de commutation et le courant de fuite de verres à base de sélénium et de tellure, issus de la littérature [START_REF] Avasarala | Doped GeSe materials for selector applications[END_REF][START_REF] Verdy | Improved Electrical Performance Thanks to Sb and N Doping in Se-Rich GeSe-Based OTS Selector Devices[END_REF][START_REF] Koo | Te-based amorphous binary OTS device with excellent selector characteristics for x-point memory applications[END_REF][START_REF] Wang | Performance Improvement of GeTex-Based Ovonic Threshold Switching Selector by C Doping[END_REF].

Corrélations des paramètres électriques étudiés pour les différents matériaux

La corrélation observée dans les alliages binaires entre la tension de commutation et le courant de fuite est aussi vérifiée pour les alliages ternaires et quaternaires comme le rapporte la Fig. 6.25. La Fig. 6.26 rapporte qu'un compromis doit être trouve pour maximiser la taille de la fenêtre de lecture de la mémoire à changement de phase et la taille de la matrice crossbar. Dans cette partie, l'influence de la composition sur les paramètres électriques et le rôle des différents éléments d'ajout ont été mis en avant.

C'est-à-dire que l'ajout de germanium dans Sb 3 Se 7 augmente la stabilité thermique des matériaux tout en augmentant leur tension de commutation. Les matériaux basés sur l'alliage AsSe rapportent une stabilité thermique de base supérieure à celle des alliages à base de SbSe. L'ajout de germanium ou de silicium dans Sb 3 Se 7 en présence d'azote permet de réduire la variabilité de dispositif à dispositif. 

La solution multicouche

Dans la partie précédente, un optimal de composition pour GeSbSeN a été identifié. Cependant, la stabilité thermique et la variabilité entre les dispositifs peuvent être encore augmentées. La solution du dépôt multicouche permet d'accéder à une manière alternative d'augmenter les performances des dispositifs OTS sans augmenter la complexité de la composition. Des tendances similaires concernant l'évolution du courant de fuite par rapport à la tension de commutation sont mises en évidence. Cependant, il est possible d'adapter ces paramètres en modifiant le nombre de couches (et donc leur épaisseur) ainsi que le taux d'azote dans les couches de germanium. Avec uniquement deux boucles d'optimisation, une réduction de la variabilité de la tension de commutation et du courant de seuil d'un facteur huit a été accomplie. Ces améliorations sont également visibles sur les matériaux multicouches à base de GeAsSe et de GeAsSeSi. 

Perspectives d'études grâce aux cibles sociométriques

Fig. 1 .

 1 Fig. 1.1. Von-Neumann architecture: the memory unit, composed by the main memory (RAM) and the data storage are spacially separated from the logic unit (CPU). Data travel thank to buses between logic and memory functions [3].

Fig. 1 . 3 .

 13 Fig. 1.3. 2019 Memory Market classified by technology. The total stand alone market represents, in 2019, ∼ $111B.The part of emerging non-volatile memories is only 0.5% with ∼ $502M. This niche market is dominated by PCM with 86% of the revenues in 2019, followed by MRAM at 13% and RRAM with only 1%[START_REF] Bertolazzi | Emerging Non-Volatile Memory 2020[END_REF].

Fig. 1 .

 1 Fig. 1.4. High Bandwidth Memory (HBM) scheme [3]. HBM gather 3D-stacked Dynamic Random Access Memory (DRAM) for high-speed computer memory with low consumption applications.

Fig. 1 . 8 .

 18 Fig. 1.8. Summary of PCM operation. a) Cross-sectional schematic of the conventional mushroomtype PCM cell. The electrical current passes through the phase-change material between the top electrode and the heater. Current crowding at the heater to phase-change material contact results in a programmed region illustrated by the mushroom boundary. b) PCM cells are programmed and read by applying electrical pulses, which change the phase-change layer temperature accordingly.A fast (∼50 ns) high-temperature pulse is used to amorphize the PCM into the high resistance reset state, while a long (∼100 ns10µs) medium-temperature pulse above the crystallization temperature is used to crystallize the PCM into the low-resistance set state. Read does not generate much heat/temperature in the phase-change layer[START_REF] Fong | Phase-Change MemoryTowards a Storage-Class Memory[END_REF].

Fig. 1 . 9 .

 19 Fig. 1.9. Summary of the OxRAM operation. a) Cross-sectional schematic of Graphene electrodebased cell. The voltage is applied on the TiN and graphene electrodes and the resistance of the device depends on the state of the oxygen vacancy filament. b) OxRAM cell is programmed by applying either negative or positive voltage on its electrode. A positive voltage on the TiN electrode initiate the oxygen vacancy filament formation process and leads to a Set state. A negative voltage on the TiN electrode dissolves the filament and establishes the Reset state. The reading is performed using a small voltage pulse and the read current determines the state of the cell [35].

Fig. 1 . 10 .

 110 Fig. 1.10. Summary of the STT-MRAM operation. a) Scheme of a STT-MRAM cell including a NMOS transistor and a Magnetic Tunnel Junction (MTJ) in series. b) MTJ logic states.When the magnetization directions are parallel the reading current is low and represents a logic "0". When they are anti parallel, it stands for a logic "1". The free ferromagnetic layer, in blue, is programmed using positive voltage either on the bit line (BL) or the source line (SL)[START_REF] Farkhani | STT-RAM write energy consumption reduction by differential write termination method[END_REF].

Fig. 1 . 13 .

 113 Fig. 1.13. Taxonomy of selection element devices [49].

Fig. 1 . 14 .

 114 Fig. 1.14. Structure of a NPN planar bipolar junction transistor [50]

Fig. 1 .

 1 Fig. 1.15. a) Negative bias on the top electrode (TEC) pulls Cu+ ions away from the bottom electrode (BEC), leaving vacancies that act as acceptors. Electrochemistry induces a gradient in hole density, exponentially dependent on bias, which then drives steady-state hole current. Large current densities are possible because the fraction of displaceable Cu atoms is high [58] b) Endurance of an integrated PCM+MIEC device pair to >100k cycles, with RESET currents >200 µA and 5 µs-long SET pulses (∼90 µA). No access device degradation had occurred at the time testing was terminated [57].

Fig. 1 . 16 .

 116 Fig. 1.16. Schematic diagrams explaining switching characteristics of Ag/a-Si based TS device at different current compliances. (a) Stable thick filament formed at high Icomp(>100 µA) results in memory switching. (b) Unstable thin filament formed at low Icomp (≥10 µA) and (c) high diffusivity of the Ag atoms in a-Si result in spontaneous rupture of the filament and hence the threshod switching [62].

Fig. 1 . 18 .

 118 Fig. 1.18. Reading strategies schematic diagram for several selector technologies: a) Threshold Switch, b) Ovonic Threshold Switch and c) Mixed-Ionic-Electronic-Conduction switch. MEM x : programming state of the memory, SEL: selector [76].

Fig. 1 . 19 .

 119 Fig. 1.19. The threshold voltage calculation. High OTS threhsold voltage is required to have large reading and programming window [78].

Fig. 2 . 1 .

 21 Fig. 2.1. Bonding characteristics: the absence of Peierls distortion enable metallic delocalized bonds while strong distortion create localized covalent bonds. A low Peierls distorsion leads to metavalent bonds present in phase change materials, adapted from [94].

Fig. 2 . 2 .

 22 Fig. 2.2. Ternary diagram of the compared IV-V-VI glasses. (Squares: GeAsSe, circles: GeSbSe, upward triangle: GeAsTe, downward triangle: GeSbTe.) The glass-forming regions are shown only schematically. The stoichiometric tie-line is also indicated [101].

Fig. 2 . 3 .

 23 Fig. 2.3. Raman spectra of Sb 46.5 Sb 53.5 as deposited and after annealing at 300 • C, adapted from [104].

Fig. 2 . 4 .

 24 Fig. 2.4. Raman spectra for the Sb 2 Se 3 thin films of thickness. 200 nm, b) 500 nm, c) 600 nm and d) 720 nm [105].

Fig. 2 . 5 .

 25 Fig. 2.5. Far Infrared spectra of Sb 10 Se 90 glassy alloy, adapated from [110].
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 2627 Fig. 2.6. Raman spectra of bulk samples in As-Se system [112]. Fig. 2.7. Raman spectra for the compositions As x Se 1-x (0.0≤x≤0.50). Error bars shows a typical standard deviation [113].

Fig. 2 . 8 .

 28 Fig. 2.8. Far-infrared spectra of bulk glasses As 2 Se7 and As 2 Se 3 , adapted from [115].

Fig. 2 . 9 .

 29 Fig. 2.9. Infrared transmission spectra of glassy Se containing As as well as pure Se. Sample thickness (a) 0.07mm, (b) 0.07mm, (c) 0.033mm [116].

Fig. 2 . 10 .

 210 Fig. 2.10. Comparison of the normalized reading window ∆V th and maximum matrix size, considering an OTS+PCM architecture [102].

Fig. 2 . 11 .

 211 Fig. 2.11. Performance comparison for doped As-SeGe devices. In doped AsSeGe devices preserve the performance integrity without suffering unpleasant trade-off [71].

Fig. 2 . 12 .

 212 Fig. 2.12. Commutation mechanisms sugested by the literature: a) Purely electric commutation [121]. a represents the OFF state where the near conduction band level is empty and b represents the ON state where electrons can tunnel transfer to this level and the resulting inhomogeneity of the electric field and triggering of the commutation, b) Field-induced nucleation[START_REF] Karpov | Nucleation switching in phase change memory[END_REF], the cylindrical nucleus grows inside the material thanks to the electric field application E 0 and c) Thermal assisted switching[START_REF] Gallo | Evidence for thermally assisted threshold switching behavior in nanoscale phase-change memory cells[END_REF], the self-powered mechanism is reported.

Fig. 2 .

 2 Fig. 2.13. a) Measured and calculated (thanks to eq. 2.1) I-V subthreshold characteristics for various temperatures and b) calculated potential profile, from the point of view of an electron (red bar), between localized states I and II for increasing applied electric field F [121].

Fig. 2 .

 2 Fig. 2.14. a)Channel radius as a fonction of the applied current (steady state current)[START_REF] Adler | The mechanism of threshold switching in amorphous alloys[END_REF] and b) variation of device resistance with device area before and after forming[START_REF] Coward | Experimental evidence of filament forming in non-crystalline chalcogenide alloy threshold switches[END_REF]. This results may not be relevant when the device size is reduced to few tens of nanometers.

Fig. 2 .

 2 Fig. 2.15. a) Measured and Poole-Frenkel model based fitted IV curves of initial forming and subsequent switching characteristics for SiTeAsGe OTS device. b) Plot of OTS thickness and off-current at 1 V for pristine state and post-formed state devices. c) Schematic for pristine state and post-formed state potential profiles and energy distribution of the electrons based on PF model fitting parameter [132].

Fig. 2 .

 2 Fig. 2.16. a) Low-energy aging V th drifts up in aGeSe and b) Increase of mobility gap with time [138]
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 2218 Fig. 2.17. V th measurement protocol pulse (applied and measured pulses are shifted for more clarity). The different parts of the curve used for parameters extraction and extrapolation are identified.

Sb 3

 3 Se 7 and Sb 2 Se 3 are compared using Raman and infrared spectroscopy.
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 3131332 Fig. 3.1. Raman spectra of Sb 3 Se 7 as deposited (AD) and after annealing up to 400 • C. The main features are Sb-Se (at 190 cm -1 and 214 cm -1 [105, 106], Se-Se (at 250-254 cm -1 [106, 108, 109] and 110-120 cm -1 [106, 108, 109] and Sb-Sb (at 150-160 cm -1 [106, 148]. The initial features are destabilized by annealing and the likely material observed after 400 • C annealing is Sb 2 Se 3 +Se.
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 3533 Fig. 3.3. FTIR spectra of as deposited and annealed Sb 3 Se 7 . After annealing at 155 • C, the material shows strong shift of its Sb-Se feature (at 180 cm -1 [110, 152]), suggesting important atomic reorganisation in the layer.

Fig. 3 . 4 .

 34 Fig. 3.4. Raman spectra of As 2 Se 3 as deposited and after annealing. The main features are attributed to As-Se (at 223 cm -1[START_REF] Corredor | Structural interpretation of the infrared spectrum of a Sb0.05As0.45Se0.50 glassy semiconductor[END_REF][START_REF] Kovanda | Structure of AsSe and AsPSe glasses studied by Raman spectroscopy[END_REF][START_REF] Gan | Analysis of Raman Spectra of GeAsSe Glass Using Different Peak-fitting Method[END_REF]) and Se-Se (at 236 cm -1[START_REF] Mori | Raman Scattering in Amorphous As-Se System[END_REF][START_REF] Kostadinova | Structure and vibrational modes of AgI-doped AsSe glasses: Raman scattering and ab initio calculations[END_REF] and 260 cm -1[START_REF] Mori | Raman Scattering in Amorphous As-Se System[END_REF]). The feature at 303 cm -1 could not be attributed to As-As, As-Se or Se-Se bonds.

Fig. 3 . 5 .

 35 Fig. 3.5. FTIR spectra of As 2 Se 3 as deposited and after anneling up to 400 • C. The main features are related to As-Se bonds. The feature at 219 cm -1and 264 cm -1 corresponds to AsSe 3/2 pyramids[START_REF] Khan | Investigation of temperature dependent optical modes in GexAs35xSe65 thin films: Structure specific Raman, FIR and optical absorption spectroscopy[END_REF][START_REF] Munzar | Far-infrared spectra and bonding arrangement in GeAsSSe glasses[END_REF][START_REF] Kato | Far Infrared Spectra in (As2Se3)1-x(Sb2Se3)x Glasses[END_REF]. A degradation the the layer is observed after annealing at 400 • C.
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 36 Fig. 3.6. Scheme of tested single devices.

Fig. 3 . 7 .

 37 Fig. 3.7. IV characteristics of SbSe before initialization (i.e. virgin devices), after initialization (i.e. after forming) and after 10 pulses.

Fig. 3 .

 3 Fig. 3.8. a) As 2 Se 3 linear scale IV characteristic for initialization step and 10 th cycle for As 2 Se 3 single device b) IV characteristic of AsSe after 10 cycles with a logarithmic scale.

Fig. 3 .

 3 Fig. 3.9. a) I off measured on virgin devices, after forming and after 10 pulses. b) Measured V fire and V th with protocol explained in Chapter 2. The first commutation reports a higher voltage than the 10 following ones.
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 310311 Fig. 3.10. Experimental and computed thanks to eq. 2.1 IV characteristics performed at operating temperatures from 77 to 330 K for SbSe.

Fig. 3 .

 3 Fig.3.10 and Fig.3.11 report the experimental IV characteristics in temperature between 77 K and 330 K for one single device per temperature. The Poole-Frenkel fits are also reported and corresponds to the linear regression of eq. 2.1.The extrapolated current at V=0, called intercept, and the β PF values are reported in Table3.1. The intercept value, which is correlated to the leakage current, increases with temperature, meaning that the IV characteristics of SbSe devices are shifted to higher leakage current. The subthreshold slope, β PF decreases with temperature, meaning that the device demonstrate lower subthreshold non linearity with temperature increase. For AsSe devices, tendencies are less clear. The intercept shows an increasing trend but less marked than SbSe. β PF presents values around 10 -12 , independently from the operating temperature, suggesting that the subthreshold non linearity of AsSe is not strongly correlated with temperature.The activation energy could be extracted from these quasistatic curves. E m , the energetic barrier the carriers need to cross from a localized state to the other when

Fig. 3 .

 3 Fig. 3.12. a) Example of E m extraction for V=2 V for SbSe. E m corresponds to the slope of the linear regression of ln(I/V) as a function of 1/kT, and b) Activation energy E a computation thanks to extrapolation V=0 of data between 1.1 and 2 V.

Fig. 3 .

 3 Fig. 3.13. a)Example of E m extraction for V=2 V for AsSeb)Activation energy E a computation thanks to extrapolation V=0 of data between 0.5 and 2 V (Extrapolation 1) and 1.1 and 2 V (Extrapolation 2).

Fig. 4 . 1 .

 41 Fig. 4.1.Raman spectra of as-deposited materials. Main feature at 200 cm -1 is the result of the convolution of Sb-Se (at 190 cm -1 ) and Ge-Se vibrations (at 200 and 210 cm -1 ). Increasing Ge content from composition GSSNA to GSSNE, we observe a decrease of Se-Se mode (at 245-265 cm -1 ) and an increase of Sb-Sb mode (at 160 cm -1 )[START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF][START_REF] Jackson | Raman-active modes of a GeSe 2 and a GeS 2 : A first-principles study[END_REF][START_REF] Baudet | Structural analysis of RF sputtered Ge-Sb-Se thin films by Raman and X-ray photoelectron spectroscopies[END_REF].

  Fig. 4.2.Raman spectra for GSSNA, GSSNC and GSSNE samples as-deposited and after annealing at 400 • C. Results from layers GSSNB and GSSND are not reported for sake of clarity, being the results obtained for GSSNB close to GSSNA, and for GSSND close to GSSNC. A strong Se segregation is observed in GSSNA leading to important material degradation. Annealing reduces Se segregation in GSSNC by slightly increasing the Ge-Se content. Material GSSNE stays stable after annealing.

Fig. 4 . 3 .

 43 Fig. 4.3.FTIR spectra of as deposited materials. Main features are identified to be related to Sb-Se at 201 cm -1[START_REF] Goyal | Far-infrared absorption in amorphous Sb15GexSe85 -x glasses[END_REF], Ge-Se at 250-300 cm -1[START_REF] Sharda | Finger prints of chemical bonds in SbSeGe and SbSeGeIn glasses: A Far-IR study[END_REF][START_REF] Goyal | Far-infrared absorption in amorphous Sb15GexSe85 -x glasses[END_REF][START_REF] Dwivedi | Raman study of ion irradiated GeSe films[END_REF] and N-related bonds above 590 cm -1[START_REF] Prazakova | Temperature driven structural evolution of Ge-rich GeSbTe alloys and role of N-doping[END_REF][START_REF] Buckeridge | N incorporation and associated localized vibrational modes in GaSb[END_REF][START_REF] Shiraishi | Optical and electrical properties on transparency a-SbN films[END_REF][START_REF] Chambouleyron | Nitrogen in germanium[END_REF][START_REF] Andrews | Reactions of Selenium in a Quartz Discharge Tube. Infrared Spectra and Density Functional Theory Calculations of New SeleniumNitrogen and SeleniumSilicon Species in Solid Argon[END_REF].

Fig. 4 . 4 .

 44 Fig. 4.4.FTIR spectra for GSSNA, GSSNC and GSSNE samples as deposited and annealed at 400 • C. GSSNA material is degraded by the 400 • C annealing, as show the Sb-Se and Ge-Se features. Considering the N-related bonds, annealing tends to reduce the number of different features favouring stable Ge-N or GeSeN bonds[START_REF] Chambouleyron | Nitrogen in germanium[END_REF].

  Fig. 4.5.XRD spectra for materials GSSNA to GSSNE annealed at 400 • C. GSSNB and GSSND spectra match GSSNA and GSSNC spectra respectively (not reported). GSSNE remains perfectly amorphous after annealing (i.e. no crystalline patterns). Peaks detected in the other samples are attributed to Sb 2 Se 3 crystalline phase (orthorhombic Pnma (62) space group of ICDD database).
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 424647 Fig.4.6. V fire , V th , V sat measured for all GeSbSeN devices before and after annealing at 400 • C. The values of V th and V sat are collected after 1000 cycles (to confirm the device reliable functionality and stable cycle-to-cycle parameters). Error bars represent the min and max for the measured values.

Fig. 4 .

 4 Fig. 4.10 reports median I-V characteristics after 10 cycles for as fabricated GeSbSeN devices. Experimental data are in agreement with Poole-Frenkel conduction. The intertrap distance and activation energy E a[START_REF] Ielmini | Analytical model for subthreshold conduction and threshold switching in chalcogenide-based memory devices[END_REF] are extracted from to the following relations.

Fig. 4 . 8 .

 48 Fig. 4.8. I off as a function of V th for GeSbSeN devices, extracted from Fig. 4.6 and Fig. 4.7, before and after annealing at room temperature.

Fig. 4 .

 4 Fig. 4.10. a) Median I-V characteristics with Poole-Frenkel fits, b) Intertrap distance calculated with eq. 4.1 and, c) Activation energy E a calculated from eq. 4.2, all at room temperature.

Fig. 4 .

 4 Fig. 4.11.Endurance results for GeSbSeN devices. We applied a sequence of 10 8 pulses (rise time-width time-fall time equal to 20 ns-300 ns-20 ns) with a specific V on selected for each material following (V on = V th increased by about 15%). I off variation along cycling (in orders of magnitude) is reported as a function of the variation of V th in %.

Fig. 4 . 12 .

 412 Fig. 4.12. Evolution along cycles of I on and I off for the five materials.

Fig. 4 .

 4 Fig. 4.13.V th cycle-to-cycle variation measured along 100 switching operations, after 10 4 cycles. The V th variation (y-axis) is calculated as the difference between V th measured at i-th cycle (V th (i)) and the mean value of V th calculated for the 100 consecutive cycles (V th ). The transparent curves represent the error bars (min and max measured values) for each pulse.
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 4415416 Fig. 4.14. V th measured after 1 µs, 10 µs, 100 µs,1 ms, 10 ms, 10 s and 100 s delay. Dashed lines represent the fitting curves obtained using eq. 4.5.

Fig. 4 .

 4 Fig. 4.17. a) Regular single device integration investigated in the last selections and, b) Schematic device structure (left) and its HAADF image (right) with ITO transparent top electrode to allow Raman observation of the OTS layer.

Fig. 4 .

 4 Fig.4.18. R off , I on and V th along 1000 cycles on a functional device. The first pulse (empty symbol) corresponds to the initialization step of the device. The test was interrupted to perform Raman observations on the device at the following steps: virgin / after forming / after 10 pulses / after 100 pulses / after 1000 pulses (highlighted by gray arrows on the top of the graph).

Fig. 4 . 19 .

 419 Fig. 4.19. Raman spectra of device at different testing steps. Device shows gradual degradation from virgin to after 1000 cycles states: a strong Sb-rich SbSe feature appears along cycling, leading to a likely partial crystallization of the layer.

Fig. 4 . 20 .

 420 Fig. 4.20. Raman spectra of as deposited and annealed full sheets up to 550 • C. A shoulder corresponding to Sb-rich SbSe increases with annealing temperature. Full sheet material shows low temperature impact on its Raman spectra.

Fig. 4 . 21 .

 421 Fig. 4.21. XRD spectra of as-deposited and annealed full sheets. Even after a 550 • C annealing, the layers remain amorphous. The tiny features at 14-16 • correspond to Sb 2 Se 3 clusters (ICDD database, index card 01-083-7429, Sept. 2021).

Fig. 4 . 22 .

 422 Fig. 4.22.Raman peak intensity of Ge-Se and Sb-Sb features with respect to Sb-Se one (190 cm -1 ), respectively for devices (left) and for full sheet layers (right). Both features increase with cycles number and for increasing annealing temperature.

Fig. 4 . 23 .Fig. 4 . 24 .

 423424 Fig. 4.23. EDX maps of Ge, Sb and Se. The zones A, B and C are identified to highlight different elemental segregation as reported in Fig. 4.24.

Fig. 4 .

 4 Fig. 4.25. Raman spectra of as deposited materials. Main features at 190 and 210 cm -1 corresponds to Sb-Se vibrations[START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF]. The feature at 254 cm -1 could be attributed to either Se-Se or Si-Se vibrations[START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF][START_REF] Tenhover | Atomic Structure of Si S 2 and Si Se 2 Glasses[END_REF][START_REF] Pradel | Two new polymorphs of silicon selenide (SiSe2): structural investigation by Raman and silicon-29 MAS NMR spectroscopies and relationship with the structure of vitreous SiSe2[END_REF]. This feature is present in all the samples and decreases when the silicon content increases. The Sb-Sb feature[START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF] increases and it widens with the silicon content.

Fig. 4 . 26 .

 426 Fig. 4.26. Raman spectra of as deposited and annealed SSSNA up to 400• C. In as deposited layers, the main feature is related to Se-Se[START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF][START_REF] Goldan | Molecular structure of vapor-deposited amorphous selenium[END_REF][START_REF] Carroll | Raman Scattering of amorphous selenium films[END_REF] or Si-Se vibration[START_REF] Tenhover | Atomic Structure of Si S 2 and Si Se 2 Glasses[END_REF][START_REF] Pradel | Two new polymorphs of silicon selenide (SiSe2): structural investigation by Raman and silicon-29 MAS NMR spectroscopies and relationship with the structure of vitreous SiSe2[END_REF]. At 200 • C, Sb-Se[START_REF] Malligavathy | Growth and characteristics of amorphous Sb2Se3 thin films of various thicknesses for memory switching applications[END_REF][START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF] features becomes dominant. At 300 • C and at higher temperature, heterogeneity of the sample surface is visible even with flaked eyes, suggesting that the material melted and solidified with a dotted shape structure.

Fig. 4 . 27 .

 427 Fig. 4.27. Raman spectra of as deposited and annealed SSSNB up to 400 • C. The main features are related to Sb-Se vibrations (190 and 210 cm -1 [105, 106]) and Se-Se or Si-Se (at 254 cm -1 [106, 108, 109, 179, 180]). Along annealing the Se-Se or Si-Se feature increases. The higher amount of silicon stabilizes the material in temperature.

7 SSNFig. 4 . 28 .

 7428 Fig.4.28. FTIR spectra of as deposited materials. Main features are related to Sb-Se (198 cm -1 ), Si-Se (430 cm -1 ) and Sb-(Se)-N bonds. Some additional features are observable and probably linked to parasitic silicon related features[START_REF] Tolstoy | Handbook of Infrared Spectroscopy of Ultrathin Films: Tolstoy/Infrared Spectroscopy[END_REF].

Fig. 4 .

 4 Fig. 4.29 and Fig. 4.30 reports the evolution of FTIR spectra along annealing up to 400 • C. Like in the Raman spectra, SSSNA shows continuous changes up to 400 • C.The indexation of the features of the FTIR spectra and their evolution along annealing show some inconsistency: in Raman spectrum after 400 • C annealing, the main feature is related to SbSe and in the FTIR spectra, it seems reduced or even absent. Some explanation might come from the fact that a different area of the sample was studied. Both FTIR and Raman spectra of SSSNA show important changes between 300 • C and 400 • C, suggesting that SSSNA presents significant reorganization in its material structure that should impact its electrical properties. For SSSNB, the FTIR spectra show light changes until 400 • C. A decrease of the Si-Se feature may indicate that the increase of the 254 cm -1 feature of SSSNB Raman spectra is indeed related

Fig. 4 . 29 .Fig. 4 . 30 .

 429430 Fig. 4.29. FTIR spectra of as deposited and annealed SSSNA up to 400 • C. Annealing impacts the Sb-Se features (∼190 cm -1 ) that decrease from 100 • C. In 200 • C and 300 • C annealed samples, only parasitic features are observed. At 400 • C, the main feature may be related to Si-H or Si-O [185]. The secondary features are related to Si-Se bonds [181]. Visually, the layers show heterogeneity on their surface from 200 • C.

Fig. 4 . 2 Fig. 4 .

 424 Fig. 4.31. (left) V fire , V th and V sat measured on 30 devices for SSSN materials. The values of V th and V sat are measured on 10 pulses after initialization. Error bars represent the min and max for the measured values. (right) I on , I h and I off at V th /2 for the SSSN devices. I on and I h are measured on 10 pulses after initialization and I off is measured after these 10 pulses.

Fig. 4 .

 4 Fig. 4.32. a) Median IV curves measured after 10 cycles and Poole Frenkel fits of SSSN devices, b) Subthreshold slope (STS) extracted from the IV characteristics, c) Intercept extracted from the IV characteristics. The errors bars represent the min and max computed values.

Fig. 4 . 33 .

 433 Fig. 4.33. V th drift measurement on SSSNA, acquired after 100 cycles with 1 µs, 10 µs, 100 µs, 1 ms and 10 ms delays.

Fig. 4 . 34 .

 434 Fig. 4.34. Endurance measurements on SSSNA. Repeated pulses are 20ns-300ns-20ns with V on .

Fig. 4 .

 4 Fig. 4.35.Raman spectra of GeAsSe alloys, with and without N doping as deposited. For materials without nitrogen doping, the main features are Ge-Se around 173-186 cm -1 (likely Ge 2 Se 6/2 in glassy GeSe 2[186, 187]) and As-Se at ∼ 240 cm -1 (AsSe 3/2 pyramidal units[START_REF] Gan | Analysis of Raman Spectra of GeAsSe Glass Using Different Peak-fitting Method[END_REF][START_REF] Schwarz | Processing and fabrication of micro-structures by multiphoton lithography in germanium-doped arsenic selenide[END_REF]). With N 2 sccm, the Ge-Se feature shifts to higher frequencies (∼ 200 cm -1 ). A Ge-Ge should be visible at 300 cm -1[START_REF] Verdy | Optimized Reading Window for Crossbar Arrays Thanks to Ge-Se-Sb-N-based OTS Selectors[END_REF], in particular in N-doped samples. Such features increase in intensity with Ge content.

Fig. 4 .

 4 Fig. 4.36.Raman spectra of as deposited and annealed up to 400 • C GeAsSe materials. The features observed in annealed samples are equivalent to the ones as deposited, meaning Ge-Se at ∼ 180 cm -1[START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF][START_REF] Baudet | Structural analysis of RF sputtered Ge-Sb-Se thin films by Raman and X-ray photoelectron spectroscopies[END_REF] and As-Se at ∼ 240 cm -1 with Ge-Ge shoulder at 300 cm -1[START_REF] Corredor | Structural interpretation of the infrared spectrum of a Sb0.05As0.45Se0.50 glassy semiconductor[END_REF][START_REF] Kovanda | Structure of AsSe and AsPSe glasses studied by Raman spectroscopy[END_REF][START_REF] Gan | Analysis of Raman Spectra of GeAsSe Glass Using Different Peak-fitting Method[END_REF]. The thermal stability of this three samples at 400 • C is validated by the small changes in their Raman spectra.

Fig. 4 . 37 .

 437 Fig. 4.37. Raman spectra of as deposited and annealed up to 400 • C of GeAsSeN materials.The features observed after annealing are equivalent to the ones as deposited. With annealing, the Ge-Se feature shifts to higher frequencies, increasing indeed the intensity of the spectra maximum around 230 cm -1 . Samples show thermal stability at least up to 400 • C.

Fig. 4 Fig. 4 .

 44 Fig. 4.38.FTIR spectra of GeAsSe alloys, with and without N doping as deposited. For materials without nitrogen doping, the main feature is As-Se at 224 cm -1[START_REF] Corredor | Structural interpretation of the infrared spectrum of a Sb0.05As0.45Se0.50 glassy semiconductor[END_REF][START_REF] Kovanda | Structure of AsSe and AsPSe glasses studied by Raman spectroscopy[END_REF][START_REF] Gan | Analysis of Raman Spectra of GeAsSe Glass Using Different Peak-fitting Method[END_REF]. A small Ge-Se shoulder at 300 cm -1 is also observed and contributes to the peak asymmetry. With N 2 sccm, the two modes of Ge-Se vibrations (300 and 340-350 cm -1 ) appear a well as the N related features at 690 cm -1 for Ge-N and 751 cm -1 for GeSeN[START_REF] Chambouleyron | Nitrogen in germanium[END_REF].

Fig. 4 .

 4 Fig.4.39. FTIR spectra of GeAsSe materials as deposited and after annealing at 400 • C. The Ge-Se shoulder at 300 cm -1 becomes more visible with annealing and some GeSeN features (∼780 cm -1 ) appear. GeSeN features are related to an incorporation of nitrogen in the layer, through the porous encapsulation carbon layer, during the annealing process, because of the constant N flow within the annealing chamber.

  Fig. 4.40.FTIR spectra of GeAsSeN materials as deposited and after annealing at 400 • C. The As-Se features become more defined with annealing in GASNA and GASNB while they are not really impacted in GASNC. The N related features above 600 cm -1 are highly shifted with annealing, suggesting an important rearrangement of the material structure around the GeSeN network.

Fig. 4 .

 4 Fig. 4.41. (left) V fire , V th and V sat (right) I on , I h and I off measured for all GeAsSe devices as fabricated. The parameters are collected after 5 cycles (to confirm the device reliable functionality). Error bars represent the min and max for the measured values.
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 4443 Fig. 4.42. (left) V fire , V th and V sat (right) I on , I h and I off measured for all N doped GeAsSe devices as fabricated. The parameters are collected after 5 cycles (to confirm the device reliable functionality). Error bars represent the min and max for the measured values.

Fig. 4 .

 4 Fig. 4.44.Maximum cycles number reached on a population of 12 devices depending of the pulse duration at V on (∼ V th + 15% of V th ). The empty symbols represent an extrapolation of the maximum endurance that the materials could reach using a pulse duration of 10 ns (N@ 10 ns). GASNA devices did not reach more than 5 cycles for the 10 -2 s and 10 -6 s pulses experiments.

Fig. 5 . 1 .

 51 Fig. 5.1.Comparison between a bulk GSSN and multilayers MLA, MLB and MLC. The thickness of the all OTS layer is kept constant between bulk and multilayers. The composition of individual layers is the same, only their thickness (and thus their number) varies between MLA and MLC.

Fig. 5 . 2 .

 52 Fig.5.2. FTIR spectra of GSSN and multilayers (top) as deposited and (bottom) after a 400 • C annealing. The peak at 266 cm -1 corresponds to GeSe 4 which is priviledged in multilayer structure while the shoulder at 300 cm -1 should correspond to GeSeGe[START_REF] Goyal | Far-infrared absorption in amorphous Sb15GexSe85 -x glasses[END_REF][START_REF] Sharma | Far-infrared study of amorphous Ge0.17Se0.83-xSbx chalcogenide glasses[END_REF] that is more intense in bulk GSSN. After annealing, GSSN bond network evolves to a structure comparable to multilayers.

Fig. 5 . 5 Fig. 5 . 3 .Fig. 5 . 4 .

 555354 Fig.5.[START_REF] Bertolazzi | Emerging Non-Volatile Memory 2020[END_REF] shows Raman spectra for GSSN and ML as deposited and after annealing. The major band around 200 cm -1 is the convolution of Ge-Se and Sb-Se that is present in both bulk and ML structures. The band near 160 cm -1 can be assigned to vibration mode of a Sb-Sb. In the case of ML this mode remains stable even after annealing, that could be linked to the structure of SbSe involving Se 2 Sb-SbSe 2 features[START_REF] Kau | A stackable cross point Phase Change Memory[END_REF][START_REF] Baudet | Structural analysis of RF sputtered Ge-Sb-Se thin films by Raman and X-ray photoelectron spectroscopies[END_REF]. The presence of amorphous Ge layers, and the unchanged ML associated spectra after annealing, support the integrity of the ML under thermal stress.The inter-layers interaction, the stoichioemtry and the selective N doping in Ge+SbSe-based OTS multilayers lead to a higher control of the material structure and of its thermal stability with respect to standard bulk GSSN. Fig.5.5 presents the Raman and FTIR spectra of multilayers with increasing N-doping rate and equivalent layer thickness. The same bands observed previously in Fig.5.[START_REF] Bertolazzi | Emerging Non-Volatile Memory 2020[END_REF] and Fig.5.2 are also present in ML-N, ML-N+ and ML-N++. The germanium environment is influenced by the increasing nitrogen doping rate. When more N is introduced in the layer, there are more Ge-N bonds, as shown in the infrared spectra. It leads to lower Ge-Ge homopolar bonds and slightly lower Sb-Sb bonds. As seen in the previous paragraph, Ge-Se and Ge-N bonds are improving the mul-

Fig. 5 .

 5 Fig. 5.5. a)Raman spectra of ML-N, ML-N+, and ML-N++ as deposited. All spectra are normalized using the main feature at 200 cm -1 from correlation of [SbSe 3/2 ] and [GeSe 4/2 ] features. Homopolar Sb-Sb bonds are part of the more complex feature (Se 2 )Sb(Ge)-Sb(Se 2 )[START_REF] Kau | A stackable cross point Phase Change Memory[END_REF][START_REF] Baudet | Structural analysis of RF sputtered Ge-Sb-Se thin films by Raman and X-ray photoelectron spectroscopies[END_REF]. The increase of N content leads to a decrease of a-Ge and Sb-Sb features. b) FTIR spectra of ML-N, ML-N+, and ML-N++ as deposited. The feature at 266-300 cm -1 corresponds to GeSe 4 and GeSeGe modes. The main peak at 690 cm -1 corresponds to Ge-N bonds and increases with nitrogen doping rate.

Fig. 5 . 6 .

 56 Fig. 5.6. Subthreshold IV characteristics before and after firing for GSSN and multilayers (only median curves are shown) (left). Subthreshold conductivity slope β PF is calculated for all the samples (right).
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 54285 Fig.5.7. V fire and V th after 10 4 and 10 8 cycles for GSSN and multilayers. GSSN shows higher V fire and V th values and higher variability with respect to multilayers. SbSe parameters are shown only up to 10 2 cycles since after the material triggers crystallization.
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 5859 Fig. 5.8. I off and I on along cycling up to 2•10 9 cycles for MLA.
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 510511 Fig. 5.10. Rvirgin measured at V th /2 before and after extreme thermal budget of 30 min at 400 • C. Additional measurements were done on other dispositives for MLA and MLB: after 30 min at 280 • C, the crystallization of the layers has already started.

Fig. 5 . 13 .

 513 Fig. 5.13. Subthreshold conduction analysis (top graphs). Curves are fitted using Poole-Frenkel model for both materials. Activation energy is extracted for different voltages, finding compatible values in GSSN and MLO (bottom graphs).

Fig. 5 . 14 .

 514 Fig. 5.14. Median values measured for ON current (I on ), leakage current measured at 1.8 V (I off ) and V th at different operating temperatures, reported with error bars representing max and min values. Both materials shows functionality up to 160 • C, however GSSN shows an increased variability with respect to MLO.

Fig. 5 . 15 .

 515 Fig. 5.15. Median values and errors bars representing max and min values for I on , I off and V th after different annealing steps at 400 • C. Empty symbols for GSSN highlight the median values calculated for remaining functional devices (< 75%).

Fig. 5 . 16 .

 516 Fig. 5.16. Raman spectra for as deposited (AD) GSSN and MLO layers and after annealing at 400 • C. After 3 hours at 400 • C, GSSN shows a likely segregation of GeSe and SbSe compounds, whereas MLO presents a spectrum close to the as deposited one, confirming its improved structure stability.

Fig. 5 . 17 .

 517 Fig.5.17. FTIR spectra of GSSN and MLO as deposited and after a 30 minutes annealing at 400 • C.

Fig. 5 .

 5 Fig. 5.18. a) TEM images (HAADF) and Sb, Se, Ge, Ti EDX maps performed on OTS devices after electrical stress (10 6 cycles). b) TEM and nano diffraction patterns for as fabricated and annealed (400 • C-30 min) devices.

Fig. 5 .

 5 Fig. 5.19. a)Maximum endurance reached for a given pulse duration for as fab and annealed (400 • C-30min) GSSN and MLO devices. Data are not reported for annealed GSSN, because of endurance limited at < 10 3 cycles. b) Experimental demonstration of more than 10 9 cycles in one as fab device for 300 ns pulse, reported with the empty symbol in a). Off current is measured @V th /2.

Fig. 5 . 20 .Fig. 5 . 21 .

 520521 Fig. 5.20. IV subthreshold characteristics for 50 nm and 300 nm devices integrating GSSN and MLO (top graphs). Median values for V th and I off with error bars representing max and min values (bottom graphs). Empty symbols and dotted lines are used to represent the devices behavior despite a yield lower than 75% as described in Fig. 5.21 (i.e. GSSN 50 nm).

Fig. 5 .

 5 Fig. 5.22.Raman spectra for GASN and multilayers as deposited (top) and after annealing at 400 • C (bottom). All spectra are normalized using the main feature at ∼ 230 cm -1 that is attributed to [AsSe 3/2 ] pyramidal units [] features. [GeSe 4/2 ] features are observed at 190 cm -1 and have a higher intensity when the layers are thicker. ML3 material is damanaged after annealing (not reported).

Fig. 5 . 23 .Fig. 5 . 24 .Fig. 5 .

 5235245 Fig. 5.23. FTIR spectra of GASN and multilayers (top) as deposited and (bottom) after annealing at 400 • C during 30 min.

Fig. 5 . 26 .

 526 Fig.5.26. Raman spectra of GASS and ML-GASS as deposited and after annealing for 3 hours at 300 • C and 400 • C. As-deposited, both materials show As-Se at 248 cm -1[START_REF] Gan | Analysis of Raman Spectra of GeAsSe Glass Using Different Peak-fitting Method[END_REF][START_REF] Schwarz | Processing and fabrication of micro-structures by multiphoton lithography in germanium-doped arsenic selenide[END_REF], Si-Se at 238 cm -1[START_REF] Tenhover | Vibrational studies of crystalline and glassy SiSe2[END_REF] and Ge-Se features around 190 cm -1 (and 212 cm -1 for ML)[START_REF] Olivier | Structure, nonlinear properties, and photosensitivity of (GeSe2)100x(Sb2Se3)x glasses[END_REF][START_REF] Gan | Analysis of Raman Spectra of GeAsSe Glass Using Different Peak-fitting Method[END_REF][START_REF] Nemec | Structure and properties of the pure and pr3+-doped ge25ga5se70 and ge30ga5se65 glasses[END_REF] 192] with Ge-Ge shoulders at 300 cm -1 . Spectrum of GASS annealed at 400 • C is not reported because of the strong degradation of the sample after such annealing.

Fig. 5 .

 5 Fig.5.27. FTIR spectra of GASS and ML as-deposited and annealed at 300 • C and 400 • C during 3 hours. The feature at 230-300 cm -1 is a convolution of As-Se and Ge-Se vibrations[START_REF] Khan | Investigation of temperature dependent optical modes in GexAs35xSe65 thin films: Structure specific Raman, FIR and optical absorption spectroscopy[END_REF][START_REF] Munzar | Far-infrared spectra and bonding arrangement in GeAsSSe glasses[END_REF] and the one around 400 cm -1 is composed by at least two modes related to Si-Se vibrations[START_REF] Tenhover | Vibrational studies of crystalline and glassy SiSe2[END_REF]. In ML, a Ge-N feature is also observed at 690 cm -1[START_REF] Chambouleyron | Nitrogen in germanium[END_REF] at low temperature. Multiple features of difficult indexation are present around 830 cm -1 in ML after 400 • C (not reported).

Fig. 5 . 28 .

 528 Fig. 5.28. Activation energy (E a ) extraction from E m -vs-Voltage interpolations. E m for each voltage is obtained by current vs temperature fitting (not reported) compatibly with[START_REF] Ielmini | Analytical model for subthreshold conduction and threshold switching in chalcogenide-based memory devices[END_REF] for virgin (before firing) and initialized devices (after firing). ML shows a higher activation energy (i.e. higher gap) with respect to GASS before and after firing.

Fig. 5 . 29 .

 529 Fig. 5.29. Electrical parameters V fire , V th , V sat and I h measured by AC protocols and I off measured by DC voltage application (at V th /2), from room temperature up to 250 • C for GASS and up to 300 • C for ML-GASS. GASS devices do not show functionality at 300 • C.

Fig. 5 . 30 .Fig. 5 . 31 .

 530531 Fig. 5.30. Electrical parameters measured in AC (at the exception of I off measured in DC) on devices as-fabricated and annealed for 3 hours at 400 • C. The close electrical behaviour of ML and GASS, is likely related to the same features (i.e. AsSe) responsible for the switching mechanism in both materials.

Fig. 5 .

 5 Fig.5.32. a) Maximum cycles number reached preserving a selectivity between I on and I off of at least 10 3 in as-fabricated and annealed devices. The ML structure delays crystallization, enabling a higher endurance, however the annealing reduces cycling capabilities of both materials. b) V th measured along cycling on as-fabricated devices. GASS shows a V th decrease since the first cycles while ML-GASS reaches 1000 cycles before showing a similar behavior. c) Cycle-to-cycle V th variability during first 50 cycles: very low variation in the range of sensitivity used (about 0.2 V).

Fig. 5 .

 5 Fig. 5.33. a). TEM and EDX analyses of our ML OTS+PCM. b) V SET and V RESET switching voltages read by a voltage ramp applied on the OTS+PCM cell, after SET and RESET operations respectively. The reading window is higher than 1 V. c) Sub-threshold IV characteristics after SET and RESET pulses. A low leakage below 0.1 nA is ensured at half reading voltage (i.e. (V SET +V RESET )/2 ∼ 2.2 V).

Fig. 6 . 1 .

 61 Fig. 6.1. Correlation between threshold voltage and leakage current of Se and Te based binary glasses investigated in this work compared with results from [82, 83, 87, 88].

Fig. 6 . 2 .Fig. 6 . 3 .

 6263 Fig. 6.2. Correlation between threshold voltage and leakage current. A decrease of V th is always at the expense of an increase of I off .

Fig. 6 . 4 . 3 Fig. 6 . 5 .

 64365 Fig. 6.4. Correlation between the threshold voltage and the activation energy computed from the substhreshold IV characteristics at room temperature. Materials with lower activation energy present a lower V th .

Fig. 6 . 6 .Fig. 6 . 7 .

 6667 Fig.6.6. Correlation between the threshold voltage and leakage current of the GSSN reference and SbSe-based multilayers. The multilayer structure leads to lower V th and higher leakage but with layer thickness engineering and tuned nitrogen rate, the leakage could be reduced under 1nA.

Fig. 6 . 8 .

 68 Fig. 6.8. Raman spectra of GSSN materials deposited from Ge 3 Se 7 +Sb or Sb 3 Se 7 +Ge or GeSbSe-based targets.

Fig. 6 . 10 .

 610 Fig. 6.10. Représentation schématique d'une matrice crossbar avec les lignes verticales (WL, Word Lines) et horizontales (BL, Bit Lines). La cellule sélectionnée, R est en bas à droite. Le courant mesuré est la somme des courant idéaux et des bruits [47].

Fig. 6 .

 6 11 rapporte une taxonomie des différents dispositifs sélecteurs, en production industrielle et en développement. Pour une intégration avec une mémoire résistive dans le BEOL, les transistors et diodes sont exclus d'office. Parmi les dispositifs restants figurent les éléments de sélection caractérisés par une commutation volatile. Par exemple, les dispositifs à filaments métalliques (TS) sont basés sur la

Fig. 6 . 11 .

 611 Fig. 6.11. Taxonomie des éléments de sélection [49].

Fig. 6 . 13 .

 613 Fig. 6.13. La courbe IV correspondante au protocole de mesure du V th . Les paramètres mesurés sont mis en valeur. la tension de saturation est calculée grâce à l'extrapolation de l'état ON à I=0.

  Fig. 6.14. Spectre Raman de Sb 3 Se 7 après dépôt et après recuit jusqu'à 400 • C. Les pics principaux correspondent aux liaisons Sb-Se (à 190 cm -1 et 214 cm -1 [105, 106], Se-Se (à 250-254 cm -1 [106, 108, 109] et 110-120 cm -1 [106, 108, 109] et Sb-Sb (at 150-160 cm -1 [106, 148]. Les pics initiaux sont déstabilisés par le recuit et le matériau observé après recuit à 400 • C est probablement Sb 2 Se 3 +Se.

Fig. 6 . 16 .

 616 Fig. 6.16. Caractéristiques IV de SbSe avant et après initialisation et après 10 cycles.

Fig. 6 .

 6 Fig. 6.17. a) Caracteristique linéaire de As 2 Se 3 après forming et après 10 cycles de dispositifs unitaires b) Caracteristique IV correspondante avec une échelle logarithmique du dixième cycle.

Fig. 6 .Fig. 6 . 18 .Fig. 6 . 19 .

 6618619 Fig. 6.18. Spectres Raman des matériaux GSSNA, GSSNC et GSSNE après dépôt et après recuit à 400 • C. Une ségrégation importante du sélénium est observée dans GSSNA. Le recuit réduit la segrégation de Se dans GSSNC et le matériau GSSNE est stable en température.

2 Fig. 6 .

 26 Fig. 6.20. gauche V fire , V th et V sat mesurés sur 30 dispositifs pour les matériaux SSSN. Les valeurs de V th et V sat sont mesurées après 10 impulsions. Les barres d'erreur représentent les valeurs min et max de chaque groupe de mesure. droite I on , I h et I off à V th /2 pour les dispositifs SSSN. I on et I h sont mesurés pendant les 10 impulsions et I off est mesuré après ces 10 impulsions.

Fig. 6 .

 6 Fig. 6.21. (gauche) V fire , V th et V sat (droite) I on , I h et I off mesurés pour les dispositifs après fabrication. Les paramètres sont collectés après 5 cycles pour vérifier la fonctionnalité des dispositifs.

Fig. 6 . 22 . 6 . 22 .

 622622 Fig.6.22. Cycles maximum atteints sur une population de 12 dispositifs en fonction de la durée de la pulse à V on (∼ V th + 15% de sa valeur). Les symboles vides représentent une extrapolation du maximum de cycles atteignables pour une durée d'impulsion de 10ns.

Fig. 6 . 25 .Fig. 6 . 26 .

 625626 Fig. 6.25. Corrélation entre la tension de commutation et le courant de fuite. Un réduction de V th est toujours au détriment d'une augmentation exponentielle du courant de fuite.
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Table 1 . 1 .

 11 Operation regions of Bipolar Junction Transistor (BJT)

	Applied voltages Junction bias B-E Junction bias B-C	Mode
	E<B<C	Forward	Reverse	Forward-active
	E<B>C	Forward	Forward	Saturation
	E>B<C	Reverse	Reverse	Cut-off
	E>B>C	Reverse	Forward	Reverse-active

Table 1 . 2 .

 12 Summary of electrical parameters and performances of two-terminal selection elements

	Mechanism	MIEC [54]	TS [62]	OTS [71, 74, 75]
	Material	Cu + ions	Ag + ions	Chalcogenide
	Switching	Atomistic	Atomistic	Electronic
	Polarity	Unidirectional Unidirectional	Bidirectional
	Switching time	<50ns	∼ 100s ns	few ns
	Max current density	10 MA/cm 2	1-10 MA/cm 2	>10 MA/cm 2
	Threshold voltage	<1V	<1V	<3V
	Endurance	10 8 cycles	10 2 DC cycles	10 10 cycles

Table 1 . 3 .

 13 Summary of the reading strategies depending of the selector technology. Potential compatible memory is suggested also. and lower resistance of their Reset state with respect to PCM. On the other side, PCM shows low dispersion of the Reset state and higher threshold voltage that allows larger reading window.

	Reading strategy	Selector technology	Pro	Cons	Compatible memories
	∆V	TS	Low V th , low I off , Non-destructive reading	Limited programming current and endurance	OxRAM, CBRAM
	∆V th	OTS	High speed and endurance	Destructive reading, high programming voltage	PCM, OxRAM
	∆V,∆I	MIEC	Non-destructive reading	Limited endurance	PCM, OxRAM, CBRAM
	a high dispersion			

Table 2 .

 2 

1. Benchmark of different OTS materials investigated since 2009. FS = full sheet. The annealing was not performed on devices

Table 3 . 1 .

 31 Computed intercept and β PF values for Poole-Frenkel fits of Fig. 3.10 and Fig. 3.11 thanks to eq. 2.1 relation. **NM: Not Measured

  2 Se 3 , Sb 3 Se 7 and As 2 Se 3 have been provided. The Se-rich Sb 3 Se 7 alloy demonstrates a poor thermal stability linked to the strong presence of homopolar Se bonds. In comparison, Sb 2 Se 3 Raman spectra reports an absence of Se-Se bonds, suggesting a higher thermal stability of the stoichiometric binary alloy. As 2 Se 3 presents features related to material degradation above 300 • C. Both alloys, Sb 3 Se 7 and As 2 Se 3 , have demonstrated a commutation mechanism with initialization voltage ∼4 V and lower subsequent threshold voltage. The cycling capabilities of SbSe are limited to less than 10 cycles for ∼ 90 % of the tested devices while AsSe shows 80 % of functional devices after 10 cycles. The leakage current (i.e. the current measured at V th /2) is lower in AsSe and does not drastically increase within the 10 first cycles. The subthreshold behaviour of the devices has been investigated in a temperature range of 77 K to 330 K. While SbSe alloy shows a leakage current incompatible with Back-End selector applications at 330 K (I off ∼ 10 -6 A, which is in the order of magnitude as PCM Reset state), AsSe leakage current is maintained under 10 nA. It has been demonstrated that the leakage increases with operating temperature and that the subthreshold conduction follows a Poole-Frenkel model when T>100 K. The conduction mechanisms below 100 K were not investigated in more details. As seen in this chapter, the selenium-based investigated alloys present an OTS behaviour. Nevertheless, their electrical parameters do not meet the requirement for OTS Back-End selector applications, likely due to the poor stability of such systems against temperature increase, in particular leading to unwanted crystallization phenomena or elemental segregation.

Table 4 .

 4 1 presents the materials studied in this chapter.

	Material name Material characteristics	N doping
	SSN	SbSe	N 2 sccm
	GSSC	SbSe + Ge C%	no N doping
	GSSNA	SbSe + Ge A%	N 2 sccm
	GSSNB	SbSe + Ge B%	N 2 sccm
	GSSNC	SbSe + Ge C%	N 2 sccm
	GSSND	SbSe + Ge D%	N 2 sccm
	GSSNE	SbSe + Ge E%	N 2 sccm
	GSSNc	Sb + GeSe C%	N 2 sccm
	SSSNA	SbSe + Si A%	N 2 sccm
	SSSNB	SbSe + Si B%	N 2 sccm
	SSSNC	SbSe + Si C%	N 2 sccm
	GASA	AsSe + Ge A%	no N doping
	GASB	AsSe + Ge B%	no N doping
	GASC	AsSe + Ge C%	no N doping
	GASNA	AsSe + Ge A%	N 2 sccm
	GASNB	AsSe + Ge B%	N 2 sccm
	GASNC	AsSe + Ge C%	N 2 sccm

Table 4 . 1 .

 41 Summary of the studied alloys in this chapter. The A to E letters corresponds respectively to low and high percentages of Ge and Si. The percentages letters does not corresponds to the same absolute values from one material family to the other. The same letters were used to ease the reading. The percentage of nitrogen in the global material is between 10 to 15%.

  -1 suggest. A visual observation of the studied samples indicates that the carbon capping could have been compromise with the following air exposure of the layer. Furthermore, Si-O (190 kcal/mol) and Si-H (71 kcal/mol) show high bonding energy with respect to Sb-Se (44 kcal/mol) or Si-Se (126 kcal/mol) [163,[START_REF] Cottrell | The Strengths of Chemical Bonds[END_REF][START_REF] Darwent | Bond Dissosiation Energies In Simple Molecules[END_REF][START_REF] Benson | III -Bond energies[END_REF], making the forming of unwanted parasitic bonds eased by the eventual porosity of the capping.

Table 5 . 1 .

 51 Summary of the studied alloys in this chapter. The percentage of nitrogen in the global material is between 10 to 15% when the doping rate is 2sccm.

	Material name	Material characteristics	N doping	Studied parameter
	GSSN ref	SbSe+Ge bulk	N 2sccm	Bulk ref
	MLA	SbSe+GeN thin layers	N 2sccm	Individual
	MLB	SbSe+GeN medium layers	N 2sccm	layer
	MLC	SbSe+GeN thick layers	N 2sccm	thickness
	ML-N	SbSe+GeN layers	N 2sccm	
	ML-N+	SbSe+GeN layers	N 4 sccm	N doping rate
	ML-N++	SbSe+GeN layers	N 6 sccm	
	MLO	SbSe+GeN thin layers	N 4 sccm	Optimized stack
	GAS ref	AsSe+Ge bulk	N 2sccm	Bulk ref
	ML1	AsSe+GeN thin layers	N 2sccm	Individual
	ML2	AsSe+GeN medium layers	N 2sccm	layer
	ML3	AsSe+GeN thick layers	N 2sccm	thickness
	GASS ref	AsSeGeSi bulk	no N doping	Bulk ref
	ML-GASS	AsSeGeSi+GeN	N 2sccm	Mulitalyer

Table 6 . 1 .

 61 Benchmark des différents matériaux OTS investigués depuis 2009. FS = full sheet, pleine plaque. Le recuit n'a pas été mené sur les dispositifs.Au cours de cette thèse, une large gamme de matériaux a été étudiée pour atteindre les contraintes liées à la co-intégration avec une mémoire résistive (PCM, OxRAM) dans une matrice crossbar. Les matériaux, dont la composition augmente en complexité, ont été analysés grâce à des techniques de caractérisation électrique et physico-chimique, c'est-à-dire par spectroscopie Raman et infrarouge. Des tests complémentaires (diffraction aux Rayons X et microscopie électronique par transmission) ont également été réalisés. Un effort est apporté pour rendre les chapitres de résultats objectifs, cependant, le cheminement du manuscrit est basé sur une hypothèse pas encore supportée par la littérature, c'est-à-dire que la commutation des matériaux étudies est impliquée par les alliages AsSe et SbSe et que les éléments supplémentaires introduits ont pour fonction d'augmenter la stabilité thermique et ainsi les performances des dispositifs.

	Objectifs de la thèse

  14. Spectre Raman de Sb 3 Se 7 après dépôt et après recuit jusqu'à 400 • C. Après dépôt, le matériau présente deux pics principaux qui sont attribués aux liaisons Sb-Se et Se-Se. Le spectre évolue beaucoup au cours du recuit et le matériau est considéré comme dégénéré à partir de 200 • C. Dans le cas d'As 2 Se 3 , le spectre Raman, Fig. 6.15, reste très similaire jusqu'à 400 • C, démontrant ainsi la plus haute stabilité thermique de As 2 Se 3 par rapport à Sb 3 Se 7 .
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		Normalized Raman Intensity			AsSe AD AsSe 200°C AsSe 300°C AsSe 400°C AsSe
		100	200	300	400
			Raman shift (cm -1 )
	Les pics principaux correspondent aux liaisons Sb-Se (à 190 cm -1 et 214 cm -1 [105, 106], Se-Se (à 250-254 cm -1 [106, 108, 109] et 110-120 cm -1 [106, 108, 109] et Sb-Sb (at 150-160 cm -1 [106, 148]. Les pics initi-aux sont déstabilisés par le recuit et le matériau	Fig. 6.15. Spectre Raman de As 2 Se 3 après dépôt et après recuit. Les pics principaux correspon-dent à As-Se (à 223 cm -1 [111, 112, 114]) et Se-Se (at 236 cm -1 [113, 153] et 260 cm -1 [113]). Le pic à 303 cm -1 ne peut pas être attribué aux liaisons As-As, As-Se or Se-Se bonds.
	observé après recuit à 400 • C est probablement			
	Sb 2 Se 3 +Se.			

L'analyse Raman de Sb 3 Se 7 est rapportée dans la Fig.

6

.14.

  [START_REF] Capra | Hardware and Software Optimizations for Accelerating Deep Neural Networks: Survey of Current Trends, Challenges, and the Road Ahead[END_REF] Se 7 et Ge pur avec un flow constant d'azote lors de la déposition du germanium. L'influence du nombre de couches et du taux d'azote est étudiée. Les analyses physico-chimiques montrent que le ratio de liaisons Ge-Se augmente avec le nombre de couches. Une augmentation du taux d'azote permet d'augmenter la proportion de liaison Ge-N, mais également de réduire le nombre de liaisons homopolaires Ge-Ge. V fire et V th après 10 4 et 10 8 cycles pour GSSN et les multicouches. GSSN montre une plus haute V fire et V th avec une plus grande variabilité par rapport aux multicouches. Les paramètres de SbSe sont rapportés après seulement 10 2 cycles car le matériau montre des signes de défaillance au-delà.

			V fire		V th at cycle 10 4
		8	V th at cycle 10 2	V th at cycle 10
	Voltage (V)	4 6			
		2			
		SbSe	GSSN	MLA	MLB	MLC

8 Fig. 6.23.

  Dans cette thèse, l'importance de la composition a été beaucoup commentée. La gamme de composition atteignable est dépendante des cibles à disposition. Dans le cas de cette thèse, les cibles Sb 3 Se 7 , As 2 Se 3 , Ge, Si et GeAsSeSi ont été disponibles. A parler strictement, les matériaux GASN et GSSN ne sont pas une substitution de l'antimoine par l'arsenic. L'excès de sélénium dans la cible Sb 3 Se 7 permet théoriquement d'atteindre un matériau pseudo binaire Sb 2 Se 3 -GeSe ou Sb 2 Se 3 -GeSe 2 , ce qui n'est pas possible pour les matériaux à base d'arsenic. Des études complémentaires seront donc bienvenues pour comparer plus rigoureusement l'influence du germanium dans les alliages binaires à base de SbSe et AsSe. De plus, une comparaison des spectres Raman des matériaux supposément de même composition déposés à partir de cibles Ge 3 Se 7 +Sb, Sb 3 Se 7 +Ge et GeSbSe montre des différences sur les pics correspondants aux liaisons homopolaires Se-Se et Ge-Ge, qui peuvent toutes deux être responsables d'une dégradation accélérée du matériau OTS. L'utilisation de cibles stoechiométriques pour le dépôt des multicouches peut également être valorisable pour s'affranchir de l'appauvrissement progressif en sélénium des couches SbSe.Les études in-situ sur dispositifs sont seulement une faible partie de ces travaux. Dans le Chapitre 4, il a été démontré que le matériau effectif dans les dispositifs n'était pas exactement le même que sur les pleines plaques utilisées pour les études physico-chimiques. Cela est en grande partie lié au processus d'intégration des dispositifs qui se poursuit après le dépôt du chalcogénure. Les changements qui se produisent au sein des dispositifs peuvent être monitorés par spectroscopie Raman en apportant quelques changements mineurs à un équipement déjà existant. Il serait envisageable de suivre l'évolution au cours du temps des dispositifs chauffés dans une étuve adaptée. De plus, le suivi de l'impact du cyclage en température peut également être implémenté. Ces travaux de thèse contiennent aussi une étude de la conduction en sous seuil des matériaux binaires qui a été possible grâce a une collaboration avec l'INL. Ces tests à faible température ont apporté des résultats intéressants et pourraient être normalisés pour étudier le mécanisme de commutation et l'état ON d'une plus grande gamme de matériaux OTS. Après avoir démontré la capacité des alliages binaires SbSe et AsSe à présenter une commutation ovonique, à avoir investigué sur l'influence des éléments d'addition et le gain de fiabilité grâce à la structure multicouche, il est temps de mettre un point final à cette synthèse. Electronique, micro et nanoélectronique, optique et laser RESUME : Ce travail de thèse trouve ses origines dans le développement d'un nouveau concept de mémoire dans l'architecture des calculateurs dont l'objectif était de combler le fossé de taille et de temps d'accès entre la DRAM, rapide et endurante et la Flash non volatile et dense. Avec les Storage Class Memory, on réunit ces performances. L'architecture Crossbar est simple, empilable en 3D dans le Back-End, facile à mettre à l'échelle mais nécessite un sélecteur Back-End pour attendre de hautes densités. Le Sélecteur back-end devient alors un élément clé avec la fiabilité comme problématique principale. Notamment pour ouvrir la technologie Crossbar vers de nouvelles applications, comme le calcul neuromorphique ou dans le futur, les circuits embarqués. Par fiabilité, comprend une stabilité en température compatible avec un BEOL de l'intégration ; une variabilité de la tension de seuil quasi nulle pour garantir une fenêtre de lecture large ; un courant de fuite ultra faible pour des tailles de matrices plus grandes ; ainsi qu'une endurance importante pour obtenir un nombre de lectures compatible avec l'application envisagée. Le travail de thèse porte sur sélecteurs back-end à base de verres de chalcogénures, les OTS. Ses caractéristiques électriques sont les suivantes : un faible courant de fuite en OFF, une haute conductivité en ON pour permettre la programmation de la mémoire et une volatilité du switch. Une large gamme de matériaux basés sur les alliages SbSe et AsSe ont été étudiés. L'influence des éléments additionnels tels que le germanium, le silicium et l'azote est explorée. La structure du matériau peut être modifiée en déposant des alliages binaires en alternance pour créer un matériau multicouche dont les performances électriques et thermiques vont au-delà des alliages OTS dit bulk. Une réflexion est finalement proposée et argumentée pour augmenter les performances des futurs matériaux OTS.MOTS-CLÉS : OvonicThreshold Switching, OTS, Back-End Selector, High thermal stability, Variability, Multilayer OTS Laboratoire (s) de recherche : CEA Leti, INL Directeur de thèse: Abdelkader SOUIFI et Liviu MILITARU Président de jury : désigné.e le jour de la soutenance Composition du jury : Andréa PIARRISTEGUY, Marc BOCQUET, Raffaealla CALARCO, Andrea REDAELLI, Damien DELERUYELLE, Abdelkader SOUIFI, Liviu MILITARU, Gabriele NAVARRO
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Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0133/these.pdf © [C. Laguna], [2022], INSA Lyon, tous droits réservés

The Moore's law is an observation, an empirical law, made by Gordon E. Moore in 1965 and stipulates that the number of transistors on a single chip double each year[START_REF] Wikipedia | Loi de Moore[END_REF] Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0133/these.pdf © [C. Laguna], [2022], INSA Lyon, tous droits réservés

To specify the vocabulary, strictly writing, memory is used to describe the volatile technologies such as SRAM and DRAM and storage characterize non-volatile technologies such as NAND or HDD, magnetic tapes, etc. In this thesis, when not specified, memory is used to name both working memories and data storage and the reader will receive enough context not to misunderstand.

[START_REF] Capra | Hardware and Software Optimizations for Accelerating Deep Neural Networks: Survey of Current Trends, Challenges, and the Road Ahead[END_REF] Static Random Access Memory, it is used to store working data or programming code. This memory is volatile. It does not require a dynamic refresh but requires a high wafer

area.[START_REF] Bertolazzi | Emerging Non-Volatile Memory 2020[END_REF] Dynamic Random Access Memory, it is a type of volatile memory that is used to store working data and programming code as SRAM but it needs a dynamic refresh but it consumes less wafer area.Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0133/these.pdf © [C. Laguna], [2022], INSA Lyon, tous droits réservés

A chalcogenide material contains at least one chalcogen element from column VI of the periodic table. Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0133/these.pdf © [C. Laguna], [2022], INSA Lyon, tous droits réservés

The structure of the memory is identified as crossbar in[START_REF] Jung | A crossbar array of magnetoresistive memory devices for in-memory computing[END_REF] but a distinction is needed between this array structure, including two transistors in each memory point and the crossbar structure as understood in this thesis, meaning completely independant of the Front-End and where each memory cell is scalable to 4F 2 . Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0133/these.pdf © [C. Laguna], [2022], INSA Lyon, tous droits réservés

Ovonic is a contraction of Ovshinsky and electronic, from Stanford Ovshinsky, who was the first to publish, in 1968, about the latter described commutation effect in amorphous chalgogenide glasses. Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0133/these.pdf © [C. Laguna], [2022], INSA Lyon, tous droits réservés

The Reset state show more intrinsically more dispersion with respect to the Set state because the conduction leans on the defects of the amorphous system. Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0133/these.pdf © [C. Laguna], [2022], INSA Lyon, tous droits réservés

Deck is a word used by Intel to call a single memory cell layer of a 3D crossbar structure[START_REF]TechInsights. Intel 2nd Generation XPoint Memory[END_REF]. Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0133/these.pdf © [C. Laguna], [2022], INSA Lyon, tous droits réservés

This issue is debated on a following paragraph.

This issue of tunable threshold voltage values will be debated in the 6 Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0133/these.pdf © [C. Laguna], [2022], INSA Lyon, tous droits réservés

In the case of amorphous chalcogenides, Fermi level is in the middle of the bandgap and E a corresponds approximately to half of the optical gap[START_REF] Luckas | Defects in amorphous phase-change materials[END_REF] Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0133/these.pdf © [C. Laguna], [2022], INSA Lyon, tous droits réservés

The conductive path in OTS selector devices could be called filament in the literature. In order not to make to many similarities with mechanisms occurring in OxRAM or Threshold Switches, the volume involved in the commutation process will be referred as channel. Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0133/these.pdf © [C. Laguna], [2022], INSA Lyon, tous droits réservés

In this thesis, the operating temperature corresponds to the temperature of the devices when they undergo electrical testing. This temperature is controlled by the support element in the testing equipment and the operating temperatures can reach max 300 • C. Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0133/these.pdf © [C. Laguna], [2022], INSA Lyon, tous droits réservés

To ease the writing, this bond feature will be addressed as Sb-Sb in the following but it is important to keep in mind that this feature does not represent metallic antimony but Sb-rich SbSe features. Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0133/these.pdf © [C. Laguna], [2022], INSA Lyon, tous droits réservés

E m is measured with field application. This value corresponds to the interpolation at V =0 Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0133/these.pdf © [C. Laguna], [2022], INSA Lyon, tous droits réservés

at the exception of devices with the ITO top electrode, studied for understand the failing mechanisms. Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0133/these.pdf © [C. Laguna], [2022], INSA Lyon, tous droits réservés

La cible disponible pour les dépôts est Sb

Se 7 et cette composition a été retenue pour atteindre la composition GSSN étudiée par Verdy et al. [102] dont le matériau fut déposé à partir d'une cible GeSe riche en germanium et d'une cible d'antimoine pur. Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0133/these.pdf © [C. Laguna], [2022], INSA Lyon, tous droits réservés