Liliana Bernard 
  
Paulo Aurélien 
  
Nikita Nicolas 
  
Miguel Luis 
  
Nathalie Steven 
  
Isabelle Laurent 
  
Luca, Rachid. . . Marie-Claire Bernard 
  
So- Phie Kévin 
  
Eric Carine Cathy 
  
Anna-Lisa Diego 
  
Mouhamad Denys 
  
Thilo 
  
Mihai Claire Gilles 
  
Landau Lifshitz 
  
MAD Gilbert Slonczewski 
  
Rkky Ruderman 
  
Kittel Kasuya 
  
Yosida Rram 
  
  
  
  
  
Ferroelectric RAM HDD Hard Disk Drive HL Hysteresis Loop HM Hard Mask IBE Ion Beam Etching IoT Internet of Things LLGS

Me voici à la fin de ces trois années de thèse, et c'est en résumant le travail effectué qu'on se rappelle de tous ceux qui nous ont aidé ou qui ont partagé notre aventure.

Pour commencer, cette thèse ne serait rien sans la volonté de deux personnes en particulier qui voulaient une collaboration entre Spintec et le Leti autour des MRAM. Je tiens à remercier en premier lieu Lucian Prejbeanu, mon directeur de thèse et chef de labo Spintec, qui a toujours été présent, bien plus que d'autres directeurs d'autres thèses, et qui a toujours su trouver du temps, même lorsque les conditions de la thèse ont chaviré. En me faisant confiance et me donnant les ressources nécessaires pour aller là o ù je voulais creuser, tu as gagné mon respect (et te voir en chef barbecue en short, ma sympathie). C'est du c ôté Leti que je remercie chaleureusement Etienne Nowak, mon tuteur puis chef de labo, qui m'a toujours suivi de près puis d'un peu plus loin. Tu as cependant toujours pris ma défense et tu m'as surtout permis de faire le tour du monde (2 fois) et pour c ¸a je te remercie.

Chapter 1

The MRAM technology : its place and history inside the memory market This chapter serves as an introduction to the work done during this PhD thesis. The first part consists of a presentation of the memory market and its emerging solutions to answer its needs. The second part will focus on the MRAM technology, studied in this work, and its state of the art. The third part will narrate the history of the MRAM technology. Finally, the objectives of the PhD thesis will be announced.

Context : the place for MRAM

As humanity has been embracing the Big Data era since the early 2000's [START_REF] Lohr | Opinion | Big Data's Impact in the World[END_REF], the need for ever-improving data handling was born. With data becoming a fast growing resource, the memory market adapted in order to answer the storage, treatment speed and energy consumption issues. One of the answers consists in improving the actual hardware with new emerging non-volatile memories. To introduce the topic of this work, the memory market, its applications and needs will first be presented. Then, the main solutions in terms of emerging Non-Volatile Memory (NVM) will be introduced and compared.

The growth of data

Since the computer was created in the 20th century, the amount of data stored throughout the planet kept evolving. As technology developed and entered the daily life via different media as recorders, camera, smart-phones, cloud... the amount of information created through increasing quality music files, videos or even pictures required more and more storage capacity as represented in figure 1.1a (extracted from [START_REF]Big data[END_REF]). In this graph, global information storage capacity is shown as increasing by 25% every year with at first being mostly analog storage. The digital storage (0 and 1) reached 50% of the market around the year 2002 and is the main recording storage nowadays. where an increase of 25% per year is observed. The transition from analog towards digital storage is dated at year 2002 (extracted from reference [START_REF]Big data[END_REF]). (b) shows the data growth rate from 2007 up to an estimated 2020 showing an increased growth rate of 47% per year associated with social networks (extracted from reference [START_REF] Day | HPE Strategy And Portfolio for AI, BigData and HPC[END_REF]).

This increase sped up in 2007 as shown in figure 1.1b, (from [START_REF] Day | HPE Strategy And Portfolio for AI, BigData and HPC[END_REF]) with a data growth rate of 47% per year with a 0.28 zettabytes volume in 2007 to an estimation of 44 1.1. Context : the place for MRAM zettabytes in 2020. This acceleration in data storage is timed with the birth of social networking and data tracking.

The medium used to store information evolved over time allowing to be spread in many different applications. These applications can be split into two main categories, the stand alone and the embedded memory.

The Non-Volatile Memory market and its applications

Memory devices are now used in many fields usually divided into two main categories. The first one is the stand alone memory which acts as an external component to the main unit and shows the highest storage capacity. In figure 1.2, the main use of stand alone memory is shown on the left part and corresponds to the industry market (automation, machine tracking for prevention and maintenance, sensors, automotive...), enterprise and consumer storage (servers, HDD...) and mass storage (USB sticks, SD card, SSD...). Figure 1.2: Range of applications using memory devices split into the stand alone and the embedded categories (from [START_REF]Emerging Non-Volatile Memory 2017 Report by Yole Developpement[END_REF]).

The second category is the embedded application where the memory is part of the main unit and needs a smaller storage capacity compared to the stand alone. The main use for this kind of memory is for the Micro-Controller Units (MCU) devices (wearable, general robots, smart cards...), mobile devices (smart phones, tablets...), cache (processor computing) and Systems On Chips (SOC).

Nowadays, most of these applications use mainly three different kind of memories. The stand alone market is mostly based on the Flash (NAND) technology. The first Flash memories appeared in the early 1980's, named EEPROM, and were developed Chapter 1. The MRAM technology : its place and history inside the memory market by Toshiba [START_REF]Flash memory[END_REF]. Since then, the memory kept improving in terms of scalability and remains the cheapest solution for the moment. The embedded market uses mainly volatile memories (meaning it loses information when plugged off) like Static RAM (SRAM) and Dynamic RAM (DRAM). These two memories share a common history back to the 1940's [START_REF]Dynamic random-access memory[END_REF][START_REF]Static random-access memory[END_REF] and are used mainly due to their speed close to the nano second range. To classify memory in relation with application, a hierarchy is usually used as shown in figure 1.3a. At the bottom of the pyramid, we can find the HDD types of memory which consists of large capacity (GB, TB), which does not need a fast access and has to be cheap. The most used technology for these are the magnetic disk [START_REF]Hard disk drive[END_REF]. The bottom of the pyramid is usually called "cold storage" since it is not often accessed and not necessary rapidly. As the pyramid is going up, the applications require more speed such as SSD hard disks and Flash drives to finally reach the top and the register and cache applications. The latter does need a large capacity (KB to MB) but requires very high speed (sub-nano second) and are often accessed giving them the name of "hot storage". They are also the most expensive memories.

Another important parameter for an application is its endurance, meaning the number of time it can be used before becoming inoperative. In figure 1.3b, Flash, DRAM and SRAM are located related to their speed and endurance. Flash, being mostly cold memory, does not have a high endurance with less than a million cycles and has a writing time close to the millisecond. DRAM and SRAM are, on their side, 1 million times faster than Flash and an endurance higher than 10 15 cycles. While these two distinct categories of memory are used for opposite purposes, a large gap appears be-1.1. Context : the place for MRAM tween them. This gap leaves space for what is called the Storage Class Memory (SCM) and aims applications with a large storage capacity (>GB) while being faster, stronger and less energy consuming than Flash but cheaper and denser than DRAM and SRAM.

Since the data growth increases rapidly over time, the cost of supplying this demand increases also. In figure 1.4, the price of the main applications are plotted from 2016 up to an estimated 2022. The total market starts at 51 $B in 2016 and doubles every year up to an estimated 3,891 $B in 2020. However, the revenues are not equally distributed as the enterprise SCM (cloud services) is the preponderant market having a third of the revenues up to 2019 and then more than half. Following, we find client SCM, embedded MCU's and mass storage. These four applications correspond to 93% of the entire market. Having most of the demand in the SCM application range shows the interest on new types of memory more adapted than the usual ones. To answer these new demand, solutions appeared named Emerging Non-Volatile-Memory (e-NVM).

Figure 1.4: Revenues from the NVM market from 2016 up to an estimated 2022 showing a revenue doubling every year with a predominance of SCM applications (extracted from reference [START_REF]Emerging Non-Volatile Memory 2017 Report by Yole Developpement[END_REF]).

The main contenders

We saw in the last part that a new kind of memory rises to supply the market demands. These memories can be first split into two main categories : the volatile and the non-Chapter 1. The MRAM technology : its place and history inside the memory market volatile. These two categories can be seen in figure 1.5 with the volatile memories on the left consisting of SRAM and DRAM. The non-volatile segment is itself separated in two. The "standard" branch consisting on the solutions used nowadays : Flash, NVS-RAM (a non-volatile SRAM [START_REF] Nvsram | [END_REF]) and EEPROM (more resistant flash memory). The branch we will discuss in this chapter is the e-NVM one. It contains The Ferroelectric RAM (FeRAM), Resistive RAM (RRAM), Phase-Change RAM (PCRAM) and Magnetic RAM (MRAM). 

Ferro-electric RAM

FeRAM have been present in the market as early as 1999 with Fujitsu supplying Ramtron (bought by Cypress Semiconductor in 2012) which is selling since 2010 to IBM and Texas Instrument [11,[START_REF] Ferroelectric | [END_REF]. But it's only since 2007 that FeRAM rose again as an e-NVM with the introduction of ferroelectric Hafnium oxide which made scalability down to 2X nm possible [START_REF] Trentzsch | A 28nm HKMG super low power embedded NVM technology based on ferroelectric FETs[END_REF].

Figure 1.6: Schematic showing the up and down electrical polarization of a ferroelectric crystal responsible for the two resistance states of a FeRAM (from [START_REF]Nonvolatile Ferroelectric RAM)[END_REF]).

Context : the place for MRAM

The FeRAM is based on the electrical polarization of a ferroelectric layer. As shown in figure 1.6, a ferroelectric material's crystal allows both stable state depending on the position of its electrons. These two stable states defines the electrical polarization that are difference resistance states.

The main features of this technology are high speed (10 ns range), low energy consumption (voltage driven) but low density [START_REF]Ferroelectric hafnium oxide[END_REF].

Resistive RAM

The RRAM is a family of NVM consisting mainly of Oxide RAM (OxRAM) and Conductive Bridge RAM (CBRAM). A memory is named RRAM if its resistance change mechanism is based on a conductive filament. As shown in figure 1.7, depending on the current passing through the device (number of pulses or amplitude) electromigration appears and forms a filament across an oxide layer. The broader is the filament, the more current passes and thus, the less resistive is the device. In the case of OxRAM, the most common interpretation is a creation of Oxygen-vacancies inside the oxide layer which serves as a conductive filament [START_REF] Xu | A unified physical model of switching behavior in oxide-based RRAM[END_REF]. For the CBRAM, the filament is made of ion coming from the electrodes [START_REF] Guy | Evaluation of the performances of scaled CBRAM devices to optimize technological solutions and integration flows[END_REF]. ADESTO proposes products based on CBRAM [START_REF]Altis Semiconductor Introduces the Next Generation of Embedded CBRAM Technology | Adesto Technologies[END_REF] while Panasonic prefers OxRAM [START_REF]MN101l ReRAM Embedded MCUs -Panasonic[END_REF].

Figure 1.7: Graph showing the impact of the conductive filament size on the resistance value of a RRAM. As the filament is getting thinner,less current passes through the oxide. When the filament is destructed, the resistance is at its maximum value (from [START_REF] Zhao | Multi-level control of conductive nano-filament evolution in HfO2 ReRAM by pulse-train operations[END_REF]).

The benefits of RRAM technology resides in a good scalability, a fast read due to a high resistance window and a low consumption. However, its endurance is the weakest among the e-NVM.

Phase-Change RAM

The PCRAM technology is based on chalcogenide materials. Their working principle is based on the amorphous and crystallized states of the storage layer [START_REF] Sie | Memory Devices Using Bistable Resistivity in Amorphous As-Te-Ge Films[END_REF]. As shown Chapter 1. The MRAM technology : its place and history inside the memory market in figure 1.8a, the most used structure is a layer of Phase Change material put on top of a "heater". The latter consists of a high thermal resistance material which will heat as current passes through. When the temperature reaches the chalcogenide melting point, the phase of the layer will change. The state of the crystal will vary with the way the crystal will cool down. As shown in figure 1.8b, applying a high and short pulse will elevate the temperature quickly, melting the material and leaving it in an amorphous state. A longer pulse with a slow tail will heat up the material and give it enough time to crystallized. Both states are represented in figure 1.8c. The amorphous state has a high resistance while the crystallized state has a low resistance.

(a) Basic structure of a PCRAM cell (b) Temperature increase generated by the writing pulses (c) Amorphous and crystallized states of a chalcogenide material [START_REF] Loke | Breaking the Speed Limits of Phase-Change Memory[END_REF] Figure 1.8: (a) is a schematic of a basic PCRAM structure consisting of a heater below the Phase Change material (storage layer). (b) shows the temperature varying with the shape of the electrical pulse : a short and high pulse will melt and leave the layer amorphous while a long cool down will crystallized the material. (c) shows the amorphous state with a high resistance and the crystallized state with a low resistance.

PCRAM offer a high access speed but are very high consuming, has a low writing speed due to the crystallization mechanism but is scalable and cheap. The most noticeable product is based on the "3D-XPoint" technology and called "Optane" [START_REF]What is 3d XPoint? -Definition from WhatIs.com[END_REF] , proposed since spring 2017 by Intel and Micron [START_REF]2015 International Technology Roadmap for Semiconductors (ITRS)[END_REF].

Magnetic RAM

The last e-NVM presented here and the topic of this work is the MRAM [START_REF] Heidecker | [END_REF][START_REF] Daughton | Magnetoresistive Random Access Memory[END_REF]. It is based on a Magnetic Tunnel Junction (MTJ) which is an oxide layer inserted between two ferromagnetic layers. If both layers are in a parallel configuration, the resistance is low while an anti-parallel configuration will give a higher resistance (see figure 1.9). Their working principle will be presented in detail later on.

The MRAM present a high speed, the highest endurance within the e-NVM but a relatively high density and a relatively high production cost. The unique MRAM product-seller so far is Everspin, more details will be shown in the state of the art section.

1.1. Context : the place for MRAM Figure 1.9: (left) Schematic of the parallel state (low resistance) and anti-parallel state (high resistance) of a STT-MRAM cell. (right) shows the electrical switching in which the final state depends on the pulse's polarization. [START_REF] Kang | Reconfigurable Codesign of STT-MRAM Under Process Variations in Deeply Scaled Technology[END_REF] 

Comparison

After having described the main emerging NVM, it appears that they all have their advantages and drawbacks. These are summarized into figure 1.10, where the e-NVM are compared with DRAM and Flash NAND (at the year 2016) in terms of volatility, endurance, integration, size, speed, power consumption and price. showing the main characteristics of each e-NVM and the standard memories they are supposed to replace (data from [START_REF]Emerging Non-Volatile Memory 2017 Report by Yole Developpement[END_REF] and [START_REF]Nonvolatile Ferroelectric RAM)[END_REF]).

We notice that none of the e-NVM show an entirely good set of parameters meaning that non-volatility comes with a price and that a universal memory is not yet discov-Chapter 1. The MRAM technology : its place and history inside the memory market ered. However, each application has its own signature in terms of advantages which means they can answer to specific requirements. For example, for DRAM replacement, the most important characteristic is the speed which is comparable to MRAM and FeRAM. However, these two are still denser, cost more than DRAM but, are nonvolatile. For Flash replacement, all e-NVM show a better capability set. Yet, the very low cost of Flash technology and its already well spread presence are still a strong argument for their users and providers.

However, as the production costs tend to decrease with time, matching each application with its possible candidate has to be done.

Matching the applications

When taking back the hierarchy pyramid presented previously in this chapter, it now can be matched with the e-NVM candidates. In figure 1.11, NAND Flash as stand alone memory is not expected to be replaced as 3D NAND is still improving [START_REF] Kono | Overview of Embedded Flash Memory Technology[END_REF]. The DRAM replacement candidates are MRAM, FeRAM and 3D DRAM [START_REF] Kang | 8gb 3d DDR3 DRAM using through-silicon-via technology[END_REF], which is coherent with their advantages. L4 and L3 level caches can be replaced by MRAM due to their unique speed. Embedded Flash (e-Flash), can be replaced by MRAM and RRAM since density does not have to be too high. SRAM application could be replaced by Spin Orbit Torque MRAM (SOT-MRAM) which is the fastest MRAM at the moment (with no product yet) but a large cell size [START_REF] Oboril | Evaluation of Hybrid Memory Technologies Using SOT-MRAM for On-Chip Cache Hierarchy[END_REF].

In prospective of all these replacements, companies started to develop their solutions for a specified memory application. 

The market's actors

Since the prospect of a universal memory solution suitable to every applications is not yet found, companies have to set their position on the market by choosing the technology and its use.

As seen in figure 1.4, the most profitable market is the SCM application, enterprise and client. In figure 1.12, the main "players" for each application and e-NVM technology are shown. The first to propose a product in this category are Intel and Micron with their PCRAM solution ("3D-XPoint") and Everspin with their P-STT-MRAM chips. Crossbar are supposed to announce their RRAM product available during 2018. Figure 1.12: First players by e-NVM application and technology showing the increasing interest of the MRAM (extracted from [START_REF]Emerging Non-Volatile Memory 2017 Report by Yole Developpement[END_REF]).

RRAM are represented by Panasonic and ADESTO as early as 2015 who are joined 3 years later by Crossbar.

PCRAM are mainly represented by Intel and Micron and are likely to be joined by STMicroelectronics in 2020.

As P-STT-MRAM development improved, more actors joined the scene which was mainly occupied by Everspin up to 2018. In the years 2017 and 2018, GlobalFoundries, TSMC and Samsung announced their P-STT-MRAM product development and then are joined by IBM and Qualcomm. These differences in product advancement is well represented with what is called a "hype curve". This curve is shown in figure 1. 13 (2017) and consists on a first rise reaching to a peak with the discovery of the potential of a new technology. The hype decreases as obstacles appear for integration into a product. Then the technology be-Chapter 1. The MRAM technology : its place and history inside the memory market Figure 1.13: Hype curve showing the evolution of the interest of a technology with time as it first appears very attractive, then the expectations are lowered with obstacles to finish with enough maturity to be attractive again (extracted from [START_REF]Emerging Non-Volatile Memory 2017 Report by Yole Developpement[END_REF]).

comes mature enough to give real products.

The RRAM is seen as post hype-peak mainly due to rearranged roadmaps, the new rise of RRAM product is well incarnated with Crossbar and their product announcement more than 3 years after the first products.

The PCRAM is placed as the most mature one mainly due to the "3D-XPoint" product. This product was announced 3 years ago and its characteristics were not as good as presented and the low sales lead to a split in the Intel/Micron collaboration for this project [START_REF] Mellor | Micron-Intel 3d XPoint split: It's[END_REF]. This may point out a too-high optimism at this technology and relocate it in the post hype-peak instead of the "slope of enlightenment".

The MRAM is located just before the "slope of enlightenment" which is justified by the new actors which consist of TSMC, GlobalFoundries, Samsung and IBM. To be noted that this concerns mostly the P-STT-MRAM flavour of MRAM. Now that the e-NVM have been presented, this chapter will now focus on the one attracting the more light at the moment and the topic of this thesis : the MRAM.

State of the art

In this paragraph, I will focus on the state of the art of MRAM. Since MRAM is a whole family of memories that will be presented later, we will only discuss on the most mature and latest type of MRAM : the P-STT-MRAM.

State of the art

Toshiba and SK-Hynix : Density and Capacity

One the weakest point for P-STT-MRAM is their density as discussed before. Due to their intrinsic characteristics and etching process, two bits cannot be as close as in other e-NVM. In 2016 and 2017, Toshiba in collaboration with SK-Hynix [START_REF] Chung | 4gbit density STT-MRAM using perpendicular MTJ realized with compact cell structure[END_REF][START_REF] Rho | 23.5 A 4gb LPDDR2 STT-MRAM with compact 9f2 1t1mtj cell and hierarchical bitline architecture[END_REF], presented their 4 GB P-STT MRAM chip as shown in figure 1.14a. With a cell area of 9F 2 , SK-Hynix says that it is comparable to the DRAM cell area. [START_REF] Chung | 4gbit density STT-MRAM using perpendicular MTJ realized with compact cell structure[END_REF][START_REF] Rho | 23.5 A 4gb LPDDR2 STT-MRAM with compact 9f2 1t1mtj cell and hierarchical bitline architecture[END_REF]).

For this chip, memory dots of 90 nm diameter were used with a pitch of ≈ 200 nm as shown in figure 1.14b. By reducing the size of the diameter and the pitch, the cell area should decrease below the DRAM cell size area and thus be competitive. According to SK-Hynix, making P-STT-MRAM is still too expensive compared to DRAM despite their non-volatility.

Samsung : SRAM replacement example

In 2016, Samsung presented their demonstrator with P-STT-MRAM serving as SRAM replacement in a display monitor as shown in figure 1.15a. While the demonstrator was technically a success, no indication of power consumption or price of chip was given. Also, SRAM, as shown before, is faster than P-STT-MRAM by at least an order of magnitude meaning that the SRAM chip used here may be not at full capacity.

In the same period, Samsung also published their chip targeting Internet of Things (IoT) applications [START_REF] Song | Highly functional and reliable 8mb STT-MRAM embedded in 28nm logic[END_REF]. The table summarizing the key characteristics of this chip is shown in figure 1.15b. Its capacity is of 8 MB with a cell area of 0.0364 µm 2 which gives a 194 nm pitch. Their diameter is around 40 nm giving an overall smaller and less optimized density than Toshiba/SK-Hynix products. showing the capability of P-STT-MRAM to replace SRAM. (b) is the specification table of a chip proposed by Samsung for IoT application (from [START_REF] Song | Highly functional and reliable 8mb STT-MRAM embedded in 28nm logic[END_REF]).

Qualcomm and GlobalFoundries : endurance and scalability

One of strongest advantages of P-STT-MRAM are their supposed infinite endurance.

As it is time consuming to measure large endurances of a device without voluntary applying high voltage pulses to be closer to the breakdown voltage, characterization usually stops after 10 10 -10 12 cycles. To put into numbers, by sending a writing pulse of 40 ns, for both states with a transition of 10 ns, meaning a cycle of 100 ns, the testing time for 10 14 corresponds to 11.54 days. Going an order of magnitude higher would mean a third of a year. In 2016, Qualcomm in collaboration with Applied Materials [START_REF] Kan | Systematic validation of 2x nm diameter perpendicular MTJ arrays and MgO barrier for sub-10 nm embedded STT-MRAM with practically unlimited endurance[END_REF], showed a measured endurance of 10 14 cycles (see figure 1.16a) showing little to no variation of the resistance level leaving the resistance window pristine. This absence of variability in the resistance with cycling is one of the advantages versus the other e-NVM at it is the only showing a stable memory window, despite being lower, through the device lifetime.

This time in collaboration with GlobalFoundries, Qualcomm showed in 2017 [START_REF] Shum | CMOS-embedded STT-MRAM arrays in 2x nm nodes for GP-MCU applications[END_REF] the technology node roadmap for P-STT-MRAM as shown in figure 1.16b. In this graph, STT-MRAM normalized cell size is plotted versus the technological node in parallel with embedded Flash (eFlash). While eFlash reduces its node linearly with its size, P-STT-MRAM decreases also its node going head to head with eFlash below 40 nm diameter. Integration was successful with a 2X nm technological node on a 40 MB matrix. To be noted that endurance dropped to 10 7 in this scenario. GlobalFoundries proposes this technology for MCU and IoT applications. cycles is observed with no degradation of resistance levels and resistance window (extracted from [START_REF] Kan | Systematic validation of 2x nm diameter perpendicular MTJ arrays and MgO barrier for sub-10 nm embedded STT-MRAM with practically unlimited endurance[END_REF]). (b) shows the cell diameter (normalized scale to 90 nm) versus the technological node showing the P-STT-MRAM reaching up to eFlash below the 40 nm node (extracted from [START_REF] Shum | CMOS-embedded STT-MRAM arrays in 2x nm nodes for GP-MCU applications[END_REF]).

IBM : reliability and cache application

Partly due to its constant resistance levels, the P-STT-MRAM offers a challenging writing reliability. In 2017, IBM, in collaboration with Samsung [START_REF] Hu | Key parameters affecting STT-MRAM switching efficiency and improved device performance of 400C-compatible p-MTJs[END_REF] presented a Write Error Rate (WER) of 10 -6 at 0.64 V for a 10 ns pulse as shown in figure 1.17a. Having a reliable and fast technology is a good advantage for cache applications. Chapter 1. The MRAM technology : its place and history inside the memory market One year later, IBM announces at the MRAM Developer Day (2018), in collaboration with Everspin [START_REF]IBM Unveils 19tb SSD With Everspin MRAM Data Cache -Ex-tremeTech[END_REF], a 19 TB SSD disk with an STT-MRAM cache as shown in figure 1.17b which is coherent with their publication a year before. This application serves as a demonstration that P-STT-MRAM are the choice to make for fast (cachelike) application among the e-NVM.

Everspin : Product, data retention and speed

By being present since 2006 on the market, Everspin is the main actor on the STT-MRAM market. In 2017, in a framework of a partnership with GlobalFoundries, Everspin announces sampling 1 GB chips based on their 256 MB product [START_REF] Everspin | Everspin Product Documentation[END_REF] (see figure 1.18a). As shown in figure 1.18b, their product can achieve a 10-year data retention at an extracted 10 9 WER at 100 As a conclusion, the P-STT-MRAM products are still not well spread in the market but with Everspin, IBM and GlobalFoundries roadmap, it seems that the targeted application are cache application, embedded Flash and some SRAM replacement. Having a low density is not a huge problem for hot storage as it does not requires a large storage capacity as opposed to cold storage. Now that the actual product have been presented, we will discussed the path MRAM took to reach this point and what is coming later.

From the Field-Driven MRAM to the P-STT-MRAM and beyond

After seeing the state of the art for P-STT-MRAM, this part will focus on the advancements starting from the first field-driven MRAM to the actual P-STT-MRAM and be-1.3. From the Field-Driven MRAM to the P-STT-MRAM and beyond yond.

Field-driven MRAM Toggle MRAM

The first device to enter the market as a MRAM is the field-driven-MRAM sampling first by Freescale in 2004 [START_REF]MRAM becomes standard product at Freescale | MRAM-Info[END_REF] and joined by Cypress in 2005 [START_REF]Cypress Reports Fourth Quarter 2004 Results, Sampling MRAM | MRAM-Info[END_REF]. This architecture is based on a three-terminal architecture in series with a selection transistor as shown in figure 1.19a. To read such a device, a small current is applied while the selection transistor is ON (closed circuit) allowing the current to pass though the device, giving a resistance value. When the selection transistor is ON, a small current passes through the device allowing the resistance to be read. (b) shows the writing scheme based on a magnetic field generated by a current circulating inside two orthogonal metal lines which switches the storage layer's magnetization (extracted from reference [START_REF] I L Prejbeanu | Thermally assisted MRAM[END_REF]).

The switching mechanism in the field-driven MRAM is based on a magnetic switching of the storage layer due to an external magnetic field. To generate a magnetic field, a voltage is applied along the metal lines inducing a current which will generate a magnetic field following Biot-Savart's law. Such a system is shown in figure 1.19b, where the selection transistor is OFF (open circuit), avoiding the current to pass through the device. As the current passes from the two orthogonal lines, a precise sequence of magnetic field is generated, switching the storage layer's magnetization. This switching mechanism is also called "Savtchenko switching" [START_REF] Savtchenko | Method of writing to scalable magnetoresistance random access memory element[END_REF].

In 2010, Everspin presents their field-driven MRAM with a data retention larger than 20 years, a 35 ns writing speed and an unlimited endurance (> 10 15 ) [START_REF] Tehrani | Status and prospect for MRAM technology[END_REF]. However, the cell size and the current density needed to write the device were still an obstacle.

Chapter 1. The MRAM technology : its place and history inside the memory market

Thermally Assisted MRAM

In order to reduce the power consumption of the field-driven MRAM, the Thermally Assisted MRAM (TA-MRAM) solution was proposed [START_REF] Prejbeanu | Thermally assisted switching in exchange-biased storage layer magnetic tunnel junctions[END_REF][START_REF] Sousa | Tunneling hot spots and heating in magnetic tunnel junctions[END_REF][START_REF] Wang | Low-current blocking temperature writing of double barrier magnetic random access memory cells[END_REF]. The principle is to use the Joule heating effect in order to decrease the energy barrier of the storage layer in order to reduce the current/magnetic field needed to switch its state. This writing scheme can be observed in figure 1.20a where a current passes through the heater, increasing the temperature of the storage layer and another current passes through the top metallic line, generating the switching magnetic field. Instead of the two field lines of the field-driven, only one is used conjointly with a heater which increases the local temperature. (b) comparison of the switching current between the field-driven (grey dots) and the TA-MRAM (yellow dots) depending on their diameter. Below 800 nm, the TA-MRAM consumes much less current and scales down with the size as opposed to the field-driven MRAM (extracted from reference [START_REF] I L Prejbeanu | Thermally assisted MRAM[END_REF].

Using this architecture, a 500 ps voltage pulse can increases the local temperature by 120 • C [START_REF] I L Prejbeanu | Thermally assisted MRAM[END_REF]. In figure 1.19b, a comparison in terms of simulated switching current between the field-driven and the TA MRAM is shown depending on their maximum diameter. We can see that below 800 nm, the Ta-MRAM (yellow dots) requires less current (left axis) than the field-driven MRAM (grey dots). This shows that the TA MRAM has a better scalability and a lower power consumption than the field-driven MRAM however, the remaining field line is still a drawback in terms of integration.

Spin Transfer Torque

In 1996, the STT effect is proposed which allows to switch purely electrically the storage layer getting rid of the external magnetic field [START_REF] Slonczewski | Current-driven excitation of magnetic multilayers[END_REF][START_REF] Berger | Emission of spin waves by a magnetic multilayer traversed by a current[END_REF]. The first STT-MRAM used in-plane magnetized layer as shown in figure 1.21a, but their main weakness was their non-scalability towards low diameters (< 80nm). This limit was broken by introducing the perpendicular magnetized layers (see figure 1.21b) which can scale down better The main advantage of having a perpendicular magnetization is the decrease of switching current compared to in-plane STT MRAM. In figure 1.21c, the switching current for a fixed energy barrier versus the diameter for P-STT-MRAM and in-plane STT-MRAM is shown. In the case of a constant energy barrier, the switching current does not change significantly with an increased diameter while the in-plane STT-MRAM increases with a 1.5 exponent on the diameter.

The P-STT-MRAM is actually the most trending type of MRAM and as seen in the state of the art, the MRAM choice for mass production. While this work is based on P-STT-MRAM, other physical phenomenons and process improvement seem promising in terms of industrial applications.

Beyond

While P-STT-MRAM is the most advanced type of MRAM being commercialized, other architectures may rise in few years with the improvements in processing and magnetic discoveries. This part will give an overview of the latest advancements.

Chapter 1. The MRAM technology : its place and history inside the memory market

Perpendicular Shape Anisotropy STT-MRAM

One of the weakness of P-STT-MRAM are is low thermal stability as their diameters shrinks down below 20 nm. To overcome this limit, one solution is to rely on the magnetic shape anisotropy and to change the shape of the storage layer from a flat cylinder to high pillar as shown in figure 1.22a. In 2018, Spintec [START_REF] Perrissin | Highly thermally stable sub-20nm magnetic random-access memory based on perpendicular shape anisotropy[END_REF] and Tohoku University [START_REF] Watanabe | Shape anisotropy revisited in single-digit nanometer magnetic tunnel junctions[END_REF] published separately such devices with the name Perpendicular Shape Anisotropy STT MRAM (PSA-STT-MRAM). In figure 1.22b, a high-angle annular dark field cross section showing shows a sub-20 nm pillar with its composition characterized via EDX in figure 1.22c. The blue, yellow and red correspond to the Iron, Cobalt and Boron elements of the 30 nm-thick storage layer. These devices already showed STT switching and high thermal stability ( [START_REF] Perrissin | Highly thermally stable sub-20nm magnetic random-access memory based on perpendicular shape anisotropy[END_REF][START_REF] Watanabe | Shape anisotropy revisited in single-digit nanometer magnetic tunnel junctions[END_REF]) but the yield still has to be improved and its process adapted to industrial integration.

Voltage Control Magnetic Anisotropy MRAM

Voltage Control Magnetic Anisotropy MRAM (VCMA-MRAM) is a type of MRAM relying only on the electrical field for the switching mechanism. Its structure is very close to a P-STT-MRAM besides having a much higher resistive tunnel barrier and a storage layer slightly thicker [START_REF] Noguchi | Novel voltage controlled MRAM (VCM) with fast read/write circuits for ultra large last level cache[END_REF].

As shown in figure 1.23a, since VCMA is highly resistive, applying a voltage will only generates an electrical field inside the MTJ. This electrical field modifies the energy and can decreases it so the storage layer's magnetization switches thermally [START_REF] Noguchi | Novel voltage controlled MRAM (VCM) with fast read/write circuits for ultra large last level cache[END_REF]. This voltage-induced switching is also faster than the typical P-STT-MRAM with a sub-ns reliable switching (see figure 1.23b). VCMA-MRAM also presents 31% less leakage current compared to P-STT-MRAM in a cache-like simulation as shown in figure 1.23c. However, even if they are potentially faster than P-STT-MRAM, applying a voltage pulse changes the state of the storage independently of the initial state meaning that its state has to be checked before or after the writing operation.

Spin Orbit Torque MRAM

In 2011, the switching of an in-plane ferromagnetic layer via spin orbit interaction was demonstrated [START_REF] Mihai Miron | Perpendicular switching of a single ferromagnetic layer induced by in-plane current injection[END_REF]. This gave rise to the Spin Orbit Torque MRAM (SOT-MRAM) device shown in figure 1.24a. The SOT-MRAM is based on a three-terminal architecture with a high resistance oxide barrier. The reading is made by closing the access transistor and applying a voltage on the read line letting the electron follow the "read path". To write, the voltage is applied on the write line, making the electron follow the "write path". Since the MTJ is highly resistive, no current passes though the barrier and the spin orbit interaction exerted by the electrons on the storage makes its magnetization switch.

Since only a small current passes through the oxide, the barrier does not wear off granting a supposed unlimited endurance to the device. In 2008 IMEC announced their SOT-MRAM 300 mm wafer production [START_REF]Press Release -Imec demonstrates manufacturability of state-of-the-art spin-orbit torque MRAM devices on 300mm Si wafers[END_REF]. In figure 1.24b, the switching probability is shown versus the voltage amplitude. We can see that a reliable 280 ps SOT switching is obtained at 1 V. The switching energy is compared between SOT and STT switching versus the switching time on the bottom part. In this graph, while the STT is more favourable at 5 ns and above, below 5 ns, the SOT switching costs less energy and is faster. With the latest advancements on SOT-MRAM, they may be a strong concurrent to P-STT-MRAM in terms of fast application such as SRAM replacement.

Chapter 1. The MRAM technology : its place and history inside the memory market (a) SOT-MRAM architecture and its reading and writing scheme (b) Switching probability and energy of SOT-MRAM Figure 1.24: (a) Schematic representation of a SOT-MRAM cell with its three-terminal architecture. Since the current does not pass through the oxide barrier during writing, the endurance of the SOT-MRAM is supposed unlimited (extracted from [START_REF] Bishnoi | Architectural aspects in design and analysis of SOT-based memories[END_REF]). (b) top shows the switching probability for different pulse widths depending on the voltage for a SOT-MRAM device. A reliable 280 ps writing time is obtained at 1 V which is faster than P-STT-MRAM. On bottom, the switching energy versus switching time is compared between SOT and P-STT-MRAM showing than SOT-MRAM costs less energy below 5 ns, which is the limit here for P-STT-MRAM (extracted from [START_REF]Press Release -Imec demonstrates manufacturability of state-of-the-art spin-orbit torque MRAM devices on 300mm Si wafers[END_REF])

Optical Switching

The last advancement we will discuss is the Optical Switching (OS) of a ferromagnetic layer. This OS corresponds to the ferromagnet layer's magnetization being switched by a laser pulse. Since 1996, several groups showed a sub 10 ps magnetic switching by sending several laser pulses [START_REF] Gorchon | Single shot ultrafast all optical magnetization switching of ferromagnetic Co/Pt multilayers[END_REF][START_REF] Ostler | Ultrafast heating as a sufficient stimulus for magnetization reversal in a ferrimagnet[END_REF][START_REF] Malinowski | Control of speed and efficiency of ultrafast demagnetization by direct transfer of spin angular momentum[END_REF][START_REF] Kirilyuk | Laser-induced magnetization dynamics and reversal in ferrimagnetic alloys[END_REF][START_REF] Stanciu | All-Optical Magnetic Recording with Circularly Polarized Light[END_REF][START_REF] Beaurepaire | Ultrafast Spin Dynamics in Ferromagnetic Nickel[END_REF]. One of the latest observation was made on a GdFeCo/Co/Pt/Co stack as shown in figure 1.25a. To check the state of the GdFeCo, Magnetic Atomic Force Microscopy (MFM) is done on top of the Pt.

In figure 1.25b,the stack is characterized by MFM. If the GdFeCo and Co/Pt multilayers are anti-parallel then the tip of the MFM is attracted towards the surface rending a "spot". Here, the magnetization of GdFeCo and Co/Pt are represented respectively by the green and blue arrows. The first step is the initialization where all layers are parallel. Then, 100 pulses of 70 ps are "shot" at the sample. A spot is detected where the laser hit, showing a magnetic switching of the GdFeCo. The laser is shot again in step 3 making the magnetization of both layers switch. Shot 3 and 4 show the reliability of the magnetic switching.

While the main advantage is having a sub-10 ps switching, the drawbacks are the size of the laser spot reducing the density (40µm diameter) and the need for transpar- ent material to let the laser spot pass.

Thesis objectives

As seen in section 1.1, the industrial market is diverse with hot storage such as cache, cold storage like solid state memory, SCM or even the stand alone devices. This means that each application has a target data retention, power consumption, speed, magnetic immunity and maximum working temperature. However P-STT-MRAM appear to be one of the best contenders in terms of e-NVM and present unique traits such high speed, high endurance and the best reliability.

Yet, while being a NVM is advantageous in terms of data retention, proving that a product can retain information during long periods (e.g more than 10 years), is not easy to do as the market cannot wait for a real-time proof. Also, due to the high temperature range at which the industrial environment is exposed, knowing the device's behaviour to predict its characteristics is primordial. Nonetheless, having specifics traits can be dangerous as it can seclude the product to a niche market, limiting its development and spread as the first decade of Freescale's MRAM spin-off, Everspin Technologies.

To answer the data retention requirements of the market, the first part of this work is to establish and compared different data retention measurement protocols, in different environments. Then, this thermal stability will be modelled in temperature, size and thickness of the device in order to propose the closest understanding and predictions. The second part will then focus on tinkering the storage layer in order to push the temperature limits of a P-STT-MRAM and to show the versatility proposed by this technology. Several device structures will then be matched up with their most adapted applications in order to answer the market diversity. The last part will be on the study Chapter 1. The MRAM technology : its place and history inside the memory market on the electrical answer to an external magnetic field in order to optimize the offset magnetic field and to present a sensor-like behaviour in a standard P-STT-MRAM.

To introduce this work, the next chapter will focus on the fundamentals and the working principle of P-STT-MRAM devices. The third chapter will concern the thermal stability factor by first presenting the sample used for this study, then showing and comparing the extraction protocols followed by its modelling in terms of temperature, size and thickness of the storage layer. The fourth chapter will be a study of the temperature limits of P-STT-MRAM with simple and composite free layers. This study will allow to match the storage layer with its industrial application. Finally, on the last chapter, we will discuss about the link between the off magnetic field and the electrical parameters in order to optimize thermal stability and electrical switching. This chapter will also present a sensor-like behaviour exploitable from a standard P-STT-MRAM. In this chapter, the fundamentals of nano-magnetism required to understand a P-STT-MRAM device will be explained and we will discuss about its working principle.

MTJ : Magnetic Tunnel Junction

Nano-Magnetism

Magnetism and spin

The basis of electro-magnetism were introduced by James Clerk Maxwell during the XIX th century with his four equations [START_REF] Jeffrey | Introduction to electrodynamics[END_REF]. These equations are used to describe general and macroscopic magnetism but cannot explain the origin of magnetism inside a material. The source of its material magnetization was explained with the birth of quantum physics and more precisely with Wolfgang Pauli during the 1920's [START_REF] Pauli | Über den Einfluß der Geschwindigkeitsabhängigkeit der Elektronenmasse auf den Zeemaneffekt[END_REF] who proposed a new state for the electron similar to a rotation. This state was named "Spin" Chapter 2. P-STT-MRAM : fundamental and working principles due to its similarity with an intrinsic rotation on itself. This new parameter was associated with a spin quantum number s and defined as s = n 2 with n being a positive integer, giving the spin half or full integer values. On top of that, the electron orbiting around a nucleus can be seen as a charge loop similar to a spire from a coil. The electron having an elementary charge e, the electron's rotation induces a current which, following Biot-Savart's laws, generates a magnetic field. In this case, the classical angular momentum L is replaced by an orbital angular momentum S associated with a spin magnetic moment µ = ge 2m S [START_REF] Beringer | Electron Spin Magnetic Moment in Atomic Hydrogen[END_REF] where g is the Landé factor and m the mass of the electron. For the electron, g = 2 and s = 1 2 which gives a magnetic moment of µ e = e h 2m , also called Bohr magneton.

Magnetization in matter

Matter being made from atoms and atoms having electrons orbiting around their nucleus, this means every material is magnetic. However, following Pauli's exclusion principle [START_REF] Pauli | Exclusion Principle and Quantum Mechanics[END_REF], most of the electrons inside a material will combine into pairs with opposite magnetic moments in order to cancel each other out resulting in a global null magnetic moment. However, in presence of an external magnetic field, all magnetic moments will align themselves in the opposite direction of the magnetic field as a counteraction. This behaviour is named diamagnetism [START_REF] Jackson | John Tyndall and the Early History of Diamagnetism[END_REF] and is present in all materials. In front of a magnetic field, pure diamagnetic materials will tend to be repelled and can lead to a "floating material" such as Pyrolytic carbon [START_REF] Kobayashi | Optical Motion Control of Maglev Graphite[END_REF]. However, in some cases, the electrons cannot pair entirely resulting in atoms having a non-zero magnetic moment. If these moments are not ordered, the global magnetization will still be zero. But if a magnetic field is applied, then all the magnetic moments will align themselves with this field, resulting with a non-zero magnetization. This magnetic state is called paramagnetism [START_REF] Kittel | Introduction to solid state physics[END_REF].

If the magnetic moments are organised naturally, still by Pauli's exclusion principle, an electron will interact with its neighbours via the exchange interaction [START_REF] Dirac | On the Theory of Quantum Mechanics[END_REF][72] E = J S i S j where J is the exchange coupling factor. If this factor is negative, this means the less energy-demanding configuration is the Parallel state. In this case, all the magnetic moments will be aligned along the same direction and will result in a global non-zero magnetic moment. This state is called ferromagnetism [START_REF] Kittel | Introduction to solid state physics[END_REF] and is the reason why some materials such as iron, are permanent magnets. If the exchange coupling factor is negative, this means the electrons will be anti-parallel, cancelling the global magnetic moment but remaining ordered and having a local magnetic moment. Such a material is called an anti-ferromagnet [START_REF] Kittel | Introduction to solid state physics[END_REF].

In all these materials, the global magnetic moment is called Magnetization (M) and depends on the external magnetic field B following the equation B = µ 0 ( M + H) where H is the magnetic field inside the material. The figure 2.3a shows the magnetization behaviour with an external field for a diamagnetic material as the magnetic moments align themselves in the opposite direction. For the ferromagnets, as shown in figure 2.3b, the magnetization saturates at high value of magnetic field, this value is called saturation magnetization (M s ). The value of magnetic field at which the magnetization changes polarity is called the coercive field (H c ). Chapter 2. P-STT-MRAM : fundamental and working principles

Towards a perpendicular magnetization

When no magnetic field is applied, the global magnetic moment of the magnetic material is called spontaneous magnetization. Depending on the magnetic object, this magnetization can have different orientation determined by the magnetic anisotropy.

The magnetic anisotropy has different contributions :

• Magneto-crystalline anisotropy K v : in case of ferromagnetic materials, the crystal lattice can have preferential crystallographic directions in which the local magnetic moments will align. This direction is mainly dictated by the spin-orbit coupling between atoms [START_REF] Mulak | The Effective Crystal Field Potential[END_REF]. To be noted that this term also contains the magnetoelastic anisotropy for thin films. This anisotropy appears when the crystal lattice is modified due to a stress (or lattice mismatch) at the interface [START_REF] Cullity | Introduction to magnetic materials[END_REF]. In presence of an external field, the magneto-crystalline energy is written as :

E mc = K v sin(θ) 2 (2.1)
where θ is the angle between the external field and the magnetization preferential axis.

• Shape anisotropy : the uniform magnetization in a ferromagnet creates a dipole and its interactions [START_REF] Bruno | Physical origins and theoretical models of magnetic anisotropy[END_REF]. This dipole induces a demagnetizing field which forces the magnetization to align along the longest dimensions of the sample. For instance, in thin films, the magnetization will go in plane while there will not be any preferred axis for a perfect sphere. This demagnetizing field H d is written :

H d = -[N] M (2.2)
where [N] is the demagnetizing tensor specific to the shape of the magnetic sample.

• Surface anisotropy K s : at nano-scale, the ratio surface/volume increasing, the interactions happening at the surface can impact significantly the nano-object characteristics. In this scale, the interfaces between two materials can have an impact on the demagnetizing field and change the magnetization's orientation. This parameter is the main key to the making of a P-STT-MRAM device.

For the first generation of MRAM, the magnetization of the free layer was in-plane due to its flat ellipsoid shape [START_REF] Sousa | Non-volatile magnetic random access memories (MRAM)[END_REF] and very low surface anisotropy. But in the early 2000's, a type of perpendicular anisotropy at the interface between metal and oxide was observed for thin films [START_REF] Endo | Lowering of ordering temperature for fct Fe-Pt in Fe/Pt multilayers[END_REF][START_REF] Sun | Microstructure study of copt thin film with phase change from a1 l11 a1 l10[END_REF][START_REF] Fu-Te Yuan | Low temperature growth of FePt and CoPt films on MgO(111) substrate[END_REF].

In figure 2.4a, we can observe the magnetization of the sample in function of a perpendicular magnetic field for different thicknesses of a Pt30/CoFe6/AlOx thin film [START_REF] Monso | Crossover from in-plane to perpendicular anisotropy in Pt/CoFe/AlOx sandwiches as a function of Al oxidation: A very accurate control of the oxidation of tunnel barriers[END_REF] [START_REF] Rodmacq | Crossovers from inplane to perpendicular anisotropy in magnetic tunnel junctions as a function of the barrier degree of oxidation[END_REF]. Below 0.2 nm of AlOx, the magnetization is in-plane with no spontaneous magnetization at zero-field. Then, for 0.2 and 0.4nm, the magnetization goes out-ofplane with a sharp switching and a spontaneous magnetization. And at 0.6nm and above, the magnetization goes back in-plane. This shows that for 0.2 and 0.4nm, the surface anisotropy was strong enough to overcome the shape anisotropy and put the magnetization out-of-plane. The figure 2.4b plot shows a similar measurement but with a Pt30/Co6/Al 1.5 with different oxidation times. The same perpendicular behaviour appears depending on the oxidation degree of the oxide, showing that the surface anisotropy depends on the amount of Oxygen atoms at the interface with the ferromagnet.

SAF : Synthetic Anti-Ferromagnet

For the P-STT-MRAM to work, only one magnetic layer has to switch while the other one stays in the same state up to a few decades. In order to pin-down this layer, the solution mainly used is the exchange coupling between 2 ferromagnets. When putting a non-magnetic layer between two ferromagnetic layers, a coupling appears called RKKY [START_REF] Ruderman | Indirect Exchange Coupling of Nuclear Magnetic Moments by Conduction Electrons[END_REF]. This RRKY interaction results in locking the two layers either in a ferromagnetic state (parallel to each other) or anti-ferromagnetic (anti-parallel) depending on the thickness of the spacer. This phenomenon has been observed in 1988 by Binasch and Gr ünberg [START_REF] Binasch | Enhanced magnetoresistance in layered magnetic structures with antiferromagnetic interlayer exchange[END_REF] with a Fe/Cr/Fe tri-layer with Fe being the ferromagnetic layer. As seen in figure 2.5a, an isolated ferromagnetic layer will have a symmetrical magnetic hysteresis cycle. Adding a ferromagnetic layer increases the coercive field of the first layer, making it more stable. However, as the size in diameter decreases, this second layer radiates a magnetic field affecting the free layer and so, making it unstable as shown in figure 2.5b. In order to counteract this offset field, a third layer is used beyond the second layer. This layer is also coupled with an RKKY interaction but this time, in a anti-parallel position. This way, the third layer cancels with its own stray magnetic field, the offset field like in figure 2.5c. This three-level system is called Synthetic Anti-Ferromagnet (SAF) due to its similarity with an actual anti-ferromagnet, an ordered alternation of magnetic moments with an average of zero-magnetization. This SAF is a key element in spintronic devices since it allows to pin-down a magnetic layer while keeping it magnetically neutral. , then with a pin-down layer and a spacer that will increase the stability but induce an offset field and (c) a third layer in order to compensate the offset field and form a symmetrical stable SAF.

TMR : Tunnelling Magneto-Resistance

Spin polarization

As we saw before, the magnetization of a ferromagnet is linked to the spin of the electrons being oriented in the same direction. This implies an unbalance proportion between the two states of spin, the state with a larger population is called majority as opposed to the less populated named minority. This difference in population can be observed while calculating the density of states (DOS) for different metals. In figure 2.6a, the DOS of 3 different ferromagnets and a diamagnet are plotted by order of magnetization value (higher to lower) from [START_REF]Quantum Technologies Based of Magnetism, Electron and Nuclear Spin, and Superconductivity[END_REF]. For the three ferromagnets, the splitting of the two bands are clearly seen around the Fermi level while this is absent for the diamagnet.

In figure 2.6b, a schematic of the DOS for the electrons of orbitals d and s for different magnetizations has been drawn. In the case of a diamagnetic material, the 2 spin states are at equilibrium, showing no specific magnetization. In the case of a ferromagnet, depending on its magnetization, the electrons will be shifted in energy depending on their spin. For example, if the magnetization of the material is up, this means that the majority of the spins will be up, filling the DOS corresponding to the up state (D(E F ) ↑ ). Thus, (D(E F ) ↑ ) will drop below the Fermi level while the DOS for the down state (D(E F ) ↓ ) will be rise above. For the case of Cu in the bottom right corner, since it is not a ferromagnet, no difference at the Fermi level is observed between the where we can see the shift in energy for the different spins dependant on the material except for Cu. (b) is schematic of a non-magnetic material and its symmetrical bands and the asymmetrical bands of a ferromagnetic layer depending on the magnetization direction.

In 1936, Mott [START_REF] Nevill | The resistance and thermoelectric properties of the transition metals[END_REF] proposes that we can consider the current passing through a ferromagnet as a combination of two currents, each one polarized in a given spin state. This way, as shown in figure 2.7a, by making a non-polarized current passing through a ferromagnet, the electrons will have a chance of being polarized along the magnetization. Once exiting the ferromagnet and entering a non-magnetic material, the electrons will keep their polarization on a distance called spin diffusion length which is about few nanometres [START_REF] Urazhdin | Noncollinear spin transport in magnetic multilayers[END_REF][START_REF] Taniguchi | Penetration Depth of Transverse Spin Current in Ferromagnetic Metals[END_REF]. After this spin diffusion length, the overall current will return to a non-polarized state. This phenomenon is used by spin filters and can be detected with a Mott detector [START_REF] Takayama | Basic Principle of Photoemission Spectroscopy and Spin Detector[END_REF] as seen in figure 2.7b.

TMR : Tunnelling Magneto-Resistance

The key point of an MRAM device is its oxide tunnel barrier located in the middle of the MTJ. Having an oxide between two ferromagnetic layers creates a typical Metal/Insulator/Metal junction [START_REF] Brinkman | Tunneling Conductance of Asymmetrical Barriers[END_REF]. This type of junctions form a tunnel barrier in which the oxide creates a energy barrier separating both ferromagnetic layers. Even if the energy barrier is higher than the electron's energy, a certain percentage of the electrons will be able to pass through the oxide as shown in figure 2.8a. The closer the electron's energy is close to the energy barrier, the higher the chance to be transmitted through the barrier [START_REF] Davies | Quantum tunneling time[END_REF]. In the case of an MTJ, we are in presence of a tunnel barrier with ferromagnetic metals. As shown previously, if the current is passing through a ferromagnetic layer, the current will be partly polarized along the layer's magnetization. However, beyond the oxide barrier, the second magnetic layer can be in two different states, either P or AP. As shown in figure 2.8b, if the magnetization is parallel to the first layer, the DOS of both magnetic layers will be similar. The DOS matching, the energy barrier will be minimal and thus, will transmit with a high probability the electrons with a conductance factor named G p . In the case of an AP configuration, the DOS will be mismatched. This 2.1. MTJ : Magnetic Tunnel Junction means that the majority spin in the inbound layer, will have the minority DOS in the outbound layer. This way, the tunnel barrier will increase compare to the P state and so, will have a poorly electron transmission inducing a low anti-parallel conductance G ap . This difference in conduction depending on the magnetization's configuration is called Tunelling Magneto-Resistance (TMR) and is defined as :

T MR = G p -G ap G ap (2.3)
or with the resistance value R p and R ap :

T MR = R ap -R p R p (2.4)
The conductance values are directly linked to the DOS in the 2 ferromagnetic electrodes as [START_REF] Julliere | Tunneling between ferromagnetic films[END_REF]:

G p ∝ D(E F ) I ↑ D(E F ) II ↑ + D(E F ) I ↓ D(E F ) II ↓ G ap ∝ D(E F ) I ↑ D(E F ) II ↓ + D(E F ) I ↑ D(E F ) II ↓ (2.5)
with D(E F ) I and D(E F ) II being the DOS of states of the first and second layer by which the electron passes goes through respectively. Looking at equation (2.3), we can see that the highest TMR is achieved by decreasing G ap the closest to zero. Using equation (2.5), this case means that one of the DOS has to be close to zero. The ratio of the DOS is called the polarization factor P and is given by :

P i = D(E F ) i ↑ -D(E F ) i ↓ D(E F ) i ↑ + D(E F ) i ↓ (2.6)
where i is one of the two ferromagnetic layer. When P is equal to 1, this means that all electrons are polarized along the layer's magnetization (perfect ferromagnet) while 0 means that no polarization occurs (diamagnet). This factor can be directly linked to TMR via :

T MR = 2P I P II 1 -P I P II (2.7)
For standard MRAM, since both layers are of the same material and around the same thickness, their polarization are considered equivalent (P I ≈ P II ), giving :

T MR = 2P 2 1 -P 2 (2.8)
This equation gives the same conclusion as equation (2.5), the Highest TMR comes from the highest polarization factor.

Macro-Spin

In terms of MRAM, the most widely used model is the Stoner-Wohlfarth [START_REF] Stoner | A mechanism of magnetic hysteresis in heterogeneous alloys[END_REF] model also known as MacroSpin (MS) model. It considers the free layer as a ferromagnetic nanoparticle with a single magnetic domain, meaning that all the spins are along the same Chapter 2. P-STT-MRAM : fundamental and working principles direction and moving all together, forming a "Macro-Spin".As shown in figure 2.9a, since the nano-particle is a ferromagnet, the direction is along the easy-axis without an external field being the axis z here. When an external magnetic field is applied, as seen in section 2.2, the magnetic moment starts to precess around its initial direction as shown in figure 2.9b. Knowing that the particle has a volume V, following the equation (2.1) for the particle magneto-crystalline energy and by adding the Zeeman energy [START_REF] Hentschel | Paschen-Back Effect[END_REF] due to an external magnetic field H, the total energy E of the nano-particle can be written :

E = KVsin(θ) 2 -µ 0 M s VHcos(θ -φ) (2.9)
with θ being the angle between the magnetic moment and the easy axis and φ the angle between the external field and the easy axis. In our case, φ is equal to pi, as shown in figure 2.9b, by being an opposite magnetic field. By using dimensionless units such as :

e = E KV H k = 2K µ 0 M s h = H H k (2.10)
where H k is called the anisotropy magnetic field and by using equation (2.9), the equation can be re-written as :

e = sin(θ) 2 + 2hcos(θ) (φ = π) (2.11)
Then, the equilibrium states can be looked for by calculating ∂e ∂θ = 0 : ∂e ∂θ = 2sin(θ)(cos(θ) -h) = 0 (2.12) 2.2. Working principle of a P-STT-MRAM which gives two possible solutions :

cos(θ m ) = h or θ = 0[π] (2.13)
The first solution is a specific angle θ m while the second ones gives two possible angles, 0 or π which corresponds respectively to the inital (stable) state and the direction of the external field. In order to check their stability, the energy is derived a second time and its positive are looked for :

∂ 2 e ∂θ 2 = 4cos(θ) 2 -2 -2hcos(θ) (2.14)
which gives by using the solutions found in equation (2.13):

∂ 2 e ∂θ 2 (0) = 2(1 -h) ∂ 2 e ∂θ 2 (π) = 2(1 + h) ∂ 2 e ∂θ 2 (θ m ) = 2(h 2 -1) (2.

15)

Since h is the normalized field, its value is comprised between 0 and 1. Which gives in equation (2.15), a positive value for θ = 0 and θ = π but a negative value for θ m . Which means 0 and π are the only stable solutions are the easy axis of magnetization while θ m is the hard axis, a non stable state. In figure 2.10a (from [START_REF] Tozman | Search for magnets with properties intermediate between Nd-Fe-B and Ferrite[END_REF]), a schematic of the magnetic hysteresis is shown in function of the angle between the magnetic field and the easy axis where the best depiction of a cycle is shown for a 0 • angle and for a external field value of h = 1, thus, H = H k . If the hysteresis cycle is a perfect square, the coercive field is equal to the anisotropy field. In case of some rounding, the coercive field is lower that the anisotropy, this can be the case in a device if the free layer magnetization if not perfectly parallel to the external magnetic field.

In the case of a coherent switching as the one shown in figure 2.9c, the initial and final magnetization angle are respectively 0 • and 180 • . By using the energy equation equation (2.9), we can calculate the energy needed to switch the magnetization between these two directions.

∆E = KV 1 - H H k 2 (2.16)
This equations gives the relation between an applied magnetic field and the energy barrier of a nano-particle. As shown in figure 2.10b, while the magnetization is along the same direction as the magnetic field, the energy barrier for the reversal is at its maximum. When no filed is apply, the energy barrier separate the two states equally but when the applied field goes in the opposite and reach a sufficiently high value, the opposite state of magnetization becomes more favourable.

Working principle of a P-STT-MRAM

Spin Transfer Torque

In section 2.1.2, we saw that an electron passing through a ferromagnetic layer, can be polarized along the layer's magnetization. This effect can also be reciprocal, an electron will also apply a torque on the layer's magnetization, this effect is called Spin Transfer Torque (STT) [50][49]. If the current is not polarized, the total sum of angular momentum applied on the magnetization will be zero as there's the same amount of spin up and down. However, if the current is polarized, the torques exerted by the electrons will add up. As shown in figure 2.11a, if the current is polarized in the opposite direction of the layer's magnetization, every electron will partially tilt the magnetization up until they switch in the spin's direction. Since the torque is reciprocal, some electrons will also be polarized in the initial layer's magnetization direction. In figure 2.11b, a simulation of a STT reversal is shown from [START_REF] Jaiswal | MESL: Proposal for a Non-volatile Cascadable Magneto-Electric Spin Logic[END_REF], the magnetization is initially aligned along the m x axis and in the positive direction. Then, as opposite-polarized electrons are pass through the magnetic layer, the precession along m x starts up until it switches towards the negative direction.

In the case of an MTJ, 2 initial configurations are possible. In figure 2.11c, the MTJ is first set in the AP state. As the current passes through the first layer, the majority of electrons gets polarized in the up direction. Despite the probability of the up electrons to pass through the oxide layer being low, the number of electrons can be high enough to switch the second magnetic layer towards the same direction as the majority of electrons and thus, the first magnetic layer, resulting in a P state MTJ. The second possibility of initial state is the P state as shown in figure 2.11d. Here, the first layer is up, polarizing the majority of electrons that will pass easily through the oxide layer. However, the minority of down electrons will be reflected by the tunnel barrier and pass a second time through the first layer, exerting once more an STT torque. If enough minority electrons are reflected, the first layer can be reversed towards the down direction, setting the MTJ in the AP state. 

LLGS equation

The switching dynamics of the ferromagnetic layers can be described by the Landau-Lifshitz-Gilbert equation established in 1955 [96][97]. In 1996, Slonczewski added the STT effect resulting in the three-term equation equation (2.17) :

d m dt = -γ 0 ( m × H off ) + α m × d m dt -P Jgµ B 2eM s t ( m × ( m × p)) (2.17)
where m represents the free magnetic moment, H off the external magnetic field, α the damping factor, P the spin polarization factor, J the current density, e the electron's charge and p the easy-axis unity vector. This equation is a sum of three terms having different influence on the switching dynamics. The first term is called "Field Torque" and is due to an external magnetic field that induces a precession on the magnetic moment. The figure 2.12a represents the precession when the external field is along the initial direction of the magnetic moment.

The second term is called the "Damping Torque" and behaves as a dragging force that tends to attenuate the amplitude of the precession, as shown in figure 2.12b in green, its efficiency is linked to the damping factor α. The third and last term is the STT effect described in section 2.2.1 which tends to align the magnetic moment towards the direction of the polarized current p represented in red in figure 2.12c. 

Magnetic switching

Following the first two terms of equation ( 2.17), it would be possible to switch the less stable ferromagnetic layer of an MTJ by applying an external magnetic field along the layer's magnetization. Since the resistance of an MTJ changes with the configuration of the ferromagnetic layers as explained in section 2.1, it is possible to know the state of an MTJ just by applying a low bias voltage (few tens of mV) and measuring the resistance along the device. As shown in figure 2.13a, by applying a constant voltage during the variation of a magnetic field H, it would be possible to measure the change of state due to only the external field. The result of this experiment on a standard P-STT-MRAM device is shown in figure 2.13b where we can see individual hysteresis loops (HL) in grey and their average (on 100 HL) in red and blue for the PAP and APP transitions respectively. Two resis-2.2. Working principle of a P-STT-MRAM tance states are measured with the lowest value corresponding to the P state and the highest to the AP state. Following the PAP transition, the resistance is stable when the magnetic field is negative (upward here), meaning both layers are in the same direction, while when the magnetic field is positive, a sharp transition to a higher resistance value is observed. The opposite behaviour appears for the APP transition, returning to the initial P state.

Electrical switching

The third part of the LLGS equation equation (2.17) describes the STT torque on a ferromagnet. The effect of this torque can be directly observed by sending a voltage pulse and by reading in real time the state of the device. For example, in figure 2.14a, a simple experiment is done where two voltage pulses are applied on a device and the current is measured in real-time. In blue, two voltage pulses of 1µs and of opposite polarization are applied. During the second pulse, we can see in red that the current shows a sudden drop around 1.5µs, proving a rise of the resistance. Similarly to the experiment in magnetic field, we can observe the change in resistance by measuring the state of the device between voltage pulses ramping in amplitude. As shown in figure 2.14b, we can see this change in resistance with individual HL in grey and their average in red (PAP) and blue (APP). On this graph, both transition can be obtained just by changing the polarity of the voltage pulses meaning that the transition depends on which layer the current passes first through. Here, if the voltage is positive, the electrons pass through the free layer first, setting the MTJ in the AP state due to the reflected electrons (figure 2.11d). If the voltage is negative, the electrons goes through the fixed layer first, putting the MTJ in the P state (figure 2.11c).

Mixed switching

Both effects, magnetic and electric, can be observed by applying voltage pulses while applying an external magnetic field. This kind of experiment gives raise to a "Phase Chapter 2. P-STT-MRAM : fundamental and working principles Diagram" where we can see the resistance value of a device depending on both the voltage pulse and the external magnetic field amplitude. In figure 2.15a, such a diagram is shown for a standard P-STT-MRAM device where we can distinguish three regions : blue region means only the P state is possible, red one means only AP state and the green region means the two states are possible. This green region defines the working window in field and voltage of the device. Here, we can see that at low absolute voltage (< 0.3V), the both boundaries between the three regions are constant in field, meaning there is no significant influence of the voltage in the magnetic reversal. However, above this absolute voltage value, the boundaries are changing, closing the region up to the point where the magnetic field is not strong enough to counteract the voltage pulses. The slope of these boundaries are proportional to the damping parameter α, the higher the α, the most efficient is the STT effect. On the contrary, if the damping parameter is not high enough, the change in the slope will never appear, like in figure 2.15b where the boundaries are constant.

Conclusion

In this chapter, the basics of magnetism, especially in thin layers, have been introduced. The out-of-plane state of the magnetization has been explained and the TMR phenomenon has been shown. Then, the working principle of the P-STT-MRAM device has been explained. Finally the STT torque and the LLGS have been observed by characterizing a device in magnetic field, voltage and both simultaneously. This chapter will be focused on the thermal stability factor or data retention of P-STT-MRAM. First, a description of the experimental set-up will be done, then the extraction methodologies will be explained and compared. Finally, a presentation and discussion on the different reversal models will be done.

Chapter 3. Thermal stability characterisation and modelling

Device fabrication

For this work focuses on thermal stability, the studied wafers were the results of a collaboration between Leti, STMicroelectronics, Singulus Technologies and Spintec. STMicroelectronics took care of the CMOS technology on 200 mm wafers based on the Memory Advanced Demonstrator (MAD) mask set developed between Leti and STMicroelectronics consisting of a set of mask common to different NVM as shown in [START_REF] Werner | Experimental demonstration of short and long term synaptic plasticity using OxRAM multi k-bit arrays for reliable detection in highly noisy input data[END_REF][START_REF] Nail | Understanding RRAM endurance, retention and window margin trade-off using experimental results and simulations[END_REF][START_REF] Grossi | Fundamental variability limits of filament-based RRAM[END_REF][START_REF] Tillie | Data retention extraction methodology for perpendicular STT-MRAM[END_REF]. MAD allowed 1T-1R single devices and matrices up to the Mbit size based on 130 nm transistor technology. After CMOS was done, Singulus Technology deposited the magnetic stack engineered by Leti. At last, the wafers were processed by Leti's clean rooms up to the end of the fabrication.This collaboration gave birth the first functional 1T-1R P-STT-MRAM matrices from Leti. These wafers will be referred as Leti-wafers in the following text. 

Deposition and annealing

The deposition was done on 130nm CMOS technology fabricated by STMicroelectronics in collaboration with CMP [START_REF]IC 130nm HCMOS9a -CMP: Circuits Multi-Projets[END_REF]. For the Leti-wafers, the generic magnetic stacks have been deposited by magnetron sputtering [START_REF] Kelly | Magnetron sputtering: a review of recent developments and applications[END_REF], a technique of Physical Vapour Deposition (PVD). As shown in figure 3.2a, PVD consists of putting a target made of the material that has to be deposited above the wafer and inside a chamber under vacuum (base pressure down to 10 -9 mbar).Then an Argon gas is injected and an electric field is established between the target (cathode) and the wafer (anode). The electric field has to be high enough in order to ionize the Ar atoms into Ar + ions creating a plasma. The Ar + ions will then be attracted towards the cathode with such a velocity that they will break the binding energy of the atoms at the target's surface. These atoms will then fall on the wafer. In the case of magnetron sputtering, a magnet is located behind the target, increasing the number of Ar + colliding with the target and so, increase the deposition rate. As deposited, all the different materials are amorphous or polycrystalline, meaning that the fixed and free layer are not necessarily magnetic. So, after deposition, an annealing step is operated (typically 30 min at 350 • C) during which the FeCoB layers will crystallize in a bcc structure thanks to the MgO interface while the Ta around the MTJ will attract the B away from the MgO interface. This step is crucial as it sets the properties of the tunnel barrier, if the MgO does not crystallize properly, the TMR will be reduced and the Resistance Area (RA) will be too high as shown in figure 3.3a from [START_REF] Chen | Annealing Stability Study of Co20fe60b20\MgO\ Co20fe60b20 Perpendicular Magnetic Tunnel Junctions[END_REF].The annealing step is also important for the ferromagnetic layers, as it has an impact on the coercive field as plotted in figure 3.3b. This effect of the annealing temperature on the MTJ crystalline structure can be seen in figure 3.4a. In this figure, a Transmission Electron Microscope (TEM) image of a profile cut through the MTJ is shown were the crystalline lattice can be observed as the annealing temperature increased up to 375 • C. In the case of an amorphous MTJ, the current is poorly transmitted as shown in the schematic representation in figure 3.4b. As the barrier becomes crystalline with the annealing step, a higher electronic transmission happens, notably for the ∆ 1 orbital, responsible for the TMR [START_REF] Butler | Spin-dependent tunneling conductance of Fe | MgO | Fe sandwiches[END_REF]. 

Patterning

The etching process for MRAM is one of the most critical part to handle during the nano-fabrication process. It is still in search of improvement [START_REF] Walsh | Optimization of a lithographic and ion beam etching process for nanostructuring magnetoresistive thin film stacks[END_REF][START_REF] Chen | Magnetic tunnel junction pattern technique[END_REF][START_REF] Sato | 1t-1mtj Type Embedded STT-MRAM with Advanced Low-Damage and Short-Failure-Free RIE Technology down to 32 nm #966[END_REF]. In order to fab- ricate MRAM devices with a diameter ranging from 50 nm to a few hundreds nanometres, a negative resist is first deposited on top of the MTJ stack. A Chromium mask with the device arrangement is then used with an electron beam in order to insulate the resist through the mask's spaces. The non-insulated resist is then removed leaving a Ta hard mask (HM) as in figure 3.5a. Then, Ion Beam Etching (IBE) is used in order to etch the magnetic stack. The IBE beam is first shot with an angle of 45 • and the wafer is made rotating in order to make the etching isotropic as shown in figure 3.5b. During this step, the beam will etch several element including Tantalum, resulting in free Ta particles. These particles have a tendency to redeposit themselves on the side of the pillar, including around the tunnel barrier like in figure 3.5c. This phenomenon results in short-circuits around the barrier since Ta has a better conductivity than MgO, reducing considerably the electrical efficiency of the finalized device. These short-circuits are also known as shunts. In order to avoid this problem, a second IBE step has been added but this time at a grazing angle. The figure 3.5d shows the removal of the side re-depositions and also highlights a side effect of this second step : the over-etch of the magnetic stack. In figure 3.5e, an EDX image of a bottom free layer 120 nm diameter device from Leti-wafer where we can see the over-etch at the MTJ level (green).

To check if there are no shunts, the TMR and RA can be measured before patterning using CIPT measurements [START_REF] Worledge | Magnetoresistance measurement of unpatterned magnetic tunnel junction wafers by current-in-plane tunneling[END_REF] as a baseline before processing. These measurements set a reference to reach in terms of TMR and RA for the patterned devices. Then, once the devices are patterned, knowing the diameter of the devices, TMR can be plotted with RA. An example of this verification will be used later.

Final process steps

Once the etching is done, the pillar is encapsulated inside an insulator (SiN for Leti, accuflo spin-on-glass for PTA). Then Chemical-Mechanical Planarization (CMP) is done in order to give the access to the top of the stack (here, Ta from the HM of the patterning process) as shown in figure 3.6a. Afterwards,figure 3.6b shows the Metal 5 and the metal pads being deposited and defined. The figures 3.6c and 3.6d shows STEM-HAADF images of a 40 nm diameter top free layer device from a similar stack with the metal line on top. To observe the material integrity of the device, a STEM-EDX (STEM Energy Dispersive X-ray) analysis can be done. The results are shown for a similar stack in figure 3.7. We can see that the Ta (bright green) is only present in the bottom-SAF and the HM with no sign on the side of MTJ, showing no re-deposition. While being thin ( 1 nm), the Mg and O of the oxide barrier can be spotted at the top right corner. The SiN encapsulation is shown in bright red in the 9th panel. The bottom and top lines are also clearly identified thank to the Ti in the last panel showing the overetch at the bottom and bump on the top due to different CMP speed on SiN and Ta.

In the case of Leti-wafer, the devices have been integrated and matrices have been developed from 256 bit to 1 Mbit memories. The figure 3.8a shows the general process flow for such an integration using the MAD design mask. figure 3.8b is a TEM image of a 256 bit matrix from top-view and figure 3.8c shows a profile cut of a P-STT-MRAM device between M4 and M5 of such a matrix. Finally, figure 3.8d shows a profile cut of 5 1T-1R devices side by side of a Mbit matrix.

After having described the nano-fabrication process to obtain the Leti-wafers, the Chapter 3. Thermal stability characterisation and modelling next chapter will focus on the description of the different set-ups used in this work and their basic testing.

Experimentation set-up and basic characterisation

For this work, two testing set-ups were mainly used in order to characterize electrically and magnetically P-STT-MRAM devices. The first set-up described is the magnetic one.

Magnetic characterization

Since an MTJ is based on ferromagnetic layers, the first thing to test is the magnetic integrity of the device. The outline of the test is to apply a magnetic field and to observe the electrical response of the device via a reading of the resistance.

Set-up

The magnetic set-up is located in Spintec, it can be separated into three main parts : the application of the magnetic field, the electrical reading and the electrical writing.

• Magnetic field : To apply a magnetic field on the device, an electro-magnet is placed on top of the device to be tested. The magnetic field is created by two coils wired with a Kepco current generator [START_REF] Kepco | LINEAR -SERIES BOP[END_REF] and guided with electrical steel. The guide has an air gap where the amplitude of the magnetic field is maximum but, since it is impossible to slide the wafer in this tight space, the gap serves as a position reference to put on top of the device. The value of magnetic field at this position is calibrated via Hall probe measurement [START_REF] Ramsden | Hall-Effect Sensors: Theory and Application[END_REF] in order to link the input current with the output magnetic field. To get the magnetic field to sweep, a waveform generator (Agilent 33500B) monitors the Kepco. This allows to apply a perpendicular magnetic field sweeping at a frequency up to 14 Hz and an amplitude of 3000 Oe.

• Electrical reading : To know the state of the MTJ, the resistance has to be read. For this, a source meter (Keithley 2401) is used as a small current generator ( 10 µA) that will send the current via an RF probe onto the device. The voltage is measured simultaneously with a DigitalMultiMeter (Agilent 34411A) giving the value of the resistance via Ohm's law [START_REF] Andrews | Elements of Electricity: A Practical Discussion of the Fundamental Laws and Phenomena of Electricity and Their Practical Applications in the Business and Industrial World[END_REF].

• Electrical writing : To switch via current the device, a pulse generator (HP 8110A) is used to send pulses down to a few ns. This pulse generator is wired to the RF probes alongside the DigitalMultiMeter via a bias tee which allows to merge a DC (reading) and an RF (writing) input to generate a mix signal. In this configurations, while the magnetic field is sweeping, a fixed-voltage pulse is sent at each defined value of the field. By using all these, we can build a phase diagram. Another possible configuration is to change the pulse generator to a waveform generator (Agilent 33500B) in order to send a varying-voltage pulse train with different offset generated by the electromagnet.

Accessory, the wafer is mounted on a prober (electroglass model ICX), allowing an entire mapping and a testing-temperature up to 115 • C.

Basic testing

To know the state of the device, the first test is the sweeping field one. This allows to measure the coercive field of the device along with its offset field. Moreover, this gives the value of resistance and TMR without stressing the oxide barrier since only around 20 mV is applied around the device. A typical measurement can be seen in figure 3.9a with a junction having 100% TMR, a parallel resistance of 250 Ω and an average coercive field value of 750 Oe. A key parameter here is a low offset field allowing both state to be stable at zero-field. An example of offset field being too high compared to the coercive field is shown on figure 3.9b where only one state is stable at zero-magnetic field. Having a low offset field means that electrical tests can be done successfully since both states can be obtained without external field and sustained current. An important part of this test resides also in its capability to give TMR even if it is not possible to switch via current (e.g breakdown voltage < switching voltage). Thus, this gives us the most complete mapping of resistance and TMR. In order to know if the patterning step described in section 3.1 was successful, a simple graph can be plotted. This consists on plotting the TMR versus the nominal RA, meaning the RA obtained by multiplying the parallel resistance by the nominal surface. By using a simple current divider model, different cases can be pointed out. This model consists on a resistance R MT J corresponding to the MTJ put in parallel with a second resistance R shunt and in series with a third R series as represented in figure 3.10a. This second resistance R shunt corresponds to a second path by which the current could pass. If this parallel resistance is very low compare to the MTJ, this means there is a short-circuit (shunt) between the top and bottom electrode (either directly between the electrodes or around the barrier).

The third resistance R series corresponds to a resistance in series that can be interpreted as a residual oxide layer, a defective tunnel barrier or an electrode with a non-negligible resistance. A plot of TMR vs RA is shown on figure 3.10b. The curve plotted is based on the case where R shunt is low (left part of the graph) and when R series is not zero (right part of the graph). The link between the two curves is based on the nominal value of resistance and TMR measured via CAPRES during process and are defined as T MR Nominal and RA Nominal in the following equations : 

if R shunt << R p : T MR = T MR Nominal RA Nominal RA (T MR Nominal +1)-T MR Nominal if R series > R p : T MR = T MR Nominal RA Nominal RA (3.1)
If the points corresponding to the devices are along the first increasing part, shunts are present in the device. If the points are on the right part of the graph, a resistance in series is still present. Finally, if the points are around the peak, these means the process did not add any resistance in series or parallel.

Electrical characterization

The electrical tests were done at the PFNC (Nano-Characterization PlatForm) in Leti on tools monitored by the LCTE lab .

Experimentation set-up and basic characterisation

Set-up

The electrical tests done in Leti can be divided into two categories : the single device testing tool and the matrix testing set-up.

• Single Device : For this set-up, the entire electrical testing was controlled by a Waveform Generator/Fast Measurement Unit B1530A [START_REF]B1530a (B1500a-A30, B1500au-030) Waveform Generator/Fast Measurement Unit (WGFMU) | Keysight (formerly Agilent's Electronic Measurement)[END_REF] using remotely with a Python-based program. By coupling with 2 Source Measure Units[118] (SMU), we are able to deliver and measure the current simultaneously. This way, the switching current can be precisely measured during the event as opposed to Spintec's set-up. This allows to measure the current every 10 ns and to apply reliably pulses down to 50 ns. The wafer is mounted on a Cascade Microtech prober allowing automated mappings and can be heated up to almost 300 • C.

• Matrices : Testing the matrices requires a 25-pin card wired with a B1530A and a secondary pulse generator via an Arduino. The Arduino's role is to adress the output from the B1530A and the secondary pulse generator to the correct pins or the card. The wafer is mounted on an Electroglass prober and can be heated up to 90 • C.

To be noted that no magnetic field can be applied in these set-ups meaning that all the devices have to have both state available at zero-field (centred magnetically).

Basic testing

To observe the electrical switching on the single device set-up, a single pattern is used consisting on a short writing pulse followed by a low reading pulse. As shown in figure 3.11a, a 100 ns writing pulse is sent, followed by a 2 µs reading pulse.

The current and voltage are constantly measured during both pulses. The switching current is integrated during the writing pulse while a precise resistance value is measured during the reading pulse. In order to know the value of switching voltage and current, this pattern is integrated inside a pulse train consisting of a varying writing voltage amplitude and a constant reading. The amplitude step between two writing pulse varies differently depending on the voltage range : if the applied voltage is closed to the switching voltage then the step is smaller like in figure 3.11b. This allows a high voltage precision around the switching voltage while avoiding the unnecessary stress of the oxide and the high amount of data of a standard linear sweep.

When integrating the current during the writing pulse, we obtain an hysteresis cycle as shown in figure 3.11c where we can see a switching at -0.58 V and 0.6 V with a 100 ns pulse. In figure 3.11d, the resistance is calculated from the current integrated first during the writing pulse in blue and during the following reading pulse in red. The slope in both resistance state during the writing pulse comes from the tunnel barrier nature of the MgO, as the writing pulse increases in absolute amplitude, more electrons are passing through the barrier, lowering the resistance as discussed in section 2.1. For faster and easier extraction, in the following test, the switching of the memory will be determined via the reading pulse and the switching current and voltage will be measured during the previous writing pulse. Also, the parallel, anti-parallel and TMR values will be based on the reading pulse (low voltage).

Now that the set-ups and the basic P-STT-MRAM device characterisation were presented, the next part will introduce the thermal stability factor, present the different developed extraction protocols and will compare them.

Thermal Stability extraction

As a non-volatile memory, the most important parameter to control is the data retention, meaning the time the device will keep information before changing its state. While it is easy to check if a memory retains information for a short time such as subsecond, the non-volatile property requires data retention up to a decade. However, as opposed as the other non-volatile such as the RRAM, the resistance value of both state stays stable in time and switches without warning, at the nanosecond scale. This is problematic when wanting to characterize the data retention for high retention requirements. In this part, different protocols for extracting the data retention will be detailed and compared.

Data retention and thermal stability

An MTJ can be seen as a system with two stable states separated with an energy barrier. As shown in figure 3 with ∆ defined as the thermal stability factor and equal to ratio with the energy barrier and thermal fluctuations ∆ = ∆E k b T . τ 0 is described as the attempt time meaning the time between two switching attempts. In our case, the attempt time refers to the precession time of the magnetization and has been estimated in the order of magnitude of 1ns [START_REF] Fuller | Relaxational Behavior of Fine Magnetic Particles[END_REF]. Since sub-ns switching in P-STT-MRAM has already been observed [START_REF] Guenole Jan | Achieving Sub-ns switching of STT-MRAM for future embedded LLC applications through improvement of nucleation and propagation switching mechanisms[END_REF], 0.1 ns as a attempt time is more probable. equation (3.2) is only for single switching attempt but it can be extended to a certain Bit Error Rate BER and a number of switching attempt N to the formula :

∆ = log - τ 0 Nτ log(1 -BER) (3.3)
Using equation (3.3) and knowing the requirements in terms of data retention, BER and working temperature, ∆ can be calculated for every industrial applications as shown in table 3.1. figure 3.12b shows the direct relation between ∆ and retention time and moreover, the effect of ∆ error on the retention time. As an example, for BER = 1 and N = 1, 1 year retention corresponds to ∆ = 49.5, which means that a 5% error on thermal stability induces an order of magnitude in terms of data retention. So, in order to extract the data retention of a P-STT-MRAM device, the thermal stability factor has to be extracted with high precision and in a fast experiment. The thermal stability factor dependence with current as been described by [START_REF] Li | Thermally assisted magnetization reversal in the presence of a spin-transfer torque[END_REF] and it can be rewritten as :

∆ = ∆ 0 1 - I I c 1 - H H k 2 (3.4)
with ∆ 0 being the intrinsic thermal stability, I and I c the current and the critical current and H and H k the external magnetic field and the anisotropy field. This notation allows to separate the influence of current and magnetic field from the thermal stability factor.

P-STT-MRAM sample

In this part, the first electrical and magnetic tests on single devices and matrices applied on the Leti-wafers will be presented.

Single devices

The targeted RA and TMR from the stack deposited by Singulus were respectively 5 Ωµm 2 and 100%. The electrical mapping were done on 6240 devices all sizes included. The devices are split into three categories :

• Short : the resistance is below 50 Ω and TMR is below 20%, meaning a shunt is present around the barrier

• Open : the resistance is above 2000 Ω, meaning either the stack disappeared during process after patterning or there is no contact between the top and bottom electrode due to a remaining insulator layer (not enough CMP)

• Working : resistance above 50 Ω and below 2000 Ω, TMR above 20% and below 200%. These are the targeted specs for a working device even if not optimal.

On this wafer, the short devices correspond to 53%, the open devices to 32% and the working devices to 15%. In figure 3.13a, the parallel resistance is plotted versus the Nominal Diameter (ND) for all the working devices. Knowing the relation between diameter D and Parallel resistance R p as :

R p = RA π( D 2 ) 2
(3.5)

Thermal Stability extraction

the curve is supposed to be an inverse parabola with diameter. This trend is observe for the devices with a ND higher than 370 nm. Below this value, the low resistance shows the presence of partial shunts with still some TMR. To calculate the RA and measure the etched diameter D Etch , we can modify equation (3.5) as :

R p = RA π( D-D Etch 2 ) 2 (3.6)
and then be fitted with the largest diameter for extraction. In this case, the experimental is measured as RA = 7.33 Ωµm 2 , which is close to the targeted 5 Ωµm On top of the loss of working devices below 150 nm, a high variability is observed Chapter 3. Thermal stability characterisation and modelling on the entire wafer. A wafermap of TMR is shown in figures 3.13c to 3.13e for ND of respectively 300 nm, 450 nm and 600 nm. We can see that while the smallest devices are absent of the wafer, the largest device are present only on the right side of the wafer. This croissant-shape is typically observed with a non-uniform stack deposition or etching resin. The typical TMR(RA) has been plotted with working devices on figure 3.14a where most of the working devices are scattered around the targeted values of TMR and RA. Within these devices, some still follow the part of the graph corresponding to a parallel resistance (left) correlating the high number of shunts all around the wafer. The figure 3.14b shows the TMR distribution of the working devices with an average TMR of 83% and a standard deviation of 18%.

The yield in function of the diameter for different tolerance on TMR has been plotted in figure 3.14c. A low yield is (close to 0%) observed for small devices correlating the previous results. The highest yield is observed for the largest devices with more than half the devices working above 250 nm.

A magnetic mapping has also been done on the working devices showing an average ≈ 1100 Oe coercive window as shown in figure 3.15a with a low coercive field at around 10% of the coercive field value. The switching voltage has been measured with the diameter and figure 3.15b shows no significant variation, as current and resistance have a similar behaviour with surface. When plotted in function of the diameter, TMR shows a decrease as the diameter increases as figure 3.15c shows. This can be explained with "pinholes" [START_REF] Khvalkovskiy | Basic principles of STT-MRAM cell operation in memory arrays[END_REF], which are points in the barrier where thickness is slightly thinner, allowing more current to pass through and so, decreasing the TMR ratio. This points are likely due to defaults inside or at the interface of the oxide barrier and as the surface increases with diameter, the probability that this pinholes appear is increasing. In terms of temperature, the devices have a low dependence of the TMR, losing less than 20% over 200 • C, making both states fully differentiable in this range. Above 235 • C, no data retention is measured (retention lower than 1 µs), which does not mean the TMR is reduced to zero.

Matrices

The electrical tests have also been done on some 256 bit and 4 kbit matrices. However, in the matrices used in this study, the devices were put in series either with a transistor or with a Multiplexer. Yet, the RA used for the P-STT-MRAM devices was not adapted in terms of resistance. As shown previously, the device's resistance increases when its diameter decreases, and in our cases, the electrical diameter target for this integration was less than 50 nm. Unfortunately, only devices with a diameter larger than 100 nm have a decent yield. Since the resistance of these devices is less than 1 kΩ, it is close to the resistance in series which forms a voltage divider, reducing the real voltage around the MTJ. A representation of this effect can be seen first on a standard device in figure 3.16a, where a 280 nm diameter device is shown cycling in voltage with a TMR of 100% and a parallel resistance of 100 Ω. The same characterization is done on a similar memory size but in a 1T-1R configuration in figure 3.16b. In this graph, we can see that the TMR drops to 18% and the parallel resistance increases to 405 Ω. The difference of resistance between both states is still the same as the one without a transistor but its overall TMR is 5 times smaller. The voltage divider effect is really sensible when looking at the switching voltage values as shown in figures 3.16c and 3.16d. There, the switching voltage is measured as 0.45 V for the 1R device while it is almost 2 V for the 1T-1R. This mismatch in resistance is also directly seen in the matrices as shown in figure 3.17 where an array of 4 kbit has been tested electrically. Both resistance levels are well defined but the overall TMR is of 18%. These distributions have been fitted with Gaussian distributions giving an average and a standard deviation for the P and AP states of : R p = 825 Ω, R ap = 980 Ω, σ p = 9.53 Ω, σ ap = 11.37 Ω. This means that the average value for both states are separated by more than (7(σ p + σ ap )), resulting in a very clear distinction of both states. 

Time dependence

Single Device

In terms of data retention measurement, the most reliable method is to measure directly the time needed to change between the two states. However, for non-volatile memories, this time is supposed to be of a few years to validate the industry requirements. Different cases can allow to measure directly the data retention. First, is a typically low thermal stability, meaning two unstable magnetic states, even at room temperature. Second is the presence of a strong offset magnetic field, leading to a very asymmetrical hysteresis loop which can even lead to have only one state at zero-field. And third, is to put the sample in conditions leading to a lower data retention, typically by elevating the temperature, which can be deducted by ∆ = ∆E k b T . This method is also convenient since the data retention can be directly measured at the working temperature required for industrial applications (e.g up to 260 • C for soldering reflow). This where 30 sequences have been superposed at 235 • C. We can see the cell being set in the AP as the initial state and then being switched thermally in the 0.1 sec range. The figure 3.18d shows the results of this experiment but plotted as the switching probability for both states. The PAP transition is not present while the APP transition is always observed. By averaging the switching time, we obtain a data retention time of 5 ms which gives a thermal stability factor of ∆ = 15.42 k b T.

This measurement serves as the reference since it couples directly the retention and the thermal stability factor. However, while this method is practical at low retention, typically in the order of the second, it is impractical for high data retention, e.g at room temperature.

Matrices

This method can be extended to matrices but instead of looking directly at the switching time, we are rather focusing on the number of devices switched inside a matrix. Indeed, by using the equation (3.3), the BER allows more liberty on the switching time as not the entire population has to switch to extract a thermal stability value. For this test, a 4 kbit array has been used from the Leti-wafers with 250 nm diameter devices. The protocol used was to set the entire matrix in the less stable state (AP), then to put the wafer inside an oven at high temperature for a practical duration of time (here, sub-hour) and finally, to read again the array to check the number of cell still in the AP state (figure 3.19a). This extraction also corresponds to a reference as it measures the real retention time with its thermal stability factor and with a precision of a 4 kbit matrix. For comparison with the other methods, the value of thermal stability are plotted in figure 3.20 with the STP measurement on matrices in blue and the STP on single devices in red. 

Magnetic

As seen in section 2.1.3, the energy barrier of the magnetization reversal due to an applied magnetic field is described as equation (2.16). Moreover, following Sharrock's theory [START_REF] Sharrock | Measurement and interpretation of magnetic time effects in recording media[END_REF] (and verified by [START_REF] Sharrock | Kinetic effects in coercivity measurements[END_REF] and [START_REF] Harrell | Orientation dependence of the dynamic coercivity of Stoner-Wohlfarth particles[END_REF]), under an applied magnetic, the probability P not that the magnetization of a nano-particle has not switched is given by :

dP not dt = - 1 τ P not (3.7)
with τ still being the retention time. Knowing the value of the energy barrier from equation (3.4) with no current, and by assuming that the magnetization switches at t 0 :

ln(P not ) = - 1 τ 0 t 0 -∞ exp -∆ 0 1 - H(t) H k 2 dt (3.8)
As explained in section 2.2 and shown in figure 2.13a, the magnetic field is swept linearly in time, which means that the value of applied magnetic field during the experiment H(t) can be defined as a sweeping rate R h (in Oe.s -1 ) multiplied by time,
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giving H(t) = R h t. As established previously, the switching of the magnetization is done at t 0 meaning that the coercive field is defined as H(t 0 ) = H c . To calculate the integral, a change in variable is done by defining :

u(t) = ∆ 0 1 - R h t H k with u(t 0 ) = ∆ 0 1 - H c H k (3.9)
which gives

du = ∆ 0 - R H k dt or dt = - H k √ ∆ 0 R du (3.10)
Introducing the new variables inside equation (3.8) simplifies as :

ln(P not ) = - 1 τ 0 u(t 0 ) -∞ exp(-u(t) 2 )du (3.11)
A mathematical solution exists for such an equation using the error function erfc [START_REF] Abramowitz | Handbook of Mathematical Functions, With Formulas, Graphs, and Mathematical Tables[END_REF] (p.297):

erfc(y) = 2 √ π ∞ y exp(-y 2 )dy (3.12)
which leads to :

ln(P not ) = - H k 2τ 0 R h π ∆ erfc(u(t 0 )) (3.13) 
and by putting the switching probability as P = 1 -P not gives the final result :

P(t) = 1 -exp - H k τ 0 2R h π ∆ 0 erfc ∆ 0 1 - H(t) H k (3.14)
Experimentally, its derivative ∂P ∂H is more commonly used :

SFD(H) = 1 R h τ 0 exp - H k 2τ 0 R h π ∆ 0 erfc( ∆ 0 (1 - H H k ) exp -∆ 0 (1 - H H k ) 2 (3.15)
which is called the Switching Field Density (SFD) and corresponds to a normalized coercive field distribution. Experimentally, this distribution is obtained by sweeping the applied field enough times to have a coercive field distribution for both transitions correctly defined. Since the equation is based on a distribution, a minimum number of switching has to be done to be relatively close to reality. curves are calculated with relative values of ∆ and H k and the correlation factor N 2 is calculated for each value. The result is shown in figure 3.21b where we can see that several solutions with a correlation factor higher than 0.95 can be found in the range of 20% of the reference value. To overcome this, during experimentation, the data is fitted many times with different first guesses giving an average and a standard deviation of the extracted parameters.

In the case of a standard device, both transitions APP and PAP are not symmetrical in terms of coercive field distributions. This difference is directly seen in figure 3.21c where the distribution of APP and PAP have been plotted and symmetrized. Visually, we can see that the PAP is much more narrow than the APP distribution, resulting in a much higher thermal stability value (736 vs 61). The very high value for PAP just means that the P states is much more stable than the AP state. Since P is more stable than AP, it is unlikely to switch back to the AP state as seen thermally with the STP method. For the following, the thermal stability factor taken into account will be the smaller one as it limits the overall data retention. 

Electrical characterization

Switching Current Density

By using a similar reasoning as for the SFD, a link between the thermal stability factor and the switching current can be established. When no applied field is considered and starting from equation (3.4), stability can be defined as [START_REF] Huai | Structure, Materials and Shape Optimization of Magnetic Tunnel Junction Devices: Spin-Transfer Switching Current Reduction for Future Magnetoresistive Random Access Memory Application[END_REF]:

∆ = ∆ 0 1 - I c I c,0 (3.16) 
where I c is the switching current and I c,0 the critical current (the H c and H k equivalence in current). Then, by using the Sharrock once again (equation (3.7)), we can establish the switching current probability as :

ln(P not ) = - 1 τ 0 τ p 0 exp -∆ 0 1 - I I c,0 dt (3.17)
with τ p being the length of the current pulse. To be noted that the current does not depend with time during the pulse, simplifying the integral. The switching probability can then be written as :

P(τ p ) = 1 -exp τ p τ 0 exp ∆ 0 1 - I I c,0 (3.18) 
As for the SFD, it is more common to use the Switching Current Density (SCD) by deriving :

∂P(τ p ) ∂I = SCD(I) = ∆ 0 τ p I c τ 0 exp -∆ 0 1 - I I c,0 exp - t p τ 0 exp ∆ 0 1 - I I c,0 (3.
19) The SCD is similar to the SFD except being easier to fit since it does not have a erfc error function. The figure 3.23a shows the effect of I c,0 and ∆ on the SCD. The behaviour is the same as for the SFD, ∆ plays a high role on the width/height of the density and I c,0 on its position.

In order to use this equation, the pulse train shown previously in figure 3.11b is applied on a device 1 000 times in order to have a enough switching current values to form a density close to reality. To be noted that, as explained in [START_REF] Huai | Structure, Materials and Shape Optimization of Magnetic Tunnel Junction Devices: Spin-Transfer Switching Current Reduction for Future Magnetoresistive Random Access Memory Application[END_REF], the relation given in equation (3.16) is valid only during the TAS regime as described previously. An example of this equation is shown in figure 3.23a with reference parameters (∆ Ref , I c,0,Ref ) and with different relative values. As for the SFD, thermal stability plays a role on the height/width of the distribution while the critical current acts on its position. The possible range of solution is plotted in figure 3.23b with an error of 5% to 20% on the parameters. As for the SFD, the average of many fitting with a correlation factor higher than 0.95 will give the final value.

The fitting can be observed on a standard P-STT-MRAM device for different temperature values on figure 3.23c in full line over the experimental dots. This shows that the fitting can be done at any temperature as long as the data retention is enough to keep the state of the cell stable between two transitions. The extracted thermal stability from 30 • C to 235 • C on figure 3.23d alongside with STP values. The value at the same temperature as the direct measurement are equal, validating the relevancy of the SCD method. The pulses being short (100 ns), the main advantages of this protocol is the measurement speed. In only a few seconds, a few hundred cycles can be done and is basically an extended version of a standard voltage hysteresis loop test. The main drawback is the electrical breakdown : as opposed as the SFD where less than 20 mV is applied to read the cell, here around 1 V can be applied to switch in current, highly increasing the breakdown voltage values.

Switching Pulse Width

Starting from the same equation as the SCD, equation (3.16) can be tweaked to :

I c (τ p ) = I c,0 1 - 1 ∆ 0 ln τ p τ 0 (3.20)
which means that, while staying in the TAS regime, the switching current is linear in log scale with the pulse duration. This protocol, that will be named Switching Pulse Width (SPW), uses this equation by applying a low number of pulse train (just enough to establish a precise average switching current value) at different values of pulse duration. As shown in figure 3.24a, we observe correctly the linear regime (in log scale) while the pulse duration increases after 100 ns. The impact of (∆ Ref , I c,0,Ref ) can be seen in figure 3.24b where the thermal stability affects the slope and the critical current its intersection with the y-axis.

This fit can also be done at different temperature values, as shown in figure 3.24c, up to 235 • C. Fitting up to 235 • C can be observed in figure 3.24d where the extracted value points match with the STP values. This protocol is quick since fewer cycles are needed to have an accurate average switching current value but there is an important risk of breaking the barrier as pulses can be long (sub-second).

Precision and accuracy of the extraction methods

Since all the methods work on averaging or distribution, it is important to define how many events have to be measured to be representative enough of the device. First, the precision of the measurement will be discussed and the accuracy of extraction will follow.

Precision of the method

What is meant by precision here is mainly the measurement step used to measure the event. A representation of this parameter is shown in figure 3.25 as the STP as an example. For this experiment, with the same number of events measured (50), different measurement steps have been used. In red, a large step is used showing only 2 data points different than 0 or 1. This corresponds to 2 points per switching distribution. In blue, the measurement step is more adapted to the transition and allows 5 points along the slope. The green line corresponds to the equation computed with the actual data retention measured on the averaged events. The feeling is that the blue points offers a better and easier fitting of the data points.

In order to validate this assumption, the inverse function of each fitting equation 

Accuracy of the method

The other parameter to take into account when speaking about distribution is the number of event needed to have a distribution sufficiently close to the reality. Since the exact distribution corresponds to the total number of events during a device lifetime (e.g its endurance), a minimum and practical amount of switching has to be defined to be close to the real distribution. A crude representation of this parameter can be shown in figure 3.27 where the emphasis is put on the STP method. In red, only one event is measured while 10 events are measured in blue. While the blue points are not perfectly superposed with the green theoretical fit, its relevancy is significantly better than the 1-event red line. To study the impact of the number of hysteresis cycles (or events) needed to get a significantly valid extracted value, the inverse function of each method has also been used. While keeping the number of point over the distribution at 5, the varying parameter is the number of generated events. As seen previously, the extracted value of ∆ and I c,0 /H k is compared to their initial value to get the relative error. The figure 3.28a and figure 3.28b show this relative error for a number of hysteresis cycles going from 1 to 10 000. The number of cycles was stopped at this limit as the computation time was increasing rapidly and their equivalent experiment unlikely to happen as it would take too much time to measure. This simulation shows that while the STP and SPW do not require more than 50 cycles to be below the 1% margin error, the SCD and SFD methods require at least 300 to 400 hysteresis cycles to drop below the 5% limit. To be noted that for the SPW method, this number of cycle corresponds to one value of pulse duration and for this fit, 5 pulse durations were taken to fit the equation.

To check if the effect was real on the SCD and SFD method, a study was done with a real device. A standard P-STT-MRAM device was tested with SCD by using 2 000 cycles at 6 points over the distribution. This gives 2 000 events for each transition but This shows than SFD and SCD can reach only the 5% error margin after 300 events while the other methods reach the 1% error margin with less than 30 events. (c) and (d) shows the experimental accuracy for the SCD and SFD methods respectively confirming that at least 300 to 400 hysteresis cycles are needed to have less than 5% error margins.

we will focus on only one transition. Within this 2 000 events, the SCD was fitted first with 20 random cycles and a value of (∆,I c,0 ) was extracted. This was done 500 times for each number of random cycle up to 1 value. With each set of 500 extracted values, an average, a standard deviation and the extrema at 3 σ were calculated.

These values are plotted in figure 3.28c where the full line corresponds to the average value and its deviation and the dashed line corresponds to the extrema. It is important to note that as the data shows a high precision at a high number of loops, this is an artificial precision related to the value extracted with 2 000 cycles which serves as a reference. This value has itself a relative error compared to the value obtained with an infinite number of cycles. However, we can see that the relative error with the reference value is below the 5% error limit including its deviation after 300 hysteresis cycles which correlated with the value simulated before.

Chapter 3. Thermal stability characterisation and modelling

This graph shows also the importance of measuring a sufficient number of events as even if the average value is not very far from the reference value, the extrema are deviating quickly meaning that a low number of "unlucky" cycles can give very high or very low thermal stability value. This fact proves correctly that the distribution has to be dense enough to be close to the intrinsic distribution. Similar conclusions can be drawn with the SFD method in figure 3.28b done with 1 000 cycles where the 5% limit is reached after 300 hysteresis cycles.

Comparison

After having described the set-up, switching mechanism, speed, accuracy and precision, a comparison table is drawn in figure 3.29. As a conclusion, the SCD method is seen as the most adapted protocol since it uses a common testing program and set-up, is the fastest (ns-pulses) and, in case of standard devices, shows no real degradation on the barrier. The SFD method is also practical as the magnetic hysteresis loops are a standard test in terms of MRAM but it suffers by its lack of accuracy and precision and by its limited magnetic sweeping rate and the need of an electro-magnet-compatible set-up. The SPW is a simple test and fast test but degradation due to long pulses can be limiting. Finally, the STP method is the most precise as it gives exactly the retention time but is limited by the data retention in itself and its need to extrapolate at room temperature.

In terms of coherence, ∆ has been extracted in temperature from 25 • C up to 235 • C following the 4 methods. The results done on a 250 nm diameter device from the Letiwafers are shown on figure 3.30a where we can see that the SCD, SPW gives the same value of thermal stability as the reference STP measurement at the highest working temperature, confirming their relevancy. The measurements are also coherent with the STP done on the 4kbit matrix from 150 • C to 180 • C. The SFD method can only be done 3.4. Reversal Modelling up to 115 • C due to set-up limitations but, despite their level of noise, are still coherent with the SCD method. The SPW shows a divergence at low temperature compared to the other methods and shows very high value of thermal stability. This may be explained by the fact that the measurement were not done far enough from the transition between the precessional and the TAS regime which is done at a longer pulse width than usual in these samples (≈ 100 ns). In figure 3.30b, the same has been done on external P-STT-MRAM devices with a similar stack as the one in the Leti-wafers except for the capping material. Despite the lack of matrices on this sample, the four protocols show coherency in the entire range of temperature except one point of SPW at 30 • C. For this sample, the TAS starts at a longer pulse width than predicted (< 50 ns), which could explain the divergence at low temperature. Now that the thermal stability extraction protocols have been presented, they will be used to extract and model P-STT-MRAM thermal stability in temperature and diameter.

Reversal Modelling

In this part of the chapter, after discussing the extraction of the thermal stability factor, its modelling in temperature will be discussed. First, the data will be compared to the MacroSpin model to observe its limitations. Then a change in the model will be discussed and a third one will be proposed. For this part, top-free layer devices were used and fabricated in PTA, an academic clean room. The magnetic stack can be seen in figure 3.31 and corresponds to the deposition sequence (all thicknesses in Å):Ta 30/Ru 

Different models

In most of the thermal stability modelling, the main model used is the MacroSpin model [START_REF] Song | Highly functional and reliable 8mb STT-MRAM embedded in 28nm logic[END_REF][START_REF] Liu | Current-Induced Switching of Perpendicularly Magnetized Magnetic Layers Using Spin Torque from the Spin Hall Effect[END_REF][START_REF] Lin | 45nm low power CMOS logic compatible embedded STT MRAM utilizing a reverse-connection 1t/1mtj cell[END_REF][START_REF] Kim | A technologyagnostic MTJ SPICE model with user-defined dimensions for STT-MRAM scalability studies[END_REF]. In this model, the energy barrier ∆E is defined as ∆E = KV where :

K = K s t - µ 0 2 N z M 2 s (3.21)
with K s being the surface anisotropy as seen in section 2.1, N z being the demagnetizing factor, M s the free layer magnetization and t being the free layer's thickness. Due to its flat ellipsoid shape, N z saturates toward 0.99 for diameters higher than 20nm (or aspect ratio > 1 20 ) as we can see in figure 3.32c. Apart from the free layer's volume V, there's no dependence in diameter in terms of thermal stability which means that that ∆ has a quadratic increase with diameter. However, by plotting the data extracted in section 3.3 versus the diameter of each device, no quadratic behaviour is observed from 50nm to 200 nm as seen in figure 3.32a. This means that the MacroSpin model is not reliable for large diameters. This can also be seen by trying to fit the data in temperature as seen in figure 3.32b, by fitting the STP values with values found in literature [START_REF] Timopheev | Respective influence of in-plane and out-of-plane spin-transfer torques in magnetization switching of perpendicular magnetic tunnel junctions[END_REF], the data is not correctly fitted. The main problem appears when trying to fit the thermal stability data at room temperature by extrapolating th STP at high temperature, which is a broadly used protocol, that gives a overestimated value of data retention. This part of the study was done on top free layer devices entirely done by PTA and detailed in the next chapter to which it is dedicated. First we will discuss about the diameter dependence and then about the temperature dependence.

Thermal stability versus Diameter

In terms of magnetic reversal, the MacroSpin is not the only model existing. The other is based on a domain-wall (DW) nucleation and its propagation along the device [START_REF] Yamanouchi | Current-induced domain-wall switching in a ferromagnetic semiconductor structure[END_REF]. This switching should appear when the energy needed to create a domain wall is smaller than the one needed to switch uniformly the magnetization. The energy E DW needed to create a domain wall is defined as [START_REF] Cho | Domain wall energy densities of ferromagnetic films. Retrospective Theses and Dissertations[END_REF]:

E DW = A ex K (3.22)
where A ex is the exchange energy and K the effective magnetic anisotropy defined previously in equation (3.21). Following [START_REF] Cho | Domain wall energy densities of ferromagnetic films. Retrospective Theses and Dissertations[END_REF], the total energy barrier to switch via Chapter 3. Thermal stability characterisation and modelling magnetic domains becomes :

∆E = 4 A ex Kwt (3.23)
where w being the diameter of the free layer and t its thickness. Contrary to the MS model, the DW dependence in diameter is linear. To check if the DW energy barrier is smaller than the MS one E MS , the equation E DW < E MS can be resolved with :

w = 16 (A ex /K) (3.24)
with a standard value of A ex = 8 pJm -1 and K = 600 kJm -3 [START_REF] Sato | CoFeB Thickness Dependence of Thermal Stability Factor in CoFeB/MgO Perpendicular Magnetic Tunnel Junctions[END_REF][START_REF] Sato | Effect of annealing on exchange stiffness of ultrathin CoFeB film with perpendicular magnetic anisotropy[END_REF][START_REF] Yu | Thermal annealing effect on Fe-CoB soft underlayer for perpendicular magnetic recording[END_REF][START_REF] Devolder | Exchange stiffness in ultrathin perpendicularly magnetized CoFeB layers determined using the spectroscopy of electrically excited spin waves[END_REF] giving a diameter of w = 19 nm. That means that below this value, it is more favourable to switch by MS while it is easier to switch via DW beyond this value as shown in figure 3.33a.

To check the switching mechanism, real-time switching has been done on a P-STT-MRAM device of 80 nm by applying a strong 1 µs reset pulse in one state followed by a 1 µs writing pulse at the average value of switching voltage. In figure 3.33b, an example of a single switching is shown in which a sharp reversal is observed at 1.5 µs. This is coherent with the MS mechanism. However, when looking at 100 superposed switching in figure 3.33c, a few reversal are done with an intermediate step. This step does not happen at the same time, does not represent the same difference in current and is never the final state. This represents a semi-stable intermediate state with a random nucleation (in time and space/size) and is coherent with a DW mechanism. Indeed, in case of a DW switching, a nucleation of a magnetic domain starts, reversing a part of the free layer and so, modifying the transmitted current, and then, propagates slowly (a few tens of ns) inside the free layer until it switches completely.

The diameter dependence of the energy barrier is shown in figure 3.33d where the maximum barrier height to overcome in order to switch corresponds to diameter. This means that the thermal stability is increasing constantly with diameter.

The diameter dependence of the thermal stability in these devices has been measured for a free layer thickness of 13.4 Å and 14.3 Å. The protocol used is the SCD has shown in figures 3.34a and 3.34b and has been done up to the maximum working temperature.

In these devices, we can observe a linear increase with the nominal diameter at low temperature for both thickness's. However, as the temperature increases, a slope reduces up to a temperature point higher than 130 • C where the thermal stability becomes flat. This flattening of the slope is against the DW model as it is supposed to increase linearly with diameter. This flattening can be explained with a proposed Multi-Nucleation switching model (MN). The starting point of this model is based on the fact that if one magnetic domain can nucleate, then another can nucleate in a location unaffected by the first domain. This means that this mechanism can only happen if there's enough space to nucleate two isolated magnetic domains. Starting with the value at which we observe the transition from MS to DW calculated previously (19 nm), this second domain should appear at twice this diameter limit. Since the MN is based on the number of domains and not the diameter, thermal stability should remain stable after this transition. [START_REF] Khvalkovskiy | Basic principles of STT-MRAM cell operation in memory arrays[END_REF] where the energy barrier needed to switch via DW is directly linked to the diameter where the maximum energy is reached (extracted from [START_REF] Khvalkovskiy | Basic principles of STT-MRAM cell operation in memory arrays[END_REF]).

To summarize, starting from low diameter, the most favourable is the uniform reversal, then as the energy needed to create a magnetic domain is smaller than to switch the magnetization, a domain-wall nucleates and propagates up to the free layer diameter. Then, as the free layer increases in surface, a second magnetic domain can nucleate and merge with the first one. The transition between the three regimes depends on the parameters determining the domain wall size, meaning A ex and K.

Thermal stability versus Temperature

The other point to look at is the behaviour in temperature of the thermal stability. The thermal stability factor has been measured in temperature for nominal devices from 20 nm to 150 nm and for free layer thickness's of 13.4 Å and 14.3 Å. The results are shown in figures 3.36a and 3.36b where we can see that for both thickness's, thermal stability reaches 0 to the same value of temperature independently of the diameter size and the value at room temperature. Also, as thickness is increasing, thermal stability is increasing up to the point where 20 nm nominal diameter can be measured at 14.3 Å which cannot be done for 13.4 Å due to the set-up limitations in terms of minimal measurement time.

To understand this decrease, the temperature dependence of the energy barrier has been investigated.

Magnetization behaviour in temperature

The magnetization behaviour in temperature is described with the Brillouin law [70, p.303-304] : 

Surface anisotropy

The surface anisotropy behaviour is strongly linked to M s and described with the Callen-Callen law [START_REF] Callen | The present status of the temperature dependence of magnetocrystalline anisotropy, and the l(l+1)2 power law[END_REF] as :

K s (T ) = K s (T = 0K)
M s (T ) M s (T = 0K) 2.18 (3.26) where K s is the surface anisotropy. Since K s is related to M s , their behaviour are similar with a 10% decrease on 200 • C and a less abrupt decrease up to T c as shown in section 3.4.3. 

Exchange stiffness

The temperature dependence of the exchange stiffness A ex is less studied in the literature in terms of temperature dependence but two equations rise from [START_REF] Moreno | Temperature-dependent exchange stiffness and domain wall width in Co[END_REF] :

A ex (T ) = A ex (T = 0K) M s (T ) M s (T = 0K) 1.8 (3.27)
and from [START_REF] Mulazzi | Temperature dependence of the exchange stiffness in FePd(001) thin films: Deviation from the empirical law A(T)MS2 at intermediate temperatures[END_REF] :

A ex (T ) = A ex (T = 0K) 1 - M s (T ) M s (T = 0K) -2 3 (3.28)
The first relation equation (3.27) will be named A ex [START_REF] Lohr | Opinion | Big Data's Impact in the World[END_REF] and the second equation (3.28) A ex [START_REF]Big data[END_REF]. As seen in section 3.4.3, both equations have a similar shape as A ex (2) drops faster around the Curie temperature.

Observations

As seen above, the main parameters describing the thermal stability factor are strongly linked to the Curie temperature. Thus, the Curie temperature is the main cause of the loss in data retention : as the magnetization goes to 0, the system is no longer bi-stable. However, as seen in figures 3.36a and 3.36b, all the devices tends to 0 data retention at the same temperature. The 13.4 Å free layer thickness devices show a temperature limit at 195 • C while the 13.4 Å, 205 • C. This temperature is not the actual Curie temperature, it is called the blocking temperature [START_REF] Néel | Théorie du traînage magnétique des substances massives dans le domaine de Rayleigh[END_REF]. The main difference is that the blocking temperature depends on the measurement time. In our case, the blocking means means data retention is close to the measurement time, here 1 µs. The blocking temperature tends to the Curie temperature as the measurement time tends to 0s. However, the goal of the thesis being linked to industrial applications, the blocking temperature is a relevant parameter in the field of NVM. The blocking temperature will be studied with more details in the next chapter.

The blocking temperature of 200 • C is a drastic reduction of the bulk values by more than a factor 2. This changes drastically the values of M s , K s and A ex as shown in figure 3.40a. While these three parameters do not lose more than 10% over 200 • C with Fe bulk values, their value is decreased by half over only 100 • C with a Curie temperature of 226 • C (corresponding to a blocking temperature of 205 • C).

In order to fit the thermal stability, due to the low number of points over temperature, some parameters have to be set. The two parameters chosen were the magnetization and the surface anisotropy as they have been measured on similar stacks in Spintec giving M s (T = 0K) = 1.3 MAm -1 and K s (T = 0K) = 1.8 mJm -1 . Also, the data has been fitted with either the blocking fixed (visually) or free. By using both exchange energy equations and both free or fixed T b , four equations were used to fit the data as shown in figures 3.40b to 3.40f for nominal diameters starting from 20 nm up to 150 nm. For sizes smaller than 100 nm, the equations fit the data points correctly but, higher, the value at low temperature seems to diverge, maybe experimentally when comparing to the smaller diameters trends. In terms of high temperature, the main difference is observed between the fitting equation as A ex (1) seems to extend thermal stability and give a higher T b . A ex [START_REF]Big data[END_REF] gives a faster drop around the blocking temperature which matches better with the experimental feeling but can be check only with a smaller measurement time.

With these fits, the nucleation diameter w, the exchange energy A ex (T = 0K) and T b were extracted and their value in function of the nominal diameter plotted in figures 3.40g to 3.40i. When T b is fixed, A ex increases with almost a factor 2 while it stays rather constant when freeing the blocking temperature. For the blocking temperature, apart from the extraction at 150 nm which does not fit as well as smaller diameters, the value stays constant and rather close to the one fixed visually. The value of extracted nucleation diameter are either constant, or slightly increasing by 10% while the nominal diameter increases by more than 100 nm. The diameter is on average 30 nm and 3.5. Conclusion matches with the diameter at which a transition between DW to MN should appear. The fact that w increases slightly with nominal diameter could be explain by a radius of curvature increasing with the diameter. As the nucleation appears favourably around defects, the edges of the free layer is a good starting point due to the IBE etching [START_REF] Thomas | Probing magnetic properties of STT-MRAM devices down to sub-20 nm using spin-torque FMR[END_REF].

Conclusion

In this chapter, the fabrication process of single 1T-1R single devices and matrices has been presented. Then, the different set-ups used during this work were shown with an example of basic magnetic an electrical characterisation experiments. The principles of data retention and thermal stability have been introduced and the basic tests done on the Leti-wafers working devices were presented. Afterwards, 4 methods of thermal stability were presented and compared, proposing the most adapted solution to the testing needs. Then these protocols were used on the working samples to extract the thermal stability dependence in temperature to which the MacroSpin, Domain-Wall propagation and Multi-Nucleation model were compared. While we discussed the diameter size impact on thermal stability, the next chapter will focus on the thickness of the free layer.

Chapter 4

Optimization of the temperature limits of a P-STT-MRAM free layer In this chapter, the focus is on the study of the temperature limits of a P-STT-MRAM device storage layer with different capping materials and structures and their optimization for industrial applications. On the first part, a description of the studied Chapter 4. Optimization of the temperature limits of a P-STT-MRAM free layer devices will be done, then, the thickness and material dependence will be shown at room temperature. Afterwards, the blocking temperature will be presented, its extraction explained and its value measured. Finally, the behaviour in temperature and the impact of the blocking temperature will be discussed in order to find the best match with industrial applications.

Sample description

Stack description

For this study, the devices used were entirely fabricated at PTA (an academic clean room) by Spintec engineers. The samples consist of seven different 100 mm-wafers with a different free layer, capping material or annealing temperature. All samples are top free layer with a common bottom electrode, SAF and reference layer as (in Å): Ta 30/Ru 150/W 30/Ta 10/Pt 50/[Co 5/Pt 2.5]x6/Co 5/Ru 9/[Co 5/Pt 2.5]x3/Pt 2.5/Co 5/Ta 3/FeCoB 11.4. The stack are then split into the 2 following categories. The first one consists on MTJ with a Simple Free Layer (SFL). The second is based on a free layer with an inserted thin metal layer called Composite Free Layer (CFL).

Simple Free Layer

The first category is the SFL consisting of a standard FeCoB free layer. These wafers present a wedge on the free layer thickness and the MgO thickness. The main interest of doing thickness wedges is to speed the learning cycle in material development. While it reduces the number of devices for a given set of thicknesses, the optimum parameters can be found on a single wafer, reducing the developement time. A wedge is obtained when, during deposition, the wafer is placed with an offset compared to the centre. This way, the deposition is no longer uniform but present a variation in thickness along a direction which can be calibrated. For the SFL, the wedge for the barrier and the free layer are orthogonal. For easier referencing, every wafer will be named with their main characteristic, being the different capping material and annealing temperature.

• Ta340 -Ta capping : FeCoB wedge/Ta 10/ Pt 20, with an annealing temperature of 340 • C for 30min (figure 4.1a).

• W400 -W capping : FeCoB wedge/W 10/ Ta 10/ Pt 20, with an annealing temperature of 400 • C for 30min (figure 4.1b).

• W425 -W capping : FeCoB wedge/W 10/ Ta 10/ Pt 20, with an annealing temperature of 425 • C for 30min (figure 4.1b).

The wedge range consists of a 9.5nm to 17.3nm for Ta340 and 10.1nm to 19.1nm for W400 and W425. 

Composite Free Layer

The second category consists of a free layer with a thin metallic insertion layer inside. This type of stack is called Composite Free Layer (CFL). Here, the two metallic insertions used were Ta and W with a common MgO capping, needed to keep a perpendicular magnetization. The free layer is split into two layers, the one between the MgO tunnel barrier and the metal insertion will be named FL1 (or CFB1) and the one between the insertion and the MgO capping, FL2 (or CFB2). While the MgO barrier has a constant thickness, a wedge is applied on FL1 and FL2. The wedge was either compensated (or parallel), meaning the total thickness of the free layer is constant but the relative thickness of FL1 and FL2 are changing (this can be seen as the insertion changing height in the CFL) or orthogonal (cross-wedge), with an insertion constantly at the centre but with a total thickness varying as shown in figure 4.2c. The four wafers are described as follow :

• Ta+ -Ta Cross-wedge : FeCoB wedge/Ta 3/FeCoB wedge/ MgO, with an annealing temperature of 350 • C for 30min (figure 4.2a).

• Ta// -Ta Compensated-wedge : FeCoB wedge/Ta 3/FeCoB wedge/ MgO, with an annealing temperature of 350 • C for 30min (figure 4.2a).

• W+ -W Cross-wedge : FeCoB wedge/W 3/FeCoB wedge/ MgO, with an an- Here the wedge values go from 5.4nm to 15.4nm and all wafers wee annealed at 350 • C for 30min.

Magnetic and electrical characterization

To check if the free layer magnetization is out-of-plane for the CFL wafers, Magneto-Optic Kerr Effect (MOKE) measurements were done. This experiment is based on the Kerr effect discovered by John Kerr in 1877 [START_REF] Kerr | On rotation of the plane of polarization by reflection from the pole of a magnet[END_REF][START_REF] Weinberger | John Kerr and his effects found in 1877 and 1878[END_REF]. It is based on the fact that a light sent on the surface of a magnetic material will be have its polarization and reflectivity intensity changed. In our case, the MOKE experiment do not give the exact value of the coercive field but gives access to its variations on the entire wafer. In the following paragraph, the MOKE measurements will be compared to the coercive field measurements done on the final devices to compare the coercivity before and after patterning.

The MOKE measurement for the W+ is shown in figure 4.3a. As explained in the last paragraph, for the CFL with a cross wedge, the bottom left corner of the wafer corresponds to both wedges being minimal and the top right corner corresponds to both wedges being maximal. We can see that the lowest values of coercive field measured (dark shade) correspond to the lowest and the maximum thicknesses values. The maximum value corresponds to a cumulative thickness of 20 Å. This measurement shows that the magnetization of the free layer is out-of-plane on most of the wafer except at the top-right where the magnetization goes back in-plane. The mea-Chapter 4. Optimization of the temperature limits of a P-STT-MRAM free layer surement done on the final devices are shown in figure 4.3b using the layout with each point corresponding to 1 device. At the bottom-left part of the mapping, the point density decreases, meaning a loss in the number of out-of-plane devices. This area also has a lower coercive field, below 500 Oe, and matches correctly with the MOKE measurement. The high coercive field bands are also located at the same position with a coercive field higher than 2000 Oe observed at the bottom right of the wafer. Finally, the top right corner corresponds also to the magnetization going back in-plane as the surface anisotropy becomes lower than the demagnetization factor as seen in chapter 2.

In figure 4.3c, the MOKE measurement shown corresponds to the Ta+ wafer. In this measurement, the maximum value of magnetization is observed at the maximum values of the cumulated free layer. To be noted that the scale is not the same and the values of coercive field are not exact, meaning they cannot be compared to the W+ mapping. The experiment shows that the coercive field values are expected to be smaller than for the W+ wafer with a maximum value achieved with a 26 Å cumulated free layer thickness. The area at the bottom-left part is mainly due to irregularities. The coercive field mapping extracted on the final devices is shown in figure 4.3d. In this measurement, the bottom-left area is also in-plane and the highest value for the coercive field are found at the right and top-right corner. However, the extracted values are globally less than 1000 Oe which is twice lower than the W+ stack.

The MOKE experiment results are shown in figure 4.4a for the W// wafer. In this case, the total thickness is the same but the position of the W insertion changes with the Y coordinate. The results show isotropic coercive bands along the X axis but an increase at the edges of the Y axis. The area at the right of the wafer with low coercive field is due to a process step where the magnetic stack was deposited on a separate wafer piece placed on top of the wafer for VSM measurements. The results of the magnetic mapping on the final devices is shown in figure 4.4b where we can see that the decrease in coercive field is not visible anymore. What we observe is a higher coercive field at the bottom of the wafer, corresponding to the W insertion being close to the MgO barrier. The area where no magnetic stack was deposited being seen at the same location in this graph than on the MOKE measurement shows that no mistakes was done on the orientation of the wafer. The decrease observed in the MOKE measurement may be an artefact or due to a full-sheet phenomenon. To be noted that the coercive field value for the W// is the same that the one from W+ with a thickness of ≈ 20 Å which corresponds to the total thickness for the CFL which is ≈ 20.8 Å.

For the Ta//, the MOKE measurement can be seen in figure 4.4c. In this case, the variation of coercive field follows the change in the Ta insertion layer in the Y axis direction. An optimal value is found at the top of the wafer corresponding to the insertion layer being close to the MgO capping layer. The same defect area as in the W// can be found on the right side of the wafer. As for the W// wafer, the extreme left and right part of the wafer show a higher value of coercive field compared to the centre. The results from the device mapping is shown in figure 4.4d. However, in this case, the bottom part of the wafer corresponds to the highest values of coercive field with values higher than 1000 Oe. . This variation may a measurement artefact. Once the devices are patterned, a coercive field higher than 2000 Oe and up to 2500 Oe is observed, correlating the results at comparable total thickness in W+. To be noted that the f=coercive field is higher at the bottom of the wafer which corresponds to the case where the W insertion is close to the MgO barrier. (c) shows the MOKE measurement of the Ta// wafer showing a higher coercive field at the top of the wafer and at the extremes left and right. The device measurement in (d) show the contrary with a higher coercive (> 1000 Oe) at the bottom of the wafer. The difference may be due to the patterning of the devices.

These wafers have been screened magnetically to extract TMR and RA values. The TMR versus RA curves for SFL wafers are shown in figures 4.5a to 4.5c for Ta340, W400 and W425. Since there is a wedge on the MgO barrier thickness, a higher variability appears. Indeed, as the oxidation has been optimized for a RA 7 Ωµm 2 , if the thickness of Mg is thinner, it becomes more oxidized (over oxidation) and thus, higher resistive. In the same way, as the Mg is thicker, the oxidization is lesser (under oxidation) and the barrier has a lower resistance [START_REF] Bose | Large reduction of the magnetoresistance in Fe/MgO/Fe tunnel junctions due to small oxygen concentrations at a single FeO interface layer: A first-principles study[END_REF]. For Ta340, for any value of MgO thickness, a high resistance in series is measured, shifting the nominal RA towards high values and lowering the average TMR value. For W as capping, the nominal RA is closer to the expected value (around 7 Ωµm 2 ) and shows TMR up to 12%. W425 shows that a higher annealing temperature improves the TMR% and RA compared to W400.

For the CFL wafer as displayed in figures 4.6a to 4.6d, except for Ta// which has a very low yield and noisy signal, the RA is around 17 Ωm 2 which can be explained by the added resistance induced by the second MgO layer as capping material. The same way, the nominal TMR is dropping to 60% compared to the SFL.

In this first part, the different simple and composite free layer stacks and their thickness wedges were presented. Then the MOKE preliminary measurements showed that the CFL wafers had thickness ranges in which the free layer was perpendicular which was confirmed by the device mapping measurements. The electrical mapping then showed that, apart from the Ta+ wafer, all wafers have a decent yield allowing a more thorough study. The next part will focus on the free layer thickness and the position of the metallic insertion dependence of the overall parameters of a P-STT-MRAM device. 

Thickness and metallic insertion position dependence measurements

In order to see the effect of the free layer thickness and the position of the metallic insertion inside the storage layer, electrical and magnetic measurements have been done at room temperature. For the CFL wafers, the two different parts of the free layer are called CFB1 and CFB2 with CFB1 being the one at the interface with the MgO barrier and CFB2 the one beyond the metallic insertion.

TMR

For an industrial application, the higher the resistance window of the memory cell, the faster the reading. TMR has been measured at room temperature and is shown for the SFL wafers in figure 4.7a where we can observe two main regimes. The first one is an increase by a factor 2 over 2 Å for Ta340 and 3 Å for W400 and W425. The maximum value of TMR is also 10% better for W425 compared to W400 and more than twice higher than Ta340. The increase stops at 15 Å for Ta340, around 17 Å for W400 and 16 Å for W425. After this peak, a decrease is observed. The increase in TMR is a result of an increase of the spin polarization factor as seen in equation (2.6). When the thickness of the free layer increases, M s increases up to a saturation point around a nanometre [START_REF] Sato | CoFeB Thickness Dependence of Thermal Stability Factor in CoFeB/MgO Perpendicular Magnetic Tunnel Junctions[END_REF], which increases the spin polarization factor [START_REF] Sato | CoFeB Thickness Dependence of Thermal Stability Factor in CoFeB/MgO Perpendicular Magnetic Tunnel Junctions[END_REF]. For the CFL wafers, the + wafers in figures 4.6c and 4.7c, does not show significant changes on the TMR except at the extrema which are at the edges of the wafer, reducing their relevancy in terms of processing. The // wafers are plotted in figures 4.7e and 4.7f as a function of CFB1 thickness, the free layer at the interface with the MgO barrier. We can see that when CFB1 increases, meaning the insertion goes further away from the barrier, TMR is increasing for W// while it decreases by 10% at the symmetry point for Ta// then increases again to go back to 20%. This could be interpreted with the magnetization being already saturated with Ta, but at a lower value, and still increasing with W//. The TMR for W// can be fitted linearly and gives a dead layer of 2.2 Å which is coherent with similar stacks [START_REF] Chatterjee | Engineering of magnetic tunnel junction stacks for improved STT-MRAM performance and development of novel and cost-effective nano-patterning techniques[END_REF].

In terms of reading for industrial applications, several choices seem possible. One can tune the SFL to the maximum TMR value or increase CFB1 in case of a W insertion layer.

Coercive field

Since an MRAM device can be switched with a magnetic field, its coercive field has to be high enough to be immune to external magnetic fields inside the industrial environ-4.2. Thickness and metallic insertion position dependence measurements ment.

The coercive field of the SFL is shown on figure 4.8, where we can observe an inverted bell shape behaviour for the three stacks. The coercive field is increasing to its maximum value of 250Oe for Ta340, 500Oe for W400 and 700Oe for W425. The maximum value is obtained at 13.5 Å and 15 Å for the Ta and W insertions respectively. Beyond this point, the coercive decreases down to the point where the magnetization goes in-plane. While the behaviour is similar to TMR, the maximum is not attained at the same thickness and W425 shows again the best performances. For the CFL wafers, W+ and Ta+ in figures 4.9a and 4.9b, show a constant increase of the coercive field with CFB1 and CFB2 thickness up to a saturation point at 1500Oe for W+ at 9 Å and 650Oe at 9 Å for Ta+. The coercive field may be decreasing again for Ta+ beyond 14 Å but data is too noisy to be accurate. The maximum thickness of W+ being 1nm larger than W400 and W425 and the coercive staying constant, the W insertion layer improved the value of coercive field with thickness. Moreover, the maximum value is more than twice higher than for a SFL.

For the // wafers, figures 4.9c and 4.9d show the coercive field dependence with the CFB1 thickness for W// and Ta//. While the total thickness is constant, the coercive field decreases when the CFB1 is increasing and saturates when the insertion reaches half the free layer. Having the insertion close to the barrier increases the coercive field by 25% for W// and 50% for Ta//. This may mean that the perpendicular magnetic anisotropy comes mainly from the MgO tunnel barrier and that by decreasing the thickness of CFB1, surface anisotropy increases highly at this interface. As the insertion goes away from the tunnel barrier, the surface anisotropy related to CFB1 would decrease faster that the one from CFB2. Similarly to the + wafers, the insertion highly increases the coercive field value compared to SFL. The dependence of coercive field with the thickness of CFB1 split with the different diameters can be seen in Appendix (????) to prove that the dependence is not due to different yields in diameter. The coercive field dependence with the RA can also be found in Appendix (????) where no impact is seen, showing that the drop in coercive field is not due to a variation in Mg oxidation. The high values of coercive field put the CFL stacks, and in particularly W//, as the best options against magnetic disturb for industrial applications. 

Switching current and voltage

After doing the systematic magnetic and electrical characterization, the wafers were tested electrically with 100ns pulses in order to get the switching current and voltage. Ta+, Ta// and Ta340 wafers presented a too low electrically working yield to extract consistent data. This may be due to the easily diffused Ta [START_REF] Miyakawa | Impact of Ta Diffusion on the Perpendicular Magnetic Anisotropy of Ta/CoFeB/MgO[END_REF] which would interfere with the barrier at higher voltage than reading conditions. For easier representation due to the surface-dependence parameters, the results have been normalized.

Switching current for W400 and W425, respectively figures 4.10a and 4.10b, shows an increase of more than 10% over an increase of 2 Å in the storage layer. As the thickness increases, more volume has to be switched and so, more current is needed as predicted by the volume dependence of the energy barrier (section 2.1.3). Similarly, W+ wafer on figure 4.10c also shows an increase of current by a 2.5 factor over 6 Å for the 100 and 150nm devices. In figure 4.10d, the switching current is plotted versus the position of the insertion layer inside the storage layer, 1 being the middle of the layer. For values below 1, meaning the insertion is getting closer to the tunnel barrier, no devices were electrically switched before breaking the barrier. However, as the insertion gets further away from the barrier by 7 Å, switching current decreases by 20%. The fact that switching current is decreasing when the insertion is getting further away can be explained by the W layer acting like electron spin-depolarizer. The closer is the insertion, the sooner the electrons will lose their polarization and so, the lesser spin transfer will happen. The same phenomenon explains also the slower increase of switching current for W+ than for the SFL.

In terms of switching voltage, a coherent increase is observed with the current increase for the SFL wafers as shown in figures 4.11a and 4.11b. This only proves there's no significant VCMA effect in these stacks since the switching mechanism is currentdriven. For the W+ and W// switching voltage (figures 4.11c and 4.11d) does not vary Chapter 4. Optimization of the temperature limits of a P-STT-MRAM free layer but this is more likely due to an increasing resistance parallel to the wedge directions due to process. 

Thermal stability

Thermal stability factor has been extracted using the SCD method on W400, W425 and W//. On figures 4.12a and 4.12b, thermal stability versus thickness for W400 and W425 is shown. Thermal stability increases by 15% over 2 Å. The energy barrier dependence with thickness is plotted in figure 4.12c showing an inverted bell shape. As the thickness increases (including a 4 Å dead layer here), 2 main phenomena appear: on one hand, stability increases with volume and on the other hand, surface anisotropy loses against shape anisotropy. This behaviour is closely related to the one observed with coercive field.

For W// wafer, as seen in figure 4.12d, thermal stability drops by 10% as the insertion layer is getting further away from the tunnel barrier. This can be interpreted as a nucleation starting in the thinnest part of the free layer. As the insertion layer 4.2. Thickness and metallic insertion position dependence measurements goes further away from the barrier, CFB2 is getting thinner, which may increase the nucleation chance between the capping layer and the insertion. This also correlates the observation made on the coercive field being higher when the insertion is close to the tunnel barrier. With perpendicular magnetic anisotropy decreasing, it becomes easier to nucleate a magnetic domain. As a conclusion, for higher data retention, the free layer has to be thick for SFL and the insertion layer around the middle of the free layer for CFL stacks. This part was focused on the measurement at room temperature of TMR, coercive field, switching current and voltage and thermal stability of the SFL and CFL stacks at room temperature and the effects of the thickness of the free layer and the position of the metallic insertion inside the composite free layer were presented. On the next part, the point of interest will be the temperature limits of P-STT-MRAM and the extraction of the blocking temperature.

Temperature limits of P-STT-MRAM : a blocking temperature study

When characterizing MRAM devices magnetically in temperature, we observe a decrease of the coercive field while increasing the temperature as shown in figure 4.13a.

In this graph, averaged magnetic hysteresis cycles from a Ta340 (top) and W425 (bottom) at temperatures from 40 • C up to 110 • C are displayed. In both cases the coercive field decreases but the Ta340 sample's drops at a faster rate down to 0 Oe at 90 • C. TMR is still present but having no magnetic window leaves the devices ineffective for applications due to its zero data retention. This point at which the coercive field reaches zero, is called the blocking temperature (T b ). The blocking temperature physically means that the data retention of the device is equivalent to the measurement time.

As so, the smaller the measurement time, the closer blocking temperature is from the Curie temperature. For devices like the Ta340, blocking temperature can be measured directly as it is in the set-up temperature range. However, for devices with a blocking Temperature higher than 115 • C, the blocking temperature has to be extracted otherwise. An extraction protocol for this particular case is proposed in the next paragraph.

Blocking temperature extraction Protocol

The behaviour of coercive field in temperature is described by the Bloch law [START_REF] Obaidat | Temperature Dependence of Saturation Magnetization and Coercivity in Mn 0[END_REF] :

H c (T ) = H c (T = 0K) 1 - T T b 1.5 0.34 (4.1)
with H c as the coercive field, T the temperature and T b the blocking temperature. In figure 4.13b, the red dots shows the normalized coercive field in temperature of the device with a low T b of 105 • C. In this range, the Bloch law fits correctly the data giving the same T b as experiment (measurement time 70 µs).

For devices with higher blocking temperature, the data is fitted up to 115 • C in order to give T b which in the case of figure 4.13b, is 175 • C.

Precision and accuracy of the blocking temperature extraction protocol

To check the validity of this extraction for high T b , its accuracy has been studied. First the minimum number of events has to be determined in order to extract a precise coercive field. The inverse function of SFD has been used to generate a random coercive field distribution. Simulation shows in figure 4.14a that a precision is easily reached with less than 30 cycles. Since the blocking temperature extraction is based on several temperature points, the relative error of the coercive field has been fitted empirically in figure 4.14b with y = 0.17 x 0.5 showing the 5% relative error at 20 events.

Using this relative error, the experiment protocol has been simulated as follows : 20 hysteresis cycles averaged every 10 • degrees starting from 25 • C. Then, coercive 

Thickness and metallic insertion position dependence of the blocking temperature

Blocking temperature was extracted for all wafers following the experiment protocol described previously based on coercive field.

For the SFL wafers, as shown in figure 4.15a, the blocking temperature appears to have a linear increase with thickness with a common slope of 25 • C per Å. While Ta340 having a working yield in the 12 to 16 Å and W425 from 14 to 18 Å, they present a similar blocking temperature value in their common thickness range. Neither capping material nor annealing temperature seems to affect the blocking temperature, however, these change the thickness range at which the devices are functional (minimum of 10% TMR). This means that W increases indirectly the maximum working temperature. Moreover, an annealing at 400 • C produces a slightly higher working maximum thickness than 425 • C by 1 Å. However, the values obtained are considerably lower than the bulk values measured in literature for Co ( 1100 • C) and Fe (≈ 800 • C). A similar trend has been observed with pure Co by [START_REF] Schneider | Curie temperature of ultrathin films of fcc-cobalt epitaxially grown on atomically flat Cu(100) surfaces[END_REF] in 1990 with a 100 • C/ Å as shown from their study in figure 4.15f. , for W// with a optimal position at the middle and a decrease on both direction and (e) a decrease for Ta// as the insertion goes away from the barrier. (f) is a graph redrawn from [START_REF] Schneider | Curie temperature of ultrathin films of fcc-cobalt epitaxially grown on atomically flat Cu(100) surfaces[END_REF] showing a linear increase of Curie temperature versus thickness for pure Co.

The result for the W+ wafer is shown in figure 4.15b in function of CFB1 and CFB2 thicknesses. The same 50 • C/ Å is observed from 7 to 9 Å. Beyond, T b saturates around 4.3. Temperature limits of P-STT-MRAM : a blocking temperature study 220 • C up to a cumulative thickness of 28 Å. These value is close to the maximum value observed for W400 which could indicate than the same trend should happen for the SFL. Concerning the Ta+, as plotted in figure 4.15c, the blocking temperature is either slightly increasing or already saturating. Either way, the maximum temperature is similar to the one in SFL ( 120 • C) and 100 • C less than W+.

Blocking temperature has also been measured for the // wafers to see if, despite their constant thickness, the position of the insertion layer had an influence. The results are displayed in figures 4.15d and 4.15e showing an optimal position at the middle of the stack for W// with a decrease of 50 • C as the W insertion goes further away from the barrier. The Ta// does not show the same behaviour as only a decrease is observed as CFB1 increases. This also could mean that the peak position as seen in W// appears not at the middle but close to the barrier. To be noticed that the value at which it decreases is lower than the Ta+ one by 50 • C.

As a results, a high working temperature requires either a W capping or a CFL with a W insertion at the middle of the free layer.

The Curie behaviour in thickness has been studied by [START_REF] Farle | Thicknessdependent Curie temperature of Gd(0001)/W(110) and its dependence on the growth conditions[END_REF] and has been modelled by using the relation :

T c (d) = T c (d → ∞)(1 -C 0 d -1 ν ) (4.2) 
with T c being the Curie temperature, d the number of monolayers, C 0 a constant usually in range of 2 10 /ML and ν a constant supposed close to the universal critical exponent ν = 0.63. An example of this equation is shown from [START_REF] Zhang | Thickness-Dependent Curie Temperatures of Ultrathin Magnetic Films: Effect of the Range of Spin-Spin Interactions[END_REF] in figure 4.16e.

The SFL data have been fitted using equation (4.2) in figures 4.16a and 4.16b for 1 ML=1.3 Å [START_REF] Peng | Origin of interfacial perpendicular magnetic anisotropy in MgO/CoFe/metallic capping layer structures[END_REF] and by introducing a magnetic dead layer of 5 Å which is close to the usual values [START_REF] Cuchet | Propriétés de transport et d'anisotropie de jonctions tunnel magnétiques perpendiculaires avec simple ou double barrière[END_REF]. C 0 shows an extracted value of 3.1, 4.7 and 3.5 /ML for Ta340, W400 and W425 respectively giving coherent values and in the expected range. The last extracted parameter is the expected final blocking temperature of 211 • C,269 • C and 217 • C. The value of W400 is larger by 50 • C but may be due to the noise just before the saturation regime. The saturation regime is clearly seen for the W+ wafer in figure 4.16c with C 0 = 8.3/ML and a blocking temperature of 291 • C, which is even higher than W425 but with a equation not fitting as correctly as the SFL. By making the ν parameter free, the curve presents a better fit with an off-the charts C 0 but a more realistic value of T b of 224 • C. Ta+ in figure 4.15c shows a blocking temperature of 198 • C, close to the Ta340.

The saturation of the blocking temperature shows that there is indeed a limit in temperature related to the material. Its low value compared to literature could be due to the Boron concentration altering the composition of the layer. Doing the same study with different material for the free layer should clarify this point. . They all show an linear increase followed by a saturation value. This saturation stays in the same range for all wafers. (e) is a graph extracted from [START_REF] Zhang | Thickness-Dependent Curie Temperatures of Ultrathin Magnetic Films: Effect of the Range of Spin-Spin Interactions[END_REF] showing the origin of the model used in this study.

Trade-off between magnetic immunity and maximum operating temperature

As the blocking temperature increases and saturates with thickness and coercive field increases and then decreases after a maximum point, a trade-off seems to appear between magnetic immunity and high operating temperature.

This trade-off can be seen for the SFL wafers on figures 4.17a to 4.17c for Ta340, W400 and W425 respectively, where the coercive field has been plotted versus the blocking temperature with the free layer thickness as colour. On this plots, particularly for W400 and W425, we can see that high coercive field is reached at a thickness for which the maximum operating temperature is 150 • C. The same way, for a working temperature beyond 200 • C, the coercive decreases by a factor 2. This result in a choice to make for SFL between high working temperature and magnetic immunity.

For the CFL wafers, this trade-off disappears as the coercive field does not depend as much on the free layer thickness as the SFL wafers. For W+ on figure 4.18a, the coercive field increases at a 10 Oe/ blocking temperature degree with a high variability as the thickness reaches its maximum. The fact that the decrease does not appear is maybe due to a too thin layer, the coercive field may decrease again at thicker free layers. Ta+ on figure 4.18b shows a more stable coercive field as it does not decrease while the blocking temperature does. The W// does not show many variation, only variability as the coercive field and blocking temperature are quite stable with the insertion's position in this stack as shown in figure 4.18c. However, for the Ta// stack, the position of the insertion layer affects significantly both parameters as it goes away from the barrier. The highest magnetic immunity and working temperature trade-off is obtained when the insertion is close to the barrier.

This part started by introducing the blocking temperature, assimilated with the temperature limits of P-STT-MRAM here. Then, its developed extraction protocol was presented and its accuracy and precision calculated. This protocol was then used to measure the blocking temperature of the SFL and CFL wafers where its dependence with the thickness of the free layer and the position of the metallic insertion layer was presented. Finally, a trade-off between coercive field and blocking maximum operating limit was then discussed which can be avoided by using CFL. Next part will be present the temperature dependence measurement of the overall parameters of a P-STT-MRAM, their modelling and finally, the different free layers flavours will be matched with industrial applications requirements. 

Temperature dependence and industrial application matching

With the Curie temperature varying with thickness, the behaviour in temperature of the overall parameters is impacted. In this part, the tuning of P-STT device is studied to match with the NVM market. With the temperature measurements being time consuming, the comparison will only be between W400, W// and a similar wafer to W// used in another study. They were studied up to their maximum working temperature for a data retention close to a few micro seconds.

TMR

The TMR behaviour in temperature is already well documented [START_REF] Kou | Temperature dependence of the resistance of magnetic tunnel junctions with MgO barrier[END_REF][START_REF] Shang | Temperature dependence of magnetoresistance and surface magnetization in ferromagnetic tunnel junctions[END_REF]. Its variation is directly linked to the conductance variation with temperature, while the parallel con-4.4. Temperature dependence and industrial application matching ductance decreases with less than 10% over 200 • C, the anti parallel resistance decreases at a faster rate causing the main decay of TMR. As shown in figure 4.19a, TMR can be fitted with a linear decrease up to their maximum working temperature. In this graph, normalized TMR was plotted from 3 different free layer thickness's from W400 and a CFL wafer close to W// with an insertion layer around the centre of the 20.8 Å free layer. As no significant variation appears between the different thickness of W400, the CFL wafer TMR has a slower decrease of 45% over 200 • C compared to the 65% of the SFL. The fact that no significant variation is observed between the different thickness is related to the fact that TMR is an interface-related phenomenon and not bulk. Since TMR is related to polarization which is itself related to the magnetization, TMR should be impacted by the Curie temperature change. However, even if several studies were done on the magnetization dependence of the polarization [START_REF] Kou | Temperature dependence of the resistance of magnetic tunnel junctions with MgO barrier[END_REF][START_REF] Shang | Temperature dependence of magnetoresistance and surface magnetization in ferromagnetic tunnel junctions[END_REF], all fitting were done at low temperature, and deviates when getting closer to T c . As so, the data was not fitted. Doing measurement at low temperature (below RT) with a low T b material would be interesting to do to observe TMR behaviour. On figure 4.19b, TMR has been plotted in temperature for different positions of the W insertion from W//. This time, a clear dependence, even if small, is observed as the W insertion changed its position. As the insertion gets further away from the barrier starting from the middle, the decrease in TMR becomes slower. Over 200 • C, TMR can be increased by 10% by getting the insertion away from the barrier. Since TMR is an interface phenomenon, this could be explained by the concentration of Boron in CFB1.

One of the explanation can be found in the W and Ta insertion layer's role in terms of fabrication. These two layers serve as a "Boron-getter", meaning that they facilitate the creation of W-B or Ta-B bonds. This attraction pulls the B atoms towards the insertion layers, increasing the B concentration locally at the insertion level of the CFL. Chapter 4. Optimization of the temperature limits of a P-STT-MRAM free layer However, having a clean fcc MgO-Fe interface requires to move the B atoms from the barrier. If the insertion layer is close to the barrier, the local concentration of B atoms increases and so, degrades the interface. If the insertion goes away from the barier, the interface becomes cleaner.

We already saw that increasing CFB1 was increasing TMR in case of a W insertion layer. The fact the decrease in temperature is also better, this puts W// as the best option for a larger TMR at RT and at high temperature.

Switching current and voltage

The next parameters to be investigated are the switching current and voltage. In ?? and figure 4.20c, the normalized switching current and voltage at 100ns pulses were plotted in temperature. As the current is proportional to the thermal stability factor, data was fitted using the Multi-nucleation model explained in section 3.4, normalized at room temperature (T RT ) :

∆(T ) ∆(T RT ) = A ex (T ) A ex (T RT ) K s (T ) t-t d -µ 0 2 M s (T ) 2 K s (T RT ) t-t d -µ 0 2 M s (T RT ) 2 T RT T (4.3) 
For W400, the impact of the blocking temperature can be clearly seen as the maximum working temperature decreases with thickness. For 14 Å, the last measurement point is observed at a blocking temperature value of 130 • -140 • C which is higher by 10 • -20 • C compared to the one extracted magnetically since the measurement time is almost 10 times smaller. Since the model is based on the Curie temperature and not the blocking temperature, the extraction at I c = 0 can be compared to the real Curie temperature, presenting a 20 • C added component to the blocking temperature. The same rate as observed before of 25 • C/AA is observed with 15 and 16 Å. However, the CFL wafer being thicker with a 20.8 Å free layer and having a blocking of 210 • C, it does not follow the same rate. This can be attributed to the saturation in Curie temperature observed previously. In terms of switching current and voltage, it is interesting to note that all thicknesses lose more than 50% of their switching requirements in temperature. This means that, if very high retention is not required for an application, having a low T b stack allows a fast decrease in current consumption.

Concerning the W// wafer in figures 4.20b and 4.20d, normalized current and voltage fit correctly in temperature and the same conclusion on the Curie temperature can be drawn. The decrease in blocking temperature observed previously for W// can also been observed here as the switching current and voltage decrease faster when the insertion goes further away from the barrier (CFB1/CFB2 increases). Once again, the W// shows that it is more adapted to high temperature applications as the current has the slowest decrease. However, this means that for low temperature applications, the current consumption is also the highest. 

Thermal stability

The last measurement is the thermal stability factor. It has been extracted in temperature for W400 and W// up to their maximum operating temperature.

The results for W400 and the CFL are shown in figure 4.21a and have been fitted with equation (4.3). Thermal stability presents a coherent decrease with the blocking temperature showing also a loss of more than 50% from room temperature to their maximum operating temperature. The CFL stack shows a slower decrease in temperature by losing only 40% for a few tens of degrees more than the highest W400 thickness. This trend is confirmed with the W// wafer in figure 4.21b where thermal stability loses less than 50% from RT to 225 • C. However, thermal stability decreases at a slower rate when the insertion is at the middle of the stack which is coherent with the coercive field variation. This means that a trade-off appears with respect to the position of the insertion layer. In one hand, when the insertion is at the middle, thermal stability is the highest, sustains at higher temperature and has a higher coercive field but on the other hand, switching current and voltage increases and TMR decreases.

Market matching

The tune ability of the Curie temperature with the thickness of the free layer allows to match the P-STT-MRAM device to a large range of industrial applications.

The marker for NVM contains mainly cache, SCM, consumer and automotive applications. Each of these applications have different requirements to which the soldering can be added as it is more and more asked for encryption. These requirements have been plotted in figure 4.22a in terms of coercive field for magnetic immunity, current and voltage for consumption, maximum working temperature for environment, thermal stability for data retention and TMR for reading speed. Cache applications can be characterized as fast and low temperature application, SCM is a low to medium speed at medium temperature (server farms), consumer is low temperature and low consumption and automotive is high temperature and fast access. The magnetic immunity criterion is an educated guess since no real requirement has been determined. The same spider chart has been filled following the results of this chapter in figure 4.22b. The SFL stack has been separated into three categories related to the coercive field behaviour in thickness. The low thickness correspond to the thickness range at which the coercive field first increases, the medium thickness corresponds to the region around the peak value, beyond this peak resides the High thickness. The Composite name refers to the CFL wafers with a W insertion. Following these charts, the low thickness free layer is more adapted to the cache applications. The medium thickness, despite having the best magnetic immunity cannot operate at high temperature which limits its applications to only the magnetic-proof ones at low temperature. The high thickness fits correctly into the SCM application despite its higher consumption. The CFL stack happens to be the best fit for high temperature applications and high data retention such as automotive and can pass the soldering reflow step.

Conclusion

The goals of this chapter were to study the temperature limits of P-STT-MRAM devices, comparing the simple and composite free layers in temperature and to see if they could answer to industrial applications needs.

After having presented the simple and composite free layers in terms of magnetic stack, the different wafers were first characterized at room temperature.

Chapter 4. Optimization of the temperature limits of a P-STT-MRAM free layer Despite showing a lower TMR due to its second MgO layer, the CFL presented a higher coercive field by a factor 2 and a lower dependence in function of the free layer thickness. We also saw that the position of the metallic insertion layer could influence on the overall parameters even if the total thickness stays the same. To be noted also that despite not having functional SFL devices with a MgO capping, this layer is known to increase PMA in the same manner as it pins the magnetization at the MTJ. The increase in coercive field may be impacted also via this second layer and not only the insertion layer.

A developed extraction protocol of the blocking temperature, the maximum operating temperature, was then presented with its accuracy and precision. This protocol was then used to extract the blocking temperature on the SFL and CFL wafers. Thank to their higher total thickness, the composite free layer stack showed the highest blocking temperature. They also avoid the trade-off between magnetic immunity and maximum operating limit present in the SFL stacks.

The influence of the blocking temperature in the overall parameters temperature dependence was then shown. This showed that having a low blocking temperature reduces the switching current and voltage for low temperature applications. The CFL stack appeared to have a higher TMR and thermal stability at high temperature putting them as the best option for high temperature applications.

By using the experimental results, the different free layer flavours were then compared with the industrial application needs. This showed the high versatility of the P-STT-MRAM technology in terms of industrial requirements. However, P-STT-MRAM are still high consuming, low density and not fully magnetic proof.

Chapter 5

Influence on the electrical parameters of the offset magnetic field and its measurement via a sensor-like behaviour While the chapter 3 was focused on the thermal stability extraction for a STT-MRAM cell and its modelling and the chapter 4 showed the impact of the thickness and structure of the free layer on the overall functioning parameters, the external magnetic field influence can still be addressed. In the following, the impact of an external magnetic field on the electrical switching will be observed in order to extract a sweet spot for optimal use as an industrial application. The change in switching voltage, current and thermal stability factor from the external field will be showed. Finally, a sensor-like behaviour allowing to measure the external magnetic field from the modification on the electrical hysteresis loops will be proposed.

Impact on the electrical switching and thermal stability

As seen in section 2.1.3, the energy barrier between both P and AP state can be altered by the external magnetic field :

Chapter 5. Influence on the electrical parameters of the offset magnetic field and its measurement via a sensor-like behaviour

∆E = KV 1 - H H k 2 (5.1)
which leads to thermal stability described as :

∆ = ∆ 0 1 - I I c 1 - H H k 2 (5.2)
with ∆ 0 being the intrinsic thermal stability factor and ∆ the measured one. Since the switching current is also described with the energy barrier, it can be written as :

I = I 0 1 - H H k 2 (5.3) 
where I 0 = 4eα hP ∆E with e as the electron's charge, α the damping factor and P the polarization factor. This would mean that by applying an external magnetic field, the electrical hysteresis cycle would shift quadratically.

Unfortunately, the current cannot be measured during the writing pulse in the magnetic set-up and an electro-magnet cannot be mounted on the electrical bench used for electrical measurements. However, I developed a test protocol in order to apply a constant magnetic field and to switch electrically a device with an access to the voltage pulse only.

For this, a standard P-STT-MRAM device with a simple free layer, as described in chapter 3, has first been tested magnetically as shown in figure 5.1a with an average of 10 cycles. The device presents an average coercive field of 950 Oe and an offset field of 250 Oe, favouring the AP state. This device was tested using the sweeping voltage protocol as shown in figure 5.1b. In this graph, an average of 10 hysteresis cycles is plotted for different values of external field from -271 Oe to 217 Oe (offset field is defined as the APP coercive field minus the PAP coercive field divided by two). As the magnetic field decreases towards negative values, the PAP switching voltage decreases, correlating the fact that the AP state is more stable than the P state.

The APP, PAP and offset switching voltages are plotted in figure 5.1c in the range from -509 Oe to 33 Oe which corresponds to the applied magnetic field corrected with the offset field measured via the magnetic cycles. Beyond these values, the external magnetic field is too strong to allow both states to be stable. When plotting the switching voltage vs the magnetic field, the trend appears to be linear and not quadratic, as equation (5.3) was prevailing.

The data was fitted with a basic linear equation :

V(H f ) = aH f + V f (5.4)
where V is the switching voltage, a the slope coefficient, H f the offset field and V f the switching voltage at zero-applied field. Using equation (5.4), the slope coefficient gives 0.42 mV/Oe for the APP transition, 0.32 mV/Oe for PAP and 0.36 mV/Oe for the offset voltage. Both transitions are not parallel, but the offset remains linear. To be noted that the magnetic field value at which the offset voltage is zero does not correspond to a zero-applied field but to -254 Oe. These could be explained by the fact that a -20mV reading voltage is applied during the magnetic sweeping except the offset switching voltage corresponding to -254 Oe is -87 mV, exceeding the reading voltage. This could mean that the electrical switching is not symmetrical in terms of transitions since APP is based on the transmitted electrons and PAP on the reflected electrons as seen in Chapter 2.
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The switching current can be extracted using a tunnel barrier model from Simmons [START_REF] Simmons | Generalized Formula for the Electric Tunnel Effect between Similar Electrodes Separated by a Thin Insulating Film[END_REF] :

I(V) = I φ (φ - V 2 )e -1.025 * √ φ-V/2 * t -(φ + V 2
) * e -1.025 * √ φ+V/2 * t (5.5) where φ corresponds to the height of the energy barrier. In the case of another device, this fit is shown on figure 5.1d for an I-V curve. The data fits the points before the switching values with φ = 0.63eV for P and φ = 0.94eV for AP, which are typical values [START_REF] Santos | Room-Temperature Tunnel Magnetoresistance and Spin-Polarized Tunneling through an Organic Semiconductor Barrier[END_REF][START_REF] Yuasa | Giant room-temperature magnetoresistance in single-crystal Fe/MgO/Fe magnetic tunnel junctions[END_REF][START_REF] Montaigne | Tunnel barrier parameters and magnetoresistance in the parabolic band model[END_REF][START_REF] Mather | Disorder, defects, and band gaps in ultrathin (001) MgO tunnel barrier layers[END_REF]. These fits confirm that no-voltage gives zero current and so, symmetrical switching current is not obtained at zero-offset field.

Since the switching voltage is not symmetrical with the offset field and is linear instead of quadratic, it would be interesting to investigate the impact of the offset field on thermal stability. Since the current cannot be measured and the real-time switching cannot be observed in this set-up, the thermal stability trend was extracted with voltage. In this case, the SCD method discussed in chapter 3 was replaced by the Switching Voltage Distribution (SVD) using a basic Ohm's law and equation (3.19):

SVD(V) = ∆ 0 τ p V c τ 0 exp -∆ 0 1 - I V c,0 exp - t p τ 0 exp ∆ 0 1 - I V c,0 (5.6) 
where V is the voltage pulse, τ p the pulse width (100 ns here), ∆ 0 the intrinsic thermal stability, V c,0 the critical switching voltage (equivalent to the critical current). However, since the MTJ is based on a tunnel barrier, the Ohm's law is not correct at high voltage (close to the switching voltage), the thermal stability extracted via the voltage is not absolute.

Using the same protocol based on the precision and accuracy extracted in chapter 3, 500 hysteresis loops were done to extract the switching voltage distribution for different values of external magnetic field as shown in figure 5.2a for the APP transition. As the magnetic field decreases, the distribution becomes narrower and high in amplitude, indicating an increase of the thermal stability factor. When the magnetic field increases, the distribution becomes wider and smaller, indicating a less stable state, correlating the previous magnetic and voltage loops. The values of thermal stability were normalized with the value extracted at zero-field and plotted in figure 5.2b for both transitions. The trend is coherent with the one observed with the switching voltage, and shows a symmetry between both transition. This can be seen by the fact that making a state more stable will make the other less stable.

In a real device, data retention is determined by the lowest value of thermal stability between both transitions. So, the highest data retention would be at the point at which both values are equal. In this case, thermal stability has a linear trend with a slope of -0.2 %/Oe for the APP transition and 1.5 %/Oe for PAP. This translates in a factor 2 for every 250-300 Oe which is a third of the coercive field (at a 5Hz sweeping field rate).

To be noted once more that the optimum point at which the thermal stability values are equal is not magnetic equilibrium but slightly in favour for the P transition as the sweet spot seems to be at 100 Oe. This intrinsic offset may be due to a coupling with the reference layer through the MgO barrier.

The switching voltage and thermal stability dependence were predicted as being quadratic following the Stoner-Wohlfarth model in equation (5.1). However, the trend measured is linear in the magnetic range studied and above this range, the device was not bi-stable anymore. To explain this difference in trend, 2 possible explanations can be found. The first would be that, as observed in chapter 3, the switching mechanism is not MacroSpin, but based on a magnetic domain nucleation. In this case, the energy barrier has a linear dependence with the external magnetic field [START_REF] De Vries | Temperature dependence of the energy barrier and switching field of sub-micron magnetic islands with perpendicular anisotropy[END_REF] as follow :

∆ E (H) = 2Lσ 0 t(1 - H H n ) (5.7)
where L is the largest dimension of the sample,σ 0 the domain-wall energy density, t the thickness of the sample and H n the nucleation magnetic field.

The other one relies in a model proposed by H. Tomita [START_REF] Tomita | Unified understanding of both thermally assisted and precessional spin-transfer switching in perpendicularly magnetized giant magnetoresistive nanopillars[END_REF] who proposes to include the current term with the magnetic field in equation (5.2), while preserving the MacroSpin hypothesis. The equation (5.2) would change as:

∆ = ∆ 0 1 - H H k - I I c 2 (5.8)
In both cases, the dependence of the switching current has a linear dependence with the magnetic field. Now that the linear dependence has been observed, its vari-Chapter 5. Influence on the electrical parameters of the offset magnetic field and its measurement via a sensor-like behaviour ation can be measured to know if it can be controlled ans used to tune the device for industrial applications.

Dependence of the sensitivity with the material parameters

To know if the mV/Oe sensitivity can be used to tune a device, its dependence can be measured in terms of barrier and thickness of the free layer. For this study the W400 simple free layer and W// composite free layer were measured. For W400, since 2 wedges are present and the protocol takes time, only a cross was tested, meaning the entire MgO wedge for one value of free layer thickness and the entire free layer thickness for one value of MgO thickness.

Coercive Field

Since the slope gives the linear dependence between voltage and coercive field, the results could be extrapolated with the results measured in chapter 4. In this chapter we saw that the coercive field had an inverted bell shape with thickness for the simple free layer and a more constant and higher value for the composite free layer. For voltage, the SFL showed an increase in voltage as the thickness was getting thicker and CFL showed a constant switching voltage due to a drift in resistance but a decrease in current as the insertion was going further away from the MgO barrier.

In this case, the coercive field is indeed first increasing and then decreasing as shown in figure 5.3a for a constant MgO thickness of 11 Å. However, since this mapping was done by passing by the centre of the wafer, the devices in this point tend to be more defective due to processing issues, hence the large error bars. In a standard procedure, the point at 14 Å would be the optimum thickness for the highest coercive field as shown in chapter 4.

For the wedge on the Mg thickness, since the oxidation time is the same on the entire wafer, varying the thickness changes also the ratio between O and Mg atoms in the final MgO oxide layer. The figure 5.3b shows the coercive field versus the RA of the device and its nominal diameter. There is no clear dependence observed, meaning that the value of coercive field is mainly determined by the thickness of the free layer for a certain oxidation value.

The effect of the coercive field on the sensitivity is plotted in figure 5.3c with the free layer thickness represented as a colour code. Except the high variability, no clear dependence appears, meaning that coercive field only acts on the range in which the relation between switching voltage and magnetic offset is linear. 

Switching voltage

The other parameters susceptible to influence the sensitivity slope would be the switching voltage and as seen in chapter 4, the switching voltage increases with the thickness for the simple free layers and decreases as the metal insertion goes further away from the MgO barrier for the composite free layer wafers.

As shown on figure 5.4a, on this part of the wafer, switching voltage decreases by 20% when the thickness of the free layer increases by 6 Å which was not the case previously. The explanation is found when looking at the dependence with the MgO layer's resistance. Switching voltage decreases by almost 70% as the MgO becomes less resistive due to a lesser O concentration (under-oxidation) (figure 5.4b). measurement via a sensor-like behaviour The fact that switching voltage is more dependent of the MgO that of the free layer thickness is part of the decrease in figure 5.4a. It turned out that this process had a non-constant thickness MgO thickness where it was supposed to be. This can be seen when plotting the nominal RA versus the free layer thickness as in figure 5.4c. Apart from the centre of the wafer around the 14 Å mark, a decrease of RA by almost 50% is measured as the free layer increases by 6 Å. This change in RA can be explained by a change in the MgO barrier along the free layer wedge where it should be isotropic. The dependence of nominal RA with the MgO thickness in this wafer is shown in figure 5.4d and presents a drop of 73%. Thus, the variation of switching voltage with the free layer thickness is a sum of a small increase of switching voltage of less than 20% over the thickness range as seen in chapter 5.3. Using the STT-MRAM cell as a magnetic sensor 4 and a decrease of almost 70% on the MgO thickness range. As RA increases slowly with the free layer thickness due to a non-uniform MgO barrier, the switching decreases as the free layer increases. Now that the impact of the MgO barrier and the free layer thickness on the switching voltage has been observed, its effect on the sensitivity slope has to be measured. In figure 5.5a, the sensitivity has been plotted as a function of the switching voltage and the nominal RA represented as a colour code. This plot shows the sensitivity increasing with the switching voltage. A linear fit gives a slope of 0.44 (mV/Oe)/V as the sensitivity goes from 0.2 mV/Oe for a 0.4 V switching voltage up to 0.5mV/Oe at 1.1 V. The dashed lines corresponds to a 25% variation of the slope pointing out the high variability which can be witnessed at the 0.8 V switching voltage value where a factor 2 is observed on the sensitivity extrema.

For the W// wafer on figure 5.5b, a large variability is also observed for each value of CFB1 which is not particularly dependent with the nominal diameter as the colour scale shows. However, a significant drop of almost a factor 3 in sensitivity from 7.8 Å up to 10.25 Å CFB1 thickness is observed.

The direct link between RA and sensitivity is shown on figure 5.5c with the coercive field as colour scale. In this graph, all devices with a nominal diameter higher than 20nm (dots) follow a linear trend with RA. The smallest devices with a 20nm nominal diameter (triangles) have a higher trend but are also concentrated at the lowest RA values which indicates more of a defect during process than an intrinsic behaviour. The TMR dependence of the sensitivity is shown in figure 5.5d where no significant link is observed. However, since high TMR induces a high AP resistance, switching voltage should be high in order to compensate the lower current. Testing a higher number of devices with an MgO barrier more uniform is required to clarify this point.

Sensitivity appears to be mostly dependent on the switching voltage which is determined by RA. This parameter giving the link between magnetic and voltage offset and used to compensate the voltage offset, it could also be used to give the magnetic offset based on the switching voltage as a magnetic sensor dependence.

Using the STT-MRAM cell as a magnetic sensor

In this part, we will discuss how the sensitivity of the memory device to the external magnetic field can be used as a magnetic sensor. The sensitivity can be used to measure the magnetic offset based on the voltage offset of an hysteresis cycle.

Market

Linking the current/voltage with the magnetic field is an attractive perk as it allows to have to contact-less device due to the nature of the magnetic field. Several productsellers are already proposing products : TE [START_REF]TE Connectivity: Connectors & Sensors for Harsh Environments[END_REF], Allegro MicroSystem [START_REF]LLC -High Performance Semiconductors[END_REF], Crocus measurement via a sensor-like behaviour Technology[166], Analog [START_REF]Magnetic Field Sensors | Analog Devices[END_REF]... The actual market for magnetic sensors is split into several applications. There the switch-type, detecting a when the magnetic field exceeds a threshold, the proximity current sensor, angular sensor and the one corresponding the most to our case, the linear sensor.

In this application, the device sends a voltage output depending on the local magnetic field. Most of the products use the Hall effect as a transducer [START_REF] Ramsden | Hall-Effect Sensors: Theory and Application[END_REF]. The hall effect is observed when a magnetic field is applied on a metal line with a DC current passing Figure 5.6: Schematic representation of the Hall effect showing the effect of the magnetic field on the current distribution in a metal line. By measuring the voltage perpendicularly to the current direction, the magnetic field value can be retrieved (extracted from reference [START_REF] Ramsden | Hall-Effect Sensors: Theory and Application[END_REF]).

through. As the electrons propagate along the line, the magnetic field will split the current by their polarization, forming two polarized current line on either side on the metal line. A schematic representation of this effect extracted from [START_REF] Ramsden | Hall-Effect Sensors: Theory and Application[END_REF] can be seen in figure 5.6. By measuring the voltage perpendicularly to the current, the magnetic field can be measured.

Based on this effect, several devices are sold with different sensitivity and magnetic window. They are summarized in table 5.1 (extracted from [START_REF]Programmable Linear Hall IC with Advanced Diagnostics for Safety-Critical Applications[END_REF][169][170][START_REF]Magnetic Field Sensor User Manual[END_REF] 

Magnetic limitations

While the dependence of the sensitivity was studied in the last paragraph, the range of magnetic field in which the linear trend is valid has also to be determined.

To begin with, the voltage hysteresis loop is compared with the phase diagram measurement introduced in chapter 2. These two protocols are based on a mix between electrical and magnetic switching. The phase diagram is obtained by applying 123 Chapter 5. Influence on the electrical parameters of the offset magnetic field and its measurement via a sensor-like behaviour voltage pulses with a constant amplitude at different point of a sweeping magnetic field. A new series of magnetic loop are then done by incrementing the voltage amplitude. In the case of the voltage loops, the opposite happens, the magnetic field is constant while the voltage is applied as a sweeping pulse train.

The results done on a device from W400 are shown in figure 5.7 where the values extracted from the phase diagram are plotted in solid lines and the ones from the voltage loops corresponds to the points. The first observation is done at low magnetic field where the slopes in both experiments are parallel for the two transitions. A small offset of 10% in switching voltage is observed but is attributed to the electrical set-up differences (two different pulse generators and circuit). However, the offset on the switching voltage will not affect the voltage offset as it is the same in both transitions.

The second and more important point is the difference between the coercive fields in the phase diagram and the magnetic limit in the voltage loops. Indeed, during the voltage experiment, when the external magnetic field is around half the value of the coercive field measured during the sweeping field, both states are not stable. This decrease is due to the longer exposure of the device to the external magnetic field. During the phase diagram the coercive field is higher, the sweeping rate of 5 Hz results in an exposure of a few tens of micro-seconds at each magnetic field value. However, during the voltage measurement, the magnetic field is constant which corresponds to 10 ms (duration of a pulse train) exposure.

Figure 5.7: Graph comparing the electrical switching dependence with the offset field via the phase diagram method (solid line) and the voltage loop protocol (points). At low magnetic field, both have the same slope (sensitivity) with a small offset attributed to the set-up but not impacting the voltage offset. At high magnetic field, the magnetic limit of the voltage loop appears to be half the value of the coercive field measured during the phase diagram. This difference is due to the longer exposure to the magnetic field of the device. This time dependence was measured by changing the frequency at which the magnetic field is swept. In figure 5.8a, the average coercive field is plotted and normalized with the sweeping rate which is defined as the amplitude of the sweep (1000 Oe) times the sweeping frequency (from 0.1 to 14 Hz). When plotting in log scale, the coercive 5.3. Using the STT-MRAM cell as a magnetic sensor present a linear dependence with the sweeping rate in the range from 50 up to 14 000 Oe/s. A drop of more than 15% in coercive field is observed as the frequency goes from 14Hz down to 0.1Hz.The points were fitted using an time-dependent equation from [START_REF] El-Hilo | The sweep rate dependence of coercivity in recording media[END_REF]]:

H c (R) = H k 1 ∆ log f 0 H k 2∆R (5.9)
where H k is the magnetic anisotropy, ∆ the thermal stability, f 0 the attempt frequency (inverse of the precession time) and R the sweeping rate in Oe/s.

During the voltage protocol, the magnetic field is constant so the sweeping rate is supposed to be zero. In figure 5.8b, equation (5.9) is plotted in the range from 1 µOe/s up to 1 MOe/s which corresponds in similar condition to the usual experiment to a frequency of 1 nHz and 1 kHz respectively. The coercive field was normalized to its value at 5Hz. The red area on the right part of the graph represents the range in which the usual magnetic hysteresis loops are done. The green part corresponds to the sweeping rate begin below 1 Oe/s, which is an arbitrary value chosen to represents an external field as 0 is not a valid solution to equation (5.9). Experimentally, the drop of coercive field is usually of 40 to 60% which corresponds to the lowest value in the green area. In an application where the magnetic field is constant, this reduces greatly the measurement range of a sensor-like device. Since typical value of SFL device as measured previously are around 1000 Oe, this means that an application would be limited to a 500 Oe magnetic field. One way to push this limit is to use CFL magnetic stack with a W insertion. As shown in chapter 4 and in figure 5.9a, the coercive field can go up to 2000 Oe. This high coercive field allows a greater magnetic range for sensitivity as shown in figure 5.9b Chapter 5. Influence on the electrical parameters of the offset magnetic field and its measurement via a sensor-like behaviour where voltage offset can be extracted in a 1200 Oe magnetic window compared to to the 600 Oe window in the SFL device measured at the beginning of this chapter (figure 5.1c). Moreover, the sensitivity shows a 0.36 mV/Oe slope which is in the same order of magnitude than for the SFL wafer. observed for the SFL device is also present and the magnetic window appears to be 1200 Oe, twice higher than for the SFL stack. (c) displays a device from W// with a non linear switching voltage appearing at a much higher rate than for the SFL wafers.

However, the CFL devices had a non negligible population for which the switching voltage was not linear with the external field. An example of such a device is shown in figure 5.9c from W//. Here, the switching has a non-linear behaviour as the magnetic field is negative. For some devices, this deformation appears in both transitions, making the offset voltage still linear but in this example, the offset loses its linearity. This trend change can also appear on only one transition. Its appearance has not yet been correlated with a certain parameter but appears at higher rate for CFL stack. Its 5.4. Conclusion appearance may be linked to the stability of the reference layer [START_REF] Strelkov | Stability phase diagram of a perpendicular magnetic tunnel junction in noncollinear geometry[END_REF]. This dispersion makes the CFL less reliable than a SFL stack.

A few solutions can be considered to increase this magnetic limit. The first one is to induce on purpose a non uniform offset from the magnetic stack on an array of memory. This way, the magnetic window stays the same device to device but shifts due to the stack's magnetic offset. This offset could be generated by different ways as having differently etched reference layers since the offset is mainly generated by the sides of the reference layer. Having a wedge on the SAF can also change the compensation on the free layer. A wedge on the free layer's thickness also changes the coercive field as shown in chapter 4. The coercive field can also be significantly changed with the diameter of the free layer [START_REF] Thomas | Probing magnetic properties of STT-MRAM devices down to sub-20 nm using spin-torque FMR[END_REF] which increases as the diameter decreases.

This window can also be extended with the way the voltage offset is measured. In the voltage protocol used in this chapter, the voltage is applied with a 100ns pulse every 200 µs, giving time to switch the cell magnetically with the external field. Measuring with a DC voltage/current train would maintain the state of the state while the current passed the switching current. However this method consumes more current and can degrade the barrier at at higher degree than pulsed train.

Conclusion

As a conclusion, we saw that by applying an external magnetic field, the switching voltage and thermal stability could be linearly shifted. It has been observed than the optimum offset field which gives the best compromise for thermal stability is not attained by compensating the offset field generated by the reference layer but more statistics and a better thermal stability set-up is needed to find the sweet spot. The dependence of switching voltage with the offset field, named sensitivity here, has then been measured for different devices from W400 and W//. The value of sensitivity appear to depend greatly on the switching voltage which is determined mainly by the barrier's RA. TMR and size showed no clear impact on these devices. The coercive field does not influence the sensitivity's value but the magnetic window in which the linearity is maintained. Then, we discussed the use of this sensitivity as a linear magnetic sensor based on a standard MRAM by retrieving the external magnetic field from the voltage offset. CFL stacks showed a efficient way to increase the magnetic window by a factor 2 compared to the SFL stack but anomalies in the switching voltage dependence with magnetic field still has to be investigated further more to increase reliability. At last, several ways to increase this magnetic window have been discussed. the strong dependence of RA with the MgO thickness on W400 which explains the decrease observe in the switching decrease as the dependence with MgO is stronger than the one with the free layer thickness. . 5.5 (a) Shows the sensitivity dependence with switching voltage which appear to be linear with a 0.44 (mV/Oe)/V for W400 however, a large dispersion remains with a factor 2 in sensitivity at 0.8 V switching voltage. (b) shows the sensitivity versus CFB1 thickness in W// where a drop in sensitivity by almost a factor 3 is observed over 3 Å which is coherent with a decreasing switching voltage as the insertion goes further away from the barrier, as seen in chapter 4. (c) is a plot of sensitivity vs RA and coercive field for W400 showing a linear trend for the devices with a nominal diameter larger than 20 nm and a higher slope for the smallest devices. This can be explained by a low RA due to the etching limitations for low dimensions. (d) is a graph showing sensitivity with TMR where no clear trend is observed which has to be investigated furthermore.122 5.6 Schematic representation of the Hall effect showing the effect of the magnetic field on the current distribution in a metal line. By measuring the voltage perpendicularly to the current direction, the magnetic field value can be retrieved (extracted from reference [START_REF] Ramsden | Hall-Effect Sensors: Theory and Application[END_REF]). . . . . . . . 123 5.7 Graph comparing the electrical switching dependence with the offset field via the phase diagram method (solid line) and the voltage loop protocol (points). At low magnetic field, both have the same slope (sensitivity) with a small offset attributed to the set-up but not impacting the voltage offset. At high magnetic field, the magnetic limit of the voltage loop appears to be half the value of the coercive field measured during the phase diagram. This difference is due to the longer exposure to the magnetic field of the device. . a graph where the switching voltage is plotted versus the offset field for the W// device. The linear trend observed for the SFL device is also present and the magnetic window appears to be 1200 Oe, twice higher than for the SFL stack. (c) displays a device from W// with a non linear switching voltage appearing at a much higher rate than for the SFL wafers.126
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Figure 1 . 1 :

 11 Figure 1.1: (a) shows the data storage capacity from 1986 up to 2007 where an increase of 25% per year is observed. The transition from analog towards digital storage is dated at year 2002 (extracted from reference [2]). (b) shows the data growth rate from 2007 up to an estimated 2020 showing an increased growth rate of 47% per year associated with social networks (extracted from reference [3]).

Figure 1 . 3 :

 13 Figure 1.3: (a) is a representation of the memory hierarchy showing the requirements in terms of speed, density and cost for each applications and their main solutions. (b) is a plot showing the positioning of Flash, DRAM and SRAM depending on their endurance and speed showing the gap between them called Storage Class Memory (extracted from reference [8]).

Figure 1 . 5 :

 15 Figure 1.5: Tree view showing the different memory categories between volatility and non-volatility.

Figure 1 .

 1 Figure 1.10: Tableshowingthe main characteristics of each e-NVM and the standard memories they are supposed to replace (data from[START_REF]Emerging Non-Volatile Memory 2017 Report by Yole Developpement[END_REF] and[START_REF]Nonvolatile Ferroelectric RAM)[END_REF]).

Figure 1 .

 1 Figure 1.11: Schematic showing the matching of e-NVM with the memory application market (from [8, 31])

  Figure 1.14: (a) shows a photo of a 4 GB P-STT-MRAM chip from a collaboration between Toshiba and SK-Hynix (2016/2017). (b) is a SEM image of this chip zoomed in an array with a ≈ 200 nm pitch (extracted from[START_REF] Chung | 4gbit density STT-MRAM using perpendicular MTJ realized with compact cell structure[END_REF][START_REF] Rho | 23.5 A 4gb LPDDR2 STT-MRAM with compact 9f2 1t1mtj cell and hierarchical bitline architecture[END_REF]).

Chapter 1 .

 1 Figure 1.15: (a) photo of the demonstrator presented by Samsung at IEDM2016 where a monitor displays an image computed by MRAM (top half) and SRAM (bottom half) showing the capability of P-STT-MRAM to replace SRAM. (b) is the specification table of a chip proposed by Samsung for IoT application (from [35]).

1. 2 .

 2 Figure 1.16: (a) Graph showing the resistance versus the number of cycles of a P-STT-MRAM proposed by Qualcomm and Applied Materials. An endurance of 1014 cycles is observed with no degradation of resistance levels and resistance window (extracted from[START_REF] Kan | Systematic validation of 2x nm diameter perpendicular MTJ arrays and MgO barrier for sub-10 nm embedded STT-MRAM with practically unlimited endurance[END_REF]). (b) shows the cell diameter (normalized scale to 90 nm) versus the technological node showing the P-STT-MRAM reaching up to eFlash below the 40 nm node (extracted from[START_REF] Shum | CMOS-embedded STT-MRAM arrays in 2x nm nodes for GP-MCU applications[END_REF]).

  Figure1.17: (a) shows a WER curve from IBM with a 10 6 failure rate at 0.64 V for a 10 ns pulse width proving a fast and reliable technology (from[START_REF] Hu | Key parameters affecting STT-MRAM switching efficiency and improved device performance of 400C-compatible p-MTJs[END_REF]).(b) shows IBM announcement with Everspin of a 19 TB SSD with an STT-MRAM as cache.

  Figure 1.18: (a) image showing the 256 MB chip from Everspin which corresponds also to the 1 GB chip. (b) retention time of a 256 MB chip showing an extracted 10 years retention at 10 9 WER at 100 • C (from [40]).

Figure 1 .

 1 Figure 1.19: (a) is schematic representation of the reading mechanism in a field-driven MRAM.When the selection transistor is ON, a small current passes through the device allowing the resistance to be read. (b) shows the writing scheme based on a magnetic field generated by a current circulating inside two orthogonal metal lines which switches the storage layer's magnetization (extracted from reference[START_REF] I L Prejbeanu | Thermally assisted MRAM[END_REF]).

  Figure 1.20: (a) is a schematic representation of the TA-MRAM and its writing scheme. Instead of the two field lines of the field-driven, only one is used conjointly with a heater which increases the local temperature. (b) comparison of the switching current between the field-driven (grey dots) and the TA-MRAM (yellow dots) depending on their diameter. Below 800 nm, the TA-MRAM consumes much less current and scales down with the size as opposed to the field-driven MRAM (extracted from reference [43].

1. 3 .Figure 1 . 21 :

 3121 Figure1.21: Schematic representation of (a) an in-plane STT-MRAM with its in-plane magnetic layers and (b) a P-STT-MRAM with its perpendicular magnetic layers (extracted from reference[START_REF] I L Prejbeanu | Thermally assisted MRAM[END_REF]). (c) is a comparison of the switching current (85k b T fixed energy barrier) versus the MTJ diameter between in-plane and perpendicular STT-MRAM. The P-STT-MRAM shows a better scalability and a lower current consumption that the in-plane STT-MRAM (extracted from reference[START_REF] Klostermann | A Perpendicular Spin Torque Switching based MRAM for the 28 nm Technology Node[END_REF]).

Figure 1 .

 1 Figure 1.22: (a) schematic representation of a PSA-STT-MRAM and its thick storage layer (orange). High-angle annular dark field image (b) and EDX (c) showing a sub-20 nm device with its storage layer made of Cobalt, Iron and Boron (blue, yellow and red) (extracted from reference [53]).

1. 3 .

 3 Figure 1.23: (a) Schematic representation of a VCMA-MRAM device with its electric field induced by a highly resistive MTJ and a voltage pulse. (b) shows the switching probability versus pulse width of a VCMA-MRAM devices showing a reliable subns switching. (c) is a comparison in cache-like conditions of SRAM, eDRAM, P-STT-MRAM and VCMA-MRAM showing a drop of 31% in energy for VCMA-MRAM compared to P-STT-MRAM mainly to less leakage (extracted from reference [54]).

1. 4 .

 4 Figure 1.25: (a) Magnetic stack used for OA switching on ferromagnet layers on top of which a laser is pointed. (b) MFM characterization showing the relative magnetization of the GdFeCo (green arrow) and Co/Pt (blue arrow) at different step of the experiment. At each shot of 100 70 ps laser pulses, the relative magnetization of both layers are reversed, showing the switching reliability of the OA switching mechanism (extracted from reference [58]).
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  Figure 2.1: (a) Schematic of an electron orbiting around a nucleus as a current loop creating a magnetic field called magnetic moment. (b) and (c) represent respectively the "up" and "down" spin created by an intrinsic rotation of the electron on itself.

Figure 2 . 2 :

 22 Figure 2.2: Representation of the spin orientation inside a diamagnetic, ferromagnetic and anti-ferromagnetic material first without external magnetic field and then with magnetic field.

Figure 2 . 3 :

 23 Figure 2.3: Magnetization response to an external magnetic field for (a) a diamagnet, with the average of electrons' spin being opposite to the applied magnetic field and (b) a ferromagnet with the saturation magnetization and the coercive field at which the magnetization switches.

2. 1 .

 1 MTJ : Magnetic Tunnel Junction (a) Thickness dependence from[START_REF] Monso | Crossover from in-plane to perpendicular anisotropy in Pt/CoFe/AlOx sandwiches as a function of Al oxidation: A very accurate control of the oxidation of tunnel barriers[END_REF] (b) Oxidation time dependence from[START_REF] Rodmacq | Crossovers from inplane to perpendicular anisotropy in magnetic tunnel junctions as a function of the barrier degree of oxidation[END_REF] 

Figure 2 . 4 :

 24 Figure 2.4: Hall resistance in magnetic field for (a) Pt3/CoFe0.6/AlOx samples naturally oxidized in air with varying thicknesses of Al from [80] and (b) Pt3/Co0.6/AlOx samples with different oxidation times from [81].

Figure 2 . 5 :

 25 Figure 2.5: Schematic showing first a ferromagnetic layer and its symmetrical switching in (a), then with a pin-down layer and a spacer that will increase the stability but induce an offset field and (c) a third layer in order to compensate the offset field and form a symmetrical stable SAF.

2. 1 .

 1 MTJ : Magnetic Tunnel Junction two orientations.(a) DOS for different metals extracted from[START_REF]Quantum Technologies Based of Magnetism, Electron and Nuclear Spin, and Superconductivity[END_REF] (b) Schematic representation of the density of states

Figure 2 . 6 :

 26 Figure 2.6: (a) shows the calculated Density of States for Fe, Co, Ni and Cu from[START_REF]Quantum Technologies Based of Magnetism, Electron and Nuclear Spin, and Superconductivity[END_REF] where we can see the shift in energy for the different spins dependant on the material except for Cu. (b) is schematic of a non-magnetic material and its symmetrical bands and the asymmetrical bands of a ferromagnetic layer depending on the magnetization direction.
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 2 P-STT-MRAM : fundamental and working principles (a) Spin polarization phenomenon through a ferromagnetic layer (b) Schematic view of mini Mott detector from[START_REF] Takayama | Basic Principle of Photoemission Spectroscopy and Spin Detector[END_REF] 

Figure 2 . 7 :

 27 Figure 2.7: (a) shows the electrons being polarized while passing through a ferromagnetic layer and (b) is a schematic representation extracted from reference [88] of a Mott detector based on the spin-filtering of electron.

Figure 2 . 8 :

 28 Figure 2.8: (a) is a drawing of the tunnel effect, where an electron has a probability to pass through a tunnel barrier despite not having enough energy. (b) is a schematic representation of TMR phenomenon by showing the different percentage of transmitted electrons depending on the MTJ being in the Parallel or the Anti-Parallel state.

Figure 2 . 9 :

 29 Figure2.9: Series of schematic showing (a) a ferromagnetic nano-particle with a magnetic moment align along the z axis, (b) the nano-particle under an applied magnetic field with an opposite direction to the magnetic moment and (c) the reversed magnetic moment due to the applied magnetic field being close to the anisotropy field.

Chapter 2 .

 2 Figure 2.10: (a) shows the different shapes of a magnetic hysteresis cycle for different value of angle between the magnetic field and the easy axis. The better the field is parallel to the easy axis, the more square becomes the cycle. The curve at 90 • shows the curve for the hard axis (from [94]). (b) is a schematic showing the modification of the energy barrier under the influence of an external magnetic field.

2. 2 .

 2 Figure 2.11: (a) is a schematic of the STT effect where a down-polarized current exerts a torque on the layer's magnetization reversing its direction and is partially polarized by the layer. (b) is a simulation from [95] showing the direction of a magnetic layer's magnetization with a polarized current passing through. (c) and (d) shows the mechanism behind the APP and the PAP transition due to STT.

Chapter 2 .Figure 2 . 12 :

 2212 Figure2.12: Schematic showing the effect of the different terms from the LLGS equation with first in (a) the Field torque induced by an external magnetic field making the magnetic moment precess. In (b), the second term being the damping torque will tend to attenuate the precession and then in (c) the STT is added that tends to align the magnetization towards the current polarization's direction.

  (a) Field in time (b) HL in under magnetic field of a device

Figure 2 .

 2 Figure 2.13: (a) shows the time dependence of the applied magnetic field and the reading voltage around the device. (b) shows 100 individual HL in field (grey) and their average for both transitions (PAP in red and APP in blue).

  Figure 2.14: (a) Graph showing the PAP transition due to the second voltage pulse at 1.5µs. (b) shows 500 individual HL in voltage in grey and their average for both transitions (red for PAP and blue for APP).

Figure 2 . 15 :

 215 Figure 2.15: Phase Diagram of a standard P-STT-MRAM device where we can the effect of the voltage starting around an absolute 0.3V up until it is stronger that the external magnetic field in (a) and (b) shows a phase diagram of a device showing no STT effect, resulting in straight lines.
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Figure 3 . 1 :

 31 Figure 3.1: Magnetic stack corresponding to Leti-wafer. It can be separated into four parts, starting from the bottom : a CuN BE, the FeCoB based MTJ, the SAF and the Ta/Mg/Ta TE.

  Figure 3.2: (a) is a schematic representation of a magnetron sputtering chamber where the deposition of the magnetic stack is done (extracted from [104]). (b) is a TEM profile image of the MTJ showing the crystallization of the CoFeB and the MgO layers (extracted from reference [105]).
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 333 Figure 3.3: Graphs showing the dependence with the annealing temperature of TMR and RA of the MgO barrier in (a) and of the coercive field of a CoFeB ferromagnetic layer in (b) (extracted from reference [106]).

  Figure 3.4: (a) is a TEM cross-section image of an MTJ for an as-deposited MTJ and for an annealing at 270 • C and 375 • C where we can see the crystallization improving (extracted from reference [108]). (b) and (c) show the transmission of the different orbitals through the tunnel barrier depending on the crystallization of the MgO (extracted from [109]).

3. 1 .Figure 3 . 5 :

 135 Figure 3.5: (a) shows the first step of the patterning by defining the Hard Mask that will set the diameter of the future devices. (b) shows the 45 • angle IBE etching on a rotating sample, in (c) we can see the re-deposition of the volatile Ta particle freed by the previous step and (d) is the final etching step at a grazing angle allowing the removal of the re-depositions but resulting in an over-etch of the magnetic stack. (e) is an EDX profile image of a 120 nm diameter device from Leti-wafer showing the MTJ in green and the absence of Ta particle on the sides.

Figure 3 . 6 :

 36 Figure 3.6: (a) is a schematic representation of the encapsulation of the magnetic stack, isolating the MTJ from contamination, (b) shows the CMP and the top electrode deposition that will allow an electrical contact. (c) and (d) are Dark-field image and HAADF of a patterned device that followed the previous nano-fabrication steps.

Figure 3 . 7 :

 37 Figure 3.7: EDX image of a 40nm diameter device showing the different material and the apparent important over-etch at the bottom of the pillar.

Figure 3 . 8 :

 38 Figure 3.8: (a) is a summary of the process flow for a 1T-1R device from the Leti-wafer, (b) is a top SEM image of a 256 bit matrix, (c) is a profile image of a P-STT-MRAM device between M4 and M5 and (d) is profile TEM image of five 1T-1R devices from a Mbit matrix.

Figure 3 . 9 :

 39 Figure 3.9: Magnetic hysteresis cycle from (a) a 190 nm diameter device presenting a low offset field inducing a symmetrical cycle and (b) a 85 nm diameter device with a high offset causing the cycle to be asymmetrical and thus, not showing both states at zero-field. These graphs are also a good example of increasing offset field with decreasing diameter.

  Figure 3.10: (a) Schematic used to represent the possible presence of a short-circuit (shunt) with a resistance in parallel with the MTJ and the possible resistance in series duo to residual materials or a defective oxide barrier. (b) is a plot following Equation (3.1) with a left rising part representing the shunt effect and the right decreasing part corresponding to a resistance in series; the peak serves as reference and corresponds to the CIPT measurement on full-sheet wafers.

  Figure 3.11: (a) Simple pattern with a 100 ns 1 V writing pulse followed by a 2 µs 0.2 V reading pulse, (b) sweeping voltage train made of incremental writing pulse with a smaller step around the switching values, (c) graph showing the current integrated during the writing pulse for a standard P-STT-MRAM and (d) Hysteresis loop of a standard P-STT-MRAM seen from the writing pulse (blue) and the reading pulse (red).

  Figure 3.12: (a) is a schematic representation showing the Arrhenius model applied on the MTJ with two stable state corresponding to the P and AP states separated with an energy barrier. (b) is a graph showing the relation between data retention and thermal stability and the impact of the error of the thermal stability's value on the data retention.

  2 . The etching parameter gives a value of 212 nm, a bit lower than the wanted 250 nm. The correspondence between nominal diameter and real parameter is shown on figure 3.13b where we can see that the short problem observed previously appears for diameters below 150 nm.

  Figure 3.13: (a) is a plot of the parallel resistance versus nominal diameter fitted with equation (3.6) for diameters larger than 350 nm (no shunt); this fit gives a value of RA and the etching parameter from the nominal diameter to the electrical diameter. (b) Electrical/Real diameter versus the nominal diameter from the extracted values of RA and etching. (c),(d) and (e) are wafermaps showing the TMR values of the entire wafer for nominal diameters of 300 nm, 450 nm and 600 nm respectively. We can see the non uniform TMR distribution due to either a non uniform deposition or etching.

3. 3 .

 3 Figure 3.14: (a) is a plot with the TMR and RA values for working devices measured on a Leti-wafer superposed with the voltage divider presented in figure 3.10a with reference values of TMR=100% and RA=5 Ωµm 2 ; most of the dots are scattered around the reference with significant part still presenting some shunts. (b) is a graph showing the distribution the working devices TMR with a first peak at 65% for the smallest devices presenting minor shunts and at 95% for the largest devices. (c) shows the best devices within the working devices showing an increasing yield as the diameter increases; the smallest devices have a low yield mainly due to process problems such as falling pillars for high aspect ratios.

  Figure 3.15: (a) shows the coercive field value versus the nominal diameter with a stable window down to ND=350nm allowing electrical switching at zero-field. (b) Switching voltage at 100ns with a constant value with diameter. (c) TMR in function of the ND showing a decreasing TMR value mainly due to pinholes. (d) is a graph showing the TMR in temperature up to 235 • C for devices with a nominal diameter larger than 350nm; the low dependence in temperature assures two distinguishable states from room temperature to the maximum working temperature.

3. 3 .

 3 Figure 3.16: (a) and (b) show an average of 100 voltage hysteresis cycle for a MTJ with a 500 nm nominal diameter in a 1R and 1T-1R configuration respectively. Both MTJ are similar in specs but the transistor in series matching the resistance of the MTJ, the TMR drops significantly. (c) and (d) corresponds to the switching voltage distribution from the voltage hysteresis loops, the resistance of the transistor being 5 times larger than the MTJ's, the switching voltage is also 5 times higher.

Figure 3 . 17 :

 317 Figure 3.17: Resistance distribution of a 4 kbit matrix fitted with Gaussian distributions showing 2 states separated by 7(σ p + σ ap ).
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 3 Thermal stability characterisation and modelling protocol will be named Switching Time Probability (STP) in this work. (a) Failed loop due to low retention time (b) STP pulse pattern (c) 50 APP Switching events (d) APP and PAP switching probabilities

Figure 3 .

 3 Figure 3.18: (a) is a voltage hysteresis cycle of a device with data retention lower than a voltage loop duration revealing the maximum working temperature. (b) represents the pattern applied to measure the STP consisting of a strong writing pulse and a low reading pulse. (c) shows 50 switching measurements from AP to P at 235 • C giving an average value of data retention and thermal stability. (d) is a plot of the switching probabilities with 100% of the APP transitions observed while no PAP transition is observed.

  Figure 3.19: (a) is a schematic representation showing the testing protocol starting with setting a matrix to a single state (the less stable), then the wafer is put inside an oven in order to be checked for switched cells afterwards. (b) shows the data corresponding to a 250 nm diameter 4 kbit matrix where the thermal stability decreases in temperature as more cell switches despite a decreasing baking time.

The figure 3 .

 3 19b shows the data for the 4 kbit matrix. With a baking of 2 min at 180 • C, half of the devices had switched. In order to have more data towards room temperature, the temperature is decreased and the baking time increased. The test stops at 150 • C where only 4% had switched after 1 hour. Due to a rapid decrease of switched cells as the temperature decreases and despite the baking duration increasing, we stopped the test at this temperature.

Figure 3 . 20 :

 320 Figure 3.20: Thermal stability extracted with STP on a matrix (blue) and single devices (red). These values serve as a reference since they represent the real retention time.

In figure 3 .

 3 Figure 3.21: (a) shows an example of the SFD curve with reference values (∆ Ref , H k,Ref ) and other relative values showing the impact of H k on the position of the distribution and of ∆ on the position and the height/width of the curve. (b) is a plot of the possible solution of experimental-like data showing a 10% error margin for a correlation factor of N 2 > 0.99. (c) compares the SFD done on the APP and the PAP transitions showing that the P state is more stable as the APP transition has a lower stability factor value. (d) shows the SFD done at different temperature values on a 80 nm diameter device.

3. 3 .

 3 Thermal Stability extraction Using this method, SFD was applied at different temperature values on the wafer. The figure 3.21d shows an example of a 250 nm diameter device tested at different temperature values. As temperature increases, the value of thermal stability drops from 69 k b T at 30 • C to 32 k b T at 70 • C.

Figure 3 . 22 :

 322 Figure 3.22: Thermal stability factor extracted via SFD from 30 • C to 105 • C where high variability is seen at 40 • C and 50 • C but coherent with STP.

3. 3 .

 3 Figure 3.23: (a) shows an example of the SCD curve with reference values (∆ Ref , I c,0,Ref ) and other relative values showing the impact of I c,0 on the position of the distribution and of ∆ on the height/width of the curve. (b) is a plot of the possible solution of experimental-like data showing a 15% error margin for a correlation factor of N 2 > 0.99. (c) shows the SCD done on different temperature values on a 380nm diameter device. (d) plots thermal stability factor extracted via SCD from 30 • C to 235 • C with coherent values with STP.

Figure 3 . 24 :

 324 Figure 3.24: The (a) graph represents switching voltage versus pulsewdith for both transitions where the transition between the precessionnal and the thermally activated regimes is seen at 100ns. (b) shows the SPW fit on the linear part (log scale) with different (∆ Ref , I c,0,Ref ), where ∆ influences the slope and I c,0 the current value at 0s. (c) is data fitted for temperature values up to 235 • C with pulse width further from the transition towards the precesionnal regime. On (d) can be seen the extracted values of thermal stability with the SPW protocol from 25 • C to 240 • C matching with the STP at high temperature.

3. 3 .Figure 3 . 25 :

 3325 Figure 3.25: Graph showing the impact of a non-adapted measurement step with in red only 2 points on the slope and in blue 5 points.

Figure 3 . 26 :

 326 Figure 3.26: Precision of the extraction depending on the number of points over the distribution for SFD, SCD, SPW and STP protocols of (a) thermal stability and (b) its paired parameter. This shows than SFD and SCD can reach only the 5% error margin with 6 points while the other methods reach the 1% error margin with 5 points.

Figure 3 . 27 :

 327 Figure 3.27: Crude graph showing the impact of the number of events needed to fit correctly the experimental data. The distribution must be dense enough to match the real distribution.

3. 3 .Figure 3 . 28 :

 3328 Figure 3.28: Accuracy of the extraction depending on the number of switching events for SFD, SCD, SPW and STP protocols of (a) thermal stability and (b) its paired parameter. This shows than SFD and SCD can reach only the 5% error margin after 300 events while the other methods reach the 1% error margin with less than 30 events. (c) and (d) shows the experimental accuracy for the SCD and SFD methods respectively confirming that at least 300 to 400 hysteresis cycles are needed to have less than 5% error margins.

Figure 3 . 29 :

 329 Figure 3.29: Comparison table summarizing the advantages and drawbacks of the SCD, SFD, SPW and STP methods.

  Figure 3.30: (a) and (b) show the extracted thermal stability factor from the 4 different protocols on (a) 250 nm diameter devices from Leti and (b) 250 nm diameter devices from an external laboratory. These show a coherent extraction for SCD, SFD and STP while the SPW is coherent only at high temperature. This difference at low temperature may due to the fact that the pulses are not far enough from the regime transition.

Figure 3 . 31 :

 331 Figure 3.31: Stack used for the thermal stability modelling part consisting of a top-free layer with different thickness and with a W capping layer.

3. 4 .

 4 Figure 3.32: (a) is a plot representing the thermal stability extracted via SCD and SPW versus diameter for different temperature values showing a flat dependence. ∆ extracted in temperature previously fitted with a MacroSpin model from the STP values at high temperature showing an overestimation of thermal stability at lower temperature. (c) shows the N z demagnetizing factor versus the aspect ratio which stays higher than 0.98 for a free layer of 1.5 nm and a diameter larger than 30 nm. (d) represents the diameter quadratic dependence of thermal stability calculated with the MacroSpin model.

3. 4 .

 4 Figure 3.33: (a) MS and DW dependence in diameter showing a linear behaviour for the DW model and a transition where DW is more favourable than MS around 30nm here as an example. (b) MS-like switching in real-time where a uniform PAP reversal is observed at 1.5 µs. DW-like switching is observed on graph (c) with some transition having a semi-stable intermediary state coherent with the nucleation of a magnetic domain. (d) Graph from[START_REF] Khvalkovskiy | Basic principles of STT-MRAM cell operation in memory arrays[END_REF] where the energy barrier needed to switch via DW is directly linked to the diameter where the maximum energy is reached (extracted from[START_REF] Khvalkovskiy | Basic principles of STT-MRAM cell operation in memory arrays[END_REF]).

Figure 3 . 34 :

 334 Figure 3.34: Thermal stability versus nominal diameter for a 13.4 Å in (a) and a 14.3 Å free layer in (b). Thermal stability shows a linear slope flattening as the temperature is increasing.

3. 4 .Figure 3 . 36 :

 4336 Figure 3.36: Thermal stability factor from 40 • C up to 200 • C for nominal diameters from 20nm up to 150nm for a 13.4 Å in (a) and 14.3 Å free layer in (b). All curves shows a different value at room temperature but goes to 0 data retention at the same temperature value being 195 • C and 205 • C.

Figure 3 . 37 :

 337 Figure 3.37: Magnetization curve in temperature for a Curie temperature value of 800 K for Co and 1100K for Fe in bulk showing a small loss of 10% from 0 • C to 200 • C and a sharp decrease close to the Curie temperature.

Figure 3 . 38 :

 338 Figure 3.38: Surface anisotropy behaviour in temperature with the Curie temperature values for Co and Fe bulk. The decrease is strongly linked to the magnetization curve and decreases faster.

Figure 3 . 39 :

 339 Figure 3.39: Exchange stiffness behaviour in temperature with the Curie temperature values for Co and Fe bulk showing a similar behaviour than surface anisotropy and magnetization.

  Figure 3.40: (a) Comparison of the magnetization, surface anisotropy and exchange stiffness with the bulk Curie temperature value and with the blocking temperature.The reduction of the Curie temperature induces a loss of the overall magnetic parameter of more than 50% over the first 100 • C compared to less than 5%. (b) to (f) shows the thermal stability fitting for nominal diameters from 20 nm up to 150 nm with both A ex possible equations and with a free or fixed T b . (g), (h) and (i) are the exchange coupling, nucleation width and blocking temperature extracted from the previous fit.
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 1 Sample description (a) Ta340 stack (b) W400 and W425 stacks

Figure 4 . 1 :

 41 Figure 4.1: Schematic of the magnetic stack for the SFL stack with (a) a Ta capping layer representing Ta340 and (b) a W capping layer representing W400 and W425.

Chapter 4 .

 4 Optimization of the temperature limits of a P-STT-MRAM free layer nealing temperature of 350 • C for 30min (figure 4.2b). • W// -W Compensated-wedge : FeCoB wedge/W 3/FeCoB wedge/ MgO, with an annealing temperature of 350 • C for 30min (figure 4.2b). (a) Ta+ and Ta// (b) W+ and W// (c) Cross and compensated wedge

Figure 4 . 2 :

 42 Figure 4.2: Schematic of the magnetic stack for the CFL stack with (a) a Ta insertion layer representing Ta+ and Ta//, (b) a W insertion layer representing W+ and W// and (c) the cross and compensated (or parallel) wedges from a wafer top-view.

4. 1 .

 1 Sample description (a) W+ -pre-patterning coercivity (b) W+ -post-patterning coercivity (c) Ta+ -pre-patterning coercivity (d) Ta+ -post-patterning coercivity

Figure 4 . 3 :

 43 Figure 4.3: (a) shows the MOKE measurement done on the W+ wafer before patterning. The thickness of FL1 increases from negative to positive Y and FL2 from negative to positive X. The lowest combination at the bottom left part of the wafer shows low value of coercive field with few areas with high values. The left to right descending diagonal area presents isotropic bands with the highest value of coercive field observed for 20 Å and especially at the bottom right. The top-right area shows the coercive field decreasing which correspond to the magnetization going back in-plane. (b) is the coercive field mapping done post-patterning on the final device of W+. We can see the three areas matching with the ones from the MOKE measurement with coercive field values higher than 2000 Oe.(c) corresponding to the Moke measurement done on the Ta+ wafer before patterning where we can see that the bottom left part of the wafer has an in-plane orientation that is correlated with the coercive field measurement done on patterned devices in (d).

4. 1 .

 1 Sample description (a) W// -pre-patterning coercivity (b) W// -post-patterning coercivity (c) Ta// -pre-patterning coercivity (d) Ta// -post-patterning coercivity

Figure 4 . 4 :

 44 Figure 4.4: (a) shows the MOKE measurement for the W// wafer where isotropic coercive field bands can observed along the Y axis. However, a variation at the right and left part of wafer are also observed but disappears in the coercive field mapping done on the final devices in (b). This variation may a measurement artefact. Once the devices are patterned, a coercive field higher than 2000 Oe and up to 2500 Oe is observed, correlating the results at comparable total thickness in W+. To be noted that the f=coercive field is higher at the bottom of the wafer which corresponds to the case where the W insertion is close to the MgO barrier. (c) shows the MOKE measurement of the Ta// wafer showing a higher coercive field at the top of the wafer and at the extremes left and right. The device measurement in (d) show the contrary with a higher coercive (> 1000 Oe) at the bottom of the wafer. The difference may be due to the patterning of the devices.

Figure 4 . 5 :

 45 Figure 4.5: TMR vs RA for the different simple free layer wafers : (a) Ta340 with a low yield, noisy and high nominal RA of 75 Ωm 2 and an average TMR within the working devices of 36%, (b) W400 with a significant proportion of shunts -RA = 31 Ωm 2 , TMR = 73%, (c) W425 with a low proportion of shunt -RA = 31 Ωm 2 ,TMR = 87%.

4. 2 .Figure 4 . 6 :

 246 Figure 4.6: TMR vs RA for the different composite free layer wafers : (a) W+ with RA = 35 Ωm 2 , TMR = 19%, (b) W// with RA = 41 Ωm 2 , TMR = 21%, (c) Ta+ with RA = 44 Ωm 2 , TMR = 16% and (d) Ta// with RA = 60 Ωm 2 , TMR = 19%. The high nominal RA in CFL wafers is mostly due to the second MgO barrier as capping.

Figure 4 . 7 :

 47 Figure 4.7: (a)shows the TMR versus thickness for Ta340, W400 and W425 with first an increase and then a decrease, which is coherent with an increasing magnetization with thickness as shown in (b) (extracted from reference[START_REF] Sato | CoFeB Thickness Dependence of Thermal Stability Factor in CoFeB/MgO Perpendicular Magnetic Tunnel Junctions[END_REF]) . (c) and (d) show the TMR vs thickness for W+ and Ta+ where no significant changes are noticeable as opposed to (e) and (f) for W// and Ta// where the TMR is either increasing linearly giving a dead layer of 2.2 Å or slightly decreasing to increase again around the symmetry point of the insertion.

Figure 4 . 8 :

 48 Figure 4.8: Coercive field versus the free layer thickness measured for SFL showing first an increase up to 13.5 Å for Ta340 and 15 Å for W400 and W425 and then a decrease up to a maximum thickness of respectively 15.5 Å, 17.25 Å and 18.5 Å.

Figure 4 . 9 :

 49 Figure 4.9: (a) and (b) shows the coercive field for the + wafers versus the thickness of CFB1 and CFB2 resulting in an increase up to a saturation point at 9 Å for W+ and Ta+. (c) and (d) shows the coercive field versus CFB1 for the // wafers decreasing by 30% when the insertion goes further away from the barrier.

4. 2 .Figure 4 . 10 :

 2410 Figure 4.10: Switching current (100ns pulses) for (a) W400 and (b) W425 versus free layer thickness showing an increase of 15%/ Å for W400 and 10%/ Å for W400. (c) is a plot of switching current dependence with the W+'s cumulative free layer thickness showing an increase by 2.5 for 100nm and 150nm over 6 Å. (d) shows switching current versus the position of the W insertion where a decrease of 20% as W is getting further away from the barrier.

Figure 4 .

 4 Figure 4.11: Switching voltage for (a) W400 and (b) W425 showing an increase coherent with the increasing switching current showing no VCMA effect. (c) and (d) shows a constant switching voltage for W// and W+ induces by a process-related resistance variation parallel to the wedges.

Figure 4 . 12 :

 412 Figure 4.12: Thermal stability versus free layer thickness for (a) W400 and (b) W425. Thermal stability increases by 15% over a 2 Å increase of the free layer, linked to an increase of the magnetic volume. (c) shows the inverted bell relation between thermal stability and thickness as surface anisotropy is no longer enough to sustain perpendicular magnetization. (d) is a plot of thermal stability versus the position of the W layer showing a decrease by 10% as the insertion goes away from the barrier.

4. 3 .

 3 Temperature limits of P-STT-MRAM : a blocking temperature study (a) Magnetic hysteresis loops for a T340 and W425 device infor different temperature values (b) Normalized coercive field and Bloch fitting

Figure 4 .

 4 Figure 4.13: (a) Averaged magnetic hysteresis cycles for a Ta340 (top) and W425 (bottom) device for temperatures ranging from 40 • C up to 110 • C showing a faster decrease of the coercive field for the Ta340 device down to 0 Oe. (b) shows the normalized coercive field for a device with a low blocking temperature of 105 • C in red and a higher T b of 175 • C in blue fitted with a Bloch law.

  (a) Relative error vs number of events (b) Relative error extraction (c) Accuracy of T b in function of the number of points

Figure 4 .

 4 Figure 4.14: (a) shows the relative error of the averaged coercive field depending on the number of events up to 10 3 (5 Oe step). (b) is a plot of the error fit showing 5% of error at 20 cycles. (c) represents the T b relative error depending on the fitting range resulting in less than 2% error for a high T b value in the used set-up.

  Curie temperature vs thickness from[START_REF] Schneider | Curie temperature of ultrathin films of fcc-cobalt epitaxially grown on atomically flat Cu(100) surfaces[END_REF] 

Figure 4 . 15 :

 415 Figure 4.15: Blocking temperature versus free layer thickness for (a) the SFL wafers showing a linear increase, (b) W+ with a linear increase similar to W400/W425 but with a saturation point, (c) Ta+ with a slight increase or saturation comparable to the Ta340 value of 120 • C. (d) shows the blocking temperature versus CFB1 (symmetry at 10.4 Å), for W// with a optimal position at the middle and a decrease on both direction and (e) a decrease for Ta// as the insertion goes away from the barrier. (f) is a graph redrawn from[START_REF] Schneider | Curie temperature of ultrathin films of fcc-cobalt epitaxially grown on atomically flat Cu(100) surfaces[END_REF] showing a linear increase of Curie temperature versus thickness for pure Co.

  Curie temperature fitting with thickness

Figure 4 . 16 :

 416 Figure 4.16: Blocking temperature fitted with equation (4.2) for (a) Ta340, (b) W400, (c) W+ and (d) Ta+. They all show an linear increase followed by a saturation value. This saturation stays in the same range for all wafers. (e) is a graph extracted from[START_REF] Zhang | Thickness-Dependent Curie Temperatures of Ultrathin Magnetic Films: Effect of the Range of Spin-Spin Interactions[END_REF] showing the origin of the model used in this study.

4. 3 .Figure 4 . 17 :

 3417 Figure 4.17: Coercive field versus blocking temperature versus free layer thickness for (a) Ta340, (b) W400 and (c) W425 showing the trade-off between magnetic immunity and high working temperature.

Figure 4 .

 4 Figure 4.18: (a) coercive field versus blocking temperature versus free layer thickness for W+ in which the trade-off does not appear but a linear relation between the coercive field and the blocking temperature can be seen. (b) shows a plateau for Ta+ with a blocking temperature increasing as coercive field stays rather constant. (c) and (d) corresponds to W// Ta// where no clear dependence is shown for W// but a high variability while Ta// shows a linear increase between coercive field and blocking temperature with both increasing as the insertion layer gets closer to the tunnel barrier.

Figure 4 . 19 :

 419 Figure 4.19: TMR versus temperature for (a) W400 and a CFL wafer showing no real impact of the free layer thickness on the TMR decrease rate with temperature while CFL loses 20% less over 200 • C. (c) shows TMR in temperature for W// with different position of the W insertion layer resulting in a slower decrease as the insertion goes away from the barrier, increasing CFB1.

4. 4 .Figure 4 . 20 :

 4420 Figure 4.20: Switching current (100ns) versus temperature for (a) W400 and CFL for different thickness showing the current decreasing at different relative rates and (b) for W// with a higher blocking temperature of almost 50 • C and better performances for a insertion layer far away form the barrier. (c) and (d) represents the switching voltage for W400 and W// respectively.

Figure 4 . 21 :

 421 Figure 4.21: Thermal stability in temperature and its fit for (a) W400 and CFL and (b) W//.

Figure 4 .

 4 Figure 4.22: (a) is a spider chart representing the different requirement for industrial applications in terms of magnetic immunity, current and voltage consumption, TMR, thermal stability and maximum operating temperature. (b) shows the same spider chart but filled with the different storage layers.
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5. 1 .Figure 5 . 1 :

 151 Figure 5.1: (a) shows an average of 10 magnetic hysteresis cycles of a simple free layer device with a coercive field of 950 Oe and a coercive field of 250 Oe favouring the AP state. (b) is a graph showing an average of 20 hysteresis cycles for different values of external magnetic field showing a shift in the switching voltage values in accordance with the magnetic loops with a more stable AP state. (c) shows the linear trend of the switching voltage and offset voltage with the external magnetic instead of a quadratic behaviour. The magnetic field is corrected with the offset field measured in (a) and shows a non-zero offset at a compensated magnetic loop. (d) is a graph showing an I-V curve being fitted with a Simmons equation for the tunnel barrier showing the relation between the offset voltage and current.

5. 1 .

 1 Figure 5.2: (a) APP Switching Voltage Distribution for a standard simple free layer device for different offset magnetic field values showing an increasing thermal stability as the offset favours the AP state. (b) Relative thermal stability extracted via SVD for the same device and both transitions. Both transitions have a linear trend instead of the predicted quadratic behaviour with a cross-point at a non-zero magnetic field.

5. 2 .Figure 5 . 3 :

 253 Figure 5.3: (a) shows the dependence of the coercive field with the thickness of the free layer for a fixed MgO thickness of ≈ 11 Å. The coercive field first increases from 750Oe up to 1100 Oe, then enters a noisy regime due to the process issues at the centre of the wafer and then decreases down to 825 Oe. (b) shows that the coercive field does not depend on the nominal RA. (c) is a plot representing the sensitivity vs the coercive field vs the free layer thickness. While the variability is high, no clear trend is observed meaning that the coercive field does not influence significantly sensitivity.

Figure 5 . 4 :

 54 Figure 5.4: (a) shows the switching voltage decrease measured as the free layer increases in thickness in W400. An opposite behaviour was observed on the entire wafer in chapter 4 which is attributed to a non constant RA. (b) displays the strong dependence of switching voltage with the MgO thickness on W400 (meaning uniform Oxygen-atom distribution over the wafer) with a drop of nearly 70% over 3 Å. (c) is a plot of the nominal vs the free layer thickness showing a decrease as the free layer thickness decreases revealing a non-uniform MgO along the mapping. (d) shows the strong dependence of RA with the MgO thickness on W400 which explains the decrease observe in the switching decrease as the dependence with MgO is stronger than the one with the free layer thickness.

Figure 5 . 5 :

 55 Figure 5.5: (a) Shows the sensitivity dependence with switching voltage which appear to be linear with a 0.44 (mV/Oe)/V for W400 however, a large dispersion remains with a factor 2 in sensitivity at 0.8 V switching voltage. (b) shows the sensitivity versus CFB1 thickness in W// where a drop in sensitivity by almost a factor 3 is observed over 3 Å which is coherent with a decreasing switching voltage as the insertion goes further away from the barrier, as seen in chapter 4. (c) is a plot of sensitivity vs RA and coercive field for W400 showing a linear trend for the devices with a nominal diameter larger than 20 nm and a higher slope for the smallest devices. This can be explained by a low RA due to the etching limitations for low dimensions. (d) is a graph showing sensitivity with TMR where no clear trend is observed which has to be investigated furthermore.

  (a) Average magnetic field vs sweeping rate (b) Relative coercive field value compared with magnetic ramping and voltage ramping speeds

Figure 5 . 8 :

 58 Figure 5.8: (a) Coercive field plotted in function of the sweeping rate (normalized at 5 Hz) fitted with equation (5.9). (b) coercive field vs sweeping rate from equation (5.9) showing a drop of 40 to 60% from the magnetic testing range to the electrical testing range.

Figure 5 . 9 :

 59 Figure5.9: (a) shows the magneto-resistance loop of a W// device with a coercive field of 2000 Oe which is twice higher than a standard SFL stack. (b) is a graph where the switching voltage is plotted versus the offset field for the W// device. The linear trend observed for the SFL device is also present and the magnetic window appears to be 1200 Oe, twice higher than for the SFL stack. (c) displays a device from W// with a non linear switching voltage appearing at a much higher rate than for the SFL wafers.

  (a) shows a WER curve from IBM with a 10 6 failure rate at 0.64 V for a 10 ns pulse width proving a fast and reliable technology (from[START_REF] Hu | Key parameters affecting STT-MRAM switching efficiency and improved device performance of 400C-compatible p-MTJs[END_REF]).(b) shows IBM announcement with Everspin of a 19 TB SSD with an STT-MRAM as cache. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.18 (a) image showing the 256 MB chip from Everspin which corresponds also to the 1 GB chip. (b) retention time of a 256 MB chip showing an extracted 10 years retention at 10 9 WER at 100 • C (from [40]). . . . . . . . 1.19 (a) is schematic representation of the reading mechanism in a field-driven MRAM.When the selection transistor is ON, a small current passes through the device allowing the resistance to be read. (b) shows the writing scheme based on a magnetic field generated by a current circulating inside two orthogonal metal lines which switches the storage layer's magnetization (extracted from reference[START_REF] I L Prejbeanu | Thermally assisted MRAM[END_REF]). . . . . . . . . . . . 1.20 (a) is a schematic representation of the TA-MRAM and its writing scheme. Instead of the two field lines of the field-driven, only one is used conjointly with a heater which increases the local temperature. (b) comparison of the switching current between the field-driven (grey dots) and the TA-MRAM (yellow dots) depending on their diameter. Below 800 nm, the TA-MRAM consumes much less current and scales down with the size as opposed to the field-driven MRAM (extracted from reference[START_REF] I L Prejbeanu | Thermally assisted MRAM[END_REF]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.21 Schematic representation of (a) an in-plane STT-MRAM with its in-plane magnetic layers and (b) a P-STT-MRAM with its perpendicular magnetic layers (extracted from reference [43]). (c) is a comparison of the switching current (85k b T fixed energy barrier) versus the MTJ diameter between in-plane and perpendicular STT-MRAM. The P-STT-MRAM shows a better scalability and a lower current consumption that the inplane STT-MRAM (extracted from reference [51]). . . . . . . . . . . . . . 1.22 (a) schematic representation of a PSA-STT-MRAM and its thick storage layer (orange). High-angle annular dark field image (b) and EDX (c) showing a sub-20 nm device with its storage layer made of Cobalt, Iron and Boron (blue, yellow and red) (extracted from reference [53]). . . . . . 1.23 (a) Schematic representation of a VCMA-MRAM device with its electric field induced by a highly resistive MTJ and a voltage pulse. (b) shows the switching probability versus pulse width of a VCMA-MRAM devices showing a reliable sub-ns switching. (c) is a comparison in cachelike conditions of SRAM, eDRAM, P-STT-MRAM and VCMA-MRAMshowing a drop of 31% in energy for VCMA-MRAM compared to P-STT-MRAM mainly to less leakage (extracted from reference[START_REF] Noguchi | Novel voltage controlled MRAM (VCM) with fast read/write circuits for ultra large last level cache[END_REF]). . . . . 1.24 (a) Schematic representation of a SOT-MRAM cell with its three-terminal architecture. Since the current does not pass through the oxide barrier during writing, the endurance of the SOT-MRAM is supposed unlimited (extracted from[START_REF] Bishnoi | Architectural aspects in design and analysis of SOT-based memories[END_REF]). (b) top shows the switching probability for different pulse widths depending on the voltage for a SOT-MRAM device. A reliable 280 ps writing time is obtained at 1 V which is faster than P-STT-MRAM. On bottom, the switching energy versus switching time is compared between SOT and P-STT-MRAM showing than SOT-MRAM costs less energy below 5 ns, which is the limit here for P-STT-MRAM (extracted from[START_REF]Press Release -Imec demonstrates manufacturability of state-of-the-art spin-orbit torque MRAM devices on 300mm Si wafers[END_REF]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.25 (a) Magnetic stack used for OA switching on ferromagnet layers on top of which a laser is pointed. (b) MFM characterization showing the relative magnetization of the GdFeCo (green arrow) and Co/Pt (blue arrow) at different step of the experiment. At each shot of 100 70 ps laser pulses, the relative magnetization of both layers are reversed, showing the switching reliability of the OA switching mechanism (extracted from reference [58]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.1 (a) Schematic of an electron orbiting around a nucleus as a current loop creating a magnetic field called magnetic moment. (b) and (c) represent respectively the "up" and "down" spin created by an intrinsic rotation of the electron on itself. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.2 Representation of the spin orientation inside a diamagnetic, ferromagnetic and anti-ferromagnetic material first without external magnetic field and then with magnetic field. . . . . . . . . . . . . . . . . . . . . . . 2.3 Magnetization response to an external magnetic field for (a) a diamagnet, with the average of electrons' spin being opposite to the applied magnetic field and (b) a ferromagnet with the saturation magnetization and the coercive field at which the magnetization switches. . . . . . . . . 2.4 Hall resistance in magnetic field for (a) Pt3/CoFe0.6/AlOx samples naturally oxidized in air with varying thicknesses of Al from [80] and (b) Pt3/Co0.6/AlOx samples with different oxidation times from [81]. . . . 2.5 Schematic showing first a ferromagnetic layer and its symmetrical switching in (a), then with a pin-down layer and a spacer that will increase the stability but induce an offset field and (c) a third layer in order to compensate the offset field and form a symmetrical stable SAF. . . . . . . . . 2.6 (a) shows the calculated Density of States for Fe, Co, Ni and Cu from [84] where we can see the shift in energy for the different spins dependant on the material except for Cu. (b) is schematic of a non-magnetic material and its symmetrical bands and the asymmetrical bands of a ferromagnetic layer depending on the magnetization direction. . . . . . . . 2.7 (a) shows the electrons being polarized while passing through a ferromagnetic layer and (b) is a schematic representation extracted from reference [88] of a Mott detector based on the spin-filtering of electron. . . . 2.8 (a) is a drawing of the tunnel effect, where an electron has a probability to pass through a tunnel barrier despite not having enough energy. (b) is a schematic representation of TMR phenomenon by showing the different percentage of transmitted electrons depending on the MTJ being in the Parallel or the Anti-Parallel state. . . . . . . . . . . . . . . . . . . . 2.9 Series of schematic showing (a) a ferromagnetic nano-particle with a magnetic moment align along the z axis, (b) the nano-particle under an applied magnetic field with an opposite direction to the magnetic moment and (c) the reversed magnetic moment due to the applied magnetic field being close to the anisotropy field. . . . . . . . . . . . . . . . . . . . 2.10 (a) shows the different shapes of a magnetic hysteresis cycle for different value of angle between the magnetic field and the easy axis. The better the field is parallel to the easy axis, the more square becomes the cycle. The curve at 90 • shows the curve for the hard axis (from [94]). (b) is a schematic showing the modification of the energy barrier under the influence of an external magnetic field. . . . . . . . . . . . . . . . . . . . . 2.11 (a) is a schematic of the STT effect where a down-polarized current exerts a torque on the layer's magnetization reversing its direction and is partially polarized by the layer. (b) is a simulation from [95] showing the direction of a magnetic layer's magnetization with a polarized current passing through. (c) and (d) shows the mechanism behind the APP and the PAP transition due to STT. . . . . . . . . . . . . . . . . . . . . . . . . . 2.12 Schematic showing the effect of the different terms from the LLGS equation with first in (a) the Field torque induced by an external magnetic field making the magnetic moment precess. In (b), the second term being the damping torque will tend to attenuate the precession and then in (c) the STT is added that tends to align the magnetization towards the current polarization's direction. . . . . . . . . . . . . . . . . . . . . . . . . 2.13 (a) shows the time dependence of the applied magnetic field and the reading voltage around the device. (b) shows 100 individual HL in field (grey) and their average for both transitions (PAP in red and APP in blue). 2.14 (a) Graph showing the PAP transition due to the second voltage pulse at 1.5µs. (b) shows 500 individual HL in voltage in grey and their average for both transitions (red for PAP and blue for APP). . . . . . . . . . . . . 2.15 Phase Diagram of a standard P-STT-MRAM device where we can the effect of the voltage starting around an absolute 0.3V up until it is stronger that the external magnetic field in (a) and (b) shows a phase diagram of a device showing no STT effect, resulting in straight lines. . . . . . . . . 3.1 Magnetic stack corresponding to Leti-wafer. It can be separated into four parts, starting from the bottom : a CuN BE, the FeCoB based MTJ, the SAF and the Ta/Mg/Ta TE. . . . . . . . . . . . . . . . . . . . . . . . . 3.2 (a) is a schematic representation of a magnetron sputtering chamber where the deposition of the magnetic stack is done (extracted from [104]). (b) is a TEM profile image of the MTJ showing the crystallization of the CoFeB and the MgO layers (extracted from reference [105]). . . . . . . . 3.3 Graphs showing the dependence with the annealing temperature of TMR and RA of the MgO barrier in (a) and of the coercive field of a CoFeB ferromagnetic layer in (b) (extracted from reference [106]). . . . . . . . . . . 3.4 (a) is a TEM cross-section image of an MTJ for an as-deposited MTJ and for an annealing at 270 • C and 375 • C where we can see the crystallization improving (extracted from reference [108]). (b) and (c) show the transmission of the different orbitals through the tunnel barrier depending on the crystallization of the MgO (extracted from [109]). . . . . . . . . . . 3.5 (a) shows the first step of the patterning by defining the Hard Mask that will set the diameter of the future devices. (b) shows the 45 • angle IBE etching on a rotating sample, in (c) we can see the re-deposition of the volatile Ta particle freed by the previous step and (d) is the final etching step at a grazing angle allowing the removal of the re-depositions but resulting in an over-etch of the magnetic stack. (e) is an EDX profile image of a 120 nm diameter device from Leti-wafer showing the MTJ in green and the absence of Ta particle on the sides. . . . . . . . . . . . . . . 3.6 (a) is a schematic representation of the encapsulation of the magnetic stack, isolating the MTJ from contamination, (b) shows the CMP and the top electrode deposition that will allow an electrical contact. (c) and (d) are Dark-field image and HAADF of a patterned device that followed the previous nano-fabrication steps. . . . . . . . . . . . . . . . . . . . . . 3.7 EDX image of a 40nm diameter device showing the different material and the apparent important over-etch at the bottom of the pillar. . . . . . 3.8 (a) is a summary of the process flow for a 1T-1R device from the Letiwafer, (b) is a top SEM image of a 256 bit matrix, (c) is a profile image of a P-STT-MRAM device between M4 and M5 and (d) is profile TEM image of five 1T-1R devices from a Mbit matrix. . . . . . . . . . . . . . . 3.9 Magnetic hysteresis cycle from (a) a 190 nm diameter device presenting a low offset field inducing a symmetrical cycle and (b) a 85 nm diameter device with a high offset causing the cycle to be asymmetrical and thus, not showing both states at zero-field. These graphs are also a good example of increasing offset field with decreasing diameter. . . . . . . . 3.10 (a) Schematic used to represent the possible presence of a short-circuit (shunt) with a resistance in parallel with the MTJ and the possible resistance in series duo to residual materials or a defective oxide barrier. (b) is a plot following Equation (3.1) with a left rising part representing the shunt effect and the right decreasing part corresponding to a resistance in series; the peak serves as reference and corresponds to the CIPT measurement on full-sheet wafers. . . . . . . . . . . . . . . . . . . . . . . 3.11 (a) Simple pattern with a 100 ns 1 V writing pulse followed by a 2 µs 0.2 V reading pulse, (b) sweeping voltage train made of incremental writing pulse with a smaller step around the switching values, (c) graph showing the current integrated during the writing pulse for a standard P-STT-MRAM and (d) Hysteresis loop of a standard P-STT-MRAM seen from the writing pulse (blue) and the reading pulse (red). . . . . . . . . . 3.12 (a) is a schematic representation showing the Arrhenius model applied on the MTJ with two stable state corresponding to the P and AP states separated with an energy barrier. (b) is a graph showing the relation between data retention and thermal stability and the impact of the error of the thermal stability's value on the data retention. . . . . . . . . . . . . 3.13 (a) is a plot of the parallel resistance versus nominal diameter fitted with equation (3.6) for diameters larger than 350 nm (no shunt); this fit gives a value of RA and the etching parameter from the nominal diameter to the electrical diameter. (b) Electrical/Real diameter versus the nominal diameter from the extracted values of RA and etching. (c),(d) and (e) are wafermaps showing the TMR values of the entire wafer for nominal diameters of 300 nm, 450 nm and 600 nm respectively. We can see the non uniform TMR distribution due to either a non uniform deposition or etching. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.14 (a) is a plot with the TMR and RA values for working devices measured on a Leti-wafer superposed with the voltage divider presented in figure 3.10a with reference values of TMR=100% and RA=5 Ωµm 2 ; most of the dots are scattered around the reference with significant part still presenting some shunts. (b) is a graph showing the distribution the working devices TMR with a first peak at 65% for the smallest devices presenting minor shunts and at 95% for the largest devices. (c) shows the best devices within the working devices showing an increasing yield as the diameter increases; the smallest devices have a low yield mainly due to process problems such as falling pillars for high aspect ratios. . . . . . 3.15 (a) shows the coercive field value versus the nominal diameter with a stable window down to ND=350nm allowing electrical switching at zero-field. (b) Switching voltage at 100ns with a constant value with diameter. (c) TMR in function of the ND showing a decreasing TMR value mainly due to pinholes. (d) is a graph showing the TMR in temperature up to 235• C for devices with a nominal diameter larger than 350nm; the low dependence in temperature assures two distinguishable states from room temperature to the maximum working temperature. . . . . . . . . 3.16 (a) and (b) show an average of 100 voltage hysteresis cycle for a MTJ with a 500 nm nominal diameter in a 1R and 1T-1R configuration respectively. Both MTJ are similar in specs but the transistor in series matching the resistance of the MTJ, the TMR drops significantly. (c) and (d) corresponds to the switching voltage distribution from the voltage hysteresis loops, the resistance of the transistor being 5 times larger than the MTJ's, the switching voltage is also 5 times higher. . . . . . . . . . . . . . . . . . 3.17 Resistance distribution of a 4 kbit matrix fitted with Gaussian distributions showing 2 states separated by 7(σ p + σ ap ). . . . . . . . . . . . . . . 3.18 (a) is a voltage hysteresis cycle of a device with data retention lower than a voltage loop duration revealing the maximum working temperature. (b) represents the pattern applied to measure the STP consisting of a strong writing pulse and a low reading pulse. (c) shows 50 switching measurements from AP to P at 235 • C giving an average value of data retention and thermal stability. (d) is a plot of the switching probabilities with 100% of the APP transitions observed while no PAP transition is observed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.19 (a) is a schematic representation showing the testing protocol starting with setting a matrix to a single state (the less stable), then the wafer is put inside an oven in order to be checked for switched cells afterwards. (b) shows the data corresponding to a 250 nm diameter 4 kbit matrix where the thermal stability decreases in temperature as more cell switches despite a decreasing baking time. . . . . . . . . . . . . . . . . .3.20 Thermal stability extracted with STP on a matrix (blue) and single devices (red). These values serve as a reference since they represent the real retention time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.21 (a) shows an example of the SFD curve with reference values (∆ Ref , H k,Ref ) and other relative values showing the impact of H k on the position of the distribution and of ∆ on the position and the height/width of the curve. (b) is a plot of the possible solution of experimental-like data showing a 10% error margin for a correlation factor of N 2 > 0.99. (c) compares the SFD done on the APP and the PAP transitions showing that the P state is more stable as the APP transition has a lower stability factor value. (d) shows the SFD done at different temperature values on a 80 nm diameter device. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.22 Thermal stability factor extracted via SFD from 30 • C to 105 • C where high variability is seen at 40 • C and 50 • C but coherent with STP. . . . . . 3.23 (a) shows an example of the SCD curve with reference values (∆ Ref , I c,0,Ref ) and other relative values showing the impact of I c,0 on the position of the distribution and of ∆ on the height/width of the curve. (b) is a plot of the possible solution of experimental-like data showing a 15% error margin for a correlation factor of N 2 > 0.99. (c) shows the SCD done on different temperature values on a 380nm diameter device. (d) plots thermal stability factor extracted via SCD from 30 • C to 235 • C with coherent values with STP. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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 24 The (a) graph represents switching voltage versus pulsewdith for both transitions where the transition between the precessionnal and the thermally activated regimes is seen at 100ns. (b) shows the SPW fit on the linear part (log scale) with different (∆ Ref , I c,0,Ref ), where ∆ influences the slope and I c,0 the current value at 0s. (c) is data fitted for temperature values up to 235 • C with pulse width further from the transition towards the precesionnal regime. On (d) can be seen the extracted values of thermal stability with the SPW protocol from 25 • C to 240 • C matching with the STP at high temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . 3.25 Graph showing the impact of a non-adapted measurement step with in red only 2 points on the slope and in blue 5 points. . . . . . . . . . . . . . 3.26 Precision of the extraction depending on the number of points over the distribution for SFD, SCD, SPW and STP protocols of (a) thermal stability and (b) its paired parameter. This shows than SFD and SCD can reach only the 5% error margin with 6 points while the other methods reach the 1% error margin with 5 points. . . . . . . . . . . . . . . . . . . 3.27 Crude graph showing the impact of the number of events needed to fit correctly the experimental data. The distribution must be dense enough to match the real distribution. . . . . . . . . . . . . . . . . . . . . . . . . . 3.28 Accuracy of the extraction depending on the number of switching eventsfor SFD, SCD, SPW and STP protocols of (a) thermal stability and (b) its paired parameter. This shows than SFD and SCD can reach only the 5% error margin after 300 events while the other methods reach the 1% error margin with less than 30 events. (c) and (d) shows the experimental accuracy for the SCD and SFD methods respectively confirming that at least 300 to 400 hysteresis cycles are needed to have less than 5% error margins. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.29 Comparison table summarizing the advantages and drawbacks of the SCD, SFD, SPW and STP methods. . . . . . . . . . . . . . . . . . . . . . . 3.30 (a) and (b) show the extracted thermal stability factor from the 4 different protocols on (a) 250 nm diameter devices from Leti and (b) 250 nm diameter devices from an external laboratory. These show a coherent extraction for SCD, SFD and STP while the SPW is coherent only at high temperature. This difference at low temperature may due to the fact that the pulses are not far enough from the regime transition. . . . . . . . . . 3.31 Stack used for the thermal stability modelling part consisting of a topfree layer with different thickness and with a W capping layer. . . . . . . 3.32 (a) is a plot representing the thermal stability extracted via SCD and SPW versus diameter for different temperature values showing a flat dependence. ∆ extracted in temperature previously fitted with a MacroSpin model from the STP values at high temperature showing an overestimation of thermal stability at lower temperature. (c) shows the N z demagnetizing factor versus the aspect ratio which stays higher than 0.98 for a free layer of 1.5 nm and a diameter larger than 30 nm. (d) represents the diameter quadratic dependence of thermal stability calculated with the MacroSpin model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.33 (a) MS and DW dependence in diameter showing a linear behaviour for the DW model and a transition where DW is more favourable than MS around 30nm here as an example. (b) MS-like switching in real-time where a uniform PAP reversal is observed at 1.5 µs. DW-like switching is observed on graph (c) with some transition having a semi-stable intermediary state coherent with the nucleation of a magnetic domain. (d) Graph from [109] where the energy barrier needed to switch via DW is directly linked to the diameter where the maximum energy is reached (extracted from [109]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.34 Thermal stability versus nominal diameter for a 13.4 Å in (a) and a 14.3 Å free layer in (b). Thermal stability shows a linear slope flattening as the temperature is increasing. . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.35 (a) represents the dependence in diameter of the MW, DW, MN with 1 nucleation and MN with 2 nucleations. 2 transitions are observed when 1 nucleation and propagation need less energy than a uniform reversal and when the nucleation of multiple magnetic domains is more favourable than the propagation.(b) is a schematic representing the MS, DW and MN model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .3.36 Thermal stability factor from 40 • C up to 200 • C for nominal diameters from 20nm up to 150nm for a 13.4 Å in (a) and 14.3 Å free layer in (b). All curves shows a different value at room temperature but goes to 0 data retention at the same temperature value being 195 • C and 205 • C. . . 3.37 Magnetization curve in temperature for a Curie temperature value of 800 K for Co and 1100K for Fe in bulk showing a small loss of 10% from 0 • C to 200 • C and a sharp decrease close to the Curie temperature. . . . . 3.38 Surface anisotropy behaviour in temperature with the Curie temperature values for Co and Fe bulk. The decrease is strongly linked to the magnetization curve and decreases faster. . . . . . . . . . . . . . . . . . . 3.39 Exchange stiffness behaviour in temperature with the Curie temperature values for Co and Fe bulk showing a similar behaviour than surface anisotropy and magnetization. . . . . . . . . . . . . . . . . . . . . . . . . 3.40 (a) Comparison of the magnetization, surface anisotropy and exchange stiffness with the bulk Curie temperature value and with the blocking temperature. The reduction of the Curie temperature induces a loss of the overall magnetic parameter of more than 50% over the first 100 • C compared to less than 5%. (b) to (f) shows the thermal stability fitting for nominal diameters from 20 nm up to 150 nm with both A ex possible equations and with a free or fixed T b . (g), (h) and (i) are the exchange coupling, nucleation width and blocking temperature extracted from the previous fit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.1 Schematic of the magnetic stack for the SFL stack with (a) a Ta capping layer representing Ta340 and (b) a W capping layer representing W400 and W425. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.2 Schematic of the magnetic stack for the CFL stack with (a) a Ta insertion layer representing Ta+ and Ta//, (b) a W insertion layer representing W+ and W// and (c) the cross and compensated (or parallel) wedges from a wafer top-view. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.3 (a) shows the MOKE measurement done on the W+ wafer before patterning. The thickness of FL1 increases from negative to positive Y and FL2 from negative to positive X. The lowest combination at the bottom left part of the wafer shows low value of coercive field with few areas with high values. The left to right descending diagonal area presents isotropic bands with the highest value of coercive field observed for 20 Å and especially at the bottom right. The top-right area shows the coercive field decreasing which correspond to the magnetization going back in-plane. (b) is the coercive field mapping done post-patterning on the final device of W+. We can see the three areas matching with the ones from the MOKE measurement with coercive field values higher than 2000 Oe.(c) corresponding to the Moke measurement done on the Ta+ wafer before patterning where we can see that the bottom left part of the wafer has an in-plane orientation that is correlated with the coercive field measurement done on patterned devices in (d). . . . . . . . . . . . . 4.4 (a) shows the MOKE measurement for the W// wafer where isotropic coercive field bands can observed along the Y axis. However, a variation at the right and left part of wafer are also observed but disappears in the coercive field mapping done on the final devices in (b). This variation may a measurement artefact. Once the devices are patterned, a coercive field higher than 2000 Oe and up to 2500 Oe is observed, correlating the results at comparable total thickness in W+. To be noted that the f=coercive field is higher at the bottom of the wafer which corresponds to the case where the W insertion is close to the MgO barrier. (c) shows the MOKE measurement of the Ta// wafer showing a higher coercive field at the top of the wafer and at the extremes left and right. The device measurement in (d) show the contrary with a higher coercive (> 1000 Oe) at the bottom of the wafer. The difference may be due to the patterning of the devices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.5 TMR vs RA for the different simple free layer wafers : (a) Ta340 with a low yield, noisy and high nominal RA of 75 Ωm 2 and an average TMR within the working devices of 36%, (b) W400 with a significant proportion of shunts -RA = 31 Ωm 2 , TMR = 73%, (c) W425 with a low proportion of shunt -RA = 31 Ωm 2 ,TMR = 87%. . . . . . . . . . . . . . . . . . . 4.6 TMR vs RA for the different composite free layer wafers : (a) W+ with RA = 35 Ωm 2 , TMR = 19%, (b) W// with RA = 41 Ωm 2 , TMR = 21%, (c) Ta+ with RA = 44 Ωm 2 , TMR = 16% and (d) Ta// with RA = 60 Ωm 2 , TMR = 19%. The high nominal RA in CFL wafers is mostly due to the second MgO barrier as capping. . . . . . . . . . . . . . . . . . . . . . . . .4.7 (a)shows the TMR versus thickness for Ta340, W400 and W425 with first an increase and then a decrease, which is coherent with an increasing magnetization with thickness as shown in (b) (extracted from reference[START_REF] Sato | CoFeB Thickness Dependence of Thermal Stability Factor in CoFeB/MgO Perpendicular Magnetic Tunnel Junctions[END_REF]) . (c) and (d) show the TMR vs thickness for W+ and Ta+ where no significant changes are noticeable as opposed to (e) and (f) for W// and Ta// where the TMR is either increasing linearly giving a dead layer of 2.2 Å or slightly decreasing to increase again around the symmetry point of the insertion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.8 Coercive field versus the free layer thickness measured for SFL showing first an increase up to 13.5 Å for Ta340 and 15 Å for W400 and W425 and then a decrease up to a maximum thickness of respectively 15.5 Å, 17.25 Å and 18.5 Å. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.9 (a) and (b) shows the coercive field for the + wafers versus the thickness of CFB1 and CFB2 resulting in an increase up to a saturation point at 9 Å for W+ and Ta+. (c) and (d) shows the coercive field versus CFB1 for the // wafers decreasing by 30% when the insertion goes further away from the barrier. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.10 Switching current (100ns pulses) for (a) W400 and (b) W425 versus free layer thickness showing an increase of 15%/ Å for W400 and 10%/ Å for W400. (c) is a plot of switching current dependence with the W+'s cumulative free layer thickness showing an increase by 2.5 for 100nm and 150nm over 6 Å. (d) shows switching current versus the position of the W insertion where a decrease of 20% as W is getting further away from the barrier. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.11 Switching voltage for (a) W400 and (b) W425 showing an increase coherent with the increasing switching current showing no VCMA effect. (c) and (d) shows a constant switching voltage for W// and W+ induces by a process-related resistance variation parallel to the wedges. . . . . . 4.12 Thermal stability versus free layer thickness for (a) W400 and (b) W425. Thermal stability increases by 15% over a 2 Å increase of the free layer, linked to an increase of the magnetic volume. (c) shows the inverted bell relation between thermal stability and thickness as surface anisotropy is no longer enough to sustain perpendicular magnetization. (d) is a plot of thermal stability versus the position of the W layer showing a decrease by 10% as the insertion goes away from the barrier. . . . . . . . . . . . . 4.13 (a) Averaged magnetic hysteresis cycles for a Ta340 (top) and W425 (bottom) device for temperatures ranging from 40 • C up to 110 • C showing a faster decrease of the coercive field for the Ta340 device down to 0 Oe. (b) shows the normalized coercive field for a device with a low blocking temperature of 105 • C in red and a higher T b of 175 • C in blue fitted with a Bloch law. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.14 (a) shows the relative error of the averaged coercive field depending on the number of events up to 10 3 (5 Oe step). (b) is a plot of the error fit showing 5% of error at 20 cycles. (c) represents the T b relative error depending on the fitting range resulting in less than 2% error for a high T b value in the used set-up. . . . . . . . . . . . . . . . . . . . . . . . . . . 4.15 Blocking temperature versus free layer thickness for (a) the SFL wafers showing a linear increase, (b) W+ with a linear increase similar to W400/W425 but with a saturation point, (c) Ta+ with a slight increase or saturation comparable to the Ta340 value of 120 • C. (d) shows the blocking temperature versus CFB1 (symmetry at 10.4 Å), for W// with a optimal position at the middle and a decrease on both direction and (e) a decrease for Ta// as the insertion goes away from the barrier. (f) is a graph redrawn from [150] showing a linear increase of Curie temperature versus thickness for pure Co. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 4.16 Blocking temperature fitted with equation (4.2) for (a) Ta340, (b) W400, (c) W+ and (d) Ta+. They all show an linear increase followed by a saturation value. This saturation stays in the same range for all wafers. (e) is a graph extracted from [152] showing the origin of the model used in this study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104 4.17 Coercive field versus blocking temperature versus free layer thickness for (a) Ta340, (b) W400 and (c) W425 showing the trade-off between magnetic immunity and high working temperature. . . . . . . . . . . . . . . . 105 4.18 (a) coercive field versus blocking temperature versus free layer thickness for W+ in which the trade-off does not appear but a linear relation between the coercive field and the blocking temperature can be seen. (b) shows a plateau for Ta+ with a blocking temperature increasing as coercive field stays rather constant. (c) and (d) corresponds to W// Ta// where no clear dependence is shown for W// but a high variability while Ta// shows a linear increase between coercive field and blocking temperature with both increasing as the insertion layer gets closer to the tunnel barrier. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 4.19 TMR versus temperature for (a) W400 and a CFL wafer showing no real impact of the free layer thickness on the TMR decrease rate with temperature while CFL loses 20% less over 200 • C. (c) shows TMR in temperature for W// with different position of the W insertion layer resulting in a slower decrease as the insertion goes away from the barrier, increasing CFB1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107 4.20 Switching current (100ns) versus temperature for (a) W400 and CFL for different thickness showing the current decreasing at different relative rates and (b) for W// with a higher blocking temperature of almost 50 • C and better performances for a insertion layer far away form the barrier. (c) and (d) represents the switching voltage for W400 and W// respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109 4.21 Thermal stability in temperature and its fit for (a) W400 and CFL and (b) W//. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 4.22 (a) is a spider chart representing the different requirement for industrial applications in terms of magnetic immunity, current and voltage consumption, TMR, thermal stability and maximum operating temperature. (b) shows the same spider chart but filled with the different storage layers.111 5.1 (a) shows an average of 10 magnetic hysteresis cycles of a simple free layer device with a coercive field of 950 Oe and a coercive field of 250 Oe favouring the AP state. (b) is a graph showing an average of 20 hysteresis cycles for different values of external magnetic field showing a shift in the switching voltage values in accordance with the magnetic loops with a more stable AP state. (c) shows the linear trend of the switching voltage and offset voltage with the external magnetic instead of a quadratic behaviour. The magnetic field is corrected with the offset field measured in (a) and shows a non-zero offset at a compensated magnetic loop. (d) is a graph showing an I-V curve being fitted with a Simmons equation for the tunnel barrier showing the relation between the offset voltage and current. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2 (a) APP Switching Voltage Distribution for a standard simple free layer device for different offset magnetic field values showing an increasing thermal stability as the offset favours the AP state. (b) Relative thermal stability extracted via SVD for the same device and both transitions. Both transitions have a linear trend instead of the predicted quadratic behaviour with a cross-point at a non-zero magnetic field. . . . . . . . . 5.3 (a) shows the dependence of the coercive field with the thickness of the free layer for a fixed MgO thickness of ≈ 11 Å. The coercive field first increases from 750 Oe up to 1100 Oe, then enters a noisy regime due to the process issues at the centre of the wafer and then decreases down to 825 Oe. (b) shows that the coercive field does not depend on the nominal RA. (c) is a plot representing the sensitivity vs the coercive field vs the free layer thickness. While the variability is high, no clear trend is observed meaning that the coercive field does not influence significantly sensitivity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.4 (a) shows the switching voltage decrease measured as the free layer increases in thickness in W400. An opposite behaviour was observed on the entire wafer in chapter 4 which is attributed to a non constant RA. (b) displays the strong dependence of switching voltage with the MgO thickness on W400 (meaning uniform Oxygen-atom distribution over the wafer) with a drop of nearly 70% over 3 Å. (c) is a plot of the nominal vs the free layer thickness showing a decrease as the free layer thickness decreases revealing a non-uniform MgO along the mapping. (d) shows

  . . . . . . . . . . . . . . . . . . . . . . . . . 124 5.8 (a) Coercive field plotted in function of the sweeping rate (normalized at 5 Hz) fitted with equation (5.9). (b) coercive field vs sweeping rate from equation (5.9) showing a drop of 40 to 60% from the magnetic testing range to the electrical testing range. . . . . . . . . . . . . . . . . . . . . . 125 5.9 (a) shows the magneto-resistance loop of a W// device with a coercive field of 2000 Oe which is twice higher than a standard SFL stack. (b) is
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Table 3 .

 3 1: Table referencing the thermal stability factor value for different industrial applications for 1 cycle and 1 bit at their working temperature

	Chapter 3. Thermal stability characterisation and modelling	
	Application Cache	Retention time ø Bit Error Rate (N=1) Thermal Stability ∆[k b T] 10 ms 10 -9 36 @ 85 • C
	Soldering	9 min	10 -5	38 @ 260 • C
	Storage (SCM)	1 month	10 -9	51 @ 85 • C
	Automotive	10 years	10 -5	51 @ 150 • C
	Consumer	10 years	10 -5	51 @ 85 • C

Table 5 .

 5 1: Table referencing the characteristics of linear magnetic sensors in the market.

	) :

  1.1 (a) shows the data storage capacity from 1986 up to 2007 where an increase of 25% per year is observed. The transition from analog towards digital storage is dated at year 2002 (extracted from reference[START_REF]Big data[END_REF]). (b) shows the data growth rate from 2007 up to an estimated 2020 showing an increased growth rate of 47% per year associated with social networks (extracted from reference [3]). . . . . . . . . . . . . . . . . . . . . . 1.2 Range of applications using memory devices split into the stand alone and the embedded categories (from[4]). . . . . . . . . . . . . . . . . . . . 1.3 (a) is a representation of the memory hierarchy showing the requirements in terms of speed, density and cost for each applications and their main solutions. (b) is a plot showing the positioning of Flash, DRAM and SRAM depending on their endurance and speed showing the gap between them called Storage Class Memory (extracted from reference [8]). 1.4 Revenues from the NVM market from 2016 up to an estimated 2022 showing a revenue doubling every year with a predominance of SCM applications (extracted from reference [4]). . . . . . . . . . . . . . . . . . 1.5 Tree view showing the different memory categories between volatility and non-volatility. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.6 Schematic showing the up and down electrical polarization of a ferroelectric crystal responsible for the two resistance states of a FeRAM (from [14]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.7 Graph showing the impact of the conductive filament size on the resistance value of a RRAM. As the filament is getting thinner,less current passes through the oxide. When the filament is destructed, the resistance is at its maximum value (from [20]). . . . . . . . . . . . . . . . . . . 1.8 (a) is a schematic of a basic PCRAM structure consisting of a heater below the Phase Change material (storage layer). (b) shows the temperature varying with the shape of the electrical pulse : a short and high pulse will melt and leave the layer amorphous while a long cool down will crystallized the material. (c) shows the amorphous state with a high resistance and the crystallized state with a low resistance. . . . . . . . . . 1.9 (left) Schematic of the parallel state (low resistance) and anti-parallel state (high resistance) of a STT-MRAM cell. (right) shows the electrical switching in which the final state depends on the pulse's polarization.[27] 1.10 Tableshowingthe main characteristics of each e-NVM and the standard memories they are supposed to replace (data from[START_REF]Emerging Non-Volatile Memory 2017 Report by Yole Developpement[END_REF] and[START_REF]Nonvolatile Ferroelectric RAM)[END_REF]). . . . . . 1.11 Schematic showing the matching of e-NVM with the memory application market (from [8, 31]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.12 First players by e-NVM application and technology showing the increasing interest of the MRAM (extracted from [4]). . . . . . . . . . . . . . . . 1.13 Hype curve showing the evolution of the interest of a technology with time as it first appears very attractive, then the expectations are lowered with obstacles to finish with enough maturity to be attractive again (extracted from [4]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

	1.14 (a) shows a photo of a 4 GB P-STT-MRAM chip from a collaboration
	between Toshiba and SK-Hynix (2016/2017). (b) is a SEM image of this
	chip zoomed in an array with a ≈ 200 nm pitch (extracted from [33, 34]).
	1.15 (a) photo of the demonstrator presented by Samsung at IEDM2016 where
	a monitor displays an image computed by MRAM (top half) and SRAM
	(bottom half) showing the capability of P-STT-MRAM to replace SRAM.

(b) is the specification table of a chip proposed by Samsung for IoT application (from [35]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.16 (a) Graph showing the resistance versus the number of cycles of a P-STT-MRAM proposed by Qualcomm and Applied Materials. An endurance of 10 14 cycles is observed with no degradation of resistance levels and resistance window (extracted from [36]). (b) shows the cell diameter (normalized scale to 90 nm) versus the technological node showing the P-STT-MRAM reaching up to eFlash below the 40 nm node (extracted from [37]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.17

As shown in section 3.3.2, the P-STT-MRAM devices from the Leti-wafers have both magnetic state stable at zero-field and a high enough data retention at room temperature to not observe any stochastic switching during basic testing. To measure retention, the temperature was elevated up until failure was observed during the standard tests in voltage, as described in section 3.2.2. In figure3.18a, we can see that the retention is smaller that a single sweep (< 1 ms) due to the APP transitions happening at low voltage. This test also tells us which state is the less stable, as retention can still be important in the more stable state.Once the maximum working temperature is identified, the cell is set in the most stable state with a standard 100 ns voltage pulse. Then, the resistance is constantly measured up to a maximum of 1 second as shown with the pattern in figure3.18b. By iterating this test, the switching can be directly measured as shown in figure3.18c 
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Appendix

Summary

With the amount of data increasing drastically during the last few decades, the need for new technological solutions rose. One of the answers to this problem consists in improving the actual hardware with emerging Non-Volatile Memories (e-NVM). Within these new solutions, the Magnetic Random Access Memory (MRAM) gains a lot of attention from the industrial market. With their supposed unlimited endurance, high speed switching, low voltage operations and high data retention at room temperature, the MRAM, especially the Perpendicular Spin Transfer Torque MRAM (P-STT-MRAM), is seen as one of the best contenders for DRAM, SRAM and embedded Flash replacement. To be used in industrial applications, the P-STT-MRAM has to answer to a large range of requirements in terms of data retention (e.g 10 years) and high operating temperature (more than 200°C). However, as measuring high data retention is not practical, solutions have to be found to extract it fastly. This manuscript will propose and compare different thermal stability factor extraction protocols for P-STT-MRAM. The most adapted will be used to model the temperature and size dependence of this factor. Then, the temperature limits of P-STT-MRAM will be characterized and different flavours of storage layers will be match with industrial applications. Finally, the electrical parameters dependence with an external magnetic field will be studied and a linear magnetic sensor based on a P-STT-MRAM device will be proposed.

Résumé

Avec la quantité d'information augmentant drastiquement depuis les dernières décennies, le besoin pour de nouvelles solutions technologiques grandit. Une des réponses à ce problème consiste à améliorer les composants actuels avec des Mémoires Non-Volatiles émergentes. Parmi ces nouvelles solutions, les Mémoires vives Magnétiques (MRAM) attirent l'attention de l'industrie. Avec leurs supposée endurance illimitée, haute vitesse d'écriture et de lecture, opérations à basse tension et grande rétention d'information à température ambiante, les MRAM, particulièrement les MRAM Perpendiculaires à Couple de Transfert de Spin (P-STT-MRAM), sont vus comme l'un des meilleurs candidats au remplacement des SRAM, DRAM et Flash embarquée. Pour être utilisées dans des applications industrielles, les P-STT-MRAM doivent répondre à un large panel de requis en terme de rétention d'information (ex :10 ans) et une température de fonctionnement élevée (plus de 200°C). Cependant, puisque mesurer une grande rétention d'information n'est pas pratique, des solutions doivent être trouvées pour l'extraire rapidement. Ce manuscrit propose et compare différentes méthodes d'extraction du facteur de stabilité thermique pour P-STT-MRAM. La plus adaptée est utilisée pour modéliser le comportement en température et en taille de ce facteur. Ensuite, les limites en température des P-STT-MRAM sont caractérisées et différentes options de couche de stockage sont associées aux applications industrielles. Pour finir, la dépendance des paramètres électriques avec un champs magnétique externe est étudiée et un capteur magnétique linéaire basé sur une mémoire P-STT-MRAM est proposé.