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This manuscript summarises the work done during my 3 years as a PHD student in the LCM (advanced memory technologies of CEA-Leti) and IMPER CNRS. The main objective of the PHD was to investigate the first Leti-made Vertical Resistive RAM (VRRAM) in an electrical, simulation and design point of view. Electrical characterisation and physical understanding allowed to improve the following VRRAM integration that went from 1 device without a series transistor at the beginning of the thesis to 2 stacked devices with a series transistor each at the end of my work. This manuscript is organised as follows:

• Chapter 1: in this chapter is discussed the state of the art of Resistive RAM memories and the current understanding of the physical mechanisms governing these technologies. 3D integration of Resistive RAM is also discussed showing the main solutions to the date. Finally neuromorphic computing is introduced since Resistive RAMs seem a promising candidate for these applications.

• Chapter 2: this chapter describes the studies sampled, the experimental set-up and the method used to perform electrical characterisations. New developed set-up and schemes required to test these emerging technologies are also described.

• Chapter 3: in this chapter are reported the experimental results and performances obtained on the studied VRRAM. The first part is dedicated to the 1R Resistive RAM (RRAM) samples that served mainly to understand the basic functioning of the technology and to optimise the process for future integrations. Conductive Bridge Random Access Memory (CBRAM) and hybrid 1R devices were also integrated to carry out a material study. One Transistor-One Resistor (1T-1R) devices were finally integrated and studied, this configuration allowed the tests to be performed in a more industrial fashion. Finally 2T-2R devices were integrated and characterised. These samples were the final objective of the thesis because they allowed to verify if the technology used in vertical configuration was reproducible on more than one level.

• Chapter 4: is dedicated to correlation among resistances throughout cycling. It appeared that resistance values of subsequent cycles are related among them under certain switching conditions. Two models were developed (one analytical and one physical) to describe and understand this phenomenon . This finding allowed to investigate and better understand the physics behind filamentary switching. It also open the path for possible applications that led to the submission of a patent during my third year.

• Chapter 5: This chapter describes design consideration related to VRRAM. The maximum array size attainable using our technology is estimated. Starting from the electrical results and working in the hypothesis to have an integrated selector (expected in the next years) all the integration parameters (number of levels, materials, aspect ratio, etc.) were optimise to estimate the maximum number of bits per array that can be integrated.

• Chapter 6: this RRAM have been identified as one of the possible candidates for neuromorphic applications thanks to their promising performances (data retention, endurance, scalability, etc.). In this chapter is shown how VRRAMs can be used as synapse emulators with good area gain due to vertical integration. Performances of such these devices are discussed and two possible circuits to implement them are proposed. Plus and cons of each configuration are discussed.
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Iterating the algorithm for all the desired cycles we are able to recreate the correlation coefficient curve obtained experimentally. σ SPRING has to be bigger than σ CYCLING in order to have correlated values gravitating around the initial resistance wothout being stuck to its value as it would happen if the parameters would be chosen otherwise. 

Introduction

Memory Context

In the last years memory devices gained great importance in several areas of modern life. All modern electronic devices work with memories (either embedded or external).

The democratisation of such devices led to a sudden augmentation in the memory demand. This constantly increasing urging motivated industry and researchers to fabricate memories that are both cheap and reliable. In order to better understand where the research is going exactly, this paragraph will outline the characteristics of the ideal memory device.

1. the memory density should be as high as possible to be able to store more data in a given volume and therefore reduce the costs.

2. the endurance (the number of cycles the device is capable to perform before failure) should be as high as possible. High endurance translates in long operating life.

3. the data retention (the time span where the information is not altered) has to be as long as possible in order to avoid the need of refreshing periodically the data

The programming and access speed are also a primary concern especially in applications where data has to be retrieved in a fast manner. This is one of the reasons that, in the last years, led the industry to gradually switch from hard disk drives (HDD) to solid state drives (SSD), a flash-based memory device. Flash cells are effectively faster and allow the computer to reduce the overall computational time and improve its efficiency. Finally, power consumption of the memory cells has to be reduced as much as possible, especially for battery-alimented devices. The following paragraphs will discuss in a very general fashion the classification of memories based on the used technology. Memory devices generally fall into two categories based on their operational behaviour (Fig. 

• non-volatile (NVM)

Volatile devices need a constant power supply to function and data stored in them is lost once the power is no more provided. An example of volatile memory is static random access memory (SRAM), which consists of six transistors for each memory element. Their complex structure makes them poorly optimised in terms of density. On the other hand Dynamic random access memory (DRAM) has a much simpler structure. It consists of a transistor in series with a capacitor which can naturally give rise to two memory states. The first state is the one when the capacitor is charged and the other one is when the capacitor is empty. The leakage current flowing from the capacitor allows the DRAM to retain the information for a time span of milliseconds, therefore the system has to periodically refresh the memory cell to maintain the information. The leakage current is caused by several phenomena. First of all, the leakage path could be due to the non-ideal insulating properties of the dielectric between the two capacitor metal plates, where a finite current can always flow through the capacitor. The second leakage source is the sub-threshold conduction of the transistor which results a finite a leakage current even if the world line is unselected. The simplicity of the structure rendered the DRAM the most widespread memory solution in personal computers.

Non-volatile memories, on the other hand, can withhold information without the need of a power source. Currently the industry relies mainly on flash technology, which is short for "flash electrically erasable programmable read-only memory".

The need for volatile memories is well understood looking at the memory hierarchy shown in Fig. 1.2. Being volatile memory much faster than non volatile ones, they are the perfect candidates as imput device for the CPU. In fact SRAM even if is less dense than DRAM is used as cache since is faster and DRAM is then relegated to the role of RAM in the computer architecture. At the pyramid bottom we finally found NVM which despite of being slower can offer a huge and non-volatile amount of storage for a reasonable price.

The main drive in the research of new NVM is the approaching to the scale limit in flash technology discussed by many authors ( [START_REF] Lai | A Multi-Layer Stackable Thin-Film Transistor (TFT) NAND-Type Flash Memory[END_REF][START_REF] Tanaka | Bit Cost Scalable Technology with Punch and Plug Process for Ultra High Density Flash Memory[END_REF]). The ultimate goal would be to find Chapter 1. Introduction 3 a kind of universal memory device which combines the non-volatility of flash, offers fast programming and access time like SRAM and grants high density and low power consumption. This memory technology could then replace all memories from DRAM downwards in the hierarchy. Resistive random access memory (RRAM) gained a lot of interest in recent years because it could be a suitable candidate for that in the future.

At present the industry is then trying to look for a suitable candidate that could replace flash technology. Among the many solutions that are being studied the following are the most probable candidates:

• Phase Change Memories • Resistive Random Access Memories (RRAM)

• Magnetic Memories

In this work the focus will be solely on RRAMs because it is the technology that was investigated during the PHD work.

Resistive Random Access Memories 1.2.1 Basics

In 1964 was found for the first time the resistive switching effect in a metal/insulator/metal(MIM) structure, namely Au/SiO/Au [START_REF] Nielsen | The reversible voltage-induced initial resistance in the negative resistance sandwich structure[END_REF]. At the time it was hypothesised that such a structure could have been used as a memory device which could be accessed non-destructively. In the ensuing years similar phenomena were found in an Al/SiOx/Au system [START_REF] Simmons | New Conduction and Reversible Memory Phenomena in Thin Insulating Films[END_REF][START_REF] Varker | Electron beam recording in SiO2with direct read-out using the electron beam induced current at a p-n junction[END_REF] . Due to stability issues and the emergence and successful development of Si based memories [START_REF] Wouters | Oxide Resistive RAM (OxRRAM) for scaled NVM application[END_REF], the resistive switching memories were abandoned until quite recently. In 2002 W.W. Zhuang and his team demonstrated an RRAM device based on PCMO [START_REF] Zhuang | Novel colossal magnetoresistive thin film nonvolatile resistance random access memory (RRAM)[END_REF]. Their work showed that a resistive switching memory was capable of providing memory characteristics that are potentially more favourable than that of traditional FLASH devices. In 2004 Samsung Electronics demonstrated resistive switching behaviour in various transition metal oxides (TMO) such as NiO, TiO 2 , HfO 2 and ZrO 2 [START_REF] Baek | Highly scalable nonvolatile resistive memory using simple binary oxide driven by asymmetric unipolar voltage pulses[END_REF] (Fig. 1.3a). The latter showed promising characteristics such as an operating voltage below 3 V, a programming current around 2 mA and an endurance of 10 6 cycles. Thanks to its characteristics (large endurance [START_REF] Hsu | Self-rectifying bipolar TaOx/TiO2 RRAM with superior endurance over 1012 cycles for 3D high-density storage-class memory[END_REF][START_REF] Lee | A fast, high-endurance and scalable nonvolatile memory device made from asymmetric Ta2O5x/TaO2x bilayer structures[END_REF] (Fig. 1.3b), long retention [START_REF] Jameson | Conductive-bridge memory (CBRAM) with excellent high-temperature retention[END_REF](Fig. 1.4a), fast access speed [START_REF] Belmonte | 90nm WAl2O3TiWCu 1T1R CBRAM cell showing low-power, fast and disturb-free operation[END_REF][START_REF] Aratani | A Novel Resistance Memory with High Scalability and Nanosecond Switching[END_REF](Fig. 1.4b), low power [START_REF] Belmonte | 90nm WAl2O3TiWCu 1T1R CBRAM cell showing low-power, fast and disturb-free operation[END_REF][START_REF] Goux | Self-Limited Filament Formation and Low-Power Resistive Switching in CuxTe1-x/Al2O3/Si CBRAM Cell[END_REF] and most importantly high density [START_REF] Zhao | Ultrathin (2nm) HfOx as the fundamental resistive switching element: Thickness scaling limit, stack engineering and 3D integration[END_REF]) RRAM has become ever since one of the most widely studied research topics in both academia and industry.

The operation of RRAM, through applying voltage/current pulses, induces a resistance change in the device system. In addition, the RRAM device can be repeatedly switched between high and low resistance states. The operation of RRAM generally involves electrochemical processes together with the physical migration of metal cations or oxygen anions and consequently the creation of a Conductive Filament (CF). Fig. 1.5 shows the typical structure of a RRAM device. Generally, the structure is simple and consists of at least 3 layers. Two of them are top electrode (TE) and bottom electrode (BE) with a resistive layer sandwiched in between. There is another (or more than one) optional interfacial layer which is generally used to improve the RRAM device performance [START_REF] Hsu | Self-rectifying bipolar TaOx/TiO2 RRAM with superior endurance over 1012 cycles for 3D high-density storage-class memory[END_REF]. 

RRAM Devices Classification

There are various fashions to classify RRAM devices but 2 among them are the most relevant and they will be discussed in this manuscript. These are:

• Symmetry of the I-V characteristics during Set and Reset operations

• Operation principle and device physics

According to the first classification there are 2 types of RRAMs:

• Unipolar (or Non-Polar)

• Bipolar Unipolar memories have an electrical characteristic which is independent of the polarisation as we can see inFig. 1.6 (a). In these devices during the set operation is mandatory to impose a SET current (I SET ) in order to protect the CF from an excessive heating and an uncontrolled growth (and therefore a very low resistance resistance). On the other hand, during the RESET process no current limitation is applied and a large current is intentionally generated to break the conductive filament and switch the device back to a high resistance state. Thus, for unipolar devices, the RESET current is generally larger than the SET current. The current mainstream technology of RRAMs is based on the bipolar type of devices.

Bipolar memories have an asymmetric characteristic as shown in Fig. 1.6 (b). Depending on the set-up configuration if a positive sweep is needed to set the memory cell then the RESET can be obtained only with a negative bias. In the case of bipolar devices even if the current isn't limited during RESET operation its value is ∼I SET (see Figs. 1.6 and 1.7. This characteristics renders bipolar devices more power efficient.

According to the second classification there are 2 types of RRAMs:

• Conductive Bridge RAM (CBRAM)

• Oxygen vacancies (V O ) based RRAM (OxRAM)

For CBRAM, metal cation generally is much more diffusive than oxygen anion or it easily precipitates such that in the on state, a conductive metallic bridge is formed. On the other hand, for OxRAM, oxygen anion have a significant role which is much more diffusive than metal cation and the nature of the conductive filament in the on state is attributed to the traps formed by the V O . It is also possible to combine the two technologies in the so called hybrid memories that have a metal oxide doped with V O The current compliance controls the CF cross section, thus dictating Ireset and set/reset resistances. Image taken from [START_REF] Nardi | Resistive Switching by Voltage-Driven Ion Migration in Bipolar RRAM-Part I: Experimental Study[END_REF] in order to facilitate the creation of the metallic bridge. In the following sections, the OxRAMs will be discussed first and then a description of CBRAM is presented. Finally the Hybrid technology is detailed.

OxRAM

In OxRAM devices, alike in CBRAM ones, a CF is created in the metal oxide sandwiched between the two electrodes but the CF it's constituted of V O . The V O displacement relies on oxide microstructure and valence changes. The transition metal oxide between the electrodes is typically HfO 2 , Ta 2 O 5 or NiO [START_REF] Govoreanu | Complementary Role of Field and Temperature in Triggering ON/OFF Switching Mechanisms in Hf/HfO2 Resistive RAM Cells[END_REF][START_REF] Lee | A fast, high-endurance and scalable nonvolatile memory device made from asymmetric Ta2O5x/TaO2x bilayer structures[END_REF][START_REF] Courtade | Oxidation kinetics of Ni metallic films: Formation of NiO-based resistive switching structures[END_REF]. The cells require defect rich zones playing the role of oxygen vacancies supplier. These zones can be obtained with particular oxidisable electrodes (Hf, Ta, Ti) that act as Oxygen gatherers or using a resistive layer depleted in oxygen [START_REF] Fang | The Role of Ti Capping Layer in HfOx-Based RRAM Devices[END_REF][START_REF] Chen | Endurance/Retention Trade-off on HfO2 Metal Cap 1T1R Bipolar RRAM[END_REF][START_REF] Lee | A fast, high-endurance and scalable nonvolatile memory device made from asymmetric Ta2O5x/TaO2x bilayer structures[END_REF]. FORMING operation allows to redistribute the V O in the resistive layer. V O are positively charged and migrate under the electric field induced by the difference of potential imposed between the two electrodes. Through V O migration the CF is formed and broken giving the 2 possible states (HRS and LRS). The current flowing through the CF also generates heat enhancing the vacancies migration and filament destruction. V O are responsible for the electrical conduction and their migration induced by the electric field explains the bipolar switching. In Fig. 1.8 the main physical steps undergoing during OxRAM switching are resumed. A unipolar switching is also possible if the RESET operation is only thermally driven. Typical structures that present unipolar behaviour have symmetrical stacks such as Pt / HfO 2 / Pt [START_REF] Cagli | Experimental and theoretical study of electrode effects in HfO2 based RRAM[END_REF], Pt / NiO / Pt [START_REF] Seo | Reproducible resistance switching in polycrystalline NiO films[END_REF] or TiW / SiO x / TiW [START_REF] Chen | Comprehensive study of intrinsic unipolar SiOx-based ReRAM characteristics in AC frequency response and low voltage (< 2V) operation[END_REF] where there's no O-gathering layer (such as Ti). Bipolar devices have three main advantages over unipolar devices. The first one is that bipolar devices are more power efficient. Reset operation is both thermally and electrochemically driven therefore compared to unipolar devices they need a lower I RESET . The second advantage is that V SET and V RESET have opposite polarities hence a larger voltage margin, which makes their operation more reliable. 

CBRAM

CBRAM technology is based on the electro-migration of a metallic ions in a oxide material with the consequent formation of a metallic filament in the latter and a reduction of the overall resistance of the structure. This process can be divided in 3 phases [START_REF] Waser | Redox-Based Resistive Switching Memories -Nanoionic Mechanisms, Prospects, and Challenges[END_REF][START_REF] Valov | Electrochemical metallization memories-fundamentals, applications, prospects[END_REF]:

• Oxidation

• Migration

• Reduction

The oxidation corresponds to the creation of free ions from atoms at the TE interface. In order for the oxidation to take place the TE metal has to be electrochemically active (Si [START_REF] Rahaman | Impact of TaOx nanolayer at the GeSex/W interface on resistive switching memory performance and investigation of Cu nanofilament[END_REF], Co [START_REF] Maikap | Low current (5 pA) resistive switching memory using high-k Ta2O5 solid electrolyte[END_REF]). Several studies used Buttler -Volmer equations [START_REF] Chen | Front Matter[END_REF][START_REF] Valov | Atomically controlled electrochemical nucleation at superionic solid electrolyte surfaces[END_REF] to explain this phenomenon. The electric field applied on the cell drives the ions created in the oxidation process towards the BE [Mott Gurney approach]. The resistive layer has to be chosen depending on the ions coming from the TE. Some examples are: GeS 2 for Ag [START_REF] Jameson | Quantized Conductance in Ag/GeS2/W Conductive-Bridge Memory Cells[END_REF] or Al 2 O 3 for Cu [START_REF] Belmonte | 90nm WAl2O3TiWCu 1T1R CBRAM cell showing low-power, fast and disturb-free operation[END_REF].

Finally ions reduction occurs at the BE interface. As the number of incoming ions increases a filament start to form between the two electrodes progressively reducing the insulating gap with the top electrode. This process leads finally to the creation of a CF between BE and TE, the resistance of the structure is greatly reduced.
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This 3 phenomena together represent the so called SET operation. In the case of oxide-based CBRAM where a breakdown of the oxide is needed the operation is called FORMING. Voltages required for FORMING operation are higher than the ones required for SET operation.

The reversed operation is called RESET. The BE material differently from the TE one needs to be inert to avoid its dissolution during RESET (this would hinder the process because its ions would start migrating towards the TE). RESET is a temperature enhanced phenomenon [START_REF] Govoreanu | Complementary Role of Field and Temperature in Triggering ON/OFF Switching Mechanisms in Hf/HfO2 Resistive RAM Cells[END_REF] due to the high density current flowing in the cell during the operation.

In Fig. 1.9 the main physical steps undergoing during CBRAM switching are resumed.

Recent work demonstrated that also V O are part of the switching mechanisms, enabling the ion migration in certain resistive layers [START_REF] Molas | Controlling oxygen vacancies in doped oxide based CBRAM for improved memory performances[END_REF]. These V O positively charged migrate through the electrolyte as exposed in the previous section for the OxRAM. 

Hybrid

Hybrid memories are CBRAM-based memories where V O are introduced in the solid electrolyte in order to improve the performances. The inserted V O should assist the percolation of Cu in the metal oxide, reducing the switching voltages. In [START_REF] Molas | Controlling oxygen vacancies in doped oxide based CBRAM for improved memory performances[END_REF] for example it is shown how by doping the metal oxide (MO x ) with Hf to create oxygen vacancies the pristine resistance and forming voltage of the memory cell is significantly reduced (see Fig. 1.10). A reduction of the pristine resistance lowers also the maximum HRS resistance attainable and hence the maximum memory window. Being the HRS resistance lower, the V SET is also reduced and if the doping concentration is sufficiently increased, V FORMING and V SET coincide. Other dopants have different effects; for example when the electrolyte is doped with Al the forming voltage does not have a monotonic dependence with the doping concentration, the voltage is at first increased because V FORMING (Al 2 O 3 )>V FORMING (MO x ) but after a critical value the forming operation results easier since the MO x (Al) alloy has a more metallic behaviour. Al doping allows also to reach greater memory windows if the doping concentration is not too high. In this work we worked on hybrid memories by inserting an O-gatherer layer above the oxide for increasing the V O concentration. Results from this approach will be discussed in section 3.4.3. Other groups used this approach [START_REF] Tada | Highly scalable nonvolatile TiOx/TaSiOy solid-electrolyte crossbar switch integrated in local interconnect for low power reconfigurable logic[END_REF] showing that the introduction of an opportune interstitial layer increases the HRS resistance values and at the same time it reduces its variability as shown in Fig. 1.11. 

3D Architecture

Since flash is reaching its limit in scalability researchers started looking for new ways of keep increasing the memory density. The main stream is nowadays to try stacking in a 3D geometry the devices. This path was undertaken by the flash technology but also the other NVM are already trying this type of integration in order to be as competitive as possible as a flash replacement. Two main ways of stacking memory cells are:

• 3D X-point (Fig. 1.5)

• Vertical (Fig. 1.5)

Both 3D X-point and Vertical have 4F 2 lateral unit cell size. The 3D X-point ReRAM has an advantage in lateral scaling since 2-terminal selection devices such as diodes can be inserted to reduce leakage currents without compromising lateral scalability. Higher cell efficiency can be obtained if peripheral circuits are positioned under the cell stacks as well. However, the 3D X-point ReRAM is not expected to have a chance to compete with NAND technology, considering fabrication cost [START_REF] Baek | Realization of vertical resistive memory (VRRAM) using cost effective 3D process[END_REF]. From Fig. 1.13 (a), minimum number of critical masks for metal lines and via contacts that configure X-point arrays becomes higher than affordable number when more than 8 layers are stacked. In addition to that, expensive double patterning technology (DPT) or EUV litho tool is inevitable for design rules less than 40nm. Unless EUV cost goes down to ArF immersion cost, even 2-bit MLC 3D X-point ReRAM technology can hardly be extended to 512 Gb generation [START_REF] Baek | Realization of vertical resistive memory (VRRAM) using cost effective 3D process[END_REF](see Fig. 1.13 (b)). That means 3D X-point technology can be used at most for 2 more generations from current 64 Gb MLC NAND technology.

Meanwhile, Vertical ReRAM (VRRAM) has an advantage in vertical scaling since the number of masks and process steps are relatively independent of the number of cell stacks, hence the cost then saturates after a certain number of levels (See Fig. 1.14). Thus higher than 1 Tb density becomes manufacturable at design rules using ArF immersion lithography (>40 nm).

Despite the enlisted advantages of the vertical solution, it is clear that the fabrication process becomes more challenging as the number of wanted layers increases. Differently saturates after a given number of stacked levels. Image taken from [START_REF] Park | 5th Leti Workshop on Innovative Memory[END_REF] from the 1 st option in vertical geometry the layer deposition has to be as uniform as possible all along the sidewall of the structure, thus limiting the deposition technique and the materials available [START_REF] Kim | Extending the DRAM and FLASH memory technologies to 10nm and beyond[END_REF]. One very peculiar aspect of 3D integration is the presence of sneak paths, parasite currents that flow through unselected cells increasing power consumption. In order to reduce these currents one solution is to integrate in series a selector that strongly limits the current in the unselected cells. The most straightforward solution would be a transistor [START_REF] Chen | Endurance/Retention Trade-off on HfO2 metal Cap 1T1R Bipolar RRAM[END_REF] but, despite the ease of this solution the drawback is that in doing so the overall memory density is reduced limiting therefore the advantage of having a 3D architecture. Other solutions as a tailored selector [START_REF] Cha | Selector devices for 3-D cross-point ReRAM[END_REF][START_REF] Hyun | 3D-stackable crossbar resistive memory based on Field Assisted Superlinear Threshold (FAST) selector[END_REF] or a diode ( [START_REF] Hsieh | Ultra high density 3D via RRAM in pure 28nm CMOS process[END_REF]) are currently being evaluated. All the previous have one common drawbacks:

• reduced density

• increased complexity

• increased cost

That's why the most elegant and cost effective solution would be a selector-less cell [START_REF] Nardi | Complementary switching in metal oxides: Toward diode-less crossbar RRAMs[END_REF] that would be able to self-limit the current generally thanks to a strong non linearity of the IV profile [START_REF] Lee | Selector-less ReRAM with an excellent non-linearity and reliability by the band-gap engineered multilayer titanium oxide and triangular shaped AC pulse[END_REF][START_REF] Chen | Stabilization of resistive switching with controllable self-compliant Ta2O5-based RRAM[END_REF][START_REF] Hsu | 3D vertical TaOx/TiO2 RRAM with over 103 self-rectifying ratio and sub uA operating current[END_REF][START_REF] Hsu | Self-rectifying bipolar TaOx/TiO2 RRAM with superior endurance over 1012 cycles for 3D high-density storage-class memory[END_REF]. Many works are now being carried out in this direction. In table 1.1 are reported some of the most important works done in the last years on the 3D integration.

In [START_REF] Park | A non-linear ReRAM cell with sub-1 uA ultralow operating current for high density vertical resistive memory (VRRAM)[END_REF] a tunnelling layer is used to induce a non linear behaviour that allows sub-µA operating currents and reduces leaking of the cell. 10 7 cycles are attainable with this stack.

In [START_REF] Baek | Realization of vertical resistive memory (VRRAM) using cost effective 3D process[END_REF] a barrier is inserted in the memory stack to allow switching events of the memory cells even with CVD deposition of the TE used instead of the PVD for the vertical structure. This barrier doesn't alter significantly the memory performance but helps to prevent the Cl atoms created during the CVD to interact with O atoms hindering therefore the switching events. [START_REF] Chien | Multi-layer sidewall WOX resistive memory suitable for 3D ReRAM[END_REF] shows a VRRAM solution where the active layer is obtained via oxidation of the BE. Oxidation is a way to obtain on the sidewall of the structure the active material without actual layer deposition.

In [START_REF] Cha | Nanoscale (10nm) 3D vertical ReRAM and NbO2 threshold selector with TiN electrode[END_REF] are reported the performance of a 1S1R structure which allows the reduction of current flowing in the device at low applied voltage: 10 4 s at 85 • C and 10 7 cycles with good disturbance immunity.

An example of diode to limit the sneak current is reported in [START_REF] Hsieh | Ultra high density 3D via RRAM in pure 28nm CMOS process[END_REF] for a 3D x-point structure. This solution shows up to 10 4 cycles endurance and up to 300 h at 150 • C.

In [START_REF] Hsu | 3D vertical TaOx/TiO2 RRAM with over 103 self-rectifying ratio and sub uA operating current[END_REF] are reported the performances of a memory cell with the following stack: Ta/TaO x /TiO 2 /Ti. This structure is forming free self compliant and self rectifying but unlike a typical ReRAM [START_REF] Nardi | Resistive Switching by Voltage-Driven Ion Migration in Bipolar RRAM-Part I: Experimental Study[END_REF] it shows an area dependence indicating that the switching is not filamentary. Switching is believed to be generated by modulation of Schottky Barrier. In this manuscript only the VRRAM solution will be contemplated since is the one that our research group is focusing on and the work done in my PHD has per final goal the electrical characterisation and the physical understanding of a 2-level VRRAM. 
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Neuromorphic Applications

Introduction

The final part of this chapter is dedicated to neuromorphic applications since it is one of the field where the VRRAMs could offer substantial advantages if compared to planar devices, as it will be clarified later on in chapter 5. Synaptic electronics is a field of research aiming to build artificial synaptic devices to emulate the computation performed by biological synapses.

The idea of using solid-state devices to build bio-inspired circuits began decades ago [START_REF] Ovshinsky | Disordered Materials: Science and Technology[END_REF] and thanks to the Darpa Synapse program [START_REF] Srinivasa | Neuromorphic Adaptive Plastic Scalable Electronics: Analog Learning Systems[END_REF], started in 2008, it regained interest. As the increase of number of publications can testify (see Fig. 1.16) the interest in this field rapidly grew since 2008. This interest is justified by the inefficiency of conventional computational systems in solving complex problems.

Conventional computing using CMOS logic and Von Neumann architecture [START_REF] Neumann | First draft of a report on the EDVAC[END_REF] is powerful when it comes to solve structured problems, such as well-defined mathematical problems or precisely processing defined data sets. On the other hand, this solution is far from competing with biological brains when the problems to solve have imprecisely defined inputs and outputs as in the case of interaction with the real word (e.g.: image recognition).

As mentioned for tasks involving real-time processing of unstructured sensory data, such as image, video or voice recognition, navigation, etc, the biological brain outperforms conventional computers with a superior performance. The biological brain has a radically different architecture and function compared to conventional computers:

• it is massively parallel, three-dimensionally organised, and extremely compact • it is power efficient

• it combines storage and computation

• it is fault and variation tolerant and robust Chapter 1. Introduction
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• it is self-learning and adaptive to changing environments Brain-inspired computation relies on massive parallelism, three-dimensional design and compactness. This poses a great challenge for device researchers because compact electronic devices capable of mimicking biological synapse are still unavailable.

For the better understanding of following chapters, it is fundamental to understand what a synapse is and which characteristics scientists are trying to emulate. Synapses are 20 to 40 nm gap junctions permitting neurons to pass an electrical or chemical signal to another cell and they are the most abundant computation element in the brain. The ability to mimic the biological computation at the synaptic level will be a big step forward toward building massively parallel computational systems.

Research on synaptic devices can readily capitalise on the advances in neuromorphic circuits field (initiated by Carver Mead [START_REF] Mead | Neuromorphic electronic systems[END_REF], focusing on emulating the electrophysiological behaviour of real neurons with analog/digital circuits) for realising the integration of synaptic devices with neuron circuits.

Synaptic plasticity and learning

The human brain consists of ≈10 11 neurons and an extremely large number of synapses, ∼10 15 , which act as a highly complex interconnection network among the neurons [START_REF] Drachman | Do we have brain to spare?[END_REF]. Neurons consist of a soma (cell body), dendrites (thin structures that arise from the cell body) and an axon (a long cellular extension that arises from the cell body). Neurons generate action potentials (spikes), with amplitudes of approximately 100 mV and durations in the range of 0.1-1 ms in their soma. The spikes propagate through the axon and are transmitted to the next neuron through the synapses. The synapses, which are 20-40 nm wide gaps between the axon end and the dendrites, transmit the signal either chemically by releasing neurotransmitters or electrically depending on the type of the synapse. Each neuron is connected through 10 4 -10 6 synapses with other neurons.

Neurons and synapses are the two basic computational units in the brain. Neuron computation is performed by integrating the inputs coming from other neurons and generating spikes as a result. The synapses contribute to the computation by changing their connection strength as a result of neuronal activity, which is known as synaptic plasticity. Synaptic plasticity is the mechanism that is believed to underlie learning and memory of the biological brain [START_REF] Kandel | Principles of Neural Science. 4th[END_REF]. The concept of synaptic plasticity has been heavily influenced by Hebb's postulate stating that the connection strength between neurons is modified based on neural activities in pre-synaptic and post-synaptic cells [START_REF] Markram | A history of spiketiming-dependent plasticity[END_REF]. In the late 1990s, a form of Hebbian learning, spike-timing-dependent plasticity (STDP), which focuses on the temporal order of spikes, emerged as a novel concept in cellular learning [START_REF] Bi | Synaptic Modifications in Cultured Hippocampal Neurons: Dependence on Spike Timing, Synaptic Strength, and Postsynaptic Cell Type[END_REF][START_REF] Li | A critical window for cooperation and competition among developing retinotectal synapses[END_REF][START_REF] Markram | Regulation of Synaptic Efficacy by Coincidence of Postsynaptic APs and EPSPs[END_REF]. It attracted tremendous interest in both experimental and computational fields of neuroscience [START_REF] Song | Cortical Development and Remapping through Spike Timing-Dependent Plasticity[END_REF][START_REF] Song | Competitive Hebbian learning through spike-timing-dependent synaptic plasticity[END_REF][START_REF] Van Rossum | Stable Hebbian Learning from Spike Timing-Dependent Plasticity[END_REF][START_REF] Brader | Learning Real-World Stimuli in a Neural Network with Spike-Driven Synaptic Dynamics[END_REF]. According to an asymmetric form of STDP, initially discovered by Bi and Poo in hippocampal cultures, plasticity or so-called synaptic weight depends on the relative timing of pre-and post-synaptic spikes.

The synapse potentiates (increases in synaptic weight or conductance) if a presynaptic spike precedes a post-synaptic spike repeatedly, and the synapse depresses (decreases in synaptic weight or conductance) if a post-synaptic spike precedes a presynaptic spike repeatedly.

Previous work [START_REF] Bi | Synaptic Modifications in Cultured Hippocampal Neurons: Dependence on Spike Timing, Synaptic Strength, and Postsynaptic Cell Type[END_REF] describes asymmetric STDP. If a pre-neuron spikes before a post-neuron (δt > 0), the synaptic weight increases, in other words the synapse gets stronger (potentiation). The percentage increase in the synaptic weight is determined Chapter 1. Introduction according to the value of timing difference between pre-and post-neurons's spiking times. A smaller spike timing difference results in a larger increase in synaptic weight. If post-neuron spikes before pre-neuron (δ t < 0), the synaptic weight decreases, which means that the synapse get weaker (depression). The precise pre/post-spike timing window, which controls the sign and magnitude of synaptic weight modification, is around 100 ms for biological synapses [START_REF] Bi | Synaptic Modifications in Cultured Hippocampal Neurons: Dependence on Spike Timing, Synaptic Strength, and Postsynaptic Cell Type[END_REF][START_REF] Li | A critical window for cooperation and competition among developing retinotectal synapses[END_REF][START_REF] Li | A critical window for cooperation and competition among developing retinotectal synapses[END_REF]. Different forms of STDP, which exhibit different temporal dependency on spike timing and order, have been measured by several groups [START_REF] Caporale | Spike Timing-Dependent Plasticity: A Hebbian Learning Rule[END_REF][START_REF] Sjöström | Dendritic Excitability and Synaptic Plasticity[END_REF][START_REF] Robert C Froemke | Dendritic synapse location and neocortical spike-timing-dependent plasticity[END_REF][START_REF] Wittenberg | Malleability of Spike-Timing-Dependent Plasticity at the CA3-CA1 Synapse[END_REF][START_REF] Harel | Spike Timing Dependent Plasticity: A Consequence of More Fundamental Learning Rules[END_REF]. STDP can be generalised as a mechanism which regulates the connection strength of neurons depending on their coactivity and spike timing. However, STDP is not the only form of synaptic plasticity and definitely not the only mechanism responsible for all the cellular-level computation in the brain [START_REF] Harel | Spike Timing Dependent Plasticity: A Consequence of More Fundamental Learning Rules[END_REF]. Firing rate, spiking orders and dendritic location are some of the factors that greatly affect plasticity as well as specific cell and synapse type [START_REF] Dan | Spike Timing-Dependent Plasticity: From Synapse to Perception[END_REF].

Owing to its simplicity, biological plausibility and computational power, STDP has been widely used in computational neuroscience for pattern recognition, temporal sequence learning, coincidence detection, navigation, and direction selectivity. The important role of STDP in system-level biological computations remain as an exciting research field of neuroscience. This feature characteristic of synapses is what this work will try to emulate chapter 5 in order to propose a proof of concept for an artificial synapse.

Synaptic device implementations

The interest in developing synapse-like electronic devices directed attention to material systems that have been investigated for non-volatile memory technologies. A broad spectrum of device systems with programmable conductance inspired from already existing device technologies, such as phase change memory (PCM), resistive change memory (RRAM), conductive bridge type memory (CBRAM), ferroelectric switches, carbon nanotube devices, and three-terminal devices or FET (field effect transistor) based devices, have been explored. Different material systems or devices have strengths in various characteristics. In this work we will present results relative to RRAM devices.

The synaptic device should be a simple two-terminal nanoscale device in order to reach brain-level parallelism and compactness. The main characteristics are the ones which are directly related to the parallelism, energy efficiency and fault tolerance. The synaptic device should emulate plasticity by implementing an analog-like transition between different conductance states with very low energy consumption per synaptic event. The exact performance metrics depend on the desired application.

For the resistive materials, which switch through the formation of conductive filaments, abrupt set or reset transitions are observed depending on the applied pulse width. Alibart et al has shown that program-verify algorithms can be used to tune device resistance at a specific bias point to within 1% relative accuracy of the dynamic range [START_REF] Alibart | High precision tuning of state for memristive devices by adaptable variation-tolerant algorithm[END_REF]. STDP has been implemented in HfO x [START_REF] Yu | An Electronic Synapse Device Based on Metal Oxide Resistive Switching Memory for Neuromorphic Computation[END_REF], AlO x [START_REF] Wu | AlOx-Based Resistive Switching Device with Gradual Resistance Modulation for Neuromorphic Device Application[END_REF] and PCMO [START_REF] Alibart | High precision tuning of state for memristive devices by adaptable variation-tolerant algorithm[END_REF] synaptic devices using different pulse schemes [START_REF] Kuzum | Synaptic electronics: materials, devices and applications[END_REF].

Among many different candidates for synaptic electronics, RRAM-based synaptic devices are attractive mainly due to their relatively lower energy consumption. Sub-pJ level energy consumption per synaptic event has been recently demonstrated [START_REF] Yu | A neuromorphic visual system using RRAM synaptic devices with Sub-pJ energy and tolerance to variability: Experimental characterization and large-scale modeling[END_REF]. Extremely scaled crossbar RRAM with an area of less than 10×10 nm 2 and with a switching energy per bit of <0.1 pJ [START_REF] Govoreanu | 10 x 10nm2 Hf/HfOx crossbar resistive RAM with excellent performance, reliability and low-energy operation[END_REF] shows promise for future large-scale RRAM synaptic arrays. In addition to that RRAM devices show very fast commutation times [START_REF] Piccolboni | Investigation of the potentialities of Vertical Resistive RAM (VRRAM) for neuromorphic applications[END_REF]. Emulation of synapse potentiation and depression have been recently demonstrated using vertical Ta 2 O 5 -based OxRAM devices [START_REF] Wang | 3D synaptic architecture with ultralow sub-10 fJ energy per spike for neuromorphic computation[END_REF] as depicted in Fig. 1.17. It can be seen how by sending several pulses on a device the overall conductance can be increased (potentiation) and decreased (depression). In this work among the various materials that can be studied we will focus on HfO 2 -based OxRAM, Ta 2 O 5 -based CBRAM and Al 2 O 3 -based CBRAM cells. Since our devices don't show a tunable conductivity due to the abrupt SET operation [START_REF] Piccolboni | Investigation of the potentialities of Vertical Resistive RAM (VRRAM) for neuromorphic applications[END_REF] we will use more than one memory cell to emulate the synaptic behaviour as discussed in chapter 5. This second chapter is focused at first on giving an overview of the studied devices (integration flow, deposited materials, etc.) and in the second part on the electrical test conducted on these devices. Although the memory devices differ among them as mentioned before, the measurement methods are common to every sample so what will be described in this chapter, if not stated otherwise, will be valid for all ensuing results.

Studied RRAM Devices

The studied devices differ in terms of architecture, integrated layers and electric circuit built around the ReRAM itself but they are mainly RRAM-based VRRAM where a metal oxide is deposited on the sidewall of a vertical structure (VIA or MESA) containing one of the 2 electrodes while the other is deposited on the metal oxide itself. The only exception is a batch of planar devices used for material screening. The approach we used was to study in the first place 1R devices to perform an initial material screening. The best stack found thanks to 1R devices were then integrated into 1T-1R structures that have performances closer to the state of the art devices. 1T-1R devices were integrated in both MESA and VIA structures. Once the optimal stacks were tested also in 1T-1R configuration 2-levels devices were fabricated. This is the first step towards high density VRRAM containing several memory levels per pillar. Working on 2-levels devices allowed us to compare the performance of stacked levels verifying the reproducibility of the process on piled memory devices. Disturb test were also performed among the two memory cells in the pillar.

Device Technologies

During this thesis both OxRAM and CBRAM samples were studied in the vertical configuration while hybrid devices were investigated in a planar structure. 20 Chapter 2. Studied Devices and Experimental Set-Up

OxRAM

OxRAM samples were mainly constituted of HfO 2 as the active material and in most of the cases the bottom electrode was TiN while the top electrode was Ti/TiN. Few measurement, as reported in the following chapters, were conducted on HfO 2 -based OxRAMs using different electrodes. Some tests with a material screening purpose were conducted using Ta 2 O 5 as metal oxide.

CBRAM

The bottom electrode was either a W or a WSi plug . The solid electrolyte was ALD Al 2 O 3 of 3.5 nm or PVD or PEALD Ta 2 O 5 . Top electrode is CuTe 2 Ge deposited by PVD from a single target. Copper will migrate from the TE to form the conductive filament in the solid electrolyte.

Hybrid

Planar hybrid sample were Ta 2 O 5 -based. Both hybrid and CBRAM samples where proposed in order to compare a pure CBRAM device were the CF is made in this case of copper and hybrid device were the copper CF formation and dissolution is facilitated by the presence of V O in the solid electrolyte that were introduced in our case thanks to the insertion of a Ti layer between the active material and the ion source.

Device Architectures

Three main device architectures were propose 1. Planar MESA reference architecture 2. Vertical RRAM in MESA architecture 3. Vertical RRAM in VIA architecture

Planar MESA reference architecture

In these devices the electrolyte and the top electrode are deposited on a tungsten plug connected to the bottom metal line. Once all layers are deposited they are etched in order to leave a MESA structure on which a capping SiO 2 layer is also deposited. The insulating layer is finally etched to get the bottom electrode and top electrode contacts. The whole workflow to obtain this architecture is reported in Fig. 2.1. This structure was useful to carry out studies on material and layers' thickness impact. Even if this technology is very far from the industrial standards it is indeed useful for preliminary studies and has the main advantage of being fast and easy to produce. So, our approach was that all the new stacks were tested in this structure and the best ones were then integrated in more complex architectures (sections 2.2.2.2 and 2.2.2.3). In this manuscript only CBRAM and Hybrid samples were integrated in this architecture because OxRAM study on planar devices had been already done before my arrival.

Vertical RRAM in MESA architecture

Fig. 2.2 shows the process flow to obtain our MESA structures. A metal (BE)/insulator double layer is deposited on a W plug, the BE thickness is in general varied to investigate the physical behaviour of the system. Dry etching is used to pattern a cylinder and reveal the metal (BE) liner. The etching conditions are particularly critical and were optimised to ensure a vertical profile of the top electrode and reduce the corners effects at the BE/Isolant interfaces. Then the metal oxide is deposited on top of this structure. Thus, the active area of the cell is defined by the diameter of the cylinder and the thickness of the deposited BE. Finally the TE is deposited and patterned. Generally combining TEM and EDX analyses, thicknesses and material composition are evaluated to verify the process outcome. In Fig. 2.3 is reported a TEM image of this structure were a HfO 2 -based OxRAM stack was integrated (see section 3.4.2).

Vertical RRAM in VIA architecture

Fig. 2.4 shows the process flow to obtain our VIA structures. During this PHD VIA structures were used only for 2-levels devices. After the deposition of 2 metallic layers (BE) separated by insulator layers, etching was performed to create the via that will host the rest of the memory stack. Inside the VIA are in fact deposited at first the solid electrolyte and after that the ion source followed by the TE. The rest of the VIA is then filled with a metallic contact, in our case W. In Fig. 2.5 is reported a TEM image of this structure were a Al 2 O 3 -based CBRAM stack was integrated (see section 3.6.1).

Materials stacks

The stacks used in this work belong to three majors families depending if the memory cell is an OxRAM, a CBRAM or an hybrid. The stacks, independently of the architecture, were:

• for OxRAM: TiN / HfO 2 / Ti/TiN which are respectively BE / active material / TE A summary of the stacks can be found in table 2.1.

Device Integration

The device integration was in a first stage very simple (One Resistor) because the aim of the electrical characterisation was to identify the best stacks (mainly in terms of layers' thickness) for future integration, in a second moment more complicated structures were fabricated in order to have performances as close as possible to the state of the art.

Chapter 2. Studied Devices and Experimental Set-Up The simplest form of RRAM that was studied is the one resistor (1R) sample which corresponds to single RRAM cells without any selectors. This simple structure offers a fast integration process and the ability to test the RRAM itself without the interference of any other devices (diodes, transistors, etc.). This first structure allowed to perform a screening on a wide spectrum of parameters such as thickness of the BE, thickness of the active material, thickness of the TE and diameter of the MESA structure. All the information gathered from the 1R structures were useful in the integration of more complicated and hence expensive samples. The lack of an integrated selector poses however some important limitations. The major one is the overshoot of the current: especially during forming operation. Overshoot is a well-known but still studied phenomenon [START_REF] Tirano | Accurate analysis of parasitic current overshoot during forming operation in {RRAMs}[END_REF]; it is caused by the discharge of the measuring system parasitic capacitance (from cables, . . . ). This uncontrolled current flow in the memory device causes in the best case a very low LRS resistance (very limiting in terms of power consumption) and in the worst case the complete rupture of the cell. The overshoot limits hence the measurements to relatively high I SET (≈300 µA), quite far from the state of the art working currents found in literature [START_REF] Chen | Improvement of data retention in HfO2/Hf 1T1R RRAM cell under low operating current[END_REF][START_REF] Goux | Evidences of Electrode-Controlled Retention Properties in Ta2O5-Based Resistive-Switching Memory Cells[END_REF] (<100 µA). In addition parasitic capacitances, and resistances, increase the RC relaxation time of the system till 10 to 100 ns greatly limiting the fast switching measurements. An example of overshoot is reported in Fig. 2.6. Even if the overshoot happens during the SET operation the phenomenon is only visible during the RESET operation because the current peak during SET is too fast to be detectable from the parameter analyser. 

One Transistor One Resistor Devices

In order to overcome the overshoot issue described in the previous section the RRAM was integrated with a transistor in series. This structure is called One Transistor One

Resistor (1T-1R). Thanks to this solution the overshoot current is greatly reduced allowing to investigate the behaviour of the cells at low current regimes (down to 5 µA). Moreover very fast switching could be achieved (down to 20 ns). The use of an integrated transistor allowed reliable electrical characterisation on structure containing 2 devices (see section 3.6). If the transistor or a selector in general is mandatory to reduce the overshoot and the leakage current in matrices it poses some limitation in a study focused on fundamental understanding of RRAM switching because it's hard to extract the electrical response of the RRAM from the 1T-1R couple. Finally it has to be noticed that a transistor works in a given current range so in order to study the devices over a large spectrum, more than one transistor is needed.

Experimental Set-Up

Measurement Method

The measurement methods were the same no matter the sample and the instrument, thus, results from different batches and test benches could be compared. The methods were done also following the guidelines of former PHD students in order to be able to compare results obtained on older samples; in the current case the objective was to compare the electrical behaviour of vertical structures with older samples based on the planar technology. Two main electrical measurements were carried out: Quasi-Static and Pulsed.

Quasi-Static programming

The first and essential programming method is the Quasi-Static (QS) programming. This method consists in applying a positive or negative voltage ramp on one electrode leaving the other generally grounded; the polarity and the electrode were chosen depending on the operation to perform. During the ramp, the current flowing through the cell is measured with a Parameter Analyser (Agilent 4156 or B1500) and can be internally limited. The limiting current is called compliance current (I C ) or SET current (I SET ) and is used during FORMING/SET to limit the maximum current flowing into the device and hence to avoid irreversible cell degradation. During the QS programming it is possible to monitor the current evolution as a function of the applied voltage and then to obtain the switching voltage V SET and V RESET as seen in Fig. 2.7a. It is also possible to obtain the cell resistance value and thus its state (LRS or HRS) with the READ operation. For this operation, a much smaller voltage ramp is applied (a tenth of mV versus a few V for switching) and a linear regression on the measured current is performed. The resistance value is then extrapolated using a simple Ohm law. During READ operations, the applied voltage ramp is reduced in order to keep the state of the cell from changing, which would result in a disturbance of state (READ disturb) [START_REF] Longnos | On disturb immunity and P/E kinetics of Sb-doped GeS2/Ag conductive bridge memories[END_REF]. QS programming is generally employed as a standard test to verify the correct operation and main characteristics of the cell as it allows to perform all the standard operations (Forming, SET, RESET and READ). However, QS programming lacks a good temporal control especially regarding fast speed and short duration. This is why QS programming is limited in term of dynamic and temporal characteristics study. In addition in QS mode it is not possible to work on endurance tests because the time for a single cycle operation (SET+READ+RESET+READ) is too long (∼10 s) to perform on a cell more than ∼100 cycles in a timely manner. Finally fast switching has to be characterised 

Pulsed programming

To overcome the lack of high speed dynamic and temporal information resulting of the QS programming, the Pulsed method (PS) was used. This method consists in applying a positive or negative voltage pulse of a given duration on one electrode leaving the other generally grounded; the polarity and the electrode were chosen depending on the operation to perform. The voltage pulses can be tailored changing their height, their rise/fall times and their duration. Via an oscilloscope it is possible to monitor the voltage in function of the time and extract the switching time t SET and t RESET . In Fig. 2.8a is reported the ideal curve obtained monitoring the voltage on the memory cell and the voltage applied with the pulse generator. The switching time (t SET ) is defined as the time difference between the begin of the pulse and the sudden drop in the cell voltage caused by the reduction of the cell resistance which switch from HRS to LRS. The READ operation was performed in two ways depending on the used equipment:

• the simplest way using only pulse generators (that are not able to read the current flowing in the cell) is to perform quasi static reading after any pulse operation using a parameter analyser.

• In order to have faster reading times PIV modules can be used: the current can be monitored during the pulses; it is then possible to perform reading operation simply by sending a pulse of the proper height (≈100 mV) and by Ohm's law retrieve the resistance value. To increase accuracy, 5 to 10 current values during a pulse are used to get an average read. A typical PIV output is reported in Fig. 2.8b.

In this work we performed pulsed measurements mainly on 1T-1R devices (typical configuration reported in Fig. 2.9) because the pulsed measurements carried out on 1R devices are damaging the memory cell due to uncontrolled current overshoot. So, in the case of a single cell structure, two signals have to be sent to the device:

• Voltage pulse to the gate of the integrated transistor • Voltage pulse to the TE of the memory device

In our case we open the gate of the transistor after the proper voltage is applied on the cell's TE. A detailed scheme of the typical pulse for both SET and RESET operations is reported in Fig. 2.10.

BE TE

V G V BE V TE FIGURE 2.9: 1T1R configuration: the memory cell is in series with a transistor that is able to limit the current flowing in the device. I SET value is controlled with the gate voltage.

Finally one other advantage of PS programming is the reduced stress caused to the cells compared to QS programming, hence the cell degradation is then much slower. PS programming corresponds to the standard programming conditions for industrial RRAM, this method allowed us to have results comparable to the state of the art in the memory industry. That is why all endurance tests were performed solely in pulsed mode programming.

Tests Performed

In order to fully characterise the memory cells and have a comparison to the state of the art technology now available both in the market and in the research we performed a series of standard tests:

• QS cycling: used to understand the basic functioning of the cells. Typically performed on a limited number of cycles (∼10 -100 ). Typical IV curve is reported in Fig. • PS cycling: used to understand the cells' functioning in industrial standards and push the devices to their limit in terms of maximum number of cycles (Endurance test). A typical example where the number of cycles is 10 6 and the reading operations are performed in a logaritmic scale is reported in Fig. 2.11a.

• Data Retention: one of the most important characteristics of a memory device is its capability of storing the information for as long as possible. By baking the devices in the oven at various temperatures (80 to 200 • C) we are able to emulate the aging of a technology in a limited window of time (≈30 hours). The experiment consists in programming a batch of cells in the LRS and another batch in the HRS state and then read in a logarithmic spacing in time (1, 2, 4, 8, 16 and 32 h) the resistance values. The READ operation is carried out at room temperature, hence the samples are removed from the oven at each reading. The evolution of the resistances will tell the capability of a certain stack to keep a the information during time. In Fig. 2.11b is reported a typical data retention graph were the HRS and LRS resistances of every cell analysed are plotted against the cumulative time in the oven (T = 200 • C), the average resistance is also reported.

• Disturb Test: in the case of 2-levels devices it was important to verify that while cycling one level the state of the other was not affected. These tests were conducted on both levels of the structure (see Fig. 2.13) verifying that both HRS and LRS of the unselected cells were unaffected. An example is reported in Fig. 2.12a and Fig. 2.12b. In the first case the unselected cells are in LRS while in the second case they are in HRS.

Probe Station Set-Up

Depending on the number of levels in the memory device we had 2 different experimental set-ups: • for 1-level devices maximum 4 tips were needed hence the standard set-up with SMU ports connected to the 4 available tips was enough.

• in the less trivial case of 2-levels devices (Fig. 2.13) the use of a switching matrix which could address more than 4 tips was needed in Fig. 2.14a is reported the block diagram for the standard solution connecting the master computer to the probe station directly while in Fig. 2.14b is reported the diagram using a switching matrix.

Regarding 1-Level structures we worked both with 1R and with 1T1R devices. In the case of 1R devices the set-up consists only in 2 tips: one for the TE where the voltage sweep will be applied and the other one on the BE that will be kept grounded in all operations. A picture of the tips Set-Up on the wafer is reported in Fig. 2.15. In the case of 1T1R devices 4 tips are needed since the gate and the substrate of the transistor have to be addressed. Generally the substrate is grounded while the gate receives a constant voltage that will limit the maximum current flowing into the memory cell. In both cases the FORMING/SET operations are performed applying a positive voltage on the TE Chapter 2. Studied Devices and Experimental Set-Up while for the RESET a negative voltage is applied on the TE. For the RESET operation, it is also possible to send a positive voltage on the BE to prevent the current from flowing into the transistor substrate. A particular focus is needed to describe the way Read, SET and RESET operations were carried out in the case of 2-levels devices. In all operations in order not to have any discharge of charges, both gates were kept opened. Read operation was done in parallel on the 2 devices imposing a V READ on the TE and reading the current flowing from each BE as depicted in Fig. 2.16. SET operation was carried out separately on the two levels. A positive voltage is applied on the common TE while the BE of the selected level is kept at ground and the BE of the unselected layer is short-circuited with the TE in order not to have a voltage drop on the cell that has not to switch. Fig. 2.17a and Fig. 2.17b represent the SET operation on top and bottom level respectively. RESET operation is also carried out separately on the 2 levels. When top level is reset the common TE is kept at ground as the BE of the unselected cell. On the BE of the selected cell is sent on the other hand a positive voltage to switch the cell. Fig. 2.18a and Fig. 2.18b resume the RESET operations for top and bottom level respectively. This set-up for read, FORMING/SET and RESET operation was the best option we could find working on this structure. Other attempts were made: at the beginning we tried to form the cells applying a positive voltage on the TE electrode, a positive voltage on the transistor gate and 0 V on the BE of the cell of interest while forcing 0 V on the gate of the unselected cell in order to close the transistor. Using this set-up we realised that the unselected cell was formed too (even if its resistance after forming was higher than the one obtained with a proper forming). This means that even if the transistor was closed there was a current flow in the memory cell that induced the creation of a CF. This current was flowing into the memory cell and then in the substrate of the transistor of the unselected cell. If for example 100 µA was flowing in the TE, roughly 90 µA was flowing in the selected cell (measured from its BE) and the other 10 µA were flowing in the unselected memory cell. When we were reading the resistance of the unselected cell we found that the value was roughly 10 6 Ω. This value is in accordance with the resistances obtained varying the I SET (see Fig. 3.48). In Fig. 2.19 is reported the scheme of current paths that summarises the issue during SET/FORMING operations. FIGURE 2.16: Read operation on 2-levels devices. The 2 levels are read in parallel: a read voltage (V READ ) is applied on the TE while the current is read on each BE in order to estimate the resistance of each cell.

V G2 N 2 V G1 V TE N 1 V BE 2 V BE
V G2 N 2 V G1 V READ S N 1 0 [V] GND 0 [V] Read Top & Bottom
In the case of quasi static programming all the signals come from the parameter analyser while in the pulse mode the pulses are provided by pulse generators. 2 pulse generators are needed to have the 3 necessary signals: the gate pulse (common to the 2 gates), the SET signal imposed on the common TE and the RESET pulse that will be applied on the selected cell's BE. Fig. 2.20 shows the pulse scheme for both SET and RESET operations.

Chapter 2. Studied Devices and Experimental Set-Up This current is sufficient to form the top level. In the test we performed we had that if the total current I TOT was 100 µA, the current flowing in the selected device (I SET ) was 90 µA while I LEAK was 10 µA. 
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Chapter 3

Experimental Results

Introduction

This chapter summarises the experimental results collected during the PhD. The first sections are dedicated to the experiments carried out on OxRAM devices (sections 3.2 and 3.4) while the final sections are dedicated to results obtained on CBRAM samples (sections 3.4.3 and 3.5). In both cases the first samples to be analysed where 1R devices followed by 1T-1R once the preliminary material screening allowed us to find the best possible stacks.

1R Devices

1R Devices: Introduction

This chapter deals with the results obtained on the first batches studied during the PhD. This batches were the 1 st vertical example of RRAM fabricated at CEA. In this series of wafers many physical parameters were changed in order to find the optimum combination of structure dimension and layers' thickness to have the best performing RRAM. These wafers being 1R we conducted mainly QS tests since without transistor fast voltage pulses would cause an excessive current overshoot (see section 2.2.4.1). Pulse generators are not able to limit the current as analysers do, so, one solution is to use a series resistance during FORMING/SET operation. This is accomplished by mounting the series resistance on a card with a switch that selects the resistance only during the operation needing a current limitation. This extra circuitry component adds to the system parasitic capacitances that cause as mentioned before quite important overshoots. That's why since these batches were not meant to provide insights on device performances but mainly to guide the following 1T-1R device integration, only QS measurement results are shown.
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Wide screening of the stack composition

This 1 st batch contained 1R HfO 2 -based OxRAM all integrated in a MESA structure. It was conceived to do a preliminary screening, mainly on the layers' thickness composing the memory stack because we needed to investigate their impact of the VRRAM functioning in order to find the optimum stacks for future integrations in more complex and expensive architectures. This stack was a pure HfO 2 -based OxRAM. The 3 main layers composing the memory were:

• BE = TiN

• Resistive Material = HfO 2

• TE = Ti All 3 thicknesses were varied. In Fig. 3.1 are reported the details of every wafer in the batch. Diameter of the MESA structure (section 2.2.2.2) was also parametrised (400 to 1800 nm). In this section we report the results from electrical characterisation highlighting the effect of layers' thickness and structure dimension on the main RRAM parameters (LRS Resistance, HRS Resistance, switching voltages, . . . ). In 

BE Thickness

As reported in Fig. 3.1, BE thickness assumed four different values: 10, 20, 40 and 80 nm.

Differently from a planar RRAM when BE thickness is varied the active memory surface is varied. Referring to Fig. 2.2 the active area of the memory is calculated as:

Area RRAM = t BE × D × pi (3.1)
The main effect found by varying the BE thickness (t BE ) was that an higher t BE , hence in our case an larger area (see Eq. (3.1)) leads to a lower V FORMING . In fact, if the total memory cell area is bigger the breakdown probability of the oxide is higher, therefore the FORMING operation is easier. Fig. 3.3 illustrates these findings. 

Resistive Material Thickness

In Fig. 3.1 it is shown that 2 oxide thicknesses were studied: 5 and 10 nm. Being this the 1 st VRRAM batch parameters were largely varied to attain a good working point. What was discovered after the first electrical characterisation was that for almost all devices with HfO 2 = 5 nm (apart from wafer 1, which had Ti TE thickness of 15 nm) the initial resistance was extremely low (≈10 3 Ω) compared to values found other wafers of the batch having HfO 2 = 10 nm (≈10 3 Ω). This is due to the fact that the Ti layer deposited VIA CVD was thicker than expected on the structure side-wall. Preliminary studies suggested that the thickness ratio side-wall/top was supposed to be 1/3 or less. TEM investigation on the other hand, confirmed that the real thickness found on the side-wall corresponded to a ratio of 1/2. This led to a very high concentration of V O in the resistive material, and hence an already conductive metal oxide (see section 3.3.1.3). The consequence was that almost all measured cells were already in the LRS and they could not be switched to HRS. Few cells around the wafer had a slightly higher R INIT ; they could hence be switched, the endurance being very poor (≈50 cycles). So despite the poor performances of the wafers having a thin oxide these results were extremely useful for future integration. On the other hand, samples with a thicker oxide showed more promising performances. Compared to the memory cells having a thin oxide, these Chapter 3. Experimental Results samples offered a higher R INIT ; in Fig. 3.4a is reported the first I RESET after forming as a function of the initial resistance: as noticeable the initial resistance values spanned from ≈10 3 Ω to ≈10 11 Ω. In this graph the phenomenon of overshoot described in section 2.2.4.1 is clearly visible: for higher R INIT corresponding to higher V FORMING the reset current are higher; this means that during the FORMING operation the parameter analyser was not able to properly control the current flowing into the device. Fig. 3.4b shows the HRS and LRS resistance distributions, the average window reaches almost 2 decades but due to the distribution tails the effective memory windows is significantly reduced. It is to be noted that the LRS resistance is particularly low (≈4 × 10 2 Ω). This very low resistance is obtained because there is not a limiting device such as a transistor or a selector that limits the current in the FORMING operation leaving therefore a CF too thick and poorly resistive. In Fig. 3.5 are reported the distributions for V RESET and V SET , the average V RESET being ≈-0.35 V and the average V SET being ≈0.4 V. 

TE Thickness

In a bipolar OxRAM the active electrode acts as an Oxygen gatherer that creates V O in the resistive layer [START_REF] Traoré | Investigation of the role of electrodes on the retention performance of HfOx based RRAM cells by experiments, atomistic simulations and device physical modeling[END_REF]. The thickness of the TE (t TE ) has an influence on the V FORMING since the thicker the layer the more V O are created in the active material [REF]. This phenomenon saturates after a certain Ti t TE [START_REF] Piccolboni | Investigation of the potentialities of Vertical Resistive RAM (VRRAM) for neuromorphic applications[END_REF]. In the specific case of this batch we compared wafer 20 and 21 (see Fig. 3.1) where the BE thickness was 40 nm, the resistive material thickness was 10 nm and the TE was 70 to 100 nm for wafer 20 and wafer 21 respectively. These high values were motivated by the fact that Ti being deposited by PVD the thickness on the edges is much thinner than the targetted planar value (see Fig. A.12b). As we can see from Fig. 3.6 the V FORMING does not change as a function of the t TE . This means that in this case we are already in the "saturation zone". In the next chapters sections (section 3.3.2.1) we will show how with smaller Ti t TE we are able to tune the V FORMING . 

Ti TE [nm]

Data Retention

As mentioned in section 2.3.2 one of the most important test to be performed on memory cell is the data retention that can tell us the capability of a memory to store data. In namely 300, 500 and 1000 µA. For all three I SET values, both HRS and LRS resistances are not degraded after more than 10 4 s in the oven which means that this stack is a good memory candidate at least for what concerns the retention of information in time.

Generally LRS data retention worsen for low SET currents. During the study of these samples it was not possible to investigate the cells' behaviour for lower I SET because the structure is 1R and hence suffers from the overshoot issue (section 2.2.4.1). 

HRS

Conclusions

This batch's integration was very useful as a starting point for the following ones. The main things that were learned and that served as guidelines were:

• The variation of BE thickness has little effect on switching parameters except from V FORMING that is reduced with an increasing BE thickness.

• The actual ratio of Ti deposition side-wall/top is ∼1/2 and not 1/3 as seemed at the beginning. This rendered all 5 nm HfO 2 samples not working due to the high concentration of V O in the active material that renders the cell already conductive with no possibility to bring it to a HRS.

• The TE thickness variation on the few working wafers didn't give many insights since the variation was on values that correspond already to a saturation in the V FORMING .

• D increase, similarly to the BE increase, led to a V FORMING reduction while leaving the other parameters (resistances and switching voltages) unaffected.

• Data retention tests showed that the stack had a good data retention at 200 • C for compliace current down to 300 µA. Test on 1T-1R structures are needed to have results comparable to the industrial standards (I SET ≤ 100 µA)

For the following batches it was then decided to work only with 10 nm-thick resistive material to be more insensible at variation on the Ti TE thickness.

1R OxRAM fine Ti TE Tuning

This 2 nd batch batch contained 1R OxRAM devices all integrated in a MESA structure. It was conceived to do a more precise screening on the influence of the Ti TE thickness in a range were the Ti had an influence particularly on the FORMING operation.

In Fig. 3.10 are reported the details of every wafer in the batch. Diameter of the MESA structure (Fig. 2.2) was also parametrised (400 to 1800 nm). In Fig . A.12a is reported the same process flow to obtain the vertical RAM. In this section we report the results from electrical characterisation highlighting the effect of layers' thickness and structure dimension on main RRAM parameters (LRS Resistance, HRS Resistance, switching voltages, . . . ). 

TE Thickness

As mentioned in section 3.3.1.3 the active TE governs the V FORMING . Compared to the previous batch (section 3.3.1.3) where the t TE of working devices was too big to appreciate an effect on the FORMING event (section 3.3.1.3), in this case the layers are substantially thinner. Fig. 3.11a shows that varying Ti thickness in the 5 to 15 nm range has an important effect on V FORMING : for an increasing TE thickness V FORMING is reduced. Being the cells 1R for the thin (5 nm) sample there are no cells working due to an excessive current overshoot that after forming leave the cells in a very low LRS state (the CF created is probably so big that is not possible to switch the cell to a HRS state). On the other hand the cells having a thicker TE and hence lower V FORMING are able to switch. In Fig. 3.11b is reported the percentage of switching cells among the ones tested (yield) showing that a better yield is obtained for thicker Ti TE. The working cells in the two cases of Ti = 10 nm and Ti = 15 nm are the ones having a relatively small R INIT . In Fig. 3.12 is represented the distribution of initial resistances for the samples with the thickest Ti TE (15 nm); the green points correspond to the cells that were able to switch. It is clear that all the cells with an R INIT > ≈10 6 Ω, hence an higher V FORMING , could not be cycled properly (resistance stuck at LRS). Thanks to this study we verified that V FORMING is reduced up to a 15 nm-thick Ti TE. This means that in this range of values the cell performances are partly influenced by the TE thickness. This is useful as a guideline for future integration of vertical structures containing more than one level were the deposited TE thickness on the sidewall changes in all levels.

Ti TE [nm] 

MESA Diameter (D)

As for the case of the 1 st batch, vary D has mainly an effect on V FORMING . In Fig. 3.13 is clear that V FORMING is reduced for an increasing D and therefore an increasing area.

V SET and V RESET are not affected by the D variation. 

Conclusions

This batch's integration was very useful to tailor more precisely the TE thickness. The main things that were learned and that served as guidelines were:

• The TE thickness variation showed that the V FORMING decreases for a thicker Ti layer. Being the cells 1R a too thin layer causes a V FORMING so high that cells after FORMING operation remain stuck in the LRS state due to the presence of overshoot. The V FORMING dependence on the TE thickness is to be kept in mind for future integrations of several devices on a sidewall were the deposition thickness varies as a function of the position in the MESA or VIA, depending on the architecture.

• If D is increased, as for the previous batch, the V FORMING is reduced while leaving the other parameters unaffected.

1R OxRAM TE and BE Tuning

This 3 nd batch contained 1R HfO 2 -based OxRAM all integrated in a MESA structure. It was conceived to do a wider screening on the influence of the Ti TE thickness and to study the effect of the BE thickness. In particular the TE thickness was spanned in a different range of values compared to the previous section (section 3.3.2) in order to be close to the saturation of V FORMING . In Fig. 3.14 are reported the details of every wafer in the batch. Diameter of the MESA structure (Fig. 2.2) was also parametrised (400 to 1800 nm). In this section we report the results from electrical characterisation highlighting the effect of layers' thickness and structure dimension on main RRAM parameters (LRS Resistance, HRS Resistance, switching voltages, . . . ).In Fig . A.12a is reported the process flow to obtain the vertical RAM while in Fig. 3.15 shows the TEM image of the memory cell where the TiN BE, the HfO 2 active material and the Ti/TiN TE are clearly visible. 

BE Thickness

As reported in Fig. 3.14, BE thickness assumed two different values: 10 and 80 nm. As discussed in section 3.3.1.1 the BE thickness changes the total active device area (see
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Eq. (3.1)).

In accordance to section 3.3.1.1 the main effect found by varying the BE thickness (t BE ) was, that an higher t BE , hence in our case an larger area (see Eq. (3.1)) leads to a lower V FORMING as depicted in Fig. 3.16a. Being the cells 1R the due to the overshoot there is a better yield for devices showing lower FORMING voltages as shown in Fig. 3.16b). The V FORMING dependence on the BE thickness is demonstrated also for a thicker Ti TE as reported in Fig. 3.17. In this case the TE being thick enough the V FORMING is already sufficiently low to grant a similar yield for the two cases (≈ 20%) FIGURE 3.17: V FORMING evolution as a function of the TiN BE thickness for a Ti TE thickness = 50 nm. The forming voltage is lower for a thicker BE.

TE Thickness

As mentioned in section 3.3.1.3 the active TE governs the V FORMING . The results for this batch are comparable with the ones found in the previous one (section 3.3.2): for wafers 2,3 and 5, which have a TiN BE thickness of 10 nm, the V FORMING is reduced for an increasing t TE . It is to be noticed that going from 20 nm to 30 nm there is an important reduction in the V FORMING (≈1 V) as depicted in Fig. 3.18a. On the other hand between 30 nm and 50 nm TE thickness there's no major difference. This is due to the V FORMING saturation described insection 3.3.1. As in section 3.3.2 a better yield is obtained for thicker TE thickness (see Fig. 3.18b). As before this is believed to be related to the bigger overshoot in the case of higher FORMING voltage. Similar results were obtained for a thicker BE, namely 80 nm. In Fig. 3.19 it is shown a reduction of the V FORMING for an increasing TE thickness. The percentage variation of FORMING voltage is lower compared to the one obtained for TiN BE thickness = 10 nm (7% instead of 34%) because the effect of Ti is mitigated by the the fact that the BE is thicker, hence the V FORMING is already lower and towards saturation. 

MESA Diameter (D)

As for the case of the 1 st batch, vary D has mainly an effect on V FORMING . In Fig. 3.20a is clear that V FORMING is reduced for an increasing D and therefore an increasing area. It can also be noted that this is reflected in the 1 st reset current value. For smaller D (400 nm), the reset current after the FORMING operation is higher compared to the one of samples having bigger D (1800 nm); these findings are resumed in Fig. 3.20b. The augmentation of the 1 st I RESET with the V FORMING is due to the fact that these measurements are done without an integrated transistor/selector that would limit the maximum current flowing in the cell causing hence an overshoot current as described Chapter 3. Experimental Results in section 2.2.4.1. In Fig. 3.21a and Fig. 3.21b are reported the effect of changing the MESA diameter D on the cell resistances and voltages respectively. It can be noticed that D has little effect on the switching parameters: V RESET is slightly increased as are the resistances, the memory window being unaffected. 

1T-1R batch details

This 1 st 1T-1R batch was conceived to do for the first time in our lab tests on vertical ReRAM with an integrated transistor whose layers thickness were optimised thanks to the 1R memory cells. Being the performances considerably better compared to the 1R devices, the electrical results obtained from this batch were used to propose these memory cells for neuromorphic applications (see chapter 5).

As in the 1R case the 3 main layers composing the memory were:

• BE = TiN • Resistive Material = HfO 2 • TE = Ti
Both TE and BE thicknesses were varied. In Fig. 3.22 are reported the details of every wafer in the batch. Diameter of the MESA structure (Fig. 2.2) was also parametrised (400 to 1800 nm). In Fig. 3.23 are reported the process flow to obtain the vertical RAM, the TEM and the dark field image of the memory cell where the TiN BE, the HfO 2 active material and the Ti/TiN TE are clearly visible. In this section we report the results from electrical characterisation highlighting the effect of layers' thickness and structure dimension on main RRAM parameters (LRS Resistance, HRS Resistance, switching voltages, . . . ). In this batch three different transistors were integrated. They are all n-MOS with a gate length (L G ) of 0.35 µm. They differ in the width of the active area (W) as follow:

• T1: W T1 = 0.35 µm • T3: W T3 = 5 µm • T5: W T5 = 100 µm Transistors of different widths were proposed in order to investigate a wide range of I SET . In Fig. 3.24b are reported the values of I SET attainable for various voltages applied on the gate (V G ). Using all 3 transistor the SET current can be spanned from ∼7 µA till almost 10 mA. Fig. 3.24a shows the evolution of transistor drain current (I D ) as a function of the drain voltage (V D ) for increasing V G . This graph shows for all V G the V D range where the transistor is in saturation or in other words where I D ) ≈ I SET . 

Quasi Static

BE Thickness

As reported in Fig. 3.22, BE thickness assumed two different values: 10 and 80 nm. As discussed in section 3.3.1.1 the BE thickness changes the total active device area (see Eq. (3.1)).

Results on 1R devices are in accordance with the ones obtained beforehand on the other batches (section 3.3.1.1): the main effect found by varying the BE thickness (t BE ) was, that an higher t BE , hence in our case an larger area (see Eq. (3.1)) leads to a lower V FORMING as reported in Fig. 3.25. Results obtained on 1T-1R devices are slightly more complicated to analyse because part of the applied voltage falls on the transistor hence the real voltage seen by the memory device is lower than expected. In Fig. 3.26 are reported the IV for two different BE thicknesses, namely 10 and 80 nm, obtained on 1R devices (top) and 1T1R devices (bottom). In both cases the FORMING event happens at higher voltages for thinner bottom electrodes and in the case of 1T1R devices 5 V are barely enough to form the cells (after a 5 V ramp not all cells are formed unlike the case of 1R devices). This is one of the drawbacks of having a transistor as previously discussed section 2.2.4.2. 

TE Thickness

As mentioned in section 3.3.1.3 the active TE governs the V FORMING . The results for this batch are comparable with the ones found in the previous one (section 3.3.2): the V FORMING is reduced for an increasing TE thickness. It is to be noticed that going from 20 nm to 50 nm there is an important reduction in the V FORMING (≈1.5 V) as depicted in Fig. 3.27. In this case for the memory cells having a thinner t TE the yield is higher. This could be due to the fact that a thicker Ti causes the initial resistance to be too low (as in the case of very thick Ti layer in the first batch, see section 3.3.1.3) 

I SET Dependence

1T1R devices allowed to explore the cell's functioning at low current regimes. Our sample sould be cycled down to 7 µA. In Fig. 3.28a is reported the evolution of HRS and LRS resistances as a function of the SET current, while the memory window is kept substantially constant the average resistance increase for a decreasing I SET due to a thinner CF diameter [START_REF] Nardi | Resistive Switching by Voltage-Driven Ion Migration in Bipolar RRAM-Part I: Experimental Study[END_REF]. As previously described in literature [START_REF] Garbin | Variability-tolerant Convolutional Neural Network for Pattern Recognition applications based on OxRAM synapses[END_REF] the variability of resistances during cycling increases for high resistance values (thin CF). This behaviour is also found in our sample as the errorbars in Fig. 3.28a testify.

Switching voltages are also affected by the I SET used: as the SET current is reduced and the resistances are increased the SET operation become more difficult requiring hence an higher V SET as depicted in Fig. 3.28b. for the same conditions (higher resistances) V RESET on the contrary is reduced because starting from an higher resistance the RESET operation is easier (see Fig. 3.28b). Switching voltage values are in accordance with ones found in literature [START_REF] Azzaz | Endurance/Retention Trade Off in HfOx and TaOx Based RRAM[END_REF]. 

HRS Res LRS Res

Pulsed Mode Tests

Switch Times

Differently from previous batches the 1T1R configuration allows us to perform reliable pulsed mode tests. In Fig. 3.29a are shown the resistance distributions for various pulse lengths (20, 100 and 1000 ns). The distributions are not affected by the switching times and the cells are capable of a very fast switch operation (down to 20 ns). Resistance independence on pulse length was also verified planar devices [START_REF] Vianello | Resistive Memories for Ultra-Low-Power embedded computing design[END_REF]. In Fig. 3.29b is reported the minimum pulse length as a function of the pulse height: when lower voltages are applied longer pulse times are needed in order to grant the switching event.

The shortest switching time of 20 ns was achieved with an applied voltage of 0.95 V.

Similar results were also obtained on planar devices ( [START_REF] Vianello | Resistive Memories for Ultra-Low-Power embedded computing design[END_REF]) 

1000

Endurance

Working in pulsed mode allows to obtain in a reasonable time a considerable number of cycles. As described in section 2.3.1.2, endurance tests were conducted using piv modules which can write, erase and read in pulsed mode (because the current can be read during pulses). HfO 2 -based memories has shown in many works [START_REF] Chen | Endurance/Retention Trade-off on HfO2 metal Cap 1T1R Bipolar RRAM[END_REF][START_REF] Azzaz | Endurance/Retention Trade Off in HfOx and TaOx Based RRAM[END_REF] promising performances. With experiments conducted on our devices using pulses of V, ns long, we were able to attain 10 7 cycles as shown in Fig. 3.30. These results were obtained for a SET current of 300 µA. If using lower SET current (100 µA) the overall endurance is reduced as shown in Fig. 3.31. The maximum endurance obtained with that current was roughly 10 4 cycles. In Fig. 3.31 is reported an endurance comparison for different V SET applied. A maximum is obtain for V SET = 2.5 V. Comparing endurance characteristics shown in Fig. 3.31 and Fig. 3.30 it is clear that cells cycled at I SET 100 µA have a shorter endurance compared to cells switched at I SET 300 µA, respectively 2 × 10 4 compared to 10 7 Generally the failures seen in our devices are dependent on the programming conditions: a V SET too high would lead to a failure were the reset operation cannot erase the conducting filament any more and the resistance are stuck at the typical LRS levels.

Vice versa if the V RESET id too high. Optimisation of these 2 parameters is fundamental for maximising the cells' endurance. 

Data Retention

Since in 1R devices we were limited in terms of minimum SET current achievable (see section 3.3.1.4) we performed data retention tests on 1T1R devices for lower currents, namely 7, 25, 55 and 100 µA at 200 • C. Results for I SET = 100 µA are reported in Fig. 3.32a and Fig. 3.32b. In the first plot is reported the average resistance evolution as a function of time for both HRS and LRS. In the second one along with the average curve we can find the detailed evolution for every cell taken into account. Both resistance states are stable up to more than 10 5 s as in the case of 1R devices section 3.3.1.4. These results are in accordance with similar works conducted on planar devices ( [START_REF] Traoré | On the Origin of Low-Resistance State Retention Failure in HfO2-Based RRAM and Impact of Doping/Alloying[END_REF]). Data retention test conducted at I SET = 55 µA also show promising results as reported in Fig. 3.33a and Fig. 3.33b: both HRS and LRS resistances don't change significantly throughout cycling so that the memory window is guaranteed after the 10 5 s backing time. When the SET current is reduced, data retention tests show a faster CF degradation. Lower current means thinner CF, hence the diffusion of few V O ,accelerated by temperature, has a non negligible impact on the cell's state. In Fig. 3.34 is reported the evolution of HRS and LRS state with time where the average and each single cell are represented for a SET current of 25 µA. Comparing this results with the one obtained for higher I SET it can be noticed how some of the cells studied lose their state (both HRS and LRS) and their resistance collapse to values comparable to the pristine ones (>10 10 Ω). This means that the CF is completely dissolved and therefore the information is lost. Results for 7 µA (not reported) are even less promising since the resistance state is immediately lost after the first step in the oven meaning that the conductive filament obtained as such low currents is highly unstable. 

Conclusions

In this section we presented the first 1T-1R results obtained on our VRRAM. As mentioned in chapter 2 1T-1R devices allowed us to test our devices in a fashion similar to the industrial standards: we were able to work at low I SET (down to 7 µA) and to study the endurance capabilities (up to 10 7 cycles). Data retention tests were also carried out at different SET currents to understand till which I SET the conductive filament could be considered stable. The transistor posed also challenges since, being resistive, part of the applied voltage falls onto it; it was therefore necessary to re-adapt the applied voltages to take into account this phenomenon. With results obtained on 1T-1R devices we were also able to propose VRRAM as possible candidates for neuromorphic applications as it will be described in chapter 5. 

1R CBRAM and Hybrid Devices

1R CBRAM and Hybrid Devices: Introduction

In this chapter we will describe the electrical results obtained on planar 1R CBRAM and Hybrid devices. As for the OxRAM case the 1R batches were used to have a material screening that served as a guideline for future batch creation. All the wafers had the same active material, namely Ta 2 O 5 . The main purpose of this study was to start a comparison between the CBRAM technology and the hybrid technology. CBRAM rely solely on the ion-based CF formation in the solid electrolyte. By adding a very thin (∼nm) layer of an O-gatherer material, such as Ti, the idea is to assist the normal CBRAM switching with the Oxygen vacancies created in the solid electrolyte thanks to this layer.

Material Screening

This 1 st batch was conceived to do a preliminary screening, mainly on the layers' material composing the memory stack. By changing the materials we can obtain CBRAM-based memories (section 1.2.4) or Hybrid ones (section 1.2.5). In Fig. 2.1 of section 2.2.2.1 is reported the process flow to obtain these memory cells.

As detailed in Fig. 3.35 Ta 2 O 5 is the electrolyte for all wafers then various materials were used to obtain different memories stacks:

• BE = W • Resistive Material = Ta 2 O 5
• Interstitial Layer = Ti (2 thicknesses)

• Ion Source = Cu or CuTe 2 Ge

• TE = TiN or Ti/TiN

As summarised in Fig. 3.35 we have a pure CBRAM stack (wafer 1 to 7) an hybrid stack with TiN as TE (wafer 8 to 11) an hybrid stack with Ti/TiN as TE (wafer 12 to 15) and an OxRAM stack (wafer 16 to 19). In Fig. 3.36 are reported the device representations indicating the layers for the 4 devices integrated in this batch. 

CBRAM Devices

The first 7 wafers were pure CBRAM samples with various electrolyte thicknesses (2.5, 3.5 and 5 nm), 2 different ion sources (Cu or CuTe 2 Ge) and 2 different TE materials (TiN or Ti/TiN). The memories using Cu as ion source (wafer 1) had very few high initial states resistances (5 × 10 7 Ω) and after FORMING operation their resistance were very low (∼10 Ω). RESET operation was not possible and all cells were stuck in LRS state This was due to the fact that the Cu-Cu recombination is more energetically expensive than the recombination of copper with Te. That is why in the other wafers the ion source used was CuTe 2 Ge. The memories using CuTe 2 Ge as ions source were divided in two families: the one with TiN as TE (wafer 2, 4 and 6) and the one with Ti/TiN as TE (wafer 3, 5 and 7).

The samples with Ti/TiN had the initial resistance increasing with the Ta 2 O 5 thickness (from 10 6 Ω till 10 9 Ω). After the FORMING operation the LRS resistance was ∼10 3 Ω. The RESET operation did not increase the resistance and the cell was stuck in the LRS state.

The samples with TiN had the initial resistance around 10 8 Ω. The LRS state after FORMING operation has a resistance of 10 2 Ω and the average window for the 3 wafers is at least of 3 decades. More precisely: The results of the CBRAM wafers are resumed in table 3.1 

Hybrid Devices

As per the CBRAM devices, hybrid samples were divided in two families: the ones with TiN TE (wafers 8 to 11) and the ones with Ti/TiN TE (wafers 12 to 15). The memory devices having TiN as TE had two ion sources: Cu (wafers 8 and 9) and CuTe 2 Ge (wafers 10 and 11).
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In the Cu-based case the behaviour is similar to the one of the CBRAM: although the initial resistance is higher (10 8 Ω for wafer 8 (thin interstitial Ti) and 10 9 Ω for wafer 9 (thick interstitial Ti)) after the FORMING operation cells are stuck in the LRS state (10 Ω).

CuTe 2 Ge-based cells on the other hand show more promising results: independently on the interstitial Ti thickness the initial resistance is around 10 8 Ω, the LRS resistance is around 10 2 Ω while the memory window reaches the 3 decades.

The memory devices having Ti/TiN as TE had only CuTe 2 Ge as ion source. Wafers 12 and 13 did not undergo a 300 • C bake unlike wafers 14 and 15. The bake and the inserted Ti layer did not greatly influence the results. All wafers had an initial resistance of 10 8 Ω a low LRS (10 1 Ω < 10 2 Ω) and a window of 1 decade.

The results of the hybrid CBRAM wafers are resumed in table 3.2 

Comparison of CBRAM and Hybrid Devices

If we compare the CBRAM and Hybrid devices, we see that adding the Ti layer increases the initial resistance and the V FORMING as we can see in Fig. 3.37a and Fig. 3.37b respectively. The deposited Ti layer reacts with the metal oxide and a TiO x is created between the Ti and the active layer. This extra layer increases the overall initial resistance and therefore the FORMING voltage. At the same time the switching voltages are reduced; Fig. 3.38a and Fig. 3.38b show the influence of the interstitial Ti layer on V SET and V RESET respectively. So even if the Ti layer increases the V FORMING the switching mechanism are helped by the presence of V O in the solid electrolyte and as a consequence the V SET and V RESET are reduced which results in a lower power consumption during both write and erase operations.

Hybrid Devices Functioning

As described in section 2.3.1.1 the normal functioning of a cell is when we form/set it imposing a positive voltage on the TE and we reset it imposing on the TE a negative voltage. In Fig. 3.39 is described the physical mechanism undergoing in an hybrid cell's normal operation: during FORMING/SET metal ions from the source diffuse in the electrolyte while Oxygen ions are attracted towards the TE leaving V O behind. As described before V O seems to be responsible for the reduction in the switching voltages.

In order to better understand the hybrid cells' behaviour we performed a new test. In our hypothesis during normal operation both Cu ions and V O come into play. So, in order to de-correlate the effect of the V O we worked inverting the polarity as depicted in Fig. 3.40.

If we now inverse the polarity during all operation we find an interesting behaviour: by applying a negative voltage on a pristine cell we are able to form it but the filament is made of V O coming from the BE; the operation is depicted in Fig. 3.41a. This phenomenon is possible most probably due to the oxidation happened during the wafer integration in the BE (which in this case is the W plug). Once formed, the cell can be switched using a positive voltage for the RESET operation and a negative one for the SET as illustrated in Fig. 3.41b. Since the CF is made of V O the cell is acting as an OxRAM. If now we increase the reset voltage till values > 0.5 V it can be seen (Fig. 3.42) how the cell is formed. Since the voltage is positive it is clear that the filament created is Cu-based as in a standard CBRAM. Looking at the V FORMING values it is noticeable that the FORMING operation after a reverse operation (V FORMING = 1 V) requires lower voltages compared to the standard FORMING operation (V FORMING = 2 V). This can be explained taking into accounts that after a reverse operation the electrolyte is rich in V O that helps the Cu diffusion in the electrolyte. Although the performances of reverse operation are poor (few cycles endurance) this experiment could help better understanding the physical mechanism behind switching operation of hybrid CBRAMs. Since no Cu can be involved the CF created must be made of V O created from the bottom electrode. After the reverse FORMING operation also RESET and SET operations can be carried out ((b)). In this configuration the RESET operation is attained applying a negative voltage on the TE.

The SET operation is analogous to the FORMING one. 

Conclusions

In this chapter we showed the results from a Ta 2 O 5 -based memory cells. The scope of this chapter is to compare the performances of standard CBRAM and hybrid ones. The outcome of this study shows that the presence of V O in the solid electrolyte helps the switching operation: V FORMING ,V SET and V RESET in the hybrid samples are lower if compared to the ones in the standard CBRAM stacks.

1T1R CBRAM Devices

1T1R CBRAM Devices: Introduction

This chapter is dedicated to the analysis of the electrical results obtained on the 1T1R CBRAM VRRAM with 2 cells per device. This devices were DONE in a VIA structure section 2.2.2.3. Alike in the VRRAM sample presented so far the metal oxide and the TE are deposited on the sidewall of the structure but, in this case the materials fill the VIA instead of being outside the MESA. This batch is the second step in the VVRAM project of our research group. At first VRRAM were proposed, both in 1R and 1T1R integration, on one level only to have a first impression on general performances compared to standard ReRAM. But the ultimate goal of this work is to integrate a sufficient number of levels in one pillar in order to increase as much as possible the memory density. Working on 2 levels was very important to verify that the memory levels could be addressed independently and that their performance were reproducible.

First Batch: D14S0890

Wafers in the batch contained mainly CBRAM stacks. Details of the layers composing the memories can be found in Fig. 3.43. For all wafers the BE was WSi while the other layers changed depending on the technology. The percentage of Si in the BE was only of few %.

The main focus of this batch and of this chapter was the investigation of CBRAM-based VRRAM. In Fig. 2.4 of section 2.2.2.3 is reported the process flow to obtain the vertical RAM while Fig. The 2 BE are separated by a ≈60 nm-thick SiO 2 layer which grants the 2 levels independence. Each level is connected to a transistor that allows to define the I SET flowing into the devices. As indicated in Fig. 3.46 the transistors share a common bulk. In section 2.3.3 is thoroughly described the method used to write and erase the 2 memory cells. This method allows us to operate on one level minimising the effect on the un-selected one. To verify that, we performed disturb test meaning that one cell was cycled and the other one was monitored at every operation to keep under control its state as detailed in section 2.3.2. In Fig. 3.47a and Fig. 3.47b it is shown that both LRS and HRS states of the unselected cells are stable while the selected cells cycle. In this case the cell being cycled is the bottom one while the top level is unselected. As in the OxRAM technology the cell's resistance can be modulated varying the SET current, in Fig. 3.48 is reported the evolution of both HRS and LRS resistances as a function of I SET for currents down to 20 µA. Both LRS and HRS resistances increase for a decreasing I SET keeping the memory window open. 

BE Thickness

As reported in Fig. 3.43, BE thickness assumed two different values: 20 and 40 nm. As in the case of MESA structures, for a via structure the active area depends on the BE thickness following Eq. (3.1).

Comparing the electrical results of 20 nm and 40 nm BE thicknesses, we understand that a thinner BE allows higher window margin with (see Fig. 3.49a) and lower SET voltage (see Fig. 3.49b), attributed to electrostatic effects [START_REF] Guy | Investigation of the physical mechanisms governing data-retention in down to 10nm nano-trench Al2O3/CuTeGe conductive bridge RAM (CBRAM)[END_REF]. Thus, reducing the total thickness of the stacked layers results in reduced aspect ratio combined with improved memory performances.

TE Thickness

In Fig. should not induce strong variability in a high density array. TE dispersion could be caused by inhomogenous PVD deposition on the sidewall. 

Data Retention

Data retention tests were performed at 150 • C for a 100 µA SET current. In Fig. 3.51 is reported the evolution of HRS and LRS resistances as a function of time. LRS is stable throughout all the test while HRS resistance is slightly reduced after the first step in the oven. Even though the HRS resistance is partly degraded the memory window is still open.

Endurance

Using the pulsed scheme detailed in Fig. 2.20 pulsed test were performed on V-CBRAM devices. Endurance tests were conducted using different switching conditions. In Fig. 3.52a are shown the test results for mild switching conditions (V RESET = 1 V). The cells are able to switch up to 10 6 cycles with more then one decade memory window.

If on the other hand more aggressive switching conditions are used (V RESET = 1.1 V) the memory window is increased up to an average of 3 decades but the endurance is reduced down to less than 10 4 cycles as depicted in Fig. 3.52b. 

Comparison with OxRAM

In Fig. 3.53a are represented LRS resistance vs SET current characteristics, for CBRAMbased VRRAM and OXRAM-based VRRAM technologies. As expected, little difference among the two is noted. If we then compare the HRS resistance evolution as a function of the applied RESET voltage (see Fig. 3.53b) it can be noticed that CBRAM technology can reach higher resistances with lower applied voltages (≈300 mV). Comparing the switching voltages in Fig. 3.54 it can be seen that that the RESET voltage is 80% higher for OXRAM compared to CBRAM. SET voltages are higher because the the HRS attained with CBRAM is higher compared to the one obtained with OxRAM. On the other hand the RESET voltage is lower because copper ions can migrate more easily back to the TE during CF dissolution. CBRAM is thus more power convenient compared to an OXRAM when it comes to partially dissolve the conductive filament. On the other hand, ≈30% higher SET voltage is required for CBRAM due to their slightly lower HRS resistance.

Comparison Bottom and Top Levels

In order to assure the reproducibility of our cells on both levels we compared the resistance distributions for both high and low resistance state. In Fig. 3.55 the distributions for the two levels clearly show that the technology is well reproduced on the sidewall of the VIA structure since there's very little difference among the two. Chapter 3. Experimental Results

Conclusions

In this chapter we showed the results from a Al 2 O 3 -based VRRAM memory cells. The scope of this chapter was to evaluate the performance of the first LETI-made CBRAM-based VRRAM on 2 levels. It was verified that the two levels can be addressed independently with almost no reciprocal disturb. Reduction of BE thickness seems to go in the right direction for future integration since performances are better for thinner BE (wider memory windows and lower switching currents). The dependence on TE thickness was reported showing that resistance distribution are unaffected. Also CBRAM performances were compared to the OxRAM ones: while the LRS seems to be roughly the same as a function of the SET current the HRS resistances are higher in the CBRAM case for the same RESET voltage applied indicating that CBRAM are more power efficient in dissolving the CF. Data retention tests conducted at 150 • C show promising results since both memory states are not degraded after ≈10 5 s. Finally Bottom and Top level resistance distributions are compared showing reproducibility of the technology on the two levels. The study of this 2-levels batch was one of the final goals of my PHD: we started studying planar and 1-level vertical ReRAM in order to optimise the stacks and be finally able to integrated them in a vertical geometry with more than a single level, opening therefore the possibility to carry out the first studies of reproducibility of the piled levels and read/write disturbs. As mentioned in section 2.3.3 many attempts were made to optimise READ, SET and RESET operations and finally a suitable set-up that allowed reliable cycling was found. Using a transistor as a current limiter was very useful to get a first evaluation of our technology and compare its performances with a more industrial approach. Nevertheless 1S-1R ( 1Selector -1 Resistor) structures are currently being planned in order to integrate more realistic structures (higher density, less complicated integration).

Chapter 4

Correlation

Introduction

As mentioned in section 1.1 ReRAM (both OxRAM and CBRAM) is a very promising technology for future memory applications. One of the aspects that is currently holding back their entrance into the market is their intrinsic variability [START_REF] Puglisi | A compact model of hafniumoxide-based resistive random access memory[END_REF]. Even if the scientific community still struggles to find a universal theory that can thoroughly explain the physics behind their operation it is clear that the switching mechanism renders the two resistive states obtained during cycling somehow distributed with a variability depending on the resistance value [START_REF] Garbin | Modeling of OxRAM variability from low to high resistance state using a stochastic trap assisted tunneling-based resistor network[END_REF]. 

Variability

Correlation Coefficient Evaluation

As mentioned in the introduction OxRAMs are characterised by an intrinsic variability, with cycle-to-cycle and cell-to-cell contributions. Many papers indicate that the distribution of resistances is lognormal ( [START_REF] Garbin | Modeling of OxRAM variability from low to high resistance state using a stochastic trap assisted tunneling-based resistor network[END_REF]). This is true if we take into account a sufficiently high number of cycles (e.g. >100). An example of lognormal fit for LRS resistances obtained using an HfO 2 -based OxRAM is reported in Fig. 4.3. On the other hand if we consider a lower number of cycles, a correlation among the resistance values can be observed, in other words, cycles not too far apart are somehow related to each other. In order to quantify the correlation we need to clarify how it can be calculated. In our case the variables used to estimate the correlation are the "n" cycles, defined in Eq. (4.1), and the elements that constitute the vector "Cycle" are the "m" resistances of the various cells belonging to our ensemble (R i,j = Resistance of cycle "i" from cell "j", where 1 < i < n and 1 < j < m). Having defined the variables, the calculation of the Correlation Coefficient (CC), used to quantify the correlation, is defined in Eq. ( 4.2) where Cov is the covariance between the 2 vectors "Cycle" and σ is the standard deviation.

Cycle i = R i,1 R i,2 . . . R i,m (4.1) Correlation Coefficient = CC i,k = Cov(Cycle i , Cycle k ) σ Cycle i σ Cycle k (4.2)
where:

Cov(X, Y ) = 1 n 2 n i=1 j>i (x i -x j )(y i -y j ) (4.3)
and 

σ 2 = 1 N -1 N i=1 (x i -x) 2 (4.4)

Experimental Results

Given a certain ensemble of cells, "n", after a series of cycles done to form them and to verify that they worked properly, we performed "m" cycles (≈100). Using Eq. (4.2) we calculated all the elements of the CC matrix. The results for the HRS resistance are summarised in Fig. 4.4a. On the matrix diagonal we find the CC for a cycle with itself (which is trivially equal to 1, see Eq. (4.1)). For a given line of the matrix, let say the i th , the other values (<1 by definition, see Eq. (4.1)) are the CC of the i th cycle with all the others. Looking at the color-code we can see how the CC decreases going far from the reference cycle: if we take for simplicity the 1 st line; the 1 st element is the CC of the 1 st cycle with itself and the following ones are the CCs of the remaining cycles with the 1 st one. This behaviour is true for every cycle with respect to the following ones as we can see in Fig. 4.4a looking at different lines. Figure 4.4b shows an average of the CC evolution for several lines (≈30); a continuous decrease is noticeable from the 1 st cycle till roughly the 40 th where the CC average stabilises. In order to better understand the results we can now refer to the distribution Cycle i -Cycle 1 where the 1 st cycle is taken as a reference for simplicity. For this distribution we plot the resistance mean value (µ) and the standard deviation (σ) among the OxRAM cells for the experimental data and for random data normally distributed. We can observe two features:

1. For both experimental data and data generated using a normal distribution the average is constant meaning that no resistance drift is measured (Fig. 4.5a)

2. For the experimental data, σ increases until saturation (at ≈40 th cycle), while the σ for the normally distributed data remains constant (Fig. 4.5b).

This finding means that our data are not completely random in a short enough range (≈40 cycles) and even if the average is constant there is a broadening of the experimental Cycle i -Cycle1 distribution σ that is certainly related to the CC evolution. In order to better understand these results we proposed a model described in detail in section 4.3.3.

Finally, if we compare results from various experiments we learn that programming conditions have an influence on the correlation among cycles. If we define a parameter, namely λ, as the length in cycle where the CC starts to saturate (see Fig. 4.4b), we are able to compare the results from different conditions. Figure 4.6 shows the evolution of λ for both HRS and LRS resistances as a function of the imposed I SET . The correlation existing between cycles is reduced for SET currents smaller than a certain value (for I SET = 300 uA the correlation length is already only ≈10 cycles). Moreover for I SET > 300 uA the correlation length is higher for the LRS state.

Theoretical model

In order to explain the experimental results we used two different approaches: analytical and physical. The main idea behind the two models is that since the average of the resistance is constant during cycling, the resistance throughout cycling must always be somehow forced to be around a certain value linked to the morphology (L GAP ) of the filament after forming. Drawing a parallel with mechanics we can think that there's the equivalent of a "spring effect" that drives the resistances to the cited behaviour. It would be equivalent to say that for few (≈40) cycles the morphology of the Conductive Filament (CF) remains substantially constant; this concept is summarised in Fig. 4.7.

One way to implement this idea is to assume that after the 1 st cycle the cell has a certain probability P n (where n is the cycle number) to attain a new resistance defined in Eq. (4.5).

P n = N (µ R INIT , σ SPRING ) * N (µ R n-1 , σ CYCLING ) (4.5) 
where the first gaussian is centred around the initial resistance (µ R INIT ) with standard deviation σ SPRING and the second one is centred around the previous resistance value (µ R n-1 ) with standard deviation σ CYCLING . In Fig. 4.8 this concept is resumed showing the the 3 gaussian distributions involved. In doing so the CF filament at a given cycle will depend on the CF at the previous cycle and on the CF at initial one. Both σ CYCLING and σ SPRING are fitting parameters we use to adjust the simulations. In doing so we have that at every cycle after the 2 nd , the probability of assuming a new resistance is asymmetric favouring the system to orbit around R IN IT as it would happen for a spring around its equilibrium point. This model remains valid for a limited range of cycles (≈40) where no drift of the mean resistance value is noticeable. 

Analytical Approach

At first we implement this strategy analytically. We suppose that a certain cell can assume values in a limited range (R MIN < R < R MAX ) obtained from measurements.

For sake of simulation we discretise these values in a vector (R TOT = [R MIN . . . R MAX ]).

We then assign to each simulated cell a random R INIT (∈ R TOT ). To emulate cycling we finally say that the resistance at the n th cycle will be the one obtained from the discretisation of the P n distribution defined in (4.5). If we simulate the cycling of an ensemble of cells (100) with this method and we calculate the CC matrix in the same fashion of the experiment (see Eq. (4.2)) we are able to properly fit our experimental data. Figure 4.9 shows the comparison between the experimental data coming from Fig. 4.4b (red curve) and the output from this model (blue curve). The results from simulation are in very good agreement with the experimental data. The model fits correctly the data if both σ SPRING and σ CYCLING are properly chosen: if σ SPRING is too low, the resistances obtained are too correlated among each other because being the distribution very tight around the initial resistance it is not possible for the resistances to attain values dispersed enough to reduce cycle-by-cycle the CC. If σ CYCLING is too low the decrease of the CC with cycling is much slower compared to the experimental one because the resistances are not dispersed enough with respect to the previous cycle.

Opposite phenomenon occurs for a high σ CYCLING . The good agreement among data and model is obtained for a σ SPRING roughly four times the σ CYCLING (90 and 20). This is necessary because if the spring effect is too strong (σ SPRING lower than σ CYCLING ) the resistances cannot attain values with a wide enough distribution as in the experimental case. Earlier versions of the model tried to emulate the correlation linking the resistance at a given cycle only with the resistance of previous ones. With this solution subsequent resistances showed a clear drift that does not exist in the experimental values. Taking into account also the initial resistance, as described before, helped keeping the average resistance constant while imposing a correlation among cycles. 

Physical Approach

As suggested in section 4.3.3.1 there should be a physical parameter behind the correlation in cycling that links somehow the resistance at one cycle with the previous ones. As pointed out by many authors ( [START_REF] Garbin | Modeling of OxRAM variability from low to high resistance state using a stochastic trap assisted tunneling-based resistor network[END_REF], [START_REF] Puglisi | A compact model of hafniumoxide-based resistive random access memory[END_REF]) the lognormal distribution of resistances could be related to the normal distribution of the CF gap length (L GAP ), namely the oxide thickness where the CF was dissolved after RESET operation. The short-term correlation found in our experiments could also be related to a CF morphology correlation among sequential cycles, in particularly the L GAP at every cycle could be dependent on the previous ones. In order to simulate such a behaviour we started from an existing model used by Garbin et al. ([90]) to study variability in HfO 2 -based OxRAMs and we introduced some modifications to take into account the cycle-to-cycle correlation. This model calculates, through a 3D network of resistances that simulates the oxygen vacancies (V O ) present in the HfO 2 , the Trap Assisted Tunnelling (TAT) current flowing in the device for different gap lengths (L GAP ). In Fig. 4.10a and Fig. 4.10b are represented respectively the V O distribution and the V O profile for the HRS state. A detailed description of the model can be found in [START_REF] Garbin | Modeling of OxRAM variability from low to high resistance state using a stochastic trap assisted tunneling-based resistor network[END_REF]. As the basic model did not take into account any relation of a cycle with the previous some modifications are required. With L GAP being one possible driver for this phenomena we introduce in it a "memory" of the previous cycles. As discussed before (section 4.3.3) we will assign at every cycle a certain probability P n to have a given L GAP which depends both on the starting value and on the previous one. Fig. 4.11 describes in detail the model functioning: from the L GAP distributions of the initial resistance and of the (n-1) th cycle we obtain the one of the n th cycle. The distribution around the initial L GAP grants the absence of a resistance drift during cycling while considering the (n-1) th cycle introduces the correlation. The L GAP obtained as an output from this calculations serves then as an input for the TAT model to calculate the corresponding Oxygen vacancy distribution in the gap and hence the resistance for the cycle taken into account. In this case we are then not simply assigning resistance values at every cycle but a physical parameter that will then lead to a calculated resistance. Fig. 4.12 shows once again the good agreement between the physical model (green curve) and the experimental data (red curve). As per the analytical model (section 4.3.3.1) the σ SPRING has to be bigger than σ CYCLING in order have correlated values that gravitate around the initial resistance without being stuck too close to it. Physically this would be equivalent to say that the initial resistance has an influence on the overall resistances for a certain number of cycles (≈40) but for a given cycle its resistance is more dependent on the resistance of the previous cycle. Before this model other approaches were tried: in a fist moment we introduced the correlation in the position of V O in subsequent cycles meaning that we supposed that at a given cycle the spatial positions of the vacancies were dependent on their positions in the previous cycle; the idea was to link the macroscopic correlation witnessed in the experiments with the CF's constituents (V O ) behaviour during cycling. This approach did not work as expected because even if the resistances showed a correlation among each others their values fashion were drifting throughout cycling unlike resistances measured experimentally. In order to reduce the drift we tried to limit the allowed positions of the V O to the diameter of the CF. In this case after a first transient the resistances were stuck to values lower than the initial one. This was due to the fact that being the V O constrained to a given diameter after some cycles they tend to diffuse in a way that will occupy all the available space (see [START_REF] Garbin | Modeling of OxRAM variability from low to high resistance state using a stochastic trap assisted tunneling-based resistor network[END_REF]) giving a constant resistance. It hence seemed that trying to introduce the correlation in the V O was not the right path to follow. We started then to use another approach: we worked on the CF gap that is related to the resistance value via an exponential dependence due to the TAT conductive mechanism typical of metal oxide-based memories [START_REF] Puglisi | A compact model of hafniumoxide-based resistive random access memory[END_REF]. At the beginning we tried to correlate either the value of the L GAP or the dispersion of the V O s for a fixed L GAP value. In both cases results were not fitting the experimental results because it was missing the link between the CF morphology at a given cycle with the initial one that prevents the resistances from drifting in a short enough cycling range (≈100). The final solution, able to take into account also this aspect, is the final model presented beforehand in this paragraph. 1) and the previous one (n-1), where the first imposes the average resistance (spring effect) and the second takes into account the correlation among cycles. Thanks then to the physical model [START_REF] Garbin | Modeling of OxRAM variability from low to high resistance state using a stochastic trap assisted tunneling-based resistor network[END_REF] we determine the oxygen vacancies distribution and hence the resistance for the given cycle. Iterating the algorithm for all the desired cycles we are able to recreate the correlation coefficient curve obtained experimentally. σ SPRING has to be bigger than σ CYCLING in order to have correlated values gravitating around the initial resistance wothout being stuck to its value as it would happen if the parameters would be chosen otherwise. 

L gap (n) <V O > (n) R (n) R (0) R (1) 

Variability Improvement

This study on variability showed us that in range of RRAM programming operation that we investigated, the resistances are correlated among each other in a limited (≈ 40) range of cycles. This discovery, in addition to help a better understanding of physics governing CF evolution throughout cycling, can also suggest guidelines for specific applications. Fig. 4.5b clearly shows how in the short cycling range the resistance distributions will be tighter around R INIT and as a consequence the variability is smaller as resumed in table 4.1 where we consider 5 and 100 cycles. Considering for instance Neuromorphic applications [START_REF] Kuzum | Synaptic electronics: materials, devices and applications[END_REF][START_REF] Garbin | HfO2-Based OxRAM Devices as Synapses for Convolutional Neural Networks[END_REF], performances are affected by the resistance distributions [START_REF] Garbin | Modeling of OxRAM variability from low to high resistance state using a stochastic trap assisted tunneling-based resistor network[END_REF][START_REF] Garbin | HfO2-Based OxRAM Devices as Synapses for Convolutional Neural Networks[END_REF], even if the circuits are supposed variability tolerant [START_REF] Kuzum | Synaptic electronics: materials, devices and applications[END_REF]. In this case, understanding the effect of correlation on variability could be of high importance. In the specific case of applications requiring few cycles, such as image recognition implemented with Convolutional Neural Network (CNN) [START_REF] Garbin | HfO2-Based OxRAM Devices as Synapses for Convolutional Neural Networks[END_REF] where ≈ 10 cycles are needed, knowing that correlation has the effect of reducing variability (only in that cycling range) suggests that performances could be enhanced. Previous works [START_REF] Piccolboni | Investigation of the potentialities of Vertical Resistive RAM (VRRAM) for neuromorphic applications[END_REF] describe how a synapse can be emulated with a pillar containing "n" VRRAM. Reducing variability increases synapse performances, hence less VRRAMs per synapse are required and the overall cost is significantly reduced since the number of synapses in a neuromorphic circuit is considerable (≈ 10 15 as reported in [START_REF] Kuzum | Synaptic electronics: materials, devices and applications[END_REF]). As an example we report, in the case of CNN, the calculated recognition rate (RR) for memory cells having a given σ and cells having half of the variability, which is the case when few cycles are considered and the correlation tightens the resistance distribution. For any given number of levels the RR is always higher in the case of a lower resistance variability. 

Window Improvement

The study of correlation could also help increasing the effective memory window during cycling. The idea is that by knowing the resistance values at previous cycles and the correlation length the actual resistance window is bigger compared to the one that considers the full distribution. If we plot the resistance variation (Defined in Eq. (4.6)) between cycle "i" and cycle "i+n" as in Fig. 4.14a we notice that the ∆ for a small "n" is small; the curve shows ∆ increasing till a saturation (for "n"≈20).

∆R n = R i+n -R i (4.6) 
This fact suggests that if we know the resistance at the cycle "i" and the length of saturation for ∆; the resistances of the following cycles will be distributed tightly around R i hence, the resistance window is higher for a number of cycles where ∆ R hasn't reached saturation. Fig. 4.14b shows the memory window corresponding to the whole distribution of 100 cycles (red) and the memory window obtained calculating ∆ R on 5 cycles around a given R i (blue). If with a given combination of switching parameters (V RESET , V SET ) a certain memory window is obtained, thanks to the correlation, in the appropriate range we could have the same memory window using less effective switching conditions. In FIGUREEEE is reported the example where the same memory window is obtained for conservative switching conditions using the correlation (blue) and for stronger switching conditions (higher V RESET ) without considering the correlation among cycles (red). Using milder switching conditions not only reduces the power consumption (lower V RESET ) but it also help increasing the overall lifespan of the devices ( [START_REF] Piccolboni | Vertical CBRAM (V-CBRAM): From Experimental Data to Design Perspectives[END_REF]). d 

Conclusion

In this chapter we analysed in detail one aspect of the intrinsic OxRAM variability showing the presence of a short range (∼40) correlation among resistances during cycling. Along with experimental evidence we proposed two different simple modelling approaches, one analytical and one physical. Both rely on the hypothesis that resistances throughout cycling are linked to their initial value and the one from the previous cycles.

Based on these assumptions we are able to recreate the correlation coefficient evolution witnessed experimentally. In particular we showed that increasing the set current increases the correlation length. This work showed how the resistance correlation study ended in a better understanding of the conductive filament morphology evolution in a certain cycling range. Applications including those where long endurance is not needed, such as image recognition with a neuromorphic circuit [START_REF] Piccolboni | Investigation of the potentialities of Vertical Resistive RAM (VRRAM) for neuromorphic applications[END_REF]. Indeed it could be possible to take advantage of these findings as lower variability, hence better performances are granted from the presence of the correlation.

Chapter 5

VRRAM applications: Neuromorphic circuits and High density memory arrays

Neuromorphic Applications

In the last years there was a great development in the neuromorphic field. In previous works [START_REF] Suri | CBRAM devices as binary synapses for low-power stochastic neuromorphic systems: Auditory (Cochlea) and visual (Retina) cognitive processing applications[END_REF][START_REF] Garbin | Variability-tolerant Convolutional Neural Network for Pattern Recognition applications based on OxRAM synapses[END_REF], various RRAM based neuromorphic circuits were proposed and investigated, using planar devices. In these works it was underlined that due to the filamentary and hence abrupt nature of ReRAMs switching mechanism a solution using a tunable resistance/conductance was not adapted to this technology. One way to overcome this intrinsic limitation would be for example to gradually increase the SET current (I SET ) [START_REF] Suri | CBRAM devices as binary synapses for low-power stochastic neuromorphic systems: Auditory (Cochlea) and visual (Retina) cognitive processing applications[END_REF] with the obvious issue of a more complicated design. It was then proposed to use the internal switching probability typical of OxRAMs because there is a functional equivalence between multi-level deterministic synapses and binary probabilistic synapses [START_REF] David | Probabilistic synaptic weighting in a reconfigurable network of {VLSI} integrate-and-fire neurons[END_REF]. This means that instead of using a device that can assume several resistance values a synapse can be obtained with a device that can have only two states (HRS and LRS) but the switching event happening with a certain probability dependent on the programming conditions. The characterisation of the cell switching probability will give the synapse's learning rule. Based on these findings, two main applications were proposed, namely the Cochlea for auditory pattern recognition and the Convolutional Neural Network for image recognition [START_REF] Suri | CBRAM devices as binary synapses for low-power stochastic neuromorphic systems: Auditory (Cochlea) and visual (Retina) cognitive processing applications[END_REF]. As mentioned at the beginning of the paragraph, these works rely on planar devices. Neuromorphic applications needing several synapses [START_REF] Kuzum | Synaptic electronics: materials, devices and applications[END_REF] and each synapse needing several devices [START_REF] Garbin | Variability-tolerant Convolutional Neural Network for Pattern Recognition applications based on OxRAM synapses[END_REF] create the need for very dense solutions: VRRAM technology could solve this issue if a synapse instead of occupy a silicon area that depends proportionally on the number of devices per synapse, as in the case of planar devices, would be independent on it because all the devices are piled in a single pillar. 3D RRAM based neural networks were also proposed to emulate the potentiation and depression of a synapse using the multi-level capability of certain stacks such as TaO x as reported in [START_REF] Wang | Compact Modeling and Simulation of Circuit Reliability for 65-nm CMOS Technology[END_REF]. Differently from other filamentary RRAM-based synapses, their devices show monotonically synaptic weight changes with little variation both for the potentiating and depressing operations. Differently from [START_REF] Suri | CBRAM devices as binary synapses for low-power stochastic neuromorphic systems: Auditory (Cochlea) and visual (Retina) cognitive processing applications[END_REF][START_REF] Garbin | Variability-tolerant Convolutional Neural Network for Pattern Recognition applications based on OxRAM synapses[END_REF] this solution can be considered as multi-level deterministic synapse where the cell's conductance can be modulated at will. Based on this approach, for the time being, no application were used to put the solution to a test.

Our approach is to work with VRRAM and at the same time use its intrinsic variability to emulate a synapse. In our concept the synapse is a m-devices VRRAM whose 90 Chapter 5. VRRAM applications: Neuromorphic circuits and High density memory arrays performances will depend on the number of levels. Experiments on single-device VR-RAMs are carried out to evaluate the basic switching parameters (resistance levels, switching voltages) to predict the functioning of a VRRAM-based pillar containing several devices. Starting from electrical characterisation data, a compact model, based on redox equations [START_REF] Bocquet | Robust Compact Model for Bipolar Oxide-Based Resistive Switching Memories[END_REF], is calibrated to implement a model card that will be used to simulate the functioning of a VRRAM-based synapse. Finally a design study, conducted in collaboration with memory group of the IM2P (University of Aix-Marseille) is carried out to investigate the feasibility of such an approach, highlighting the critical parameters and proposing possible solutions in terms of components dimensioning (in particular the pillar selecting transistor).
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Technological Details

TEM cross section of our VRRAM is presented in Fig. 

VRRAM Performances

Typical bipolar IV FORMING, SET and RESET characteristics were shown in [START_REF] Piccolboni | Investigation of the potentialities of Vertical Resistive RAM (VRRAM) for neuromorphic applications[END_REF]: FORMING event happens at around 2.8 V while SET and RESET operation take place respectively at 0.6 and -0.8 V for an I SET of 100 µA. Low resistance state (LRS) and high resistance state (HRS) resistances versus I SET dependence (see Fig. 5.2a) shows an increase of both R LRS and R HRS as I SET decreases. Functionality down to 7 µA with ∼2.5 decades of mean window margin but higher dispersion is put in evidence. In this work, if not specified otherwise, we operate at 100 µA of programming current The higher R HRS at low operating currents results in higher V SET [START_REF] Piccolboni | Investigation of the potentialities of Vertical Resistive RAM (VRRAM) for neuromorphic applications[END_REF]. HRS resistance gradually increases with the RESET voltage [START_REF] Piccolboni | Investigation of the potentialities of Vertical Resistive RAM (VRRAM) for neuromorphic applications[END_REF].

The forming voltage (V FORMING ) is controlled by the Ti top electrode thickness ( [START_REF] Piccolboni | Investigation of the potentialities of Vertical Resistive RAM (VRRAM) for neuromorphic applications[END_REF]), V FORMING saturating to ∼3.3 V for Ti>30 nm.

Switching capability is demonstrated down to 20 ns at 2.3 V (Fig. 5.2b). In Fig. 5.2b is reported the minimum pulse length as a function of the pulse height: when lower voltages are applied longer pulse times are needed in order to grant the switching event. 200 • C retention is insured for both LRS and HRS for a I SET of 100 µA as reported in Fig. 5.3a. Endurance performances can be adjusted, varying SET and RESET conditions, in order to optimise the window margin, the number of cycles or the SET current ( [START_REF] Piccolboni | Investigation of the potentialities of Vertical Resistive RAM (VRRAM) for neuromorphic applications[END_REF]). At least 10 7 cycles could be achieved with 1 decade of window margin as shown in Fig. 5.3b. Chapter 5. VRRAM applications: Neuromorphic circuits and High density memory arrays
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Neuromorphic Applications Studied

In the last years, neuromorphic applications gained the attention of memory researchers since it is believed that a cheap and fast enough technology, as OxRAM, could be a solution to build a reliable circuit that could emulate the functioning of a neural network ( [START_REF] Kuzum | Synaptic electronics: materials, devices and applications[END_REF]). In order to do so, in collaboration with the memory group in I2NP, we calibrated a compact model, able to emulate resistive memory switching, ( [START_REF] Bocquet | Robust Compact Model for Bipolar Oxide-Based Resistive Switching Memories[END_REF]) using the electrical characterisation of our memory devices (see section 5.1.2). Then we perform circuit simulations (section 5.1.3.1) in order to validate our VRRAM as a suitable neuromorphic candidate. In particular we focused on using VRRAM to emulate synapse behaviour, the synapse being the fundamental brick of neuromorphic circuits.

Synapse Behaviour Implementation

In a neural network, the synapse is an element that changes its response as a function of the surrounding neural activity. A suitable electrical element that could emulate this behaviour would then need to have a tunable resistance/conductance. OxRAM devices generally show an abrupt set operation that leads to a resistance which is controlled solely by the I SET (see section 5.1 and section 5.1.2) or by the V RESET in the case of HRS state [START_REF] Piccolboni | Investigation of the potentialities of Vertical Resistive RAM (VRRAM) for neuromorphic applications[END_REF]. So, in order to have a tunable device we would need to change the I SET at will. Even if this approach is feasible, it poses issues in terms of circuital complication and power consumption (for low resistances are required high currents) greatly weakening the promising characteristics of the OxRAM technology (scalability and low power consumption).

In our approach, a synapse device is composed of m stacked VRRAM with one common select transistor in series (see Fig. 5.4). Every element of the synapse-like device operates in binary mode meaning that only two resistive states (LRS and HRS) per device can be distinguished. Compared to neuromorphic circuits using planar devices [START_REF] Garbin | HfO2-Based OxRAM Devices as Synapses for Convolutional Neural Networks[END_REF] this solution offers a considerable area gain due to:

1. stacked VRRAM (with respect to separated planar RRAM) 2. 1T-mR configuration (with respect to 1T1R configuration) With m VRRAM in parallel, we are able to emulate the progressive behaviour of synapse response. In Fig. 5.5 we report the % of switched cells, from a given ensemble (∼50 VRRAM in this case), as a function of the pulse length for various SET voltages. Being the memory devices in parallel the total resistance read depends on the % of switched cells. This allows us to continuously tune the resistance and have hence a synapse-like response. The particular switching % is dictated by the application and neural network structure and can be chosen with a given combination of pulse lengthpulse height. The spread of these curves (Fig. 5.5) is caused by both the cycle to cycle and the cell to cell variability that affects this technology [START_REF] Piccolboni | Investigation of the potentialities of Vertical Resistive RAM (VRRAM) for neuromorphic applications[END_REF][START_REF] Piccolboni | Investigation of HfO2/Ti based vertical RRAM -Performances and variability[END_REF].

Starting from resistance and voltage distributions (symbols in Figs. 5.7a and 5.7b) and using the results of the progressive SET data discussed before (Fig. 5.5) an OxRAM compact model was developed based both on redox equations describing the oxidation and reduction of Oxygen at the Ti TE interface and on the effect of temperature in the metal oxide [START_REF] Bocquet | Robust Compact Model for Bipolar Oxide-Based Resistive Switching Memories[END_REF]. The model's output was then used to set up a model card that, once calibrated on this technology, could emulate with success the OxRAM cycling [START_REF] Bocquet | Robust Compact Model for Bipolar Oxide-Based Resistive Switching Memories[END_REF]: in Fig. 5.7a and Fig. 5.7b it is shown how simulations (lines) fit tightly the experimental distributions of switching voltages and resistances respectively. In a second step the Starting from data in Fig. 5.5 it can be seen that referring to the curve corresponding to an applied voltage of 0.75 V the percentage of set cells does not reach 100% in the cycle range we showed. In Fig. 5.6 is reported the switching percentage for each applied pulse, extracted from the progressive SET characteristics of Fig. 5.5. The curves have similar trends: the switching probability decreases at every pulse. What differ are the absolute values that depends on the applied voltage. So, in order to use the VRRAM as a synapse candidate, it is sufficient to normalise the number of switched cells to the maximum obtainable experimentally. In Fig. 5.8 are reported the normalised curves corresponding to the voltages used in the experiments, namely V P = 0.75, 0.80, 0.85 and 0.90 V. Once normalised the curves have similar behaviours meaning that all these applied voltages can be used. Using this approach we are able to have a device that shows a synapse-like behaviour thanks to its internal switching probability. Even if not all the VRRAM levels of the pillar are used, the silicon surface is not affected because it is independent on the VRRAM height. Once the model was calibrated to tightly fit the progressive experiment data, it was possible to simulate synapses behaviour with various total number of levels (m): from 8 to 64 (Fig. 5.9). All the VRRAM of the pillar were addressed at the same time (one selector for one VRRAM pillar), and the output signal is the sum of all the memories in parallel (Fig. 5.4). Fig. 5.9 shows the standard deviation, σ, of the number of required pulses to SET or RESET half of the VRRAM stacked in one pillar for different number of levels. As pointed out in Fig. 5.10, σ is reduced for a higher number of levels while the mean is substantially constant (≈6). It is then possible to identify the required number Chapter 5. VRRAM applications: Neuromorphic circuits and High density memory arrays 97 of levels to reach a given σ and emulate typical analog synaptic behaviour. In general the response of the synapse is more precise if the number of memory devices per pillar is higher, nevertheless the number of devices, hence precision, required for a synapse is application dependent (three for the Cochlea [START_REF] Suri | CBRAM devices as binary synapses for low-power stochastic neuromorphic systems: Auditory (Cochlea) and visual (Retina) cognitive processing applications[END_REF]). 

Offline Learning

As described in section 5.1.3.1, using the internal switching probability of resistive RAM is a way to emulate the synapse behaviour in a VRRAM with the drawback of leaving part of the memory cells in each unused pillar. Referring to Fig. 5.11, we propose a solution that uses all levels in the VRRAM and involves offline learning, meaning that the synapses are programmed beforehand. In this case the read operation is done in the same fashion of the previous circuit (the output of a synapse is the sum of the currents flowing in each level) while each cell of the VRRAM is switched independently with a pre-chosen switching probability. In order to select a cell, both the pillar and the level Chapter 5. VRRAM applications: Neuromorphic circuits and High density memory arrays transistors have to be selected as indicated in Fig. 5.11. In doing so all the levels in the pillar are used but the programming operation needs a dedicated circuit. A multiplexer is used to switch between read and programming operation. This configuration needs an integrated selector with the memory cell [START_REF] Piccolboni | Vertical CBRAM (V-CBRAM): From Experimental Data to Design Perspectives[END_REF]. The selector is necessary to prevent sneak paths that are created when the VRRAM level sees different voltages as in the case of programming operation in the offline learning approach. One of the possible sneak paths affecting the programming operation in the case of offline learning is reported in Fig. 5.12. A current is flowing in the unselected device because there is a difference of potential seen by the memory cell: on one side there is V P (the applied voltage) and on the other there is ground. So, unlike the solution using intrinsic variability where all cells in a pillar see the same voltage and therefore a design solution using only one transistor per pillar and per level is sufficient, in the offline learning VRRAM-based solution is mandatory to have an integrated selector per cell that greatly reduces the sneaking path issue. Chapter 5. VRRAM applications: Neuromorphic circuits and High density memory arrays 99
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Design Considerations

In section 5.1.3.1, it was shown that VRRAM could be used for emulating a synapse. In this section, we investigate how the circuit containing VRRAM-based synapse should be implemented. Fig. 5.13 shows a simple neural circuit where synapses are emulated by VRRAM pillars which all share a transistor per level (to define the I SET of every cell in a given pillar). In this scheme, one transistor per pillar is used to select the pillar itself and no back-end selector is required. Since on all levels is applied the same voltage (V P ), when only one pillar transistor is activated the influence of the other pillars is negligible, therefore it won't be taken into account in the following calculations. The scope of this work is to optimise the transistors dimensions in order have the same voltage drop on every cell of the VRRAM pillar independently of the the other cells' resistance. If we define the oversize factor as the ratio between the pillar transistor width and the plane transistor width it is intuitive to understand that the pillar transistor needs to be at least m-times bigger than the plane one, where m is the number of levels per pillar. As the following calculations will show this is not sufficient and a proper dimensioning will be obtained by studying the voltage drops on each cells of the pillar. The worst case scenario is when we have to SET a given RRAM on a selected pillar while all the other RRAMs are already in LRS state as depicted in Fig. 5.13. In this condition in every LRS cell flows a current equal to I SET and the voltage drop seen by the HRS cell depends on the total current driven by the pillar transistor. From the scheme of Fig. 5.13, the selected pillar potential V BE can be expressed using Eq. (5.1) and Eq. (5.2). Eq. (5.1) represents the equivalent resistance of the OxRAM in LRS state serially connected to the line access transistor (R ON ) on the selected pillar. Eq. (5.2) is the expression of V BE considering R EQ in parallel with the HRS OxRAM path (OxRAM and line access transistor). Finally, V T E can be calculated, as given Eq. ( 5.3), considering that the same current flows in the line access transistor and in the OxRAM.

R EQ = R ON + R LRS m (5.1) V BE = R ON R ON + n (R ON +R HRS )R EQ R ON +R HRS +R EQ V P (5.2)
Chapter 5. VRRAM applications: Neuromorphic circuits and High density memory arrays

V T E = R ON V P + R ON V BE R ON + R HRS (5.3) SET condition is fully met if V T E -V BE -V SET > 0.
The SET condition can be studied versus the number m of VRRAM on a pillar and the oversize factor (n) of the access transistor on the pillar. Fig. 5.14 shows that for increasing n, m has to be increased in order to keep V T E -V BE -V SET > 0. Unfortunately having a positive voltage drop on every cell is not sufficient for the correct functioning of the circuit since all the cells have to see exactly the same voltage. Therefore, the pillar context (states of the various VRRAM cells) must be studied to determine his influence on the V T E -V BE conditions. To study this influence, Eq. (4.1) was modified to become Eq. (5.4):

R EQ = (R ON + R LRS )(R ON + R HRS ) k(R ON + R HRS ) + (m -k)(R ON + R LRS ) (5.4)
Where k is the number of VRRAM in LRS. The context is studied for the Cochlea neuromorphic application (m=3, see [START_REF] Piccolboni | Investigation of the potentialities of Vertical Resistive RAM (VRRAM) for neuromorphic applications[END_REF]). If we define V D as in Eq. (5.5), from Fig. 5.15a, it clearly appears that even if an oversize factor of n=2 is the minimal sizing to meet the set condition (defined as n1), it leads to a voltage variation V D on the VRRAM of interest up to 80 mV depending on the state of the 2 others cells. In other words, we have a high voltage drop V D on the cells for different states of the other cells in the pillar. Such difference in the voltage seen by the cell would translate in a different switching probability for the same voltage pulse, nullifying the use of internal switching probability. To reduce the "context effect" and grant a more uniform voltage drop on the cells, whatever the context, the oversize factor must be increase above n=30 to have a maximum voltage difference of 5 mV independently on the value of k.

V D = V Cell Best Case -V Cell W orst Case (5.5)
We then defined n2 as the smallest oversize factor that grants an acceptable V D . Fig. 5.15b shows the evolution of V D as a function of n for different applied voltages. In order to minimize V D it is necessary to have a sufficiently high oversize factor and to work with operating voltages as low as possible.

As a conclusion, as it can be understood from the previous example, limitation for this type of design approach will come also from the minimum mandatory oversize factor to reduce to acceptable limits the V D . Other limitations regarding the feasibility of VRRAM structure (max Aspect Ratio, etc.) are not dealt with in this paper. Chapter 5. VRRAM applications: Neuromorphic circuits and High density memory arrays

Conclusion

This chapter shows fully functional VRRAM with promising performances (10 7 cycles endurance, 10 5 data retention at 200 • C and down to 20 ns switching time). VRRAM are proposed as a possible synapse candidate that can increase neuromorphic circuits density and simplify the final circuit design using RRAM intrinsic variability. An alternative approach to emulate synapses via offline learning is also proposed showing that in this configuration 1S1R devices are required to suppress leakage currents. Finally a design analysis is carried out in order to properly size the transistor used to select the VRRAM pillar. Its oversize factor has to be higher than the number of stacked levels to grant an homogenous voltage drop along the pillar which is necessary for the correct functioning of the VRRAM as a synapse using intrinsic switching probability.

High Density Applications

As described in section 1.1 the need for high density memories led researcher to investigate more complex architectures such as the VRRAM that can greatly increase the number of bits per volume. In this chapter, based on the electrical results obtained in section 3.5 it is investigated the possibility of integrating Al 2 O 3 -based VRRAM in large arrays. This study was conducted in collaboration with DACLE laboratory of CEA-LETI.

Design Study

All the results shown in section 3.5 were obtained using an integrated transistor in series with the memory cell. As discussed in section 1.3 the transistor is the easiest solution to test our devices in a industrial fashion but it is not the best in terms of memory density.

In this chapter we worked in the hypothesis of using an integrated back-end selector. We looked for the selector in the state of the art: several VRRAM compatible BEOL selectors were presented in [START_REF] Cha | Selector devices for 3-D cross-point ReRAM[END_REF]; among those we chose one with the following characteristics:

• I OFF = 100 pA

In the simulations copper was chosen as the contact material used to fill the pillar (ρ Cu ∼ 1.7 × 10 -8 Ω m). The material of the plane, that is by definition of the structure the BE (see section 2.2.2.3), is assumed to be less conductive, namely 10 × ρ Cu . The simulated structure is depicted in Fig. 5.16. As it is intuitive to understand the main parameters that will limit the maximum size attainable will be:

• the Pillar Resistance (R PILLAR ) that will depend on the used material, the diameter (which is related to the node half pitch) and the height (that will depend on the layers thickness and on the number of stacked levels).

• the Plane Resistance (R PLANE ) that will depend on the used material, the plane thickness (t PLANE ) and the number of pillars in the array.

Effect of the Node Half Pitch

At first we studied the impact of the node half pitch on the array density and on the pillar resistance. Fig. 5.17b shows that the density increases by increasing the number of levels or reducing the pitch. Both solutions unfortunately increase the R PILLAR (see 

Maximum Array Size Attainable

Once the node half pitch was decided, we calculated the maximum array size that can be designed based on voltage drop considerations. Assuming that the peripheral circuitry does not scale with the array size (sense amplifier-write amp size is constant), the bigger the array size, the higher the memory area efficiency. To determine the maximum array size the voltage drop (IR) due to plane and pillar resistance is considered. Assuming that 2 V is needed to program a 1S1R device and that no more than 500 mV of voltage drop (IR) can be tolerated, the maximal array size is determined. In Fig. 5.18 is shown that a thicker plane (with hence a lower resistance) allows a bigger array. The curves representing the max array size has a maximum area (green-shaded ellipse) between 50 and 150 stacked levels. The maximum is obtained because there is a trade off between Chapter 5. VRRAM applications: Neuromorphic circuits and High density memory arrays R PILLAR and R PLANE : for few stacked levels the limiting parameters will be R PLANE because in order to have a big array since there are few stacked levels the plane are big, hence the overall plane resistance is high. On the contrary R PILLAR is the limiting factor for pillars containing many stacked levels because the voltage drop on the pillar overcome the one on the planes. In Fig. 5.18 this concept is resumed. The real optimum region (circles in Fig. 5.18) is unfortunately reduced once considerations regarding the Aspect Ratio (AR, defined in Fig. 5.19a) are made: increasing the plane thickness reduces the plane resistance but apart from increasing the pillar resistance it also increases the AR of the total stack (Fig. 5.19b). High AR (>50) leads to multiple etching operations and higher costs as described in [START_REF] Kim | Extending the DRAM and FLASH memory technologies to 10nm and beyond[END_REF]; therefore it appears that the plane thickness is a key factor in the design of the VRRAM-based array. In Fig. 5.18 and Fig. 5.19b are indicated with dots2 possible working points that can maximise the array size while keeping the AR below the threshold mentioned beforehand. The best option appears to be 10 6 bits per page for t PLANE = 20 nm and 50 stacked levels. In addition if we were able to decrease the plane resistivity of a factor 10, using for example copper as BE, we would be able to multiply the array size by 100 for a t PLANE of 10 nm.

Conclusion

This study showed that the parasitic resistances of both pillars and planes are the bottleneck that limit the maximum array size attainable using VRRAM. Once the half node pitch was decided based on considerations on bit density and fabrication costs, the parameters used to optimise the maximum array size were the plane thickness and number of stacked levels. Assuming to limit the maximum AR to 50 for reasons of fabrication costs the better option we obtained was 10 6 bits per page for t PLANE = 20 nm and 50 stacked levels. 

Chapter 6

Synthesis and Perspectives

Ojectives

This work was a first step towards integration, electrical characterisation, simulation and design of ReRAMs in a vertical geometry (VRRAM) currently undergoing in Leti.

In chapter 1 we highlighted the importance of increasing the memory density for future applications and VRRAM is one of the possible solution to achieve this goal. This work proceeded as follows: at first we studied 1 level 1R devices in order to find the best possible stacks to then integrate in more complex structures. We then studied 1T-1R samples to be as close as possible to the industrial standards. Finally we studied 2-level, 1T-1R devices to verify if the piled devices had comparable performances. In parallel to the experimental work we also addressed the physical understanding of memory switching by studying the correlation throughout cycling. In collaboration with the Leti design group (DACLE) we carried out a study to estimate the maximum array size attainable using our devices. Finally in collaboration with the memory group of the IM2P (University of Aix-Marseille) we investigated the possibility of using VRRAM for neuromorphic applications. The last part of this chapter is dedicated to possible improvements and perspectives for the future of this project.

Experimental Results

A very important part of my phd job was dedicated to the electrical characterisation of the VRRAM samples. Being the first VRRAM fabricated at CEA a thorough analysis was required in order to verify the correct functioning of the devices compared to the planar ones already studied in our group. The first 1R samples were used to find the optimal layers stacks. In the TiN/HfO 2 /Ti devices it was particularly critical the Ti deposition done using the CVD technique. It was in fact difficult to find the correct thickness to deposit on the top of the vertical structure to have the desired TE thickness on the sidewall. An example of the structure where the three main layers are indicated is reported in Fig. 6.1. Compared to planar devices VRRAM showed comparable behaviour: device area impacted only the V FORMING leaving unaffected the other parameters confirming that even in certical geometry the switching is filamentary. Resistance levels also were comparable indicating that the technology is easily reproducible in a 3D geometry. What differed were the deposited layer thicknesses: for the TE for example the use of CVD obliged us to deposit a thicker material on the top of the structure to obtain the desired thickness on the sidewall.

Once the optimum conditions were found the 1T-1R devices were fabricated. Using an integrated transistor allowed to test the technology in a more industrial fashion. It was possible to test the devices in pulse mode which permits to identify the shortest switching time (20 ns) and the voltage-time dependence: the switching time varies Low operating currents in OxRAM devices were achievable only using an integrated transistor that greatly reduced the overshoot issue (section 2.2.4.1).

In the final part of the PHD 2-level VRRAM devices were fabricated and tested. Compared to one-level devices these samples were more difficult to test and a dedicated set-up was prepared. The main issue to solve was the independency of the 2 levels: in section 2.3.2 are detailed the pulse schemes which prevented that an operation on a given level could influence the other level's resistance state. In Figs. [START_REF] Varker | Electron beam recording in SiO2with direct read-out using the electron beam induced current at a p-n junction[END_REF].2a and 6.2b are reported the disturb test results for the 2-level structure. The test campaign was successful because single devices showed good performances (20 ns switching time, up to 10 7 cycles and stable 200 • C data retention) and the 2 levels' behaviour was similar ( [START_REF] Piccolboni | Vertical CBRAM (V-CBRAM): From Experimental Data to Design Perspectives[END_REF]). These results were very promising for future integrations where more than two levels on a sidewall will be fabricated.

Correlation

In parallel to the experimental work, physical understanding of the switching mechanism was addressed. Analysing the resistances obtained on 1R cells during cycling it appeared that a correlation exists among the cycles section 4.3.2 . To quantify the correlation, a parameter, namely λ, was defined as the number of cycles needed for the correlation coefficient to flatten out. It was demonstrated that λ depends on the I SET , in particular as the SET current is reduced λ is also reduced. From 1000 µA to 300 µA λ is reduced from 40 to 10. The existence of the correlation suggested that there might be a relation between the conductive filament morphology of subsequent cycles. Starting from this hypothesis two models were proposed to explain the findings, one analytical and one physical. Both rely on the idea that in subsequent cycles a given parameter must be related to its previous values in order to have a correlation. In the analytical model the correlation was introduced in the values that resistances can attain during cycling. In the physical one the correlation was introduced in the conductive filament gap (L GAP ), resistances were then calculated via a TAT-based model for conduction in the metal oxides. Both approaches were in accordance with the experimental results and suggested that the conductive filament at a given cycle is influenced by its morphology in the previous ones.

High Density Applications

As mentioned in the introduction, one of the strengths of resistive RAM is scalability and therefore possible integration in stand alone devices. In order to assess the maximum array size attainable with our technology, results obtained from the electrical characterisation were used. We worked in the hypothesis to have an integrated selector (I OFF = 100 pA) that limits the sneaking path issue without degrading the overall density as it would happen when using a transistor. The maximum array size is estimated deciding the accepted voltage drop along word line and bit line (e.g. 0.25 V). The results of this study showed that once the minimum attainable half pitch was decided, the two limiting factors for the array size were the plane thickness and resistivity, the pillar resistivity, the number of stacked levels and the aspect ratio. Optimising all these parameters it was shown that in our case the best possible solution granted 10 6 bits per page for t PLANE = 20 nm and 50 stacked levels using as pillar material copper (ρ Cu ∼ 1.7 × 10 -8 Ω m), while a less conductive metal (10 × ρ Cu ) is assumed as plane contact material.

Neuromorphic Applications

In recent years neuromorphic computing gained a lot of interest in the scientific community thanks to its promising performances inspired by human brain parallelism and compactness. Our group started an extensive research to propose non-volatile memory-based synapse emulators for neural circuit. During this work VRRAM were proposed as one of the possible candidates. Resistive RAM show in fact promising performances such as great scalability, fast switching times, long data retention and endurance. Moreover VRRAM geometry can significantly increase the memory density which is fundamental seen the great number of synapse found in a human brain (∼10 15 ). Using results obtained with the electrical characterisation of the VRRAM a synapse emulator using internal switching probability of ReRAM was proposed. The idea is to use a VRRAM pillar that whose devices, if addressed in parallel, behave overall as one synapse. Circuital considerations were also taken into account in order to properly size the transistor limiting the current flowing in the VRRAM pillar showing that its area has to be adapted in function of the number of levels in order for the voltage seen by every device in the pillar to be the same. In fact if a pillar has m devices it was demonstrated ( [START_REF] Piccolboni | Vertical CBRAM (V-CBRAM): From Experimental Data to Design Perspectives[END_REF]) that for the voltage to be uniform the oversize factor (ratio between the pillar transistor width and the plane transistor width) has to be higher than m. The precise oversize value depends on the chosen application: in section 5.1.3.3 it is shown that for a 3-level synapse the oversize factor has to be 10 to have a maximum voltage difference on the pillar of 0.05 V.

Future Perspectives

The work done during my PHD was the starting point for resistive RAM integration in a 3D geometry in my group. The results obtained are a solid basis for future integration on more than 2 levels since the results obtained showed that the technology is well reproducible along the sidewall of a vertical structure. The work done in parallel with the electrical characterisation showed that intrinsic variability in ReRAM can be of use especially in neuromorphic applications because it allows the use of a VRRAM pillar as a synapse emulator. Starting from these findings, the use of VRRAM in neural circuit could be extended to real applications and tested with a demonstrator once a sufficient number of levels per pillar will be integrated. The study on correlation opened the path for devices that could enhance their performances using the informations related to correlation. A patent has been submitted but this is a very interesting field since it could allow to overcome some physical limitations such as the memory window typical of a given technology and of its operating conditions. The study of correlation could also be useful when using Resistive RAMs as Random Number Generator (RNG): the results found in this study show that correlation exists only in given operation conditions (I SET > 300 µA) indicating that resistances obtained throughout cycling are truly random outside these boundaries. Finally the study of high density applications showed which are the limiting parameters for the maximum array size attainable and could serve as a guideline for future integrations of devices proposed for stand alone applications. This work showed also the necessity for a large array to have integrated with the memory cell a selector in order to limit as much as possible the sneak path issue without compromising the overall memory density. TO be suitable for VRRAM selector would need a very high on/off ration to suppress as much as possible the sneaking currents and it should be integrated using CVD to be compatible to the rest of the memory integration.

During the final weeks of my thesis a new VRRAM batch where the active layer is obtained via oxidation was delivered. The idea is to create a VIA and then oxidise the bottom electrode on the sidewall to obtain an active layer whose thickness will depend on the oxidation parameters (time of oxidation, etc.). One of the main concerns using this method will be to verify that the diffusion of oxygen atoms in the sidewall will not degrade the memory performances during cycling.

Concerning hybrid samples, investigating data retention it appeared that LRS resistances belong to two "families" (two resistance distributions with different mean values) but, after the first step in the oven all resistances collapse to the lowest among the two. This could be a lead to pursue for a deeper understanding of the hybrid switching mechanism briefly addressed in this manuscript (section 3.4.3) since the two resistance distributions could correspond to samples where either an ion-based conductive bridge • dans le 3D cross-point on a l'avantage d'avoir une scalabilité latérale avec les sélecteurs par contre, on peut intégrer un seul niveau à la fois. 

A.2 Échantillons Mesurés et Set-up Expérimentale

Pendant mon travail de thèse j'ai travaillé avec plusieurs technologies ReRAM et avec différent types d'intégrations. Les technologies ont été décrites dans la section précédente, pour ce qui concerne les intégrations les principales structures étaient:

• Les mémoires étaient intégrés dans un premier moment sans un dispositif qui puisse limiter le courant pour avoir une intégration vite et peu coûteuse et étudier la réponse de la mémoire seule (1R). Enfin les cellules mémoires ont étés intégrés en série avec un transistor (1T1R) pour pouvoir travailler avec des faible courants (≈ 7 µA) et limiter le phénomène de l'overshoot qui dégrade la fonctionnalité des mémoires [START_REF] Tirano | Accurate analysis of parasitic current overshoot during forming operation in {RRAMs}[END_REF]. Avec les dispositifs 1T1R on peut aussi travailler en modalité pulsé qui nous permet d'evaluer les temps de commutations et l'endurance à très grande échelle (≈ 10 8 cycles).

Les test les plus important faites pendant le travaille de recherche ont été:

A.3 Résultats Expérimentales

Pendant mon travaille de thèse on a étudié plusieurs types de mémoires avec un complexité croissante. On a commencé avec des échantillons 1R qui ont permis une compréhension du fonctionnement Les principaux résultats obtenus sur les mémoires 1R sont:

• la réduction de l'épaisseur du BE a comme conséquence l'augmentation du V FORMING .

• l'épaisseur du Ti sur les flancs de la structure est 1/2 par apport a celui sur le sommet

• l'augmentation du diamètre de la structure impacte principalement la tension du forming: V FORMING est reduite pour des structure plus grandes.

• test de data rétention à 200 • C pour un courant de compliace jusqu'à 300 µA on montré que les deux états résistives sont stables.

• l'augmentation de l'épaisseur du TE cause une réduction du V FORMING jusqu'à une saturation (??).

En 

A.5 Applications neuromorphique et haute densité

Dans la dernière section de la thèse on présente le travaille fait a latere des sections précédentes. Le but était de trouver des applications possibles pour les dispositifs mémoire présentés auparavant. La première famille d'applications est le neuromorphique un sujet vers le quelle l'intérêt est beaucoup augmenté dans les dernières années. Comme expliqué dans le literature [START_REF] Kuzum | Synaptic electronics: materials, devices and applications[END_REF][START_REF] Garbin | Variability-tolerant Convolutional Neural Network for Pattern Recognition applications based on OxRAM synapses[END_REF] La deuxième application étudiée était l'haute densité. Le but de cette partie de travail était d'évaluer la taille maximale des array mémoire utilisant la technologie VRRAM caraterisé pendant le travail de thèse. Dans un premier temps on a étudié l'effet de l' half pitch sur la densité et sur la résistance des pilier pour trouver un compromis qui
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FIGURE 1 . 16 :

 116 FIGURE 1.16: Data obtained by searching the Web of Knowledge using the expression: Topic = (neuromorphic and memristor) OR Topic = (neuromorphic and RRAM) OR Topic = (brain-inspired and RRAM) OR Topic = (brain-inspired and PCM) OR Topic = (neuromorphic and PCM) OR Topic = (brain-inspired and memristor) OR Topic = (memristive synapse) OR Topic = (neuromorphic and phase change) OR Topic = (neuromorphic and resistive change). Image taken from [53].

FIGURE 1 . 17 :

 117 FIGURE 1.17: Emulation of synapse potentiation and depression using a vertical Ta 2 O 5 -based OxRAM device. Image taken from [78].

  During the PHD many many ReRAM samples were studied:• varying the technology: OxRAM, CBRAM and Hybrid • varying the architecture: 1 Resistor (1R), 1 Transistor-1 Resistor (1T-1R), 2 Transistor-2 Resistor (2T-2R)

Chapter 2 .

 2 Studied Devices and Experimental Set-Up 21

FIGURE 2 . 1 :

 21 FIGURE 2.1: Planar Mesa process: (1) Active material (ALD), ion source and top electrode (CVD) deposition (2) SiO 2 capping (3) Bottom electrode contact opening (4) Top electrode contact opening.

FIGURE 2 . 2 :

 22 FIGURE 2.2: Mesa process: (1) Bottom line deposition and patterning (2) W plug, SiN substrate deposition (3) Metal (BE) patterning (SiO 2 capping) (4) Resistive layer deposition (ALD) (5) Top electrode (TE) deposition (CVD). "D" is the structure diameter that can be varied to study its effect on the switching parameters of the memory cell.

FIGURE 2 . 3 :

 23 FIGURE 2.3: Process flow, TEM image and dark field image of the HfO 2based VRRAM.

FIGURE 2 . 4 :

 24 FIGURE 2.4: VIA process: (1) Realization of a number of transistors equivalent to the number of levels (2) Deposition of different metal and oxide layers with different thicknesses (3) Lithography and etching of the extra layers (4) oxide(SiO 2 ) Deposition for a thickness of 530 to 370 nm (5) SiO 2 polishing (CMP) until the SiN layer (TE) (6) VIA etching until the transistor contact and, SiN and HfO 2 etching until the TiN layer to create the PAD (7) Tungsten (W) deposition and removing until the SiN layer (8) VIA etching of 500 nm ranging from the SiN layer to the SiO 2 layer going trough the two levels (9) Memory stack materials deposition (10) Removal via CMP of the resistive material layers and top electrode until SiO 2 (11) Metal AlCu deposition and patterning and subsequently, PAD oxide deposition and patterning.

FIGURE 2 . 5 :

 25 FIGURE 2.5: TEM image of the Al 2 O 3 -based VRRAM.

FIGURE 2 . 6 :

 26 FIGURE 2.6: Example of overshoot: the RESET current is higher than the SET current. The current overshoot happens during the SET operation but the phenomenon is visible only during the RESET because the current peak during SET is too fast to be detected by the parameter analyser.
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 22 FIGURE 2.7: (a) Typical IV curve obtained with QS measurements on a ReRAM sample. (b) QS linear regression on measured currents to calculate the cell resistance.

FIGURE 2 . 8 :

 28 FIGURE 2.8: (a) Ideal extraction of using an oscilloscope to monitor the voltage on the cell as a function of the time. (b) Typical output reading from a PIV used to calculate the resistance of a memory cell.
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 2212 FIGURE 2.11: (a) Example of endurance where resistances are measured with logaritmic spacing up to 10 6 cycles. (b) Data Retention test where HRS and LRS resistances are plotted as a function of the cumulative baking time for a given temperature (in this case T = 200 • C). Data were taken from 1T-1R HfO 2 -based VRRAM.

FIGURE 2 .

 2 FIGURE 2.14: (a) Block diagram for the standard measurement scheme of 1-level devices. (b) Block diagram for the 2-levels devices where a switching matrix (Hewlett Packard 4085A) is needed to address all the pads connecting the vertical devices.

FIGURE 2 . 15 :

 215 FIGURE 2.15: Photo of the tips positioning on the wafer in the case of 1R operation. In the specific case of the image each electrode can be accessed with 2 pads.

FIGURE 2 .

 2 FIGURE 2.17: (a) Scheme showing the signals used to perform the SET operation on the top level. (b) Scheme showing the signals used to perform the SET operation on the bottom level.

FIGURE 2 .

 2 FIGURE 2.18: (a) Scheme showing the signals used to perform the RESET operation on the top level. (b) Scheme showing the signals used to perform the RESET operation on the bottom level.

FIGURE 2 . 19 :

 219 FIGURE 2.19: Issue during FORMING/SET operation: when forming the bottom level there is a leakage current (I LEAK ) that flows in the unselected top cell and goes in the substrate of the transistor whose gate is at 0 V). This current is sufficient to form the top level. In the test we performed we had that if the total current I TOT was 100 µA, the current flowing in the selected device (I SET ) was 90 µA while I LEAK was 10 µA.
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 31 FIGURE 3.1: Batch AA784 details: BE, Resistive Material and BE thicknesses were varied to find the optimal parameter combination.
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 3233 FIGURE 3.2: (a) Process flow of the 1R MESA VRRAM integration. (b) TEM image of the HfO 2 -based VRRAM where the thicknesses for Ti, HfO 2 and TiN were respectively 75, 10 and 80 nm.
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 3435 FIGURE 3.4: (a) 1 st I RESET as a function of the R INIT , the overshoot phenomenon becomes more important for higher resistances. (b) HRS and LRS resistances distribution.
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 3637 FIGURE 3.6: V FORMING evolution as a function of the Ti TE thickness. The forming voltage does not change for various Ti TE thicknesses

Fig. 3 .FIGURE 3 . 8 :

 338 FIGURE 3.8: Evolution of switching parameters as a function of the MESA diameter. Resistances are found in (a) and voltages in (b).

FIGURE 3 . 9 :

 39 FIGURE 3.9: Data retention tests results on wafer 13 (TiN = 40 nm / HfO 2 = 10 nm / Ti = 100 nm) for T = 200 • C and three different SET currents, namely 300, 500 and 1000 µA.

FIGURE 3 . 10 :

 310 FIGURE 3.10: Batch AC265D details: BE, Resistive Material and TE thicknesses were varied to find the optimal parameter combination.
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 33 FIGURE 3.11: (a) Quasi Static V FORMING evolution as a function of the Ti TE thickness. The forming voltage is lower for a thicker TE. (b) Percentage of working cells (yield) as a function of the Ti TE thickness.

FIGURE 3 .

 3 FIGURE 3.13: V FORMING evolution as a function of the MESA diameter.The forming voltage is lower for bigger devices
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 314 FIGURE 3.14: Batch D14S0641 details: BE, Resistive Material and BEthicknesses were varied to find the optimal parameter combination.
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 315 FIGURE 3.15: TEM image of the HfO 2 -based VRRAM.

FIGURE 3 .

 3 FIGURE 3.16: (a) V FORMING evolution as a function of the TiN BE thickness for a Ti TE thickness = 20 nm. The forming voltage is lower for a thicker BE. (b) Percentage of working cells (yield) as a function of the TiN BE thickness.
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 33 FIGURE 3.18: (a) V FORMING evolution as a function of the Ti TE thickness for a TiN BE thickness = 10 nm. The forming voltage is lower for a thicker TE. (b) Percentage of working cells (yield) as a function of the Ti TE thickness.
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 33 FIGURE 3.20: (a) V FORMING evolution as a function of the MESA diameter. (b) 1 st I RESET evolution as a function of the MESA diameter.
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 322523323324 FIGURE 3.22: Batch D14S1540 details: BE, Resistive Material and BE thicknesses were varied to find the optimal parameter combination.
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 3326 FIGURE 3.25: V FORMING evolution as a function of the TiN BE thickness obtained on 1R devices.

FIGURE 3 .

 3 FIGURE 3.27: V FORMING evolution as a function of the Ti TE thickness.The forming voltage is lower for a thicker TE.

FIGURE 3 .

 3 FIGURE 3.28: (a) Evolution of HRS and LRS Resistances as a function of the SET current. (b) Evolution of the switching voltages as a function of the SET current.

FIGURE 3 .

 3 FIGURE 3.29: (a) Evaluation of the effect of varying the switching times on the resistance distributions. (b) Evaluation of the effect of varying the pulse length on the minimum applied voltage needed to set the cells.
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 330331 FIGURE 3.30: Typical endurance characteristics targeting a high number of achieved cycle. A memory window of 1 decade is maintained up to 10 7 cycles. I SET =300 µA

FIGURE 3 . 32 :

 332 FIGURE 3.32: Results from data retention test for a SET current of 100 µA at 200 • C: in (a) are reported the average lines with errorbars while in (b) are reported the average lines along with the curves from all cells in the statistics.
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 333334 FIGURE 3.33: Results from data retention test for a SET current of 55 µA at 200 • C: in (a) are reported the average lines with errorbars while in (b) are reported the average lines along with the curves from all cells in the statistics.

FIGURE 3 . 35 :

 335 FIGURE 3.35: Batch AC068C details: three main technologies were integrated namely, CBRAM (wafer 1 to 7) an hybrid stack with TiN as TE (wafer 8 to 11) an hybrid stack with Ti/TiN as TE (wafer 12 to 15) and an OxRAM stack (wafer 16 to 19).
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 336 FIGURE 3.36: Scheme of the four Ta 2 O 5 -based devices: (a) CBRAM, (b) OxRAM/CBRAM with TiN TE, (c) OxRAM/CBRAM with Ti/TiN TE, (d) OxRAM.
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 2533535 Ta 2 O 5 ⇒ window ∼ 10 Ta 2 O 5 ⇒ window ∼ 4 × 10 Ta 2 O 5 ⇒ window ∼ 7 × 10 3
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 33 FIGURE 3.37: (a) Evolution of the initial resistance as a function of the Ti TE layer thickness. (b) Evolution of the forming voltage as a function of the Ti TE layer thickness. Both R INIT and V FORMING increase for an increasing Ti thickness.
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 339340341 FIGURE 3.39: Schematic description of the mechanisms undergoing during direct switching: during FORMING/SET operation Cu 2+ migrate into the electrolyte while O 2-are attracted towards the top electrode, this mechanism creates the CF into the metal oxide. During RESET operation the ions involved in SET operation migrate back to their original position leaving a gap in the CF

FIGURE 3 . 42 :

 342 FIGURE 3.42: If the positive voltage suring RESET is increased above 0.5 V we have at around 1 V a FORMING operation that involves Cu ions. Compared to typical V FORMING presented beforehand (Fig. 3.37b) the value is lower suggesting that V O created during reverse FORMING help the percolation of Cus 2+ in the solid electrolyte

FIGURE 3 . 43 :

 343 FIGURE 3.43: Batch D14S0890 details: BE, Resistive Material and BE thicknesses were varied to find the optimal parameter combination.
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 3345346 FIGURE 3.44: TEM image of the Al 2 O 3 -based VRRAM.

FIGURE 3 . 47 :

 347 FIGURE 3.47: Disturb Test: while the Top level is unselected the Bottom is cycled. In (a) all Top level cells are kept during cycling in the LRS state while in (b) they are kept in the HRS state.
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 348 FIGURE 3.48: HRS and LRS resistance as a function of the SET current.

FIGURE 3 .

 3 FIGURE 3.49: (a) Effect of BE thickness on the HRS and LRS resistances. (b) Effect of BE thickness on the switching voltages.
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 350 FIGURE 3.50: HRS and LRS resistance distributions as a function for two different TE thiclnesses (20 and 40 nm).
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 351352 FIGURE 3.51: Data retention test conducted at T = 150 • Cand I SET = 100 µA.
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 3354 FIGURE 3.53: (a) LRS resistance as a function of the SET current for CBRAM and OxRAM technologies. (b)). HRS resistance as a function of the RESET voltage for CBRAM and OxRAM technologies.
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 355 FIGURE 3.55: HRS and LRS resistance distribution for both Bottom and Top levels of the structure.
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 4142 FIGURE 4.1: (a) IV curves of FORMING, SET and RESET operations. (b)Resistance dependence on the SET current.
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 444546 FIGURE 4.4: (a) 2D representation of CC matrix clculated on ≈50 cells and 100 cycles. (b) 1D cut of correlation coefficient matrix where the parameter λ is defined as the correlation length, namely, the number of cycles needed for the CC to flatten out.

FIGURE 4 . 7 :

 47 FIGURE 4.7: Spring Approach: the conductive filament gap and hence the resistances at each cycle depend on both the previous cycle and the first one.

FIGURE 4 . 8 :

 48 FIGURE 4.8: Three gaussian distributions corresponding to the distribution around the initial resistance, around the resistance of the n-1 th cycle and the resulting one for the n th cycle.

FIGURE 4 . 9 :

 49 FIGURE 4.9: Experimental correlation coefficient data fitted with analytical model (4.3.3) where σ CYCLING = 20 and σ SPRING = 90.

FIGURE 4 .

 4 FIGURE 4.10: (a) V O distribution for HRS state. (b) V O profile for HRS state.

  L gap (n) draw from L gap (n-1) and L gap (0

FIGURE 4 . 11 :

 411 FIGURE 4.11: Spring Approach with physical model: starting from the idea that insulating gap length (L GAP ) governs the cell resistance, we calculate the L GAP distribution at a given cycle (n) knowing the L GAP of the initial cycle (1) and the previous one (n-1), where the first imposes the average resistance (spring effect) and the second takes into account the correlation among cycles. Thanks then to the physical model[START_REF] Garbin | Modeling of OxRAM variability from low to high resistance state using a stochastic trap assisted tunneling-based resistor network[END_REF] we determine the oxygen vacancies distribution and hence the resistance for the given cycle. Iterating the algorithm for all the desired cycles we are able to recreate the correlation coefficient curve obtained experimentally. σ SPRING has to be bigger than σ CYCLING in order to have correlated values gravitating around the initial resistance wothout being stuck to its value as it would happen if the parameters would be chosen otherwise.

FIGURE 4 . 12 :

 412 FIGURE 4.12: Experimental correlation coefficient data fitted with physical model (4.3.3.2).

FIGURE 4 . 13 :

 413 FIGURE 4.13: Recognition rate as a function of the number of stacked VRRAM in a synapse. Correlation (σ/2 for R distribution) allows (RR) of ≈ 98% with less stacked levels.
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 414415 FIGURE 4.14: (a) Evolution of ∆R n as a function of "n", where "n" is the number of cycles performed after the reference cycle "i". (b) Comparison between the normal window considering the whole resistance distribution (red) and the window obtained knowing the resistance at cycle "i" and the correlation length.

FIGURE 5 . 1 :

 51 FIGURE 5.1: Description of the integration flow, TEM cross sections (high resolution and dark field) and 3D scheme of the TiN/HfO 2 /Ti/TiN VRRAM.
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 5253 FIGURE 5.2: (a) 1 st LRS and HRS resistances as a function of the SET current. (b) Minimum pulse length as a function of the pulse height to set the memory cell; the HRS resistance being ≈10 5 Ω.
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 554 FIGURE 5.4: Simulated neuromorphic network: a synapse is composed by m VRRAM cells in a pillar addressed in parallel; the output neuron collects the contributions of all synapses. Each synapse is activated thanks to the transistor integrated in series to the pillar. Both read and program operations are done selecting the whole pillar at once.
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 55 FIGURE 5.5: Progressive SET: Cumulative percentage of SET cells as a function of pulse length for different voltages applied.

FIGURE 5 . 6 :

 56 FIGURE 5.6: Progressive SET: Percentage of SET cells as a function of pulse length for different voltage applied.
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 557 FIGURE 5.7: V SET , V RESET ((a)) and HRS, LRS resistance ((b)) fit using a compact Model based on redox equation that takes into account temperature effects [97].
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 58 FIGURE 5.8: Progressive SET: Normalised Percentage of SET cells as a function of pulse length for different voltage applied.
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 59510 FIGURE 5.9: Output of the Synapse Simulation performed with the model card: Simulated number of switched cells as a function of the number of pulses (for various number of levels, m) based on the experimental dispersion.
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 511512 FIGURE 5.11: Alternative neuromorphic network were the Offline learning is implemented: read operation is carried out in parallel as in the previous solution while programming operation is done beforehand on each device at a time.

FIGURE 5 . 13 :

 513 FIGURE 5.13: Scheme of a nueromorphic circuit where is highlighted the worst case scenario of having to set a cell whilst the others are in LRS state.
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 5514515 FIGURE 5.14: Evolution of V T E -V BE -V SET as a function of the number of levels m and the oversize factor n.
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 551655 FIGURE 5.16: Schematic representation of the resistances causing IR drop in the memory array; representation of a 1S-1R V-CBRAM pillar containing N levels.

FIGURE 5 . 18 :

 518 FIGURE 5.18: Maximum number of bits per array as a function of the number of stacked levels for increasing plane thickness. R PILLAR and R PLANE are the two limiting factors that have to be optimised in order to maximise the bits per array.
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 5519 FIGURE 5.19: Aspect Ratio: (a) Aspect Ratio (AR) definition. (b) Required Aspect Ratio as a function of the number of stacked levels for increasing plane thickness. Red-shaded area indicates need for multi etching, hence high fabrication costs.

FIGURE 6 . 1 :

 61 FIGURE 6.1: TEM image of 1R, Hf 2 -based VRRAM where BE, Resistive Material and BE thicknesses are indicated.

FIGURE 6 . 2 :

 62 FIGURE 6.2: Disturb Test: while the Top level is unselected the Bottom is cycled. In (a) all Top level cells are kept during cycling in the LRS state while in (b) they are kept in the HRS state.
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 12 FIGURE A.1: Evolution de la capacité de stockage pour les mémoires émergentes et les flash. Depuis SSCC, International Solid-State Circuits Conference, February 2013
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 45 FIGURE A.4: Physique qui gouverne le fonctionnement des OxRAMs.Image prise depuis[START_REF]Functional Metal Oxide Nanostructures[END_REF] 

FIGURE A. 6 :

 6 FIGURE A.6: Tension de FORMING en fonction du dopage. Image prise depuis [35].

•

  dans le VReRAM le gros avantage est que on peut intégrer plusieurs niveaux à la fois en réduisant les coûts (voir Fig. A.7). En intégrant plusieurs niveaux une grande complexité du process est requise, notamment le Aspect Ratio (AR) nécessaire devient très important pour beaucoup des niveaux empilés. Un résumé des caractéristiques des deux solutions se trouve en Fig. A.8.

FIGURE A. 7 :

 7 FIGURE A.7: Cost (in terms of mask number) comparison between 3D X-point architecture and VRRAM architecture: VRRAM solution cost saturates after a given number of stacked levels. Image taken from[START_REF] Park | 5th Leti Workshop on Innovative Memory[END_REF] 

FIGURE A. 8 :

 8 FIGURE A.8: Cross point RRAM (left) and Verttical RRAM (VRRAM)(right) structures. Image taken from[START_REF] Park | 5th Leti Workshop on Innovative Memory[END_REF] 

FIGURE A. 9 :

 9 FIGURE A.9: Processus d'intégration de la structure planaire MESA: (1) dépôt des couches (2) isolation (3) ouverture BE contact (4) ouverture TE contact.

FIGURE A. 11 :

 11 FIGURE A.11: Processus d'intégration du dispositif en architecture VIA.

FIGURE A. 12 :

 12 FIGURE A.12: ?? Process flow de l'intégration du 1R MESA VRRAM. ?? image TEM de la mémoire verticale à base de HfO 2 ou les épaisseurs pour Ti, HfO 2 and TiN étaient 75, 10 and 80 nm.

  Fig. A.14 on trouve le "process flow" pour obtenir la mémoire verticale 1R et l'image TEM ou le TiN est le BE, le HfO 2 est le matériel active et le TE.

FIGURE A. 13 :

 13 FIGURE A.13: Evolution du V FORMING en fonction de l'épaisseur du Ti TE pour un épaisseur du TiN BE thickness = 10 nm. La tension du forming se reduit pour un TE plus épais.

FIGURE A. 14 :

 14 FIGURE A.14: Process flow, image TEM and image dark field de la VRRAM à base de HfO 2 .

FIGURE A. 17 :

 17 FIGURE A.15: (a) Évolution des résistances HRS et LRS en fonction de la courant de SET. (b) Évolution des tensions de commutation en fonction de la courant de SET.

FIGURE A. 21 :

 21 FIGURE A.21: Distributions de résistance pour les états HRS et LRS pour le niveau Bottom et Top de la structure.
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Seong-Geon Park, IEDM 2012, Samsung I.G. Baek, IEDM 2011, Samsung W.C. Chien, VLSI 2012, Macronix E. Cha, IEDM 2013, stanford M.C. Hsieh, IEDM 2013, Tsing-Hua Uni Taiwan C.W. Hsu, IEDM 2013, Chiao Tung Uni Taiwan US Stack (Materials) TE/TMO1/TMO2/BE Ta2O5 /Barrier/ TiN WOx / SP-TiN TiN/Ta2O5/ Ta/NbO2 Ta/TiON/TaON Ta/TaOx/TiO2/Ti TiN/HfO2/Ti Architecture (configuration) NA, 1 level 1T-1R 1T-1R, 2 levels 1S-1R, 2 levels 1T-1R, 1R, 2 levels 1T-1R SET RESET (V, t) Set ~ 4 Reset ~ 1 Set ~ 2,5 Reset ~ 3 Set ~ 2,5 Reset ~ 3 Set ~ 0,8 Reset ~ 1,1 Set = 0,8 Reset = -1,1 Set = 5 Reset = -6 Set = 0,7 Reset = -0,8 ROFF/RON 1000 10 10 10 10 10 10 Retention 10 4 s @ 85°C 5 10 4 s @ 85°C 100 104s @ 85°C 200µA to be stable 100 h @ 150°C 10 4 s @ 1uA 10 5 s @ 100 uA and 200 °C Endurance 10 7 10 6 Max 1000 10 6 10 4 10 9 cycles 10 7 Remarks 2 unknown layers to: • limit current • Non Linear IV • Unknown layer • Cl Issue • Different layer behaviour • Complex structure Self rectifying 1st vertical trial

  

		FIGURE 1.15: Recent works on 3D integration for resistive memories.	
			TABLE 1.1: Variability as a function of Cycle #		
	Ref	[48]	[38]	[49]	[50]	[43]	[47]	REF7 REF8 REF9
	Materials	TE/TMO1/TMO2/BE Ta2O5/ Barrier/TiN WOx/SP-TiN TiN/Ta2O5/Ta/NbO2 Ta/TiON/TaON Ta/TaOx/TiO2/Ti REF7 REF8 REF9
	Architecture	NA, 1 Level	1T1R	1T1R, 2-levels	1S1R, 2-levels	1T1R	1R, 2-levels	REF7 REF8 REF9
	VSET VRESET[V]	4, 1	2.5, 3	2.5, 3	0.8, 1.1	0.8, 1.1	5, -6	REF7 REF8 REF9
	RON/ ROFF	1000	10	10	10	10	10	REF7 REF8 REF9
	Retention	10 4 s, 85 • C	5 × 10 4 s, 85 • C	REF3	10 4 s, 85 • C, 200 µA	3 × 10 4 s, 150 • C	10 4 s, 1 µA	REF7 REF8 REF9
	Endurance	10 7	10 6	10 3	10 6	10 4	10 9	REF7 REF8 REF9

TABLE 2 .

 2 1: Summary of all stacks studied during this work.

		OxRAM	CBRAM	Hybrid
	BE	TiN	W/WSi	W
	Active Material	HfO 2	Ta 2 O 5 /Al 2 O 3	Ta 2 O 5
	TE	Ti/TiN CuTe 2 Ge/Ti/TiN Ti / Ti/TiN
	2.2.4.1 One Resistor Devices			

  2.7a.

				Chapter 2. Studied Devices and Experimental Set-Up
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FIGURE 2.10: Pulse scheme: in both SET and RESET operations the signal on the gate is sent after a given delay (t WAIT ) with respect to the signal on the electrodes.

  [START_REF]Emerging research devices[END_REF] 

	Oxide	TE
		BE	Lev.2
	Oxide	
		BE	Lev.1
	Oxide	
	ReRAM Lev.1
		ReRAM Lev.2	Substrate
	FIGURE 2.13: Electrical scheme of the 2T-2R devices.

TABLE 3 . 1 :

 31 Summary of CBRAM stack results.

	Wafer #	Oxide Thickness	Ion Source	TE	Initial Res	LRS Res	HRS Res	Memory Windows
	1	2.5 nm	Cu	TiN	5 × 10 7 Ω	10 Ω	10 Ω	NA
	2 3 4 5 6 7	2.5 nm 2.5 nm 3.5 nm 3.5 nm 5 nm 5 nm	CuTe 2 Ge CuTe 2 Ge CuTe 2 Ge CuTe 2 Ge CuTe 2 Ge CuTe 2 Ge	TiN Ti TiN Ti TiN Ti	10 8 Ω 10 7 Ω 3 × 10 8 Ω 10 8 Ω 10 10 Ω 10 9 Ω	10 2 Ω 10 3 Ω 10 2 Ω 10 3 Ω 10 2 Ω 10 3 Ω	10 5 Ω 10 3 Ω 4 × 10 5 Ω 10 3 Ω 7 × 10 5 Ω 10 3 Ω	10 3 NA 4 × 10 3 NA 7 × 10 3 NA

TABLE 3 .

 3 2: Summary of hybrid CBRAM stack results.

	Wafer #	Oxide Thickness	Ion Source	TE	Ti Thickness	Initial Res	LRS Res	HRS Res	Memory Windows
	8	5 nm	Cu	TiN	Thick	10 8 Ω	10 Ω	10 Ω	NA
	9	5 nm	Cu	TiN	Thin	10 9 Ω	10 Ω	1 Ω	NA
	10 11 12 13 14 15	5 nm 5 nm 5 nm 5 nm 5 nm 5 nm	CuTe 2 Ge CuTe 2 Ge CuTe 2 Ge CuTe 2 Ge CuTe 2 Ge CuTe 2 Ge	TiN TiN Ti Ti Ti Ti	Thick Thin Thick Thin Thick Thin	2 × 10 8 Ω 3 × 10 8 Ω 3 × 10 8 Ω 4 × 10 8 Ω 5 × 10 8 Ω 4 × 10 8 Ω	10 2 Ω 10 2 Ω 10 2 Ω 10 2 Ω 10 2 Ω 10 2 Ω	4 × 10 3 Ω 10 5 Ω 10 3 Ω 10 3 Ω 10 3 Ω 10 3 Ω	4 × 10 3 10 3 10 1 10 1 10 1 10 1

  The aim of this study is to show both with experiments and a model that in a short range of cycling (≈40) the resistances of Low Resistance State (LRS) and High Resistance State (HRS) are correlated. Cycle-to-cycle correlation for resistances was already introduced in[START_REF] Calderoni | Performance comparison of O-based and Cu-based ReRAM for high-density applications[END_REF] but experimental results were not supported by a theoretical model. The analysis of such a phenomenon could help better understanding the driving mechanism governing the intrinsic variability which characterises this technology. The experiments to investigate correlation between resistances while cycling were carried out on HfO 2 -based VRRAM described in chapter 3.These memory cells present clear forming, reset and set events as reported in [FIGURE IV]. Both HRS and LRS resistances can be tuned with the I SET controlled by the select transistor as indicated in [fig RES vs Iset]. The VRRAM presented here remains functional up to 10 7 cycles (Fig.4.2a). Fig.4.2b shows 3 extractions of 10 cycles. It is noticeable that at each extraction the resistances are around a certain average resistance indicating a "memory effect" of the cell resistance for subsequent cycles while no monotonous drift of the resistance is measured. This observation will be useful in understanding the experimental results presented in section 4.3.2.
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TABLE 4 .

 4 

	1: Variability as a function of Cycle #
	# of Cycles 5 Cycles 100 Cycles
	Variability	0.35	0.65

input Neuron output VRRAM pillar Synapse N levels M pillars TE Lev.2 Lev.1 Lev.3 ON OFF OFF ON ON ON FIGURE

  les circuits neuromorphique peuvent utiliser comme composant de base les mémoires resistive car ils sont tolérants à la variabilité des imput recu que dans le cas des mémoire résistives est la variabilité intrinsèque des mémoires même, en particulier de l'état a haute résistance (HRS). Les composants fondamental des circuits neuromorphiqes sont les synapses et avec cet étude on veux demonstrer un manière de les émuler avec des VRRAM. L'idée est d'avoir un dispositif que change sa résistance en fonction de nombre des pulses qui reçoit en entrée. Vu que le changement d'état des OxRAM est soudain (surtout pour le SET) il n'est pas possible d'avoir un tel comportement avec seulement un point mémoire. Au contraire en utilisant plusieurs dispositifs et en les écrivant et en lisant en parallèle on peut obtenir un dispositif total avec un caractéristique similaire a celle des synapses. En Fig. A.23 on peut voir un possible circuit neuromorphique utilisant VRRAMs comme synapses et en Fig. A.24 on peut trouver la réponse d'une synapse à base des VRRAMs.Comme on peut remarquer le percentage de cellules commutés, donc la résistance totale de la VRRAM, est fonction de la longueur totale du pulse envoyé. Les performances des synapses dépendent du nombre des niveaux dans chaque VRRAM. Plus on a des niveaux plus la variabilité de la réponse est limité. Dans le design d'un circuit il faut donc evaluet la variabilité qu'on peut tolérer et en fonction de cela dimensioner le VVRAM. L'avantage d'utiliser les VRRAM pour ce type de circuit est principalement que en changeant le nombre de niveaux par VRRAM la surface de Si utilisé ne change pas. Enfin un étude sur le transistor qui sélectionne chaque pilier (VRRAM) a démontré que la taille de ce transistor augmente en fonction de nombre de mémoires dans la VRRAM si on veut avoir une tension constante sur toutes les points mémoire dans le pilier. A.23: circuit neuromorphique simulé: un synapse est constitué de m cellules VRRAM dans un pilier adressés en parallel; l'output du neuron collecte les contributions de toutes les synapses. Chaque synapse est activé grâce au transistor integré en série au pilier.
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or a V O filament dominate the conduction. Due to time constraint I was not able to finish this study but I think it would be interesting to dedicate it attention in the future.
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Third Batch Conclusions

This batch's integration was very useful to tailor more precisely the TE and BE thickness. The main things that were learned and that served as guidelines were:

• The variation of BE thickness has little effect on switching parameters except from V FORMING that is reduce with an increasing BE thickness.

• The TE thickness variation showed that the V FORMING decreases for a thicker Ti layer. Being the cells 1R a too thin layer causes a V FORMING so high that cells after FORMING operation, due to current overshoot remain stuck in the LRS state. It is also shown that the samples with the two thickest Ti layers, namely 30 and 50 nm have the same V FORMING . This means that after 30 nm the Ti will not create extra V O in the active material leaving unchanged the initial resistance. This information is useful once a more complex integration on several levels is required and it is mandatory to avoid performance differences among levels.

• D increase, as for the previous batches, led to a V FORMING reduction while leaving the other parameters (resistances and switching voltages) almost unaffected.

Chapter 3. Experimental Results

1T-1R Devices

1T-1R Devices: Introduction

Once the first three batches were characterised we were confident in having the best possible integrating conditions for properly working memory devices. This knowledge was use for the integration of vertical devices having a series transistor able to limit the current during FORMING/SET operation. The advantages of this configuration are enlisted in section 2.2.4.2. Compared to the test performed in the previous chapter here also pulsed mode measurements and long cycling endurance were obtained thanks to the presence of the transistor. Three different Transistor sizes were integrated in order to study the memory devices in a wide range of working currents.

Chapter 7

List of Publications Les mémoires résistives peuvent se distinguer non pas seulement par leurs structure (OxRAM ou CBRAM) mais aussi par leur modalité de fonctionnement. Elles peuvent se partager en:

• Unipolaires: le fonctionnement de la cellule mémoire ne dépend pas de la polarité de la tension appliqué.

• Bipolaires: le fonctionnement de la cellule mémoire est dependent de la polarité de la tension applique, typiquement les operationes de FORMING/SET sont obtenues grâce à une tension positive et l'opération de RESET est obtenue grâce à une tension négative.

Dans • Commutation quasi statique: on obtient les IV des dispositifs et on est atteint normalement ≈ 100 cycle pour des raisons de temps de mesure.

• Commutation quasi statique: on peut pousser le nombre des cycles jusqu'à un très grand nombre (≈ 10 8 cycles) en faisant une lecture en échelle logarithmique.

• Data rétention: on étude le comportement des résistances des états écris et effacés à une température donné.

• Disturb: on surveille l'état résistive du niveaux non choisi pendant que l'autre ne commute afin de vérifier leur indépendance.

Pour ce qui concerne le set-up expérimentale on a travaillé avec deux types de mesures: quasi-statique et pulsé. Le mesures en quasi-statique sont utile dans une première phase de l'enquête car elles permettent d'étudier les mémoires seule sans un transistor en série. La caractéristique IV obtenue avec ses mesure nous permet donc un compréhension physique des événements de switching entre les deux états mémoire. Les test en quasi-statique sont lents (≈1s/operation) et ne permettent pas donc de mener tests de longue endurance (>100 cycles). Les mesures en pulsé nécessitent (pour cette technologie) un transistor en serie qui influence la chute de tension sur le point mémoire. L'avantage des mesures en pulsé est qu'on peut descendre à des faible temps de commutation (≈10 ns); on peut donc étudier l'endurance des dispositifs et l'évolution des tension de commutation en fonction de temps de pulses. 

A.4 Corrélation

Une partie de mon travail de thèse a été dediée à l'étude de l'existence d'une corrélation entre les résistances des points mémoire entre les commutations. En partant des résultats obtenus précédemment sur des mémoires CBRAM et OxRAM [START_REF] Calderoni | Performance comparison of O-based and Cu-based ReRAM for high-density applications[END_REF] Pour expliquer ce comportement on a utilisé 2 models: le premier analytique et un deuxième physique. Dans le premier model on impose que le résistances de chaque cycles soient reliés aux valeurs de résistances des cycles précédentes et au même temps au valeur initiale de résistance qui nous garantie l'absence d'un décalage du valeur de la résistance moyenne pendant la commutation. Dans le deuxième model on applique le même raisonnement à un paramètre physique, notamment le gap dans le CF. En partant du gap est en suite possible de calculer via un model basé sur le TAT [START_REF] Garbin | Modeling of OxRAM variability from low to high resistance state using a stochastic trap assisted tunneling-based resistor network[END_REF] la résistance correspondante.