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Dans le domaine des technologies de l'information et de la communication (ICT), le développement des mémoires non volatiles est crucial pour réduire la quantité d'énergie nécessaire au stockage et au traitement des données. La mémoire à accès aléatoire STT-MRAM est déjà utilisée comme alternative à la mémoire flash intégrée (e-flash) et envisagée pour le remplacement de la RAM statique (mémoire à accès aléatoire statique) en raison de ses hautes performances et de sa facilité d'intégration avec la technologie semi-conducteur à oxyde métallique complémentaire (CMOS). Cependant, la MRAM contient plusieurs matériaux classés comme critiques, notamment par l'Union européenne (UE), avec un risque d'approvisionnement élevé. Le platine (Pt) est utilisé en combinaison avec du cobalt (Co) pour former une structure antiferromagnétique synthétique (SAF) qui fournit la stabilité requise pour la couche de référence de la jonction tunnel magnétique (MTJ), le composant principal de la MRAM. En raison des quantités infimes de Pt présentes dans le minerai initial (quelques ppm), de l'énergie (2000 MJ/kg), des émissions de carbone (12500 kg.eq/kg) et du prix (25000 euro/kg) associés à l'extraction et le raffinement ultérieur de ce métal sont très élevés. Le but de ce travail est de réaliser des dispositifs spintroniques, sans l'utilisation de Pt et Ru critiques. Dans une première approche, nous avons analysé la possibilité d'utiliser l'anisotropie de forme perpendiculaire pour la couche de référence p-MRAM, ce qui permet l'utilisation de matériaux ferromagnétiques plus courants tels que FeCoB ou NiFe. Dans une deuxième approche, nous étudions la possibilité de substituer le Pt par du nickel (Ni) plus commun dont les besoins sont inférieurs de quelques ordres de grandeur (200 MJ/kg, 6,5 kg.eq/kg, 12 euro/kg) mais qui fournit tout de même des anisotropie magnétique (PMA) lorsqu'il est combiné avec du cobalt. De plus, une couche de germination à base de cuivre a été utilisée, puisqu'il s'agit d'un métal courant classé comme non critique, pour induire la texture fcc (111) nécessaire au PMA des multicouches Co/Ni, au lieu du hafnium plus critique utilisé dans d'autres travaux. La conclusion de nos études est que l'utilisation du nickel ou d'éléments ferromagnétiques plus courants peut apporter de bonnes performances et de fortes réductions en termes d'énergie, de prix ou d'émissions de carbone. Cependant, en raison des quantités infimes de métaux critiques utilisés dans la MRAM, les avantages restent faibles par rapport aux exigences de fabrication des tranches de silicium sur lesquelles ces types de dispositifs sont développés. Par conséquent, il convient de mettre davantage l'accent sur la réduction de l'impact environnemental de la fabrication des tranches de silicium elles-mêmes. Néanmoins, la présence de matériaux alternatifs à l'utilisation du Pt ou du Pd reste positive pour le développement de la technologie en cas de rupture d'approvisionnement, puisque quatre sociétés minières, l'une russe et les trois autres sud-africaines, assurent 80% de la production mondiale. Enfin, nous proposons un capteur magnétique innovant à base de vortex sensible à un champ perpendiculaire avec une grande évolutivité jusqu'aux noeuds inférieurs à 100 nm. Les mesures électriques effectuées démontrent des plages de champs linéaires jusqu'à plus de 0,2T. De plus, le diamètre ou le matériau utilisé pour la couche de détection peut contrôler la plage de champ linéaire. Ce dispositif présente notamment l'avantage de ne pas nécessiter de couche de référence aimantée dans le plan, comme dans les capteurs conventionnels à base de vortex qui utilisent souvent une couche antiferromagnétique contenant des métaux critiques tels que Ir ou Pt. Une couche de référence perpendiculaire peut être utilisée, basée sur une multicouche Co/Ni, évitant l'utilisation de PGM. Nous voyons qu'un certain champ parasite résiduel peut aider à stabiliser la polarité du vortex dans une seule direction, de sorte que l'utilisation d'une structure antiferromagnétique synthétique critique contenant du ruthénium pourrait ne pas être nécessaire non plus.

Abstract

In the field of information and communication technologies (ICT), the development of non-volatile memories is crucial to reduce the amount of energy required to store and process data. Spin transfertorque Magnetic Random-Access Memory (STT-MRAM) is already used as an alternative to embedded flash (e-flash) memory and envisioned for static RAM (static random-access memory) replacement due to its high performance and easy integration with complementary metal oxide semiconductor (CMOS) technology. However, MRAM contains several materials classified as critical, in particular by the European Union (EU), with a high supply risk. Platinum (Pt) is used in combination with cobalt (Co) to form a synthetic antiferromagnet structure that provides the required stability for reference layer of the magnetic tunnel junction (MTJ), the main component of MRAM. Due to the tiny amounts of Pt present in the initial ore (few ppm), the energy (2000 MJ/kg), the carbon emissions (12500 kg.eq/kg) and the price (25000 euro/kg) associated to the extraction and subsequent refinement of such metal are very high.

The purpose of this work is to realize spintronic devices, without the use of critical Pt and Ru. In a first approach, we analyzed the possibility of using perpendicular shape anisotropy for the p-MRAM reference layer, which allows the use of more common ferromagnetic materials such as FeCoB or NiFe. In a second approach, we study the possibility of substituting platinum with more common nickel (Ni) whose requirements are some orders of magnitude lower (200 MJ/kg, 6.5 kg.eq/kg, 12 euro/kg) but which still provides perpendicular magnetic anisotropy (PMA) when combined with cobalt (Co). In addition, a copper-based seed layer has been used, since it is a common metal classified as non-critical, to induce the fcc [START_REF] Raymond | Low Supply Growth from Recycled Platinum Will Not Offset Lower Mine Supply in 2020[END_REF] texture required for the PMA of the Co/Ni multilayers, instead of the more critical hafnium used in other works. The conclusions we draw from our studies is that the use of nickel or more common ferromagnetic elements can provide good performance and strong reductions in terms of energy, price or carbon emissions. However, due to the tiny amounts of critical metals used in MRAM, the benefits of these substitutions remain small compared to the requirements for manufacturing the silicon wafers on which these types of devices are grown. Therefore, more emphasis should be placed on reducing the environmental impact of manufacturing the silicon wafers themselves. Nevertheless, the presence of alternative materials to the use of Pt or Pd remains positive for the development of the technology in the event of supply disruptions, since four mining companies, one Russian and the other three South African, ensure 80% of the World production. Finally, we propose an innovative vortex based magnetic sensor sensitive to a perpendicular field with large scalability down to sub-100 nm nodes. The electrical measurements performed demonstrate linear field ranges up to more than 0.2 T. In addition, the diameter or the material used for the sensing layer can control the linear field range. This device has the particular advantage that it does not require an in-plane magnetized reference layer, as in conventional vortex-based sensors that often comprise an antiferromagnetic layer containing critical metals such as Ir or Pt. A perpendicular reference layer, based on Co/Ni multilayer can be used avoiding the use of Pt. A certain residual stray field can help to stabilize the vortex polarity in a single direction so that the use of a synthetic antiferromagnetic structure containing critical ruthenium can also be avoided. i 
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Introduction to spintronics

This chapter introduces the main spintronic phenomena commonly used in spintronics that serves to the functioning of memory devices and magnetic sensors, as those developed during this thesis. It also explains the main material developments that have led to the current highly efficient magnetic stacks followed by a brief review of some state of the art spintronic devices.

Spintronics phenomena

In this section, spin dependent electronic transport is first introduced in particular the different spintronic phenomena such as giant magnetoresistance (GMR) and tunneling magnetoresistance (TMR), used for the reading of magnetic random access memories (MRAM) and the spin transfer torque (STT) effect used for the writing process. Finally spin orbit torque (SOT) used in novel generation of MRAM is introduced.

Spin dependent electronic transport

Ferromagnetic materials are the main building block of many spintronic devices such as magnetic random access memory (MRAM) or magnetic sensors. The ferromagnetic response characteristic of such materials is a consequence of their electronic band structure. In ferromagnetic transition metals, such as Fe, Co, Ni and their alloys, the conduction bands splits in two subbands, i.e. 3d is splitted into 3dÒ and 3dÓ and 4s into 4sÒ and 4sÓ, corresponding to each spin configuration. The resulting spontaneous magnetization of ferromagnetic materials arises from the difference in energy ∆E between the 3dÒ and 3dÓ subbands, due to the exchange energy. Exchange energy is further explained later in Section 1.2.1. For now, it is sufficient to know that the exchange energy is lowered when the spin magnetic moments of two electrons are aligned leading to an asymmetry of the number of electrons populating each subband. As a result, the density of states at the Fermi energy E F is different in the two subbands as illustrated in Figure 1.1 for the d-orbital. The s-band is filled up to the Fermi energy E F and there is almost the same number of electrons with spin magnetic moments up and down as seen in Figure 1.1. Therefore, the ferromagnetic response results essentially from the splitting in the d-band. The mobility of electrons in magnetic materials is influenced by their spin. Such spin dependence in the transport properties of ferromagnetic materials was already predicted by N.Mott in 1936 [START_REF] Nevill | The electrical conductivity of transition metals[END_REF].

In a simple approximation, it can be considered that 4s electrons are those who carry most of the current. The electron effective mass in the s-band is very small, since this band is very wide as compared to the d-band, leading to a larger mobility of the electrons in the s-band [START_REF] Kasap | Magnetic Properties and Superconductivity[END_REF].

At the Fermi level, the two s and d bands overlap. This leads the 4s electrons to be scattered into the more localized 3d states, of same spin.

Since the 4sÒ have no 3dÒ states in which they can be scattered (Figure 1.1), they are highly mobile and carry lot of current. On the contrary, the 4sÓ have lot of 3dÓ states available into which they can be scattered. Therefore they are strongly scattered and carry little current. The two categories of spins carry the current in parallel with different resistivities, resulting into a spin polarized current flowing in the ferromagnetic material. The total resistivity (ρ) of a ferromagnetic metal at low temperature proposed by this two-current model is given by equation 1.1 [START_REF] Fert | Transport properties of ferromagnetic transition metals[END_REF] as described in the parallel conduction channels of Figure 1.2.

1 ρ " 1 ρ Ò `1 ρ Ó , i.e. ρ " ρ Ò ρ Ó ρ Ò `ρÓ (1.1) j 

Majority channel

Minority channel 𝝆 ↓ 𝝆 ↑ with 𝝆 ↑ < 𝝆 ↓ due to the difference in scattering rates Fig. 1.2: Equivalent circuit for the electronic subbands in the "two-current model". Resisitivity (ρ) is smaller for the majority spin channel, as the electron mobility is larger in the s-majority subband since majority s-electrons cannot scatter to the majority d-band as no empty 3dÒ states exist at Fermi energy as illustrated in Figure 1.1.

Giant Magnetoresistance (GMR)

Following the "two-channel model" the giant magnetoresistance effect (GMR) can be understood. The GMR appears in systems based on non-magnetic materials, such as Cr, sandwiched between two ferromagnetic materials, FM/NM/FM as in Figure 1.3. In such systems, if both FMs are magnetically oriented in a parallel configuration as depicted in Figure 1.3 a , the current can be considered shortcircuited by the spin majority channel. Most of the current will flow through the majority channel of smaller resistivity ρ Ò , resulting in a low resistance, r P " r. However, in the antiparallel configuration, the electrons will traverse both majority and minority spin channels as seen in Figure 1.3 b. Therefore, the electrons will behave alternatively as majority or minority electrons, passing from one FM layer to another, resulting into a larger and identical resistance r AP " pr `Rq{2 for both cases.

The relative difference in resistance between both parallel and antiparallel configurations depicted in 1.3 is known as the GMR ratio and can thus be expressed as in Equation 1.2 [START_REF] Locatelli | Basic spintronic transport phenomena[END_REF]: 3: Illustration of the two-current model displaying the conduction paths of the majority and minority electrons in a trilayer structure FM / NM / FM where FM denotes ferromagnetic metal and NM denotes non-magnetic metal, such as Co/Cu/Co. The minority 4sÓ conduction electrons can be scattered into 3dÓ bands as the density of states is not zero (g Ò pE F q ‰ 0) leading to scattering events in those channels.

GM R " r AP ´rP r P " pR ´rq 2 4Rr (1.2)

This GMR effect was first observed by the groups of Albert Fert and Peter Grünberg in 1988 [START_REF] Baibich | Giant Magnetoresistance of (001)Fe/(001)Cr Magnetic Superlattices[END_REF][START_REF] Binasch | Enhanced magnetoresistance in layered magnetic structures with antiferromagnetic interlayer exchange[END_REF]. Dieny et al. developed spin valves systems (FM/NM/FM) in 1991 [START_REF] Dieny | Giant magnetoresistive in soft ferromagnetic multilayers[END_REF] with the particular advantage of the reduced fields required to observe the GMR effect, of only few milliteslas compared to the few teslas of other previous systems as Fe/Cr [START_REF] Locatelli | Basic spintronic transport phenomena[END_REF]. Such spin valve systems were later introduced by IBM in 1998 for the magnetoresistive reading heads in hard disk drives (HDD). The GMR sensor used for HDD readout exhibits a resistance change of roughly 10 percent in response to an applied field. The introduction of GMR sensors in HDD allowed high magnetic data storage capacity as it can probe a much smaller region of the magnetic medium than conventional inductive read heads and provides a larger sensitivity. Also, it enabled the integration of a more compact read/write head [START_REF] Comstock | Review Modern magnetic materials in data storage[END_REF].

Tunneling Magnetoresistance (TMR)

Another crucial event for the development of spintronic devices was the discovery of tunneling magnetoresistance (TMR). Tunneling magnetoresistance is observed in systems similar to spin valves, but where the non magnetic metallic spacer layer is substituted by an insulating layer. In these systems called magnetic tunnel junctions (MTJ), the current flows from one ferromagnetic layer to the other passing through the insulating thin layer constituting a tunnel barrier. A particular advantage of such system with an insulating barrier is the resulting larger impedance compared to spin valves based on GMR. Such larger resistance of typically few kΩ makes MTJs easier to integrate with transistors, an important requirement for MRAM applications.

Julliere first observed TMR at low temperatures in magnetic tunnel junctions in 1975, in a Fe/Ge/Co system [START_REF] Julliere | Tunneling between ferromagnetic films[END_REF]. In 1995, Moodera et al. and Myazaki et al. observed TMR in amorphous AlOx based junctions at room temperature [START_REF] Moodera | Large Magnetoresistance at Room Temperature in Ferromagnetic Thin Film Tunnel Junctions[END_REF][START_REF] Miyazaki | Giant magnetic tunneling effect in Fe/Al2O3/Fe junction[END_REF] .

A second advantage of MTJs is the large magnetoresistance values reported when using a monocrystalline magnesium oxide (MgO) barrier predicted to be larger than 1000% by Butler and Mathon in 2001 [START_REF] Butler | Spin-dependent tunneling conductance of Fe|MgO|Fe sandwiches[END_REF][START_REF] Mathon | Theory of tunneling magnetoresistance of an epitaxial Fe/MgO/Fe(001) junction[END_REF]. In 2004, S. Parkin et al. and S.Yuasa et al. observed giant TMR values of 220% [START_REF] Stuart | Giant Tunnelling Magnetoresistance at Room Temperature with MgO (100) Tunnel Barriers[END_REF] and 180% [START_REF] Yuasa | Giant Room-Temperature Magnetoresistance in Single-Crystal Fe/MgO/Fe Magnetic Tunnel Junctions[END_REF] respectively in crystalline MgO based tunneling barriers at room temperature. The largest TMR value experimentally observed is 604% by [START_REF] Ikeda | Tunnel magnetoresistance of 604% at 300K by suppression of Ta diffusion in CoFeBMgOCoFeB pseudo-spin-valves annealed at high temperature[END_REF], in a CoFeB/MgO/CoFeB system [START_REF] Ikeda | Tunnel magnetoresistance of 604% at 300K by suppression of Ta diffusion in CoFeBMgOCoFeB pseudo-spin-valves annealed at high temperature[END_REF]. The difference in TMR between the experimental values and those predicted experimentally are due to imperfections at the interfaces and defects during the crystal growth of the materials [START_REF] Mather | Disorder, defects, and band gaps in ultrathin (001) MgO tunnel barrier layers[END_REF][START_REF] Yuasa | Giant tunnel magnetoresistance in magnetic tunnel junctions with a crystalline MgO(0 0 1) barrier[END_REF]. However, the TMR values are still much larger than those given by using an amorphous AlOx barrier, typically ranging between 20% and 80% [START_REF] Wei | 80% tunneling magnetoresistance at room temperature for thin Al-O barrier magnetic tunnel junction with CoFeB as free and reference layers[END_REF].

In order to obtain such giant TMR values, very well textured MgO barriers are required. They can be grown either by Molecular Beam Epitaxy (MBE) on bcc CoFe or Fe magnetic electrodes or on amorphous CoFeB electrodes followed by annealing to recrystallize the electrode with the same texture as the crystalline barrier.

The fact of using a crystalline barrier makes an important difference since in MTJs the transport mechanism relies on quantum mechanical tunneling effect. The tunneling current can be expressed as in Equation 1.3, being proportional to the number of occupied states in 1 (injector) at energy E, D 1 pEqf 1 pEq and the probability of having an unoccupied state in the electrode 2 at energy (E+eV), D 2 pe `eV qp1 ´f2 pE `eV qq. I 1Ñ2 pEq9D 1 pEqf 1 pEqT pEqD 2 pE `eV qp1 ´f2 pE `eV qq

(1.

3)

The term T(E) is a transmission coefficient, that depends on the barrier thickness as given in equation 1. [START_REF] Locatelli | Basic spintronic transport phenomena[END_REF].

T pEq9e ´2κd (1.4) 
A first approach to explain TMR was used by Julliere in 1975. For a ferromagnetic material, the density of states at Fermi energy for the majority and minority electrons are different: DÒ and DÓ respectively. The spin polarization of a ferromagnet can then be defined as in equation 1.5: P 0 " D Ò pE F q ´DÓ pE F q D Ò pE F q `DÓ pE F q (1.5)

In the parallel configuration case, majority spin Ò electrons from the injector can tunnel towards majority states in the collector and minority spin electrons can tunnel towards minority spin states.

In the antiparallel configuration, majority spin electrons from the injector can tunnel towards the minority states of the collector and vice versa. Therefore, a difference conductance appears between both configurations, characterized by the TMR ratio, as expressed in equation 1. [START_REF] Binasch | Enhanced magnetoresistance in layered magnetic structures with antiferromagnetic interlayer exchange[END_REF].

T M R " G P ´GAP G AP " R AP ´RP R P " 2P 1 P 2 1 ´P1 P 2 (1.6)
In the case of an amorphous barrier, such as AlOx, there is no crystallographic symmetry in the barrier. Therefore, incoherent tunneling takes place, leading to TMR values not larger than 100% at room temperature, as every electron symmetry contributes equally to the tunneling as observed in Figure 1.4 a. For such case, the TMR can still be explained by Julliere model, that assumes equal tunneling probabilities for all electrons regardless of their Bloch states. As the coherency of the Bloch states is lost in such amorphous tunneling barrier the model is still valid.

The model of Julliere fails to explain the very large TMR of magnetic tunnel junctions based on epitaxial barriers such as MgO barriers. In the case of a crystalline barrier, such as MgO with a bcc (001) crystalline texture, the electrons are able to tunnel coherently from the magnetic electrodes with the same texture. The electron's wave-functions in the FM layer are coupled with the evanescent wave-functions having the same symmetry in the barrier and the orbital symmetry is maintained as the electrons tunnel. Slonczewski was able to develop a more complex model in 1989, where the band structure effects in the barrier and the magnetic electrodes are included. In this model, the wave vector k F of the electrons is also included. This allows to understand the large TMR values observed in MgO based MTJs. It is demonstrated by Slonczewski that the equivalent spin polarization of the ferromagnet/barrier couples is given by P " pk F,Ò ´kF,Ó qpκ 2 ´kF,Ò k F,Ó q pk F,Ò`k F,Ó qpκ 2 `kF,Ò k F,Ó q " P 0 κ 2 ´kF,Ò k F,Ó κ 2 `kF,Ò k F,Ó (1.7) where k F,Ò and k F,Ó are the wave vectors for the majority and minority electrons at the Fermi level. κ defines the decay coefficient of the electron tunneling probability traversing the tunneling barrier. P 0 is given by the polarization of the ferromagnet in Julliere's model.

An important consequence of this expression is the fact that the polarization is different for the type of electron considered. Each band has a different polarization, which means that the tunneling probability of the electron is strongly dependent on its orbital symmetry as seen in Figure 1.4 b. Therefore, the tunneling current is filtered as function of the electrons orbital symmetry.

The tunneling decay is strongly influenced by the Bloch state type as observed in Figure 1.4 c, for the case of 8 MgO tunneling barrier atomic monolayers. Bloch states ∆ 2 and ∆ 5 have a much stronger exponential decay than for ∆ 1 states. So mostly electrons which have a ∆ 1 wave function symmetry tunnel through the MgO barrier. Moreover, for bloch states ∆ 2 and ∆ 5 , both majority and minority states can be found at the Fermi level as observed in Figure 1.4 d but their contribution to the tunneling process is weaker. However, for ∆ 1 , only majority electrons are filled at the Fermi level, resulting in a full polarization, 100%. In the antiparallel configuration, there are no minority states ∆ 1Ó to tunnel from or to. Therefore, only in the parallel configuration, there is a significant conduction through this channel. The effect is even stronger in Co since there is no ∆ 2 nor ∆ 5 states at Fermi energy. From [START_REF] Yuasa | Giant tunnel magnetoresistance in magnetic tunnel junctions with a crystalline MgO(0 0 1) barrier[END_REF].

The resulting TMR here described allows to have two well differentiated resistance states that are read as the '0' and '1' bits during the information reading process in MRAM applications. Now that the mechanism of reading has been explained, we follow with an introduction to the physical phenomena that is used for the writing of MRAM devices.

Spin Transfer Torque (STT)

The magnetic state of a ferromagnet can be modified by using a spintronic phenomenon known as spin transfer torque (STT). STT is based on the transfer of spin angular momentum between two parallel ferromagnetic films connected by a non-magnetic metallic spacer (FM/NM/FM) when a current transverses the multilayer system as proposed by Slonczewski and Berger in 1996 [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].

Current-driven excitations in magnetic multilayers were first observed by Tsoi et al. in 1998 [22]. In 2000, Katine et al. demonstrated the switch of the magnetization alignment of Co layers in a Co/Cu/Co system [START_REF] Katine | Current-Driven Magnetization Reversal and Spin-Wave Excitations in Co {Cu {Co Pillars[END_REF] induced by spin torque. Few years later, STT in MTJs was reported. First in 2004 in MTJs based on an AlO x barrier [START_REF] Huai | Observation of spin-transfer switching in deep submicron-sized and lowresistance magnetic tunnel junctions[END_REF] and one year later in MgO based MTJs [START_REF] Diao | Spin Transfer Switching and Spin Polarization in Magnetic Tunnel Junctions with MgO and AlOx Barriers[END_REF][START_REF] Kubota | Evaluation of Spin-Transfer Switching in CoFeB/MgO/CoFeB Magnetic Tunnel Junctions[END_REF][START_REF] Hayakawa | Current-Driven Magnetization Switching in CoFeB/MgO/CoFeB Magnetic Tunnel Junctions[END_REF]. In those early studies, critical switching currents between 0.78 ´6 ¨10 6 A{cm 2 were observed, and the influence of the pulse duration into the switching current started to be analyzed, attributed to a thermally activated process for pulses longer than 20 ns.

In Figure 1.5, the spin transfer torque phenomenon in a ferromagnet (FM1)/ non-magnetic metal (NM) / ferromagnet (FM2) system is illustrated, while the NM layer can also be an insulator as in MTJs. When the current transverses the first ferromagnetic material, the delocalized conducting electrons 4s responsible of the current transport tend to align in the direction of the local magnetization, given by the 3d electrons due to exchange interaction as explained in the previous Section 1.1.1. The current becomes spin polarized, transverse the NM layer until it reaches the NM/FM2 interface. In the FM2, the local magnetization is differently oriented as seen in Figure 1.5 a. The electrons traversing this second interface NM/FM2 tends to align in the direction of the local magnetization which implies a transfer of spin angular momentum ( ⃗ m K ). The electrons become aligned into the direction of the local magnetization in typically less than a nanometer. As a result, this transfer of spin angular momentum can modify the local magnetization direction, which is used for the writing operation of MRAM.

For the opposite current polarity, the electrons flow from FM2 to FM1 as in Figure 1.5 c. The same effect as described above takes place in FM1, there is a transfer of spin angular momentum from the electrons coming from FM2 with a different magnetization. However, there is a certain amount of electrons whose spin is antiparallel to the local magnetization M1. Those electrons are strongly scattered or do not find states into which to propagate through the FM1/NM interface so that they are reflected back to the FM2. The transfer of spin angular momentum of the backscattered electrons into the local magnetization M2 results in a torque ( ⃗ m K ) which pulls the magnetization away from M1 as observed in Figure 1.5 d. In MRAM, a magnetic tunnel junction is used in which one ferromagnetic layer is more stable than the other by means that will be later described in Section 1.2. Therefore, there is a 'fixed' reference layer and a 'free' layer 1 that is used to store the information, as its orientation with respect to the 1 The terms free layer and storage layer are used interchangeably in this manuscript.

first layer modifies the resulting resistance due to the TMR phenomenon previously explained [START_REF] Jaffrès | Angular dependence of the tunnel magnetoresistance in transition-metal-based junctions[END_REF]. For the writing operation, if both layers are oriented antiparallel, a positive current will make spin polarized electrons flow from the reference (FM1) to the free layer (FM2) and the spin transfer torque described above will turn the magnetization of the free layer (FM2) in the same direction as that of the reference layer (FM1), resulting into a parallel configuration. The back-scattered electrons from the free layer (FM2) towards the reference layer (FM1) will have little effect due to the larger stability of this layer. However, for the transition from parallel to antiparallel, P Ñ AP, a negative current is required, so that the electrons flow from the free layer (FM2) towards the reference layer (FM1) and those back-scattered electrons will be responsible of the spin transfer torque into the free layer that will reverse its magnetization. Therefore, by using different current polarities, it is possible to switch between both configurations.

The expression of the spin transfer torque is given in Equation 1.8, where ST stands for Slonczewski torque [START_REF] Stiles | Spin-Transfer Torque and Dynamics[END_REF].

p d ⃗ m 2 dt q ST " J t ¨e P spin ´|g|µ B 2 p ⃗ m 2 ˆp ⃗ m 2 ˆ⃗ m 1 qq (1.8)
where ´|g|µ B 2 p ⃗ m 2 ˆp ⃗ m 2 ˆ⃗ m 1 qq represents the torque contribution of each electron flowing from M 1 to M 2 . The cross-product ´p ⃗ m 2 ˆp ⃗ m 2 ˆ⃗ m 1 qq defines the torque direction ⃗ m K depicted in Figure 1.5 b, g is the electron Landé factor and µ B is the Bohr magneton. In order to account for the total current of electrons flowing towards the free layer, the injected current density J is included while t is the thickness of the free layer. The spin polarization previously introduced is also accounted. P spin is the spin polarization at the NM/FM interface. It can be tuned by selecting different materials [START_REF] Meservey | Spin-polarized electron tunneling[END_REF] and it also depends on the barrier quality and the presence of imperfections.

This 'Slonczewski torque' is also known as 'in-plane torque', since the resulting torque lies in the plane defined by the magnetization of both free layer ⃗ M 2 and reference layer ⃗ M 1 . However, another type of torque exists known as 'perpendicular torque', since it is directed in the perpendicular direction of both magnetizations´p ⃗ m 2 ˆ⃗ m 1 q. This term is often neglected in spin valves but can be larger in MTJs (from 10 to 30% of the ⃗ τ ∥ ) [START_REF] Jack | Measurement of the spin-transfer-torque vector in Magnetic Tunnel junctions[END_REF][START_REF] Kubota | Quantitative measurement of voltage dependence of spin-transfer torque in MGO-based magnetic tunnel junctions[END_REF][START_REF] Deac | Bias-driven high-power microwave emission from mgo-based tunnel magnetoresistance devices[END_REF] and depend on the bias voltage [START_REF] Li | Perpendicular Spin Torques in Magnetic Tunnel Junctions[END_REF], leading to some undesired back-switching of the free layer magnetization [START_REF] Oh | Bias-voltage dependence of perpendicular spin-transfer torque in asymmetric mgo-based magnetic tunnel junctions[END_REF]. In contrast to in-plane MTJ systems, for p-MTJs as the ones studied in this manuscript, the perpendicular torque contribution does not affect the switching mechanism [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].

Spin Orbit Torque (SOT)

About a decade ago, in 2011, a different mechanism of transferring spin angular momentum to a ferromagnetic layer, by using Spin-Orbit-Interaction (SOI) was reported [START_REF] Mihai Miron | Perpendicular switching of a single ferromagnetic layer induced by inplane current injection[END_REF]. The resulting torque known as spin orbit torque (SOT) appears in metallic samples with structural inversion asymmetry (SIA).

Two main mechanisms are responsible for the SOT effect:

1. The Spin-Hall effect

The Rashba effect

The Rashba effect is an interfacial effect. By sandwiching the ferromagnetic free layer (FM) between two dissimilar interfaces, e.g. a heavy metal and an oxide layer as in Figure 1.6) an effect known as Rashba effect can appear [START_REF] Yu | Properties of a 2D electron gas with lifted spectral degeneracy[END_REF][START_REF] Edelstein | Spin polarization of conduction electrons induced by electric current in twodimensional asymmetric electron systems[END_REF]. Due to the SIA (i.e., the potential V p´rq ‰ V p`rq) a net electric field appears. As a consequence, the electrons that are flowing in the plane of a conductor experience a magnetic field (Rashba field) given by Equation 1.9.

B R " α R pẑ ˆjq (1.9)
where α R is the Rashba constant, ẑ a unit vector in the direction perpendicular to the plane and j the vector current density [START_REF] Mihai Miron | Perpendicular switching of a single ferromagnetic layer induced by inplane current injection[END_REF].

The second mechanism, called Spin-Hall-Effect, is a bulk effect that originates in the heavy metal layer. When an in-plane charge current is applied to a heterostructure with broken inversion symmetry Chapter 1. Introduction to spintronics and large spin-orbit coupling, the spin polarized electrons are accumulated in the adjacent ferromagnet. These accumulated spins can transfer angular momentum and exert a torque on the magnetization. For a better understanding of the resulting torques, their nature and symmetry was studied by Garello et al in 2013. [START_REF] Garello | Symmetry and magnitude of spin-orbit torques in ferromagnetic heterostructures[END_REF]. The use of SOT for switching the ferromagnetic free layer of a MTJ has several advantages such as separate write and read current paths yielding improved write endurance in memory cells, low writing current and possibility of fast (sub-ns) switching.The disadvantage is the larger cell footprint of SOT-MRAM compared to STT-MRAM due to the fact that SOT-MRAM are three terminal devices while STT-MRAM are two terminal devices. Nevertheless, the advantages of SOT writing mechanism makes this approach very attractive particulary for fast MRAM such as those intended for SRAM type of applications. Such advantages are explained in Section 1.3.

FM (Co

Spintronic materials

In order to build a magnetic memory element with two possible bit states "0" and "1", a uniaxial magnetic anisotropy is required in both ferromagnetic layers composing the three layer structure previously introduced (FM/MgO/FM). We explained in the previous sections that such trilayer structure possesses large TMR for the reading process and is written by the application of STT from a spin polarized current.

In the first generation of MRAM based on in-plane magnetized MTJs, such uniaxial anisotropy was obtained by giving to the cell an elliptical shape thus providing a shape anisotropy of the free layer, with easy-axis along the long axis of the ellipse. All more recent generations of MRAM are based on out-of-plane magnetized tunnel junctions which exhibit larger anisotropy and better trade-off between retention and writability. In these junctions, an interfacial anisotropy contribution is used which exists at the interface between the magnetic metallic electrodes and the tunnel barrier, leading to advantages such as lower writing current or larger scalability. Recently, a combination of both shape anisotropy and interfacial anisotropy has been used to improve the scalability of p-STT-MRAM [START_REF] Perrissin | A highly thermally stable sub-20 nm 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][START_REF] Perrissin | Perpendicular shape anisotropy spin transfer torque magnetic random-access memory: towards sub-10 nm devices[END_REF][START_REF] Lequeux | Thermal robustness of magnetic tunnel junctions with perpendicular shape anisotropy[END_REF].

In order to understand the nature of such uniaxial anisotropy, the different contributions to the total free energy of a ferromagnet are first explained. An introduction to in-plane magnetized MTJs and out-of plane magnetized MTJs (p-MTJs) follows.

Free energy of a ferromagnet

The total free energy of a ferromagnetic element is given by several contributions, mainly exchange energy, magnetocrystalline anisotropy energy, demagnetizing energy and Zeeman energy, as given in Equation 1. 10 [45].

E tot " E ex `Eanis `Edem `EZeeman (1.10)

Exchange energy

In localized magnetism, as for rare earths, for which the f-bands are partially filled, the exchange interaction is a short range interaction between electron spins. From Pauli exclusion principle, two electrons parallel their spins to reduce their electrostatic interaction energy, what results in Hund's rule in an atom. In a crystal, the outer electrons will no longer be confined to the atoms. In this case, the nature of the exchange interaction will depend on the interatomic distance although crystallinity is not a requirement for ferromagnetism [START_REF] Mader | METASTABLE Co-Au ALLOYS: EXAMPLE OF AN AMOR-PHOUS FERROMAGNET[END_REF], i.e. it does not require a geometrical regularity of atoms position.

The Hamiltonian of the exchange interaction in a localized magnetism model is given by equation 1.11.

H ex " ´ÿ iăj J ij ⃗ s i ¨⃗ s j (1.11)
J ij stands for the Heisenberg exchange constant between neighboring spins ⃗ s i and ⃗ s j and its sign determines if the interaction is positive, favoring a parallel alignment of the spins, resulting into a ferromagnetic response or negative resulting into an antiferromagnetic material.

For transition metals, for which the d-bands are partially filled, the ferromagnetic character is given by delocalized electrons. Therefore, an itinerant magnetism model (Stoner model) can be considered as a better description for the exchange energy. In this case, the exchange energy is given in equation 1.12:

E ex " ż V A ex rp∇m x prqq 2 `p∇m y prqq 2 `p∇m z prqq 2 sdV (1.12)
where A ex is the exchange stiffness constant that depends on the material lattice parameter and is typically on the order of 10 ´11 J{m [START_REF] Buda-Prejbeanu | Micromagnetism Applied To Magnetic Nanostructures[END_REF].

Magnetocrystalline anisotropy energy

The exchange interaction previously introduced can be understood as a spin-spin interaction that depends on the relative orientation between spins but is isotropic, it does not depend on the relative orientation between the spin axis and the crystal lattice. However, there is also a coupling between the spin and the orbital motion of each electron that depends on the crystalline lattice, i.e. spin-orbit coupling. In a crystal, the distribution of charges generates an electrostatic field that modifies the angular momentum of the electron orbitals, generating preferential directions for the alignment of the magnetic moments of the electrons called easy directions of magnetization.

In order to rotate the spin away from its easy directions, an associated energy due to the spinorbit coupling needs to be provided, which is the magnetocrystalline anisotropy energy. The energy expression of the magnetocrystalline anisotropy energy depends on the symmetry of the crystalline structure and is given in equation 1.13 for the most common case of uniaxial anisotropy along the direction ⃗ u [START_REF] Buda-Prejbeanu | Micromagnetism Applied To Magnetic Nanostructures[END_REF].

E anis " ż V K u r1 ´p⃗ u ¨⃗ mq 2 sdV (1.13)
where K u is the anisotropy constant, expressed in pJ{m 3 q units.

Interfacial anisotropy energy

For the case of thin multilayers, an additional source of anisotropy called interfacial anisotropy can be present, as in Pt/Co, Co/Ni or Fe/MgO systems. Such interfacial anisotropy can arise due to interfacial electron hybridization or interfacial stress [START_REF] Dieny | Perpendicular magnetic anisotropy at transition metal/oxide interfaces and applications[END_REF]. In such cases, an effective anisotropy constant K ef f " K u `Ks {t is defined as the sum of bulk K u and interface anisotropy K s constants, where t is the layer thickness. In Section 1.2.3 we discuss how such interfacial anisotropy is exploited for perpendicularly magnetized MTJs.

Zeeman energy

Under the action of an external field, the energy of a magnetic element is minimized when the magnetization mpr, tq is oriented in the direction of the applied external field H app pr, tq.

The interaction of a magnetic element with an external magnetic field can be expressed as given in Equation 1.14.

E Zeeman " ´µ0 ż V M s mpr, tq ¨Happ pr, tqdr (1.14)
where µ 0 " 4π ˆ10 ´7 is the vacuum permeability [START_REF] Buda-Prejbeanu | Micromagnetism Applied To Magnetic Nanostructures[END_REF].

Demagnetizing energy

A magnetic body generates a magnetic field by itself. This generated magnetic field tends to align the magnetization along the long axis of the magnetic element and favors a local alignment of the magnetization in the element boundaries. Such generated magnetic field is labeled as "demagnetizing field" when considered inside the volume of the magnetic body itself, and "stray field" when considered in the external region of the magnetic body. The resulting demagnetizing energy is given by equation 1.15 [START_REF] Hubert | Domain Theory[END_REF] 

E dem " ´1 2 ż V H d ¨JdV (1.15)
where J " M {µ 0 is the magnetic polarization and H d is given in Equation 1. [START_REF] Ikeda | Tunnel magnetoresistance of 604% at 300K by suppression of Ta diffusion in CoFeBMgOCoFeB pseudo-spin-valves annealed at high temperature[END_REF].

H d " ´N ¨J{µ 0 (1.16)
where N is the demagnetizing tensor. In a general case, numerical computation is required to obtain the values of the demagnetizing coefficients. For the case of uniform magnetization, the demagnetizing tensor is diagonal as given in Equation 1.17.

N "

» -

N xx 0 0 0 N yy 0 0 0 N zz fi fl (1.17)
where the trace of N equals 1. For simple geometries such as the sphere N xx " N yy " N zz " 1{3, the slab (or infinite thin film) N xx " N yy " 0 N zz " 1 or a cylinder of infinite thickness (L z " 8), N xx " N yy " 1{2 N zz " 0 the demagnetizing coefficients are well known. An analytical expression is given by Aharoni for the rectangular prism [START_REF] Aharoni | Demagnetizing Factors for Rectangular Ferromagnetic Prisms[END_REF]. Approximate expression exists for cylinders [START_REF] Taniguchi | An analytical computation of magnetic field generated from a cylinder ferromagnet[END_REF]. Rigorously speaking, only elements with ellipsoidal shape can have a uniform demagnetizing field and therefore a uniform magnetization.

The competition between all terms of energy and particularly exchange energy and demagnetizing energy determines whether a magnetic element presents a uniform magnetization or not, such as for instance a flower state in cylindrical sample with out-of-plane anisotropy or a vortex state in a cylindrical sample with easy-plane anisotropy [START_REF] R P Cowburn | Property variation with shape in magnetic nanoelements[END_REF].

In plane magnetized MTJ

Now that the main contributions to the total energy of a ferromagnetic element have been introduced, the sources of in-plane and out-of-plane anisotropy used in MRAM MTJs can be better understood.

In the early days of MRAM development, the magnetic tunnel junction structures were developed with in-plane configuration for the ferromagnetic electrodes as previously used in spin valves. The in-plane MTJs are typically patterned with an elliptical shape in order to define an uniaxial anisotropy.

In order to induce a unidirectional anisotropy, i.e. a specific in-plane preferred direction, in the ferromagnetic reference layer (F), F is typically pinned in a certain direction by using an antiferromagnetic layer(AF), as Ir 20 Mn 80 or Pt 50 Mn50 in the configuration AF/F as in Figure 1.7. The MTJ needs to be annealed at a temperature larger than the antiferromagnetic layer blocking temperature (T N ) and cooled down in the desired magnetic field direction. An interfacial exchange coupling exists between the AF and the F material that favors a parallel alignment between the spins of the F and AF at the interface [START_REF] Meiklejohn | New Magnetic Anisotropy[END_REF][START_REF] Nogués | Exchange bias[END_REF] leading to a unidirectional anisotropy instead of a uniaxial anisotropy.

A single reference layer polarizer magnetization creates a net stray field on the free layer that hinders a bi-stable parallel/anti-parallel configuration of the MTJ. To avoid this, a synthetic antiferromagnetic structure (SAF) is often used as in Figure 1.7 to reduce the resulting stray field from the reference layer. Since both magnetic components of the SAF, F M 1 and F M 2 are antiferromagnetically coupled, the total stray field on the free layer can be compensated leading to a net zero field into the free layer. The SAF structure is based on an antiparallel interlayer exchange coupling (IEC) between two ferromagnetic layers separated by a non-magnetic layer (NM). Metals conventionally used for providing such antiferromagnetic coupling are ruthenium (Ru) or iridium (Ir). The strength and sign of the IEC vary with the NM thickness in an oscillatory way [START_REF] Parkin | Oscillations in Exchange Coupling and Magnetoresistance in Metallic Superlattice Structures: Co/Ru, Co/Cr, and Fe/Cr[END_REF][START_REF] Unguris | Sempa Studies of Oscillatory Exchange Coupling[END_REF]. Different variants of the initial stack structure have been investigated in order to reduce the switching current. A faster switching mechanism based on the precessional motion of the free layer by using an out-of plane polarizer was proposed [START_REF] Kent | Spin-transfer-induced precessional magnetization reversal[END_REF]. The introduction of a source of perpendicular anisotropy into the free layer led to switching currents as low as " 2M A{cm 2 [START_REF] Amiri | Switching current reduction using perpendicular anisotropy in CoFeB-MgO magnetic tunnel junctions[END_REF]. The presence of such source of PMA helps to counteract the large out-of plane demagnetizing field that inhibits current induced switching.

PtMn

Out of plane magnetized MTJ based on i-PMA

Beyond the advances made in the stack developments of in-plane MTJs, nowadays most of the developments in MRAM are based on magnetic tunnel junctions with perpendicular anisotropy (PMA), i.e. p-MTJs. There are several reasons that make p-MTJs advantageous. First, in the case of in-plane MTJs, an elliptical shape is required in order to provide uniaxial shape anisotropy. This increases the cell footprint and introduce more device variability due to the patterning process. In p-MTJs, there is no need to have such elongated shape. The perpendicular anisotropy is by itself uniaxial, so that a cylindrical MTJ can be used allowing an easier down-size scalability.

Several material systems can exhibit perpendicular anisotropy [START_REF] Dieny | Perpendicular magnetic anisotropy at transition metal/oxide interfaces and applications[END_REF] such as Co/Pt, Co/Pd or Co/Ni multilayers, alloys presenting a L10 order (FePt, FePd, CoPt ou CoPd), semiconductor ferromagnets such as Ga x M n or recently reported L1 0 M nAl. Nonetheless, as we have seen in the previous Section 1.1, the MgO/CoFeB system exhibits large TMR and STT and thereby constitutes the ideal candidate for the tunnel junction itself, as it also presents PMA.

Perpendicular magnetic anisotropy originates at the interface between the FeCoB layers and the MgO tunneling barrier [START_REF] Ikeda | A perpendicular-anisotropy CoFeB-MgO magnetic tunnel junction[END_REF]. Such PMA at magnetic metal/oxide interface was discovered in 2002 at SPINTEC and its use for out-of-plane STT-MRAM cell was demonstrated at Tohoku Univ. in 2010 [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] Dieny | Perpendicular magnetic anisotropy at transition metal/oxide interfaces and applications[END_REF][START_REF] Ikeda | A perpendicular-anisotropy CoFeB-MgO magnetic tunnel junction[END_REF]. By reducing the CoFeB storage layer thickness, the interfacial anisotropy can overcome the demagnetizing energy and stabilize a stable perpendicular magnetic state, as seen in Figure 1.8 a. It can also be highlighted in Figure 1.8 a that the PMA disappears for all CoFeB thickness if the seed layer used is a ruthenium layer. It was demonstrated by Nistor et al. [START_REF] Elena | Correlation Between Perpendicular Anisotropy and Magnetoresistance in Magnetic Tunnel Junctions[END_REF] that a boron getter layer is required to absorb the diffusing boron after annealing of the MTJ. Otherwise, boron diffuses towards the MgO barrier leading to a deterioration of the MgO barrier properties, both in terms of PMA and TMR. It turns out that Ta is a boron getter element (as also tungsten (W) or molybdenum (Mo)) and that is the reason why in Figure 1.8 a, the PMA is maintained when using a Ta seed layer.

Seed

Moreover, the use of a tantalum thin layer also serves as a texture breaker. A particular problem of using two ferromagnetic electrodes (reference and free layer), is that the reference layer produces a stray field on the free layer that disturbs its functioning, as for in-plane MTJs. A synthetic antiferromagnetic reference layer structure (SAF) has also become a standard in p-MTJs as in Figure 1.8 b, since the use of two oppositely magnetized components allow a resulting null field on the free layer. Such reference layer is typically built with Co/Pt or Co/Pd multilayers with large interfacial anisotropy antiferromagnetically coupled by a thin Ru layer (typically 0.4nm or 0.9nm, due to the oscillatory nature of the RKKY coupling [START_REF] Parkin | Oscillations in Exchange Coupling and Magnetoresistance in Metallic Superlattice Structures: Co/Ru, Co/Cr, and Fe/Cr[END_REF]), leading to an increased stability of the reference layer. However, the previous SAF structure has a threefold symmetry fcc (1 1 1), different from the fourfold crystallographic symmetry bcc (0 0 1) of the oxide tunneling barrier. Therefore, a texture breaker thin lamination as Ta is essential to grow the bcc (0 0 1) MTJ correctly.

As will be discussed later in Section 1.3.1, besides a larger areal density, p-MTJs result into lower switching currents when compared to in-plane magnetized MTJs, making them the most used structure in STT-MRAM applications nowadays.

Spintronic devices

Several types of spintronic devices are used today for different applications such as memories, magnetic sensors, RF devices, logic devices or neuromorphic devices among others [START_REF] Ielmini | Emerging neuromorphic devices[END_REF][START_REF] Dieny | Opportunities and challenges for spintronics in the microelectronics industry[END_REF][START_REF] Jung | A crossbar array of magnetoresistive memory devices for in-memory computing[END_REF]. They are based on the control of the spin angular momentum of the electrons, in contrast with conventional electronic devices in which only control over the electron charge is exploited.

In the case of memory applications, STT-MRAM is especially suitable for density, while SOT-MRAM seems to be more appropriate when faster switching is required, as for cache applications. A combination of both phenomena has also led to promising results [START_REF] Wang | Field-free switching of a perpendicular magnetic tunnel junction through the interplay of spin-orbit and spin-transfer torques[END_REF][START_REF] Sato | Two-terminal spin-orbit torque magnetoresistive random access memory[END_REF] and other effects such as voltage controlled magnetic anisotropy (VCMA) are attracting a lot of interest [START_REF] Yoda | Voltage-control spintronics memory (VoCSM) having potentials of ultra-low energy-consumption and high-density[END_REF] to further reduce the power consumption.

Magnetic random access memory (MRAM)

Different classifications of MRAM devices can be possibly made but we classify them into two main groups: a first generation of MRAM whose writing mechanism was performed by generating a field to switch the magnetization of the storage layer and a more recent generation of devices where the switching is performed by a current passing through the MTJ (or spin-valve).

MRAM written by field

In the early days of MRAM development, between 1996 and 2004, the writing of the MTJs was performed by applying a magnetic field as for Stoner Wolfarth MRAM [START_REF] Tehrani | Magnetoresistive Random Access Memory Using Magnetic Tunnel Junctions[END_REF] or Toggle MRAM [START_REF] Savtchenko | Method of Writing to Scalable Magnetoresistance Random Access Memory Element[END_REF], the latter being the first commercialized MRAM [70, [START_REF] Engel | A 4-Mb Toggle MRAM Based on a Novel Bit and Switching Method[END_REF][START_REF] Andre | A 4-Mb 0.18-/Spl Mu/m 1T1MTJ Toggle MRAM with Balanced Three Input Sensing Scheme and Locally Mirrored Unidirectional Write Drivers[END_REF]. However, field induced switching technologies required large currents of few mA. Moreover, the scalability is limited due to electromigration in the conducting lines that create the magnetic field by pulses of current, as illustrated in Figure 1.9 a, leading to reliability issues. Thermally assisted MRAM (TA-MRAM), based on the local heating of the MTJs partially improved those issues, but the writing mechanism itself remained also by magnetic field [START_REF] Dieny | Magnetic device with magnetic tunnel junction, memory array and read/write methods using said device[END_REF][START_REF] Prejbeanu | Thermally Assisted Switching in Exchange-Biased Storage Layer Magnetic Tunnel Junctions[END_REF].

MRAM written by current

The drawbacks encountered by field-driven MRAM namely large switching current and electromigration between the conducting lines generating magnetic field were overcome by the introduction of STT switching. STT enables very good write selectivity, since the current used for the writing process flows through the selected MTJ. In addition, the same path is used for reading and writing processes as seen in Figure 1.9 b, which enables a better scalability. In the first generation of in-plane MRAM previously discussed in Section 1.2.2, the thermal stability factor (∆) is limited by the aspect ratio of the ellipsoidal MTJ. The thermal stability factor, is given by the energy barrier between the parallel "P" and antiparallel "AP" states between the reference and storage layer as seen in Figure 1.10. The resulting thermal stability factor for in-plane magnetized storage layer, with relatively weak magnetocrystalline anisotropy, as it is often the case is given by Equation 1.18 [START_REF] Dieny | Magnetic Random Access Memory[END_REF].

H x H y ՜ 𝑱 ՜ 𝑱 ՜ 𝑱 ՜ 𝑱 (b) (d) (c) (a)
P "0" AP "1" E θ A R •W W t
∆ " ∆E k B T " µ 0 2 M 2 s t 2 pA R ´1qw k B T (1.18)
As observed in Equation 1.18, the thermal stability for in-plane magnetized storage layers scales with the aspect ratio. As a result, the requirement of a sufficiently high thermal stability factor limits the downsize scalability. In order to fulfill the industrial standards of retention, ∆ should be between 60 and 100. For an in-plane magnetized MTJ, to keep ∆ ą 70 the minimal dimensions allowed are about 60 nm x 150 nm, for a conventional CoFeB storage layer 2.5nm thick [START_REF] Dieny | Magnetic Random Access Memory[END_REF].

A different approach was explored by using a perpendicular configuration of the magnetization in the MTJ, as explained in Section 1.2.3 [START_REF] Worledge | Spin Torque Switching of Perpendicular Ta|CoFeB|MgO-Based Magnetic Tunnel Junctions[END_REF]. A first advantage of p-MTJs is its lower switching current compared to in-plane MTJs. For in-plane MTJs, the barriers for retention and writing are different. Retention is given by the in-plane shape anisotropy of the free layer while for writing the large out-of plane demagnetizing energy has to be surmounted as observed in the switching trajectory of Figure 1.11 a. In contrast, for p-MTJs both barriers are the same, given by the perpendicular direction as seen in Figure 1.11 b, which results in lower switching currents for the same thermal stability.

The thermal stability in macrospin approximation for a cylindrical perpendicularly magnetized free layer, with diameter w, is given by Equation 1.19 [START_REF] Dieny | Magnetic Random Access Memory[END_REF].

∆ " ∆E k B T " rpK V ´p1{4qµ 0 p3N z ´1qM 2 s qt `Ks s π 4 w 2 k B T (1.19)
As explained in Section 1.2.3, in p-MTJs the main source of perpendicular anisotropy is interfacial and results into a ∆ " 77 for w=25nm, for the case of a CoFeB storage layer 1.2 nm thick and interfacial anisotropy 1.2 ˆ10 ´3 J{m 2 [START_REF] Dieny | Magnetic Random Access Memory[END_REF]. The storage layer thickness is reduced as compared to the in-plane case in order to reduce the demagnetizing energy that tends to favor an in-plane orientation. However, the storage layer thickness reduction is limited by a decrease of the spin polarization that can affect the TMR of the MTJ.

Conventional p-MTJs of around 25nm diameter can keep a sufficiently large thermal stability. To further reduce the cell size, one possibility is to add a second MgO oxide barrier on top of the storage layer to provide an extra source of interfacial anisotropy [START_REF] Hu | STT-MRAM with double magnetic tunnel junctions[END_REF][START_REF] Diao | Spin transfer switching in dual MgO magnetic tunnel junctions[END_REF].

Another innovative approach consists in significantly increasing the thickness of the storage layer, to an aspect ratio (t/D) close to 1, so that the demagnetizing energy favors the perpendicular orienta-Fig. 1.11: Scheme of the switching trajectories for in-plane storage layer (a) and perpendicularly magnetized storage layer (b). The respective switching currents are given by the respective equations below the figure. The highlighted term in red shows the "extra" demagnetizing energy that needs to be overcome by STT switching of in-plane magnetized MTJs that does not contribute to the overall thermal stability. Figure from [START_REF] Dieny | Perpendicular magnetic anisotropy at transition metal/oxide interfaces and applications[END_REF]. tion of the magnetization, providing perpendicular shape anisotropy (PSA). PSA-STT-MRAM uses a combination of both interfacial anisotropy and shape anisotropy and allows the scaling down to very small nodes (sub-10 nm) [START_REF] Perrissin | A highly thermally stable sub-20 nm 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]. In Chapter 4 we exploit the use of perpendicular shape anisotropy to develop a reference layer of a p-MTJ, in order to get rid of critical metals typically present in the SAF structure.

Finally, SOT-MRAM has emerged as a promising technology in recent years since it allows a fast switching (reliable sub-ns write), virtual "unlimited" endurance and negligible read disturb since the reading and writing paths are separated, as seen in Figure 1.9 d. There are three schemes of SOT switching, with different storage magnetic layer easy-axis directions. The first, with the easy-axis in the perpendicular direction [START_REF] Mihai Miron | Perpendicular switching of a single ferromagnetic layer induced by inplane current injection[END_REF][START_REF] Gaudin | A writable magnetic memory element[END_REF][START_REF] Cubukcu | Spin-orbit torque magnetization switching of a three-terminal perpendicular magnetic tunnel junction[END_REF][START_REF] Garello | SOT-MRAM 300MM Integration for Low Power and Ultrafast Embedded Memories[END_REF] as in Figure 1.12 a while the other two are based on in-plane MTJs, one with the the easy-axis orthogonal to the current [START_REF] Fukami | A spin-orbit torque switching scheme with collinear magnetic easy axis and current configuration[END_REF] as in Figure 1.12 b, while the last has [START_REF] Liu | Spin-Torque Switching with the Giant Spin Hall Effect of Tantalum[END_REF][START_REF] Pai | Spin transfer torque devices utilizing the giant spin Hall effect of tungsten[END_REF] easy-axis collinear with the current as in Figure 1.12 c.

The first, with perpendicular magnetization, benefits from high speed and is the best in terms of scaling, as discussed previously for the STT case. However, it requires an external in-plane field for deterministic switching. Innovative solutions have been proposed to circumvent such problem, as using a magnetic layer on top of the hard mask to generate the required field [START_REF] Garello | Manufacturable 300mm platform solution for Field-Free Switching SOT-MRAM[END_REF]. The second, with in-plane magnetization orthogonal to the current is field free but the incubation time is larger. The latest, with the easy-axis collinear to the current, is also fast but requires an out-of-plane field.

A possible drawback of SOT-MRAM compared to STT-MRAM is in any case the requirement of two transistors instead of the single one used in STT-MRAM, which limits the areal density of the technology.

Field free switching in p-MTJs at 10 ns by combining both STT and SOT has also been recently demonstrated with high yield on 300 mm scale [START_REF] Sato | CMOS Compatible Process Integration of SOT-MRAM with Heavy-Metal Bi-Layer Bottom Electrode and 10ns Field-Free SOT Switching with STT Assist[END_REF]. A comparison between different memory technologies together with MRAM is given in For the case of MRAM and resistive random access memory (RRAM2 ) the write and read speeds can be as fast as for solid state memories like Dynamic Random Access Memory (DRAM) and Static Random Access Memory (SRAM). However, RRAM is limited by its endurance [START_REF] Nail | Understanding RRAM endurance, retention and window margin trade-off using experimental results and simulations[END_REF] that can nevertheless be sufficient for Flash applications. For MRAM a larger number of cycles ą 10 15 can be supported, necessary condition for use as working memory in microprocessors.

Several big microelectronic companies such as Samsung, TSMC, Intel or Global Foundries have started to commercialized MRAM products, highlighting the importance of this type of non-volatile memory technology. Commercialization started in 2012 with 64Mbit in-plane STT-MRAM by EV-ERSPIN technologies. In 2019 Everspin also demonstrated a 28 nm 1Gb STT-MRAM and it is now commercially available [START_REF]Demonstration of a Reliable 1 Gb Standalone Spin-Transfer Torque MRAM For Industrial Applications[END_REF][START_REF]Catching Up on the Latest Developments in MRAM[END_REF].

Magnetic field sensors

Magnetic tunnel junctions or spin valves can be used as sensing elements, as they provide a resistance variation as a function of an applied external field with a dc bias supply [START_REF] Jaffrès | Angular dependence of the tunnel magnetoresistance in transition-metal-based junctions[END_REF]. Spintronic sensors based on magnetoresistance variation (AMR, GMR and TMR sensors) are nowadays used in a wide range of automotive, industrial or biomedical applications [START_REF] Freitas | Spintronic Sensors[END_REF][START_REF] Dieny | Opportunities and challenges for spintronics in the microelectronics industry[END_REF][START_REF] Chopin | Magnetoresistive Sensor in Two-Dimension on a 25 m Thick Silicon Substrate for In Vivo Neuronal Measurements[END_REF]. They present several benefits compared to other devices such as Hall sensors, current transformers (CT), shunt resistors or fluxgates due to their high sensitivity, compact size, low power consumption, compatibility with CMOS integration and low cost [START_REF] Liu | Overview of Spintronic Sensors With Internet of Things for Smart Living[END_REF].

The conventional MTJ or spin valve structures, as described in Section 1.2.2 for in-plane magnetized MRAM are typically used, as observed in Figure 1.13 a. Under the action of an external field in the direction parallel to the reference layer, the MTJ experiences a variation of TMR, so called sensor transfer curve as observed in Figure 1 The sensor transfer curve shows the resistance variation from the change in the orientation of the sensing layer with respect to the reference layer by a certain angle (α). At zero field, the system is designed so that the magnetization of reference and free layer are orthogonally oriented with an intermediate resistance value. Image redrawn from [START_REF] Silva | Linearization strategies for high sensitivity magnetoresistive sensors[END_REF].

The field range of response of the sensor is given by ∆H and corresponds to the field values between a fully parallel and antiparallel configuration between the reference and sensing layer. The ideal sensor exhibits a linear transfer curve with no hysteresis as in Figure 1.13 b.

The main characteristic of a magnetic sensor is its sensitivity, i.e. the variation of magnetoresistance with applied magnetic field (∆R{∆H).

The linear field range is given in this case by the anisotropy field of the sensing layer. Different linearization strategies can be used as given in Figure 1.14. At equilibrium reference and sensing layer would be parallelly oriented if not any extra other source of anisotropy is introduced, so that a nonlinear MR response would result under an external orthogonal field as in 1.14 a. Several solutions are proposed to set the magnetization of the sensing layer orthogonal: crossed anisotropies upon material deposition (a), use of in-plane shape anisotropy for the sensing layer (b), use of an external permanent magnet (c) use of a superparamagnetic sensing layer (d) or finally the use of exchange bias also in the sensing layer, orthogonally to the pinning direction of the reference layer by a second antiferromagnetic (AFM) material (e).

Another type of sensor device, sensitive to in-plane field, has emerged in which the sensing layer presents a vortex state. Magnetoresistive sensors including a magnetic vortex free layer is a promising approach, due to their linear response, large linear range with low magnetic noise [START_REF] Wetterau | Micromagnetic Simulations of Submicron Vortex Structures for the Detection of Superparamagnetic Labels[END_REF][START_REF] Weitensfelder | Comparison of Sensitivity and Low-Frequency Noise Contributions in Giant-Magnetoresistive and Tunneling-Magnetoresistive Spin-Valve Sensors with a Vortex-State Free Layer[END_REF][START_REF] Suess | Topologically protected vortex structures for low-noise magnetic sensors with high linear range[END_REF]. Typical vortex based sensors are based on the linear variation of resistance by the displacement of the out-of-plane magnetized vortex core in a orthogonal direction to the in-plane applied field as shown in Figure 1.15. We have developed an innovative magnetoresistive sensor concept, sensitive to out-of-plane field, based also on the use of a vortex state in the sensing layer but with an out-of-plane magnetized reference layer, explained in Chapter 6. The sensing mechanism of this innovative device is based on the vortex core expansion/shrinkage in the sensing layer under the effect of an external perpendicular field allowing scalability to smaller nodes and a larger sensing field range as compared to conventional vortex based sensors.

Chapter 2

Why substitute critical materials in STT-MRAM?

Since the COVID-19 pandemic, there has been a significant shortage of chips as only few actors are in charge of chip manufacturing. February 8th 2022, the European Commission presented the "Chips Act", « a comprehensive set of measures to ensure the EU's security of supply, resilience and technological leadership in semiconductor technologies and applications ».

The chips act is born as a result from the need of Europe to be capable of manufacture semiconductor products without relying on the main industrial big fabrication facilities overseas. As stated in the act1 : « Europe has an overall global semiconductors market share of only 10% and largely relies on third-country suppliers. In case of disruption of the supply chain, Europe's chips' reserves in some industrial sectors, such as automotive, may run out in a few weeks, forcing many European industries to slow down or halt production ».

Besides the importance of being able to manufacture the products inside the EU, another problematic needs to be regarded. Nowadays the main key components of most of the advanced technology, not only in the semiconductor sector, contain critical materials.

Reliable access to certain critical raw materials is a growing concern for the development of strategic technologies and sectors aiming for a more sustainable future. Critical materials are beyond the popularly known rare earths, whose supply is mainly concentrated in China. Many other metals are considered critical and there is a fear of shortage in their supply as their concentration in the earth is limited, as is the case of platinum group metals2 (PGMs).

In this thesis, we target the substitution of certain critical materials (Pt, Ru) used in the most mature and commercialized Magnetic Random Access memory (MRAM) technology, p-STT-MRAM. We propose two alternatives which are detailed in Chapter 4 and Chapter 5. In addition, a new concept of magnetic sensor that might avoid the use of certain critical metals, such as iridium or platinum is proposed in Chapter 6.

In this Chapter, we first introduce some examples of critical materials used in emerging technologies. We follow by an introduction to the different parameters used by the EU methodology3 for assessing criticality, for the specific case of Pt. Finally, we evaluate the particular impact of the use of platinum in p-STT-MRAM and more generally in spintronic devices.

Critical materials in green technologies

In recent decades, concern about climate change has increased and solutions for the demanding energy scenarios of the future are being investigated. Batteries, fuel cells, wind turbines or photovoltaics are examples of such renewable energy technologies.

Similarly, in the information and communication technologies (ICT) sector, alternative approaches are investigated in order to reduce the energy consumption of traditional devices.

Figure 2.1 shows the expected exponential increase of energy consumption up to 2030. The total amount of data globally produced is expected to reach 175 zettabytes by 2025 [START_REF] Reinsel | The Digitization of the World From Edge to Core[END_REF]. According to Belkhir [START_REF] Belkhir | Assessing ICT global emissions footprint: Trends to 2040 recommendations[END_REF], the global greenhouse gas (GHG) emissions from ICT could rise from 1.6% of the total in 2007 to 14% in 2040, taking the 2016 global production level as a reference.

New technologies and computer architectures are under development to reduce the power consumption. The use of non-volatile memory (NVM4 ) is a very attractive solution for ultra-low-power systems for the IoT [START_REF] Senni | Non-Volatile Processor Based on MRAM for Ultra-Low-Power IoT Devices[END_REF]. Perpendicularly magnetized STT-MRAM is a promising technology among other non-volatile memories as it combines low power consumption, fast switching, high endurance and scalability [START_REF] Dieny | Opportunities and challenges for spintronics in the microelectronics industry[END_REF][START_REF] Apalkov | Magnetoresistive Random Access Memory[END_REF].

Although all these green technologies are promising, in many cases they contain critical raw materials that hinders their potential advantages. In some cases, the environmental benefit is not as important as initially predicted due to the elevated impact of the critical material extraction and further refining [START_REF] Pitron | La guerre des métaux rares: La face cachée de la transition énergétique et numérique[END_REF]. In addition, the production of those metals is often concentrated in the hands of a few countries, making the supply risk of such products a potential problem for the development of those green technologies.

China, Africa, and Latin America provide 74% of all battery raw materials. Rare earths for permanent magnets contained in wind turbines are mainly produced by China. In the case of the fuel cell industry, platinum is a key component of catalysts. Platinum production is mainly concentrated in South Africa [START_REF]Critical Materials for Strategic Technologies and Sectors in the EU -A Foresight Study[END_REF].

As for the case of renewable energy technologies, in the information and communication technologies (ICT) sector, a large number of materials with high supply risk are present. For example, REEs in several applications including magnets, HDDs, displays, LED, lasers, circuit boards, or memories. Gallium, in GaAs alloy for semiconductors, LEDs, mobile phones, etc. Palladium is used for capacitors, ICs and circuit boards [START_REF]Critical Materials for Strategic Technologies and Sectors in the EU -A Foresight Study[END_REF].

For the case of emerging data storage technologies, Ku et al. analyzed potential supply chain constraints [START_REF] Anthony | Anticipating critical materials implications from the Internet of Things (IOT): Potential stress on future supply chains from emerging data storage technologies[END_REF]. They infer that increasing HDD production could put stress on Nd and PGM supply chains. Furthermore, if phase-change memory (PCM) or Resistive RAM (RRAM) become more important, Ge, Te or Hf supply chains could be stressed in the next decade.

In the case of Ferroelectric RAM (FeRAM) and MRAM devices, they concluded that the use of platinum group metals (PGMs) for gate layers can be problematic in terms of supply due to the small annual production of Pt and Ir, and that alternative solutions must be found.

The European Commission included in 2020 such conclusions in its report on raw materials for strategic technologies and sectors [START_REF]Critical Materials for Strategic Technologies and Sectors in the EU -A Foresight Study[END_REF]. Nonetheless, the materials analyzed by Ku et al. correspond to the first generation of MRAM, using in-plane anisotropy developed in the early 2000s, as explained in Chapter 1.2.2. However, state-of-the-art MRAM uses spin transfer torque writing, in out-of-plane magnetized magnetic tunnel junctions (MTJ) [START_REF] Dieny | Introduction to Magnetic Random-Access Memory[END_REF][START_REF] Apalkov | Magnetoresistive Random Access Memory[END_REF]. In perpendicular MTJs, materials that exhibit perpendicular magnetic anisotropy (PMA) are required, as previously explained in Chapter 1.2.3. Unlike in-plane MTJs, p-MTJs require the use of PGMs such as platinum or palladium for the reference layer SAF. Ruthenium is typically used in both configurations since it is responsible of the strong antiferromagnetic coupling that enables a SAF configuration.

The SAF is intended to provide thermal stability to the reference layer magnetization and to reduce the stray field exerted by the reference layer on the storage layer magnetization, as previously explained in Chapter 1.2.3.

Figure 2.2 a shows the stack composition of a typical p-STT-MRAM. In this case, multilayers comprising (Pt 0.25/Co 0.5 nm) repeats provide a strong perpendicular magnetic anisotropy (PMA) to the reference layer while a Ru layer 0.9 nm thick is used to obtain antiferromagnetic coupling between the top and bottom SAF components.

Platinum and ruthenium are part of a group of elements, known as PGM, whose mineral reserves are highly concentrated in a few locations, mainly in South Africa. Their low initial ore concentration, of only a few ppm5 makes their mining and posterior processing complex, resulting into a very significant environmental impact. In this case, more common ferromagnetic materials (Fe, Co, Ni) or their alloys can be used for the reference and top polarizer. The high thermal magnetic stability is obtained by varying the geometrical aspect ratio of the reference and top polarizer layers. This second alternative is a novel approach that completely avoids the use of PGMs. Nonetheless, it requires a strict dimensional control of the pillar diameter in the 10-20 nm range, since the layer properties are defined by the pillar aspect ratio.

Figure 2.2 c shows the second alternative we propose, that is based on the use of Co/Ni multilayers. The optimization of such SAF structure is explained in Chapter 5. In this case, platinum layers can be substituted by non-critical nickel layers.

Criticality indicators: the case of Pt

Raw materials criticality evaluation usually focuses on supply risk, economic importance, and in some cases, environmental aspects [START_REF] Chapman | Study on Critical Raw Materials at EU Level: Final Report[END_REF]. Figure 2.3 shows a critically assessment for some typical materials used in MRAM technology, together with heavy and light rare earth elements and non-critical nickel and copper, used in the alternative proposed in Figure 2.2 c. Fig. 2.3: Material criticality assessment for typical metals contained in spintronic memory together with HREEs and LREEs (heavy/light rare earth elements respectively). Green region defines the limits of the non-critical zone (SR ď 1 and EI ď 2.8). Source: data from European Commission [START_REF]Study on the Review of the List of Critical Raw Materials -Critical Raw Materials Factsheets European Commission[END_REF][START_REF]Study on the Review of the List of Critical Raw Materials -Non Critical Raw Materials Factsheets European Commission[END_REF].

Figure 2.3 shows that PGMs (in particular Platinum, Ruthenium and Palladium) lie high in the critical region of supply risk and economic importance. However, materials as Nickel or Copper lie in the non-critical region, highlighted in green, due to their lower supply risk. In the following, we introduce both economic importance and supply risk indicators, and other factors that determine them as the material recyclability, sustitutability and HHI6 .

Economic importance

Economic importance (EI) is defined, in the EU assessment, as the importance of a material for the EU economy in terms of end-use applications and the added value (VA) of the corresponding manufacturing sectors according to the NACE rev.2, 2-digit level statistical classification of economic activities in the European Community [START_REF] Andrea | Methodology for Establishing the EU List of Critical Raw Materials -Guidelines[END_REF]. It is given by Equation 2.1:

Economic importance " ÿ S pA S ¨QS qSI EI (2.1)
The parameters, As and Qs define the share of raw material and the total added value of that sector respectively. The substitution index, SI EI , indicates the feasibility of finding an alternative material. Equation 2.1 shows that the presence of possible substitution strategies can lower the economic criticality assigned to a certain material.

Supply risk

Supply risk (SR) reflects the risk of supply disruptions, based on the concentration of primary supply of raw material producing countries, considering their governance and trade policies.

It is calculated as shown in Equation 2.2:

Supply risk " p1 ´EoL RIR q ¨SI SR ¨weighted HHI (2.2)

• EoL RIR = end of life recycling input rate

• SI SR = substitution index related to supply risk

• HHI = Herfindahl-Hirschman Index A detailed description of these parameters is given in the reference work of Blengini et al. [START_REF] Andrea | Methodology for Establishing the EU List of Critical Raw Materials -Guidelines[END_REF]. We follow the discussion of each of them for the case of platinum.

Recyclability

Large recycling rates translate into a reduction of the supply risk of a material, as it can provide a secondary flow of the element. While for industrial or automotive applications the platinum recycling rate can be as high as 80-90% or 50-60% respectively, it drops to a low 5-10% for electronic components [START_REF] Hagelüken | Recycling the Platinum Group Metals: A European Perspective[END_REF].

The importance of the Chinese platinum jewelry sector is highlighted in Figure 2.4, that shows the main contributors of platinum recycling from the auto catalyst (a) and jewelry sector (b) respectively. For the auto catalyst sector, Europe and North America are leaders in PGM recycling with a total of 40.25 tons recovered in 2019. For the jewelry sector, Asia is leader with 14.45 tons.

The low recycling rates for electronic components, of 5-10%, could be ascribed to the intermixing of materials in those elements. For instance, for microelectronic chips or the case of MRAM, nanometer thin layers of a large variety of metals are combined, making recycling much more challenging and costly. Nonetheless, Hagelüken claims that gold and precious metals contained in electronic scrap can be recovered very efficiently when they enter state-of-the-art metallurgical plants [START_REF] Hagelüken | Recycling the Platinum Group Metals: A European Perspective[END_REF][START_REF] Hagelüken | Recycling of gold from electronics: Cost-effective use through 'Design for Recycling[END_REF]. According to Hagelüken, the recycling rate for waste electronic and electrical equipment remains low because it end up exported to developing countries where they only focus on few valuable metals, practice known as 'cherry-picking', and even so the recovery rate is not very high for those precious metals. Therefore, the challenge remains on the collection and monitoring of those billions of small objects containing tiny amounts of scarce materials rather than technical reasons [START_REF] Hagelüken | Recycling the Platinum Group Metals: A European Perspective[END_REF][START_REF] Hagelüken | Recycling of gold from electronics: Cost-effective use through 'Design for Recycling[END_REF].

The interest in PGMs recycling has increased in the last decades, as seen in Accordingly, the fraction of platinum recovered from recycling has risen from 10% of the total global supply in 2003 up to 25% in 2019 [START_REF] Johnson Matthey | Market Report[END_REF][START_REF] Johnson Matthey | Market Report[END_REF].

Substitutability

The supply risk of a material is also linked to the substitutability of such element for a given application. The substitution index (SI) in Equation 2.2 will be lowered if alternatives to such material exist, reducing the total supply risk. Ideally, the substitute material is produced in large quantity, has a low criticality and is mined as a primary product rather than a co/by-product, as is the case for nickel, the material we propose as alternative in Figure 2.2 c.

In the case of p-STT-MRAM, Pt is sometimes replaced by palladium (Pd) that also provides PMA when combined with Co in the form of Co/Pd multilayers. Nonetheless, Pd world production of 209 tons remains in the same order of the 187 tons of Pt [START_REF]Study on the Review of the List of Critical Raw Materials -Critical Raw Materials Factsheets European Commission[END_REF]. Moreover, Pd is also classiffied as critical and it is a by-product of Pt, Ni, and Cu mining. Consequently, the substitution of Pt by Pd is not an ideal option.

Pt and Pd are key components of the car catalytic converters, that are used to reduce pollution emissions. Pt is more suitable for diesel engines while Pd is better for gasoline combustion engines.

Figure 2.6 shows that Pd price has been historically lower than that of Pt, which represented the main driver for its substitution. However, in the last years the price of Pd has surpassed that of Pt. This can be explained by the increase of gasoline cars reported by the European Automobile Manufacturers Association (ACEA7 ) accounting now for 59.5% of the EU market against 29.1% diesel share in the third quarter of 2019 8 . The gasoline share increased by 6.1% while the diesel share reduced by 14.1%, as a result from governmental pressure to reduce fine particle emissions. The drop on PGM prices observed in Figure 2.6 in 2008 followed the price fall of most commodities following the financial crisis of 2007-2009. Large price volatility is observed during the last two years due to the impact of reduced economic activity and supply disruptions following the breakout of the COVID-19 pandemic.

Given the factors stated above, it is preferable to use Ni rather than the substitution by Pd for p-STT-MRAM, as long as the required magnetic specifications can be achieved.

World nickel production in 2010-2014 was four orders of magnitude greater than that of platinum, 1750 kilotons versus 187 tons of platinum [START_REF]Study on the Review of the List of Critical Raw Materials -Critical Raw Materials Factsheets European Commission[END_REF][START_REF]Study on the Review of the List of Critical Raw Materials -Non Critical Raw Materials Factsheets European Commission[END_REF]. Moreover, nickel is classified as non-critical material, as seen in Figure 2. Re-draw from UK Energy Research Center [START_REF] Ukerc | Materials Availability for Low-Carbon Technologies: An Assessment of the Evidence[END_REF].

By-product materials are often undesirable, since their production depends directly on the production of the primary material from which they are obtained, as in the case of Pd.

Herfindahl-Hirschman Index

Herfindahl-Hirschman Index (HHI) is an indicator of the market concentration and the political stability of the producers. Figure 2.8 shows that the world Ni production is much more diversified than that of Pt.

South Africa is the main worldwide Pt producer with 66.8% share, followed by Russia with 12.8%, a country that is known to apply dual pricing for strategic resources, as is the case already for natural gas exports [START_REF] Behn | The Potential Problem with Dual Gas Pricing Practices at the WTO[END_REF]. Moreover, Russia invasion of Ukraine in the February 2022 has increased the geopolitical tension. Temporary closure of Europe's airspace to flights from Russia can lead to PGMs supply disruptions [START_REF]Ukrainian Invasion Adds to Chaos for Global Supply Chains[END_REF]119] Other countries 8% Four mining companies are responsible of 80% of the PGM market production, integrating the whole process from mining to refining: Anglo Platinum, Impala Platinum, and Lonmin Platinum from South Africa and Norilsk in Russia [START_REF] Sinisalo | Refining Approaches in the Platinum Group Metal Processing Value Chain-A Review[END_REF].

Ni production Pt production

One of the alternatives to replace (Co/Pt) multilayers in STT-MRAM we propose is to use (Co/Ni) multilayers. However, some previous studies have used a hafnium (Hf) seed layer for the growth of the Co/Ni multilayers [START_REF] Kar | Co/Ni based p-MTJ stack for sub-20nm high density stand alone and high performance embedded memory application[END_REF][START_REF] Tomczak | Influence of the Reference Layer Composition on the Back-End-of-Line Compatibility of Co/Ni-Based Perpendicular Magnetic Tunnel Junction Stacks[END_REF][START_REF] Jan | Co/Ni Multilayers with Improved Out-of-plane Anisotropy for Magnetic Device Applications[END_REF]. Unfortunately, Hf is also classified as critical material. Even if France is a large supplier of Hf, it is classified as a material with relatively high supply risk for the EU since the EU relies on a single company for its supply [START_REF]Study on the EU's list of Critical Raw Materials, Factsheets on Critical Raw Materials[END_REF]. Moreover, the other two larger suppliers of Hf are Russia and Ukraine. Therefore, production and shipment from those countries could be affected by the current geopolitical situation as previously mentioned for the case of PGMs.

Copper supply is much more diversified. Chile (26%) and Peru (23%) are the two main producers while the rest was sourced from at least 12 other countries in the 2010-2014 period [START_REF]Study on the Review of the List of Critical Raw Materials -Non Critical Raw Materials Factsheets European Commission[END_REF].

Import reliance

The import reliance is used when calculating the HHI index.

The European import reliance of platinum is as high as 98%, meaning that only around one ton of this material is produced in Europe. Finland is the main responsible of this production with 90% of the share while Poland is responsible for the remaining 10%. The European import reliance of nickel drops to 59%, sufficiently low to ensure that demand can be covered even in the event of supply disruptions [START_REF]Study on the Review of the List of Critical Raw Materials -Critical Raw Materials Factsheets European Commission[END_REF].

The US import reliance of Pt is 73%, mainly from South Africa 44%, Germany 15%, United Kingdom 10% and Italy 7%, while for Nickel the import reliance is lower than for the case of EU, 52%. For the case of Nickel, the major supply sources are Canada, Norway, Australia and Russia (U.S. Geological Survey, 2019 [START_REF] Survey | Mineral commodity summaries 2019[END_REF]).

Environmental implications of the use of PGMs

In this section, to better understand the high embodied energy of PGMs, a brief introduction to the extraction and processing of these materials is given first, followed by a comparison of the energy and water required for the production of PGMs and other more common metals.

PGMs extraction and processing

As Cole and Ferron mention, published information is rather limited compared to other metals due to the competitiveness of the PGM market [START_REF] Cole | A review of the beneficiation and extractive metallurgy of the platinumgroup elements, highlighting recent process innovations[END_REF]. Due to the precious nature of these metals, they are recovered from low grade ores (few grams per ton). In addition, PGM elements (plus gold) are often found together. As they have rather similar chemical properties, separation is difficult.

The main stages from extraction to final refining are shown in Figure 2.10. [START_REF] Sinisalo | Refining Approaches in the Platinum Group Metal Processing Value Chain-A Review[END_REF].

Mining

In terms of the cost of operations, 72% comes from mining, with ore concentration accounting for 10% and smelting and refining responsible for the remaining 18% (9% each). [START_REF] Mabiza | Life cycle inventory analysis and equivalent carbon dioxide emissions calculation of the mining and ore concentration processes of PGM at the anglo American Platinum Ltd, South Africa[END_REF].

PGMs are obtained as primary products or by-products of nickel and copper, depending on their relative concentration in the ore [START_REF] Sinisalo | Refining Approaches in the Platinum Group Metal Processing Value Chain-A Review[END_REF]. They are usually associated with nickel-copper sulphides in magmatic rocks [START_REF] Jones | An overview of Southern African PGM smelting[END_REF].

The first step in the extraction process is crushing and grinding. The ore is reduced to small particles of less than about 100 µm.

The resulting crushed powder is mixed with water to form a slurry, in which the desired mineral is rendered hydrophobic by a surfactant or collector chemical. This slurry is then introduced into flotation cells that are aerated to produce bubbles, which rise to the surface to form a froth. The froth is then removed to produce a concentrate of the target mineral (in Figure 2.10, the flotation concentrate). Several flotation stages are usually performed to maximize the extraction yield [START_REF] Fouad | Recovery of Copper from Industrial Waste Water by Foam Flotation Process : A Review[END_REF].

Smelting removes most gangue minerals as molten slag. Converting removes most iron and sulfur by oxidation with air and oxygen. Thanks to these two stages, the concentration of the converter matte is much higher, as shown in Figure 2.10 (few kg per ton).

Finally, the converter matte can be further processed to high purity PGMs, nickel, copper and cobalt [START_REF] Crundwell | Extractive metallurgy of nickel, cobalt and platinum group metals[END_REF]. Sherrit-Gordon's sulphuric acid pressure leach process is the common process chosen by PGM base metal refineries in the western world, as in Figure 2.11. [START_REF] Cole | A review of the beneficiation and extractive metallurgy of the platinumgroup elements, highlighting recent process innovations[END_REF]. Cu removal is carried out under mild conditions to leach some nickel and cobalt with the objective of precipitating copper from the nickel sulphate solution with fresh matte. The primary leach aims to dissolve all the nickel and some of the copper from the matte. The secondary leach aims to dissolve all remaining copper and some iron from the matte [START_REF] Sinisalo | Refining Approaches in the Platinum Group Metal Processing Value Chain-A Review[END_REF].

The different concentrations of platinum group metals (PGMs) at each stage of the process are given in Tables 2.1 and 2.2. We can see that, although the initial concentrate appears to be similar for the South African companies (Table 2.1), it diverges when processed. The values reported from Stillwater are higher in concentration as shown in Table 2.2 which is attributed to a different composition of the ore body.

Alternatives such as the Kell Process proposed by Liddell et al. in which they estimate a significant reduction in energy and CO2 emissions (50% and 70% respectively) compared to smelting and refining are interesting for a more sustainable production [START_REF] Liddell | Energy consumption for Kell hydrometallurgical refining versus conventional pyrometallurgical smelting and refining of PGM concentrates[END_REF]. 

Energy and water related to PGMs production

One main driver for the substitution of PGMs, apart from their high price, is their large environmental impact. Figure 2.12 shows the energy (a) and water (b) required for the production of a variety of metals. The energetic requirements in the case of PGMs production are from 1 to 3 orders of magnitude larger compared to the other metals, and up to 5 in terms of water requirements, when comparing PGMs with nickel.
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Fig. 2.12: Energy and water requirements for the production of metals from the ore (high grade-pale colour, low grade-dark colour) in logarithmic scale. From European Commission, Report on Critical Raw Materials in the Circular Economy (2018). Energy data for nickel from [START_REF] Rankin | Energy Use in Metal Production[END_REF] and water from [START_REF] Norgate | Sustainable water use in minerals and metal production[END_REF].

The large difference in embodied energy and water requirements between PGMs and the other metals results from the low concentration of PGMs in the ore from which they are mined (few g/Ton) [START_REF] Sinisalo | Refining Approaches in the Platinum Group Metal Processing Value Chain-A Review[END_REF]. PGMs are usually found together with gold and have very similar chemical properties, such that their separation become difficult.

In the case of spintronic applications and microelectronics, small amounts of those metals are used, so that a specific evaluation needs to be performed. However, a correct analysis must not only take into account the amount of metal used in the final product, but also the amount of metal that is lost during the processing of the device, which is discussed in the next section.

Losses related to the PVD deposition of metal thin films.

Microelectronics is considered an example of radical ! dematerialization " as the products usually provide high value and utility while having a negligible weight.

For Williams et al., this affirmation might not always be correct, if the amount of materials required in the whole fabrication process is considered, as they concluded in their article: 'The 1.7 Kilogram Microchip: Energy and Material Use in the Production of Semiconductor Devices' whose title is self-explanatory [START_REF] Williams | The 1.7 Kilogram Microchip: Energy and Material Use in the Production of Semiconductor Devices[END_REF].

In some cases, the quantities of materials required for a specific technology are calculated using the amount of material contained in the final device [START_REF] Anthony | Anticipating critical materials implications from the Internet of Things (IOT): Potential stress on future supply chains from emerging data storage technologies[END_REF]. However, this approach omits the total amount of material lost in the device fabrication related to the deposition and etching processes to nanopattern the device. Therefore, the real amount of material required is much higher than that contained in the final devices.

Microelectronic circuits are built up from integrated components, e.g., transistors, memory dots, vias, interconnects, with characteristic dimensions in the nanometer range. For the case of MRAM technology, each memory cell is a patterned element of diameter in the 20 to 50 nm range. In order to fabricate the MTJs used in these devices, several layers, each one 2-3 atoms thick, are deposited on 300 mm diameter wafers. Then all elementary components are nanopatterned through a sequence of lithography, etch and deposition operations.

The sputtering deposition process of thin films is further explained in Chapter 3.1. During deposition, a significant proportion of the sputtered material does not reach the substrate and is wasted on the inner walls of the deposition chamber.

To meet industrial requirements, the wafer must be homogeneous in thickness with sub-nm accuracy over the entire surface. This is achieved by different strategies such as rotation or linear motion of the substrate, increasing the distance between the target and the wafer, or the use of low deposition rates.

The efficiency of material deposition is highly dependent on the tool geometry, the material to be deposited and the conditions necessary for optimum uniformity of the deposited layer, as the gas pressure during deposition.

Strategies to reduce the losses during the sputtering process are investigated for instance in the patent of Walter H. et al., using a particular cathode assembly [START_REF] Walter | Focusing Magnetron Sputtering Apparatus[END_REF].

The particular assembly consists of two elongated target segments, made of the same material, inclined towards each other, with a resulting reduction in sputtering losses.

The substrate is linearly translated to ensure an appropriate film homogeneity. Since the length and width of the cathode exposed to the magnetic field are longer than the corresponding lengths on the substrate, a certain amount of material ends up aside of the substrate during the deposition which results into the so-called target end loss. A second source of material loss is related to the sweeping motion of the substrate and is known as overscan loss. In this patent, they report that overscan losses for a planar target can be of 33% and by using the tilted faced target, they can be reduced to 20%. However, this type of geometry requires an extra target for each material.

For the case of indium tin oxide (ITO), deposition of only 15% of the target sputtered material onto the substrate has been reported [START_REF] Tolcin | Indium[END_REF].

Rossnagel reported deposition fractions on the substrate from 22% to 80% as a function of different parameters as the sputtered material, argon pressure and throw distance of a sputtering process at 1000 W in 200 mm diameter planar magnetron [START_REF] Rossnagel | 8 -Sputtering and Sputter Deposition[END_REF]. We estimated the sputtering losses of our own sputtering deposition tool for the case of Pt. Figure 2.13 shows the amount of Pt deposited in the period 13 Apr 2013 to 19 Jul 2019.

During magnetron sputtering, the material target erosion does not occur over the complete target but is concentrated over an 'etching track', due to a larger plasma density in that region.

Due to the elevated cost of PGMs, the targets are commonly recycled by refilling the eroded region. Indeed, in our case the full target weights around 800 gr, but the weight and size of the target depends on the size of the wafer on which the metal is deposited, to ensure a good homogeneity.

The target recycling is less common for other less expensive metals. In this sense, 'end of life target' recovery is ensured for PGMs targets. In our case, in total, 81 grams were deposited prior to the Pt target refill that required 294 gr of Pt.

Therefore, we estimate that 72.5% of the sputtered material is lost during the deposition process, calculated as the fraction of Pt deposited on the wafer over the Pt refilled in the target. In the next section, we consider different deposition efficiency scenarios, as industrial tools are optimized to reduce these losses.

Evaluating the impact of Pt substitution in p-STT-MRAM.

We have seen in the previous sections that the environmental cost of PGMs extraction and their price is very large. Nevertheless, in spintronic applications and microelectronics in general, only very small amounts of these materials are used.

We evaluate the energy, price and global warming potential (GWP) for the material production of Pt in the case of a conventional p-STT-MRAM, or the two alternatives we propose. The ferromagnetic elements used for the reference and top polarizer in the Full-PSA-STT-MRAM alternative, as in Figure 2.2 b, or the nickel layers that play the role of Pt in the second alternative of Figure 2.2 c.

Figure 2.14 shows the results of such evaluation where we used a 72.5% percentage of losses during sputtering deposition, as in our previous estimation. The estimated percentage of losses determines the final conclusions drawn, such that a more accurate estimation is necessary for each particular scenario, especially if smaller losses can be achieved. The reported numbers in Figure 2.14 are given for the extraction of Pt present in conventional SAF and for Ni and Co in the proposed solutions as indicated in Figure 2.2. This comparison is made based on the amount of material deposited on a 300 mm wafer. For the case of PSA, cobalt was used as ferromagnetic material, but other options could be suitable such as NiFe or FeCoB, which are less critical than Co. The PSA approach increases the mass of material used but the final amount of energy required and global warming potential are strongly decreased, respectively by 89% and 99% with respect to the conventional approach based on a synthetic antiferromagnet comprising (Pt/Co) multilayers. The Pt-free alternative, based on Co only PSA allows for a hundred times smaller carbon footprint. This is evident from the difference in global warming potential between the two materials [START_REF] Nuss | Life Cycle Assessment of Metals: A Scientific Synthesis[END_REF].

(i) (ii) (iii) (i) (ii) (iii)
Figure 2.14 shows that in the case of (Co/Pt) substitution by a (Co/Ni) based SAF, even stronger reductions can be achieved, where GWP is reduced up to a factor of 10 4 .

However, when comparing the overall requirements to obtain the amount of Pt used in the SAF, with those needed to produce the Si wafer itself, on top of which all these devices are grown, the benefits associated with Pt replacement appear negligible, regardless of the substitution approach. For example, PSA substitution saves 2.8 MJ per 300 mm wafer, which is an 89% reduction over the Pt SAF alternative. However, the energy requirements for the Si wafer fabrication itself amounts to hundreds of MJ, according to recent data [START_REF] Williams | The 1.7 Kilogram Microchip: Energy and Material Use in the Production of Semiconductor Devices[END_REF][START_REF] Boyd | Life-Cycle Assessment of Semiconductors[END_REF][START_REF] Takiguchi | Global Flow Analysis of Crystalline Silicon[END_REF][START_REF] Michael | Chapter 6 -Eco-data: Values, sources, precision[END_REF]. The same trend is observed for price and carbon footprint, where the requirements for the Si wafer are two and one orders of magnitude higher respectively.

Figure 2.15 shows the energy, price and GWP required for Pt production depending on the Pt thin film thickness deposited and compared to that of the bare Si wafer, represented by the reference black line. For the case of 72.5% losses during Pt sputtering deposition (solid line), the energy equivalent to produce the Si wafer would equal that to produce the Pt required for STT-MRAM fabrication only if the Pt thickness would exceed 50 nm, which is more than an order of magnitude larger than what it is used in the current SAF implementation. For GWP and price, it moves to even higher thicknesses. Fig. 2.15: Pt layer thickness on a 300 mm wafer that would result in similar requirements (energy in orange, price in pink and GWP in green) as manufacturing a 300 mm bare silicon wafer used as a substrate for this technology (assuming different sputter losses, 50%, 75% and 99%, corresponding to dashed, solid and dotted lines respectively). From [START_REF] Palomino | Evaluating critical metals contained in spintronic memory with a particular focus on Pt substitution for improved sustainability[END_REF].

Only in the case of 99% losses (dotted lines) during deposition, the requirements for Pt would be on the same order than those for the Si substrate, i.e., a Pt thickness of 2.25 nm. However, such high losses do not occur in thin film deposition tools. As mentioned earlier, deposition losses depend on the tool used. In industrial production, equipment suppliers strive to minimize these losses. As can be seen in Figure 2.15, further reduction in losses during deposition would further decrease the energy, price, and GWP requirements associated with the use of Pt, thereby reducing the benefits of Pt substitution by using a PSA reference or (Co/Ni) based SAF in place of the current (Co/Pt) SAF in the MRAM reference layer.

Considering the importance of the energy and environmental impact of the manufacturing of silicon wafers, it is important to specify the contribution of each step of the manufacturing process, measured per kg of Si. This contribution is detailed in Table 2.3.

Table 2.3 shows that even adding only the energy used up to the polysilicon stage, the requirements correspond to 143 MJ (Williams) and 73.5 MJ (Takiguchi) for a wafer mass of 127 g, which is well above the calculated 3.1 MJ required for Pt in the SAF reference layer. Even higher requirements are reported by Ashby [START_REF] Michael | Chapter 6 -Eco-data: Values, sources, precision[END_REF], 6017 MJ per m2 for mono-crystalline Si wafers used as microelectronic substrates, which leads to 425 MJ for a 300 mm wafer.

A previous life cycle impact assessment of solar cell fabrication reached a similar conclusion. Indeed, the authors concluded that the upstream process of silicon wafer manufacturing has a greater environmental impact than the manufacturing of the solar cells themselves [START_REF] Schmidt | Life cycle assessment of silicon wafer processing for microelectronic chips and solar cells[END_REF].

In that study, it was argued that an improvement in the wafer production process would be much more beneficial for solar cell fabrication. Improvements in the microelectronics technology process steps have a much higher degree of complexity to be implemented, compared to upstream process 

improvements.

In fact, our present study related to the impact of Pt substitution in MRAM yields a similar conclusion. The fabrication of silicon wafers has a greater energy and environmental impact than the use of energy-intensive materials such as PGMs in the device manufacturing process. The main cause is the significant mass difference between the 127 g silicon wafer and the 3.4 mg of Pt required to fabricate the device.

Boyd [START_REF] Boyd | Life-Cycle Assessment of Semiconductors[END_REF] already evaluated the GWP associated with the fabrication of silicon wafers compared to other phases of the CMOS device life cycle. The GWP given for the fabrication of a 300 mm silicon wafer is of the same order as the GWP of the chemicals required during the CMOS fabrication process. However, the main contribution of the GWP in the device life cycle of the device remains, in most cases, the actual use phase.

Supply disruption, is it going to occur?

Although the economic and environmental impact of Pt use is low in perpendicular STT-MRAM memory, its potential supply risk remains a concern and substitution strategies are still attractive in this regard. High prices for certain resources can lead to technological innovation through research towards alternatives. For example, higher gasoline prices in Europe compared to the United States can explain a more developed public transport system and lower per capita consumption. However, as mentioned by Buijs and Sievers, in the case of technology industries, the availability of mineral resources is a greater concern than price, as the cost of these raw materials is often a small part of the final price [START_REF] Buijs | Resource Security Risks in Perspective: Complexity and Nuance, Clingendael International Energy Programme, The Hague[END_REF]. As early as 1979, during the Nixon administration, the US government feared a possible disruption of the platinum supply: "There is a possibility of disruption of supplies from Rhodesia as a result of internal disorders, and a more remote one in the case of South Africa. This would seriously affect US, European, and Japanese imports of two critical materials-platinum and chromium. There is also a possibility of sudden changes in export availability of these two materials from our other major supplier, the Soviet Union, because of our limited advance knowledge of political and economic factors determining its export plans" [START_REF]Critical Imported Materials, Study of Ad Hoc Group Established by NSSM 197/ CIEPSM 33, US Government (Nixon Administration)[END_REF].

Studies on possible future material bottlenecks do not predict future Pt shortages [START_REF] Grandell | Role of critical metals in the future markets of clean energy technologies[END_REF][START_REF] Valero | Material bottlenecks in the future development of green technologies[END_REF]. Figure 2.16 a shows that Valero et al. predict that both Pt reserves9 and resources10 will be below the cumulative demand until 2050 [START_REF] Valero | Material bottlenecks in the future development of green technologies[END_REF].

However, Grandell et al. predicted an increase in Pt mining, as for them consumption is well above the reserves as seen in Figure 2.16 b, which is undesirable due to its high environmental impact [START_REF] Grandell | Role of critical metals in the future markets of clean energy technologies[END_REF]. Nonetheless, reserves consumption remains around 50% what denotes foreseeable sources of Pt available.

Even if both studies do not predict global shortages of Pt from a resource perspective, other factors need to be considered. Zientec et al. declared that the availability and accessibility of PGMs could be disrupted by economic, environmental, political and social events [START_REF] Michael | Platinum-group elements[END_REF]. Previous disruptions have been observed for Pd in 1999 and 2000 due to the blockade of exports from Russia, or for the disruption in Pt supply in 1986, 2011 and 2012 due to miner strikes in South Africa [START_REF] Gavin | Key trends in the resource sustainability of platinum group elements[END_REF].

Ku. A (2018) concluded that the use of PGMs for gate layers in some FeRAM and MRAM device structures may be problematic in terms of future supply due to the small annual production of Pt and Ir [START_REF] Anthony | Anticipating critical materials implications from the Internet of Things (IOT): Potential stress on future supply chains from emerging data storage technologies[END_REF].

In terms of production, 765 kg of Pt were required in Western Europe in 2019 for electronic devices such as hard disk drives (HDDs) [154]. This could be covered by European platinum production of about 1 ton. However, a total « 56 tons of Pt were required in the EU for various applications, 41 tons of which are required for automotive needs, well above its own production.

If we focus on perpendicular STT-MRAM, to meet the December 2019 global wafer production dedicated to memory corresponding to 7.47 million wafers [155] and assuming all wafers are dedicated to STT-MRAM and contain a SAF comprising Co/Pt multilayers, which is an unrealistic upper limit, 436 kg of Pt would be required for this annual production. This is of the same order as the EU's Pt needs for electrical applications and would represent around 10% of the world's Pt needs for electrical applications in 2019 («4.1 tons) [154], highlighting an increased demand for other technologies such as hard disk drives (HDDs).

What this tells us is that, although the supply risk is high for the PGM group of metals, and production is highly concentrated, as shown in Figure 2.8, the Pt supply needs for the STT-MRAM are minor compared to the total production.

It is important to note that the about 5 g contained in every catalytic converter of diesel cars are much easier to recycle than the Pt present in MRAM devices. Nevertheless, the Pt lost during deposition because being deposited aside of the wafers in the sputtering unit can be at least partially recovered. However, the Pt which is etched away of the wafer during the memory cell nano-patterning process will always be difficult to recover. A fully closed loop of Pt seems difficult to achieve. Therefore, trying to substitute Pt by less critical materials seems to be the best option. In addition, the COVID-19 pandemic has shown that supply can be quickly affected, and the event of a conflict between Western countries and Russia following the invasion of Ukraine could put additional strain on supply chains, of which PGMs are part [START_REF]Ukrainian Invasion Adds to Chaos for Global Supply Chains[END_REF]119].

Other material concerns

Magnesium is a key material for STT-MRAM, as its oxide form provides outstanding TMR properties, so far not reproduced by any other type of metal oxide. Despite its abundance in nature, its worldwide production is highly concentrated in China (87%), leading it to be identified as a "high supply risk" material by the European Commission [START_REF]Study on the Review of the List of Critical Raw Materials -Critical Raw Materials Factsheets European Commission[END_REF]. China has already imposed certain measures affecting magnesium exports, which the EU, the US and Mexico have already claimed are contrary to World Trade Organisation (WTO) rules [START_REF] Gemechu | Geopolitical-related supply risk assessment as a complement to environmental impact assessment: the case of electric vehicles[END_REF].

However, the oxide barrier can also be deposited directly from its oxide form, magnesia (MgO). Magnesite (MgCO 3 ) is processed into natural magnesia:

M gCO 3 " M gO `CO 2 p∆H " `118kJ{molq (2.3)
Magnesite is considered non critical by the European Union as seen in Figure 2.3. The import reliance of magnesite is very close to zero. Several EU countries are producers of MgO, such as Slovakia, Austria, Spain, Greece or Poland, with a significant average production of 1.160 kt of MgO per year [START_REF]Study on the Review of the List of Critical Raw Materials -Non Critical Raw Materials Factsheets European Commission[END_REF].

Two other important components for STT-MRAM are Ta and W, both of which are used as boron getters. Boron is adsorbed from the FeCoB interfacial layer. The amorphous electrode is used to promote the bcc (001) nanostructuration of the magnesium oxide tunnel barrier, which is difficult to achieve above the fcc crystalline structure that maximizes the PMA properties of Co/Ni or Co/Pt multilayers. This bcc crystallization is in fact responsible for the high TMR value of MgO-based magnetic tunnel junctions, as described previously in Chapter 1.6.

The introduction of the EU's new Conflict Minerals Regulation in January 2021 addresses the case of both Ta and W [START_REF]EU's new Conflict Minerals Regulation[END_REF]. The main goal of this regulation is to end the trade and usage of conflict minerals and metals by global smelters and refiners, as well as the abuse of mine workers. Therefore, the objective of this regulation is to force EU companies to import those metals only from responsible sources. Ta is mainly produced by Rwanda (31%), the Democratic Republic of Congo (19%), and Brazil (14%) while W primary producers are China (84%) and Russia (4%). Although W has been demonstrated to yield higher annealing tolerance and effective PMA [START_REF] Chatterjee | Enhanced annealing stability and perpendicular magnetic anisotropy in perpendicular magnetic tunnel junctions using W layer[END_REF], a Ta getter provides acceptable performance.

Initiatives such as the one adopted by the EU can lead to a more sustainable supply chain management (SSM), as mentioned by Ageron et al., "suppliers aware of sustainable issues will naturally be more involved in SSM" [START_REF] Blandine Ageron | Sustainable supply management: An empirical study[END_REF].

Conclusions

In this chapter we have seen that improvements in the Si wafer fabrication process can generate the most beneficial environmental impact, rather than the PGMs substitution, not only for STT-MRAM but more generally for most microelectronic components that use small amounts of those metals.

Nonetheless, due to the high risk of supply disruptions in the highly concentrated PGM production, the substitution is crucial as a risk mitigation measure.

Possible alternatives to the use of Pt are studied in Chapter 4 and Chapter 5.

In Chapter 6, we developed an alternative sensor sensitive to out-of-plane field based on the expansion/contraction of a vortex core in the sensing layer of an MTJ. This type of sensor has the potential advantage of avoiding the use of platinum or iridium, which are typically used in planar MTJsensors for the pinning layers. The same conclusion as for the case of STT-MRAM can be extended to the case of this spintronic sensor device. The substitution of PGMs remains a risk mitigation measure to the high supply risk of such metals.

In the following Chapter 3, the means of fabrication of such nano-devices are explained in detail, together with the characterization tools we have used during this thesis.

Chapter 3

Nanofabrication and characterization of spintronic devices

This chapter explains the different steps followed for the fabrication of spintronic devices.

We first present the sputtering process that is used for the deposition of each layer of the magnetic tunnel junctions (MTJ).

Prior to the nanofabrication of spintronic devices in small diameters, various techniques are used at the thin-film level:

• Structural characterization: Atomic force microscopy (AFM).

• Annealing tools: with and without applied magnetic field (ANNEALSYS).

• Magnetic properties characterization: Vibrating Sample Magnetometer (VSM) and Magnetooptical Kerr effect (MOKE).

Once the structural and magnetic properties have been optimized, the nanofabrication process proceeds down to nanometric nodes in the Upstream Technological Platform (PTA) [160]. During the process, various nano-fabrication tools are used:

• Material deposition tools: Physical vapor deposition (PVD) and evaporation tools.

• Etching tools: Ion beam etching (IBE) and reactive ion etching (RIE).

• Lithography tools: e-beam lithography and ultraviolet (UV) lithography.

• Observation tools: profilometer, optical microscope and scanning electron microscope (SEM).

An electrical wafer tester is used for electrical characterization. The tester is already built and has been in development for several years.

Finally, the development of a buffer layer based on tantalum (Ta) of low roughness, which does not contain platinum (Pt) in its structure, is described.

MTJ thin film deposition

All samples described in this manuscript have been deposited at SPINTEC by Stéphane Auffret. The technique used for deposition is magnetron sputtering.

In the early days of MRAM development, the growth of crystalline tunneling barriers motivated by their predicted high tunneling spin polarization (TSP) and TMR values compared to amorphous barriers, was investigated. Molecular beam epitaxy (MBE) deposition was used for the growth of such crystalline oxide barriers. However, in 2004 Parkin et al. reported large TMR values of up to 220% at room temperature using a much simpler sputter deposition technique followed by an annealing at 350°C [START_REF] Stuart | Giant tunnelling magnetoresistance at room temperature with MgO (100) tunnel barriers[END_REF]. Djayaprawira et al. also reported 230% TMR for MgO based tunnel junctions with amorphous CoFeB electrodes, deposited by a Canon ANELVA commercial 200-mm production sputter deposition system [START_REF] Djayaprawira | 230% room-temperature magnetoresistance in CoFeBMgOCoFeB magnetic tunnel junctions[END_REF]. These early works showed that large TSPs and TMRs could be obtained in MTJs with sputter-deposited MgO tunnel barriers, highly advantageous compared to epitaxial growth techniques for the industrial development of MRAM technology due to their higher throughput. Sputtering is also widely used for film deposition on semiconductor wafers, magnetic media and a number of other applications [START_REF] Rossnagel | 8 -Sputtering and Sputter Deposition[END_REF].

In our case, for the deposition of the thin layers, we used an ACTEMIUM magnetron sputtering tool, at room temperature under very high vacuum, 10 ´8 mbar. Magnetron sputtering uses a static magnetic field at the cathode location which makes the sputtering faster. An electric field is created between the grounded anode and the negatively biased cathode as illustrated in Figure 3.1 a. Sputter deposition is performed using a gaseous argon (Ar) plasma, where high-energy Ar ions within the plasma directed towards the cathode erode the target surface, stripping atoms from its surface. The ions transfer physical momentum and kinetic energy to the target atoms, large enough to break the bonds and dislodge the atoms. The sputtered target atoms are partially deposited on the substrate, creating a thin film as seen in Figure 3.1 a.

The secondary electrons produced during the sputtering process follow what is known as a drift path, which follows E ˆB and can close on itself. These trapped secondary electrons eventually lose their kinetic energy due to collision with gas atoms or other electrons and form a highly dense plasma near the cathode. Such a high plasma density produces faster etching in that region, known as the etching track, and forms deep grooves in the cathode, as seen in Figure 3.1 b, for a circular target. The deposition tool is also equipped with a treatment chamber for the oxidation and sputtering steps. In our case, the MgO barrier is formed by the natural oxidation of metallic Mg in the treatment chamber. The magnetic stack grows without breaking the vacuum due to the high importance of interface properties. The uniformity of the deposited thin film is achieved by rotating the substrate, with 10% to 15% non-uniformity at the edges of the 100mm wafers, as shown in Figure 3.2 a. Thickness wedges deposition is achieved by offsetting the substrate wafer from the target axis as shown in Figure 3.2 b and stopping the rotation. This off-axis configuration allows us to create material thickness gradients of up to a factor of 2 along the wedge. The resulting thickness is individually characterized for each specific material by X-ray reflectivity.

Deposition systems based on the rotation of the substrate are preferred in R&D applications as they allow for smaller and cheaper targets. However, they cause greater material losses on the walls of the chamber. For industrial production, uniformity is achieved by linear motion of the wafer at a short distance between the target and the substrate, which reduces sputtering losses but requires larger, more expensive targets.

MTJ characterization at thin-film level

In this section, the tools used for characterization at the thin-film level are briefly introduced.

Atomic Force Microscopy

Atomic force microscopy (AFM) is a powerful technique for mapping the topography of a sample at the nanometer scale, with sub-nm vertical resolution. It was demonstrated in 1986 by Binning, Quate and Gerber [START_REF] Binnig | Atomic Force Microscope[END_REF]. Surface mapping is based on the interaction forces between the probe tip and the sample. If the tip and the sample are in close proximity, an attractive force appears that deflects the tip towards the sample. If the tip and the sample are in contact, a repulsive force appears. The tip-sample interaction is controlled by reflecting a laser off the cantilever in a photo-diode detector, as illustrated in Figure 3.3 a. A feedback system controls the cantilever deflection. There are different modes of operation, such as contact mode or dynamic mode. In the former, the dominant interactions between the tip and the sample are repulsive, while in the latter they can be attractive or repulsive depending on the amplitude of the vibration. In contact mode, the tip and sample can be damaged due to lateral forces. However, in dynamic tapping mode, the tip and specimen are in contact for only short periods, solving the problem of lateral forces.

In dynamic mode, the amplitude or frequency of the cantilever vibration is measured and the frequency is held at or near the resonant frequency (commonly 300kHz). A feedback loop monitors changes in these parameters to maintain a constant tip-to-sample distance.

In our case, roughness measurements were made on Bruker's Dimension Icon® tool using the PeakForce Tapping® (PFT) mode, introduced in 2010 by Bruker. In this mode, the cantilever vibrates at a frequency well below the resonance frequency (between 1kHz and 10kHz). It combines the advantages of contact mode and tapping mode: direct force control and avoidance of damage due to lateral forces. In addition, pico newton level interaction forces can be measured, allowing for the highest resolution [START_REF] Kaemmer | Application Note # 133 Introduction to Bruker ' s ScanAsyst and PeakForce Tapping AFM Technology[END_REF].

Vibrating Sample Magnetometry

This technique, credited to Foner in 1959 [START_REF] Foner | Versatile and Sensitive Vibrating-Sample Magnetometer[END_REF], is based on the vibrating motion of a magnetized sample in the vertical direction as illustrated in Figure 3.3 b. The motion creates an oscillating magnetic flux that induces an alternating electromotive force (emf) in the pick-up coils, according to Faraday's law of induction. The emf is proportional to the magnetic moment of the sample and is amplified by a lock-in amplifier [166]. A magnetic field sweep allows measurements of full magnetic hysteresis loops.

The tool used during this thesis is a VSM from MicroSense ®. The high tool sensitivity (10 ´6 emu or 10 ´9 A.m 2 in SI units) allows for accurate determination of magnetic properties as coercive field, anisotropy field or saturation magnetization. 

Magneto-optical Kerr effect

For faster measurements of magnetic properties, a magneto-optical Kerr effect (MOKE) tool is preferred. Unlike VSM, MOKE measures the magnetic moment of a specific region of the sample, allowing rapid mapping of deposited wafers with material wedges. When a linearly polarized light beam from a laser is reflected from a magnetic sample, as in Figure 3.3 c, several effects can take place on its polarization that are related to the magnetic properties of the sample: the direction of polarization of the sample can rotate (i), a certain ellipticity can be introduced in the beam (ii) or the intensity of the beam can be changed (iii) [START_REF] Kerr | XLIII. On rotation of the plane of polarization by reflection from the pole of a magnet[END_REF]. The Kerr rotation angle, θ K , and the Kerr ellipticity, ϵ K , are linearly dependent on the magnetization.

Three geometries can be used depending on the direction of the magnetic field with respect to the plane of incidence and the sample surface: polar, longitudinal, and transverse.

The laser used has a wavelength of 660nm which results in a 300µm spot and the maximum applied field is 400mT. The tool used during this thesis is a NanoMOKE3® from Durham Magneto Optics. The fact that the maximum field is limited to 400 mT makes the study of some SAF properties in Chapter 5 not possible with this tool, due to their larger reversal fields in many cases. The VSM is the tool used for those cases in which fields of more than 400 mT are required.

Process flow for the nanofabrication of patterned MTJs

Once characterization at the thin-film level has been performed, a metallic hard mask of tantalum (Ta), typically 150 nm thick, is deposited by magnetron sputtering. Before the Ta hard mask, a 3 nm ruthenium (Ru) layer is deposited, which will serve as an etching stop layer during the hard mask etching process.

MTJ patterning

The first step in the MTJ patterning process is the RIE of the Ta hard mask. To define circular structures with a small diameter, down to 20 nm, electron beam lithography (e-beam) is used.

A poly(methyl methacrylate) (PMMA) polymer is spin-coated onto the wafer, baked at 180°for 300 seconds, and then exposed by electron beam lithography, as illustrated in Figure 3.4 a, b and c respectively. After the development step, which is performed by using a mixture of Methyl isobutyl ketone (MIBK) and isopropanol (IPA) in a 1:3 ratio, holes are created in the resin, as illustrated in Figure 3.4 d.

The holes in the PMMA resin are filled with 20 nm of chromium (Cr), which will serve to define the previously deposited hard Ta mask.

Cr deposition is performed in a PLASSYS MEB550 physical vapor deposition (PVD) tool at 0.1nm/s. During the lift-off process, PMMA is removed and the Cr remains only on top of the Ta hard mask as small dots of the size defined during the e-beam lithography, as illustrated in Figure 3.5 a.

Figure 3.5 d shows a scanning electron microscopy (SEM) observation using a ZEISS ULTRA +, of a single Cr dot of 34 nm diameter. The deposited Cr will serve for the RIE of the Ta hard mask, since Ta will be etched everywhere except in the regions below the Cr dots which protect the Ta underneath. An interferometry system is used to control the etching process as shown in the inset of Figure 3.5 a. The etching endpoint needs to be properly selected, shortly after the signal flattening that indicates the complete removal of the hard mask material. Deviations from an optimal endpoint can lead to an underetched or overetched situation as shown in Figure 3.6 a and b respectively. The former will result in local nano-masking during the IBE process and short-circuits after bottom contact definition, while the latter may result in the falling of the pillar and resulting in an uncontacted pillar. During this thesis, three different inductively coupled plasma (ICP) etching tools have been used. Two of them were previously widely used by the team: PLASMALAB100 FROM OXFORD and the STS MULTIPLEX FROM SPTS. During the course of this thesis, a new tool, a SENTECH SI 500-324, was introduced and some calibration was required for optimal etching. Apart from an optimal etching time, other parameters like a correct balance between etching gases are crucial. The etching process is isotropic [START_REF] Legtenberg | Anisotropic Reactive Ion Etching of Silicon Using SF 6 / O 2 / CHF 3 Gas Mixtures[END_REF], since the etching rate is the same in all directions, because the SF 6 etching atoms have an isotropic velocity distribution, as observed in Figure 3.7 a. However, by introducing a passivating gas, as CH 2 F 2 , a passivating layer is formed on the walls, as seen in Figure 3.7 b, resulting in an anisotropic etching process, which creates a slope in the etching profile [START_REF] Shearn | Advanced Plasma Processing: Etching, Deposition, and Wafer Bonding Techniques for Semiconductor Applications[END_REF][START_REF] Legtenberg | Anisotropic Reactive Ion Etching of Silicon Using SF 6 / O 2 / CHF 3 Gas Mixtures[END_REF]. The ratio Once the etching conditions were optimized, pillars with a satisfactory straight shape were obtained as shown in Figure 3.5 e, in this case with a diameter as small as 20 nm.

Once the Ta hard mask has been etched, the rest of the magnetic stack is etched by IBE. In highvolume MRAM production, RIE is preferred, as IBE has larger difficulties to obtain short etching times, tight-pitch device arrays and high aspect ratio structures for additional top electrode wiring, especially for 300 mm wafers [START_REF] Dieny | Introduction to Magnetic Random-Access Memory[END_REF]. The magnetic stack is etched at a certain angle which helps prevent redeposition of conductive sidewalls, but vertical enough to ensure the diameter does not become too large, resulting in a tapered shape. After etching the magnetic stack, a second grazing incidence (10°) etching is performed to clean the tunneling barrier of possible conductive redeposits on the sidewalls and, in the case of perpendicular shape anisotropy (PSA) devices fabrication, to reduce the diameter of the MTJ. The etched elements are detected in-situ by a SIMS detector, enabling to follow the etching process as observed in the inset of Figure 3.5 b. The IBE is stopped at the bottom metallic contact layer. Figure 3.5 f shows a high-angle annular dark-field scanning transmission electron microscopy (STEM-HAADF) image of a pillar with a diameter as low as 9 nm, after ion milling and the reduction of the diameter with grazing incidence.

Bottom contact definition

The next step is the etching of the bottom metal electrode in certain regions, in order to isolate the different devices that make up the entire wafer. An AZ1512HS resin is spin coated and further baked, followed by a UV lithography step and further development, as illustrated in Figure 3.8 a,b,c and d respectively. By using UV lithography, the gap between the different devices where the metal contact should be etched is defined.

The etching of the buffer layer is performed by RIE and creates the contact pads for further device characterization, as seen in the optical microscopy Figure 3.8 f. In the next step, a polymer encapsulation is deposited which serves to separate the lower and upper contact pads. 

MTJ Encapsulation

Accuflo organic polymer is used for pillar encapsulation [START_REF]ACCUFLO® Technical Data Sheets[END_REF]. After Accuflo is baked, an AZ resin is spin coated and baked again to define the regions where Accuflo will be etched. The steps are illustrated in Figure 3.9 a-d. After resin development, a protective square is located on top of Accuflo as seen in the inset in Figure 3.9 d. After the RIE process controlled by the interferometer signal, all of the Accuflo is etched except around the pillars in a region separating the top and bottom contacts.

The height of Accuflo is measured by profilometry, as seen in Figure 3.9 f, using a DEKTAK DXT "E" tool. The Accuflo height corresponds to the initially deposited thickness, around 500nm. In the inset of Figure 3.9 f, a SEM observation of the contact region is given. The Accuflo can be distinguished as the shaded region at the top of the bottom contact. Comparison between the RIE time and the thickness measured here gives the Accuflo etching speed. Knowing the etching speed is important to create the top contact. For that, a hole is created in the Accuflo insulating polymer, above the pillar. The hole should be deep enough to reach the hard Ta mask, but not too deep, otherwise etching below the MgO oxide barrier would create a short circuit between the MTJ electrodes. To open the hole, a new lithography cycle is performed as illustrated in Figure 3.10 a-d. After the RIE (Figure 3.10 e), a hole is opened in the Accuflo region as seen in the inset of Figure 3.10 f. The height of the Accuflo hole can be measured with the profilometer and it should be up to half the height of the hard mask to achieve good electrical contact. This hole is then filled with a metal in the following step. The inset shows an optical microscopy image of the pad region where the etching in the Accuflo (hole in the dark contrast) can be observed (e). After RIE, the hole in the Accuflo encapsulation can be controlled by profilometry(f).

Top contact definition

Once the hole in the insulating polymer has been made, the last steps consist of depositing the upper metal contact. A new lithography cycle is performed as illustrated in Figure 3.11 a-f. In this case, the AZ resin is rendered negative by a double exposure cycle. (Figure 3.11 c and e), once with mask and the second in flood exposure mode. The resulting pattern allows us to deposit a metallic layer of 10 nm of Cr followed by 300 nm of Al (represented in yellow in Figure 3.11 g) only on the pads with a certain space to avoid contact between them. Finally, after the lift-off process, the fabrication process ends. 

MTJ characterization at patterned level

The wafer is electrically characterized with an electrical prober optimized over several years at SPIN-TEC. An electromagnet is used to apply a magnetic field through two coils connected to a KEPCO generator. To get hysteresis loops, it is necessary to sweep the magnetic field. A waveform generator (Agilent 33500B) monitors the KEPCO power supply. For reading the resistance state of the MTJ, a Keithley 2401 current generator sends the current through an RF probe to the contact pads, while a digital multimeter (Agilent 34411A) measures the voltage, resulting in the resistance of the MTJ directly by Ohm's law.

To add a write current to switch the device over STT, a pulse generator (HP 8110A) connected to the RF probes in conjunction with the digital multimeter via a bias tee is used. As a result, a DC (read) and RF (write) input is used to generate a mix signal. This configuration allows us to make a phase diagram, like the one seen later in Figure 4.17 b. A schematic of the experimental setup is illustrated in Figure 3.12. 

Bias

Buffer layer development

The main objective of this thesis is to replace the critical metals (especially Pt and Ru) contained in STT-MRAM cells. However, SPINTEC conventionally uses a 3nm Ta/25nm Pt buffer layer for MTJ growth. This thick Pt buffer layer is used to promote an appropriate fcc 111 texture for the Co/Pt multilayers that make up the SAF to which the reference layer is magnetically coupled. Previous studies have reported the influence of Pt buffer layer thickness on the coercivity and perpendicular anisotropy of Co/Pt multilayers [START_REF] Tang | Scanning tunneling microscopy of Pt/Co multilayers on Pt buffer layers[END_REF][START_REF] Elena | Magnetic tunnel junctions with perpendicular magnetization: anisotropy, magnetoresistance, magnetic coupling and spin transfer torque switching[END_REF]. The stability of the reference layer coupled to the SAF structure could be compromised if much thinner Pt buffer layers are used. Therefore, an essential step for us to get rid of the use of platinum was to find an alternative material. Initially, a Ta-based buffer was investigated, as Ta has also been shown to provide high PMA to Co/Pt multilayers. [START_REF] Chowdhury | Effect of coherent to incoherent structural transition on magnetic anisotropy in Co/Pt multilayers[END_REF].

For the conventional case of a Ta3nm/Pt25nm buffer layer structure, RMS roughness values of 0.37nm were measured by atomic force microscopy (AFM), as seen in Figure 3.13 b and e, in the as-deposited state and after a 400°C anneal for 10 minutes respectively. In the case of using a 25 nm Ta buffer layer alone, the RMS roughness increased to values of 0.49 nm and 0.44 nm, respectively for the as-deposited and after annealing cases as observed in Figure 3.13 a,d. Such an increase in roughness is detrimental for the proper functioning of STT-MRAM cells. Defects in the thin tunnel barrier can lead to reliability issues and therefore a smooth substrate is an essential requirement for MTJ growth. In many cases, chemical-mechanical polishing (CMP) is used to reduce roughness prior to magnetic stack deposition.

(g) However, we managed to find a solution for reducing the Ta buffer roughness, even without CMP treatment. By inserting a thin amorphous layer of FeCoB in the last few nanometers of the Ta buffer layer, a smoother top surface could be achieved. The insertion of this thin amorphous FeCoB layer reduces the RMS roughness of the 25 nm Ta buffer layer by almost half, both after deposition and after annealing at 400°C for 10 minutes as shown in Figure 3.13 c and f respectively. The RMS roughness achieved with the FeCoB insertion is even smaller than that of a Ta 3nm/Pt 25nm buffer layer, which was our standard for Co/Pt multilayer growth. The roughness values for all different cases are given in Figure 3.13 g. The texture developed in the buffers Ta (Figure 3.13 a, d) and Pt (Figure 3.13 b, e) as a result of the growth of the grains is clearly broken by the insertion of the 0.8 nm amorphous layer of FeCoB (Figure 3.13 c, f). Due to its low thickness and intermixing with Ta after the annealing process, this FeCoB layer is not magnetic at room temperature.

Chapter 4

Perpendicular shape anisotropy for the reference layer of STT-MRAM

In this chapter, we first give an introduction to perpendicular shape anisotropy (PSA) and its use for the STT-MRAM storage layer.

We propose an All-PSA-STT-MRAM structure, consisting of a lower reference layer, a storage layer and an top polarizing layer whose magnetization is set antiparallel to the reference layer to compensate for the stray field in the storage layer, all elements being designed with PSA to avoid the use of platinum group metals.

The selection of the dimensions and materials used is based on macrospin calculations to achieve an optimal hierarchy in the stability of all layers and a reduced stray field in the storage layer. We have minimized the roughness increase by using Ta laminations. Due to the small diameters targeted, obtaining these small MTJs is not trivial and the process to achieve this is also explained. Finally, we show off-axis electron holography observations of the magnetization of the All-PSA-STT-MRAM structure and electrical results of the patterned MTJs.

Introduction to perpendicular shape anisotropy (PSA).

Innovative concepts are being explored to improve MRAM scalability, such as depositing MTJs on prepatterned pillars [START_REF] Boureau | An electron holography study of perpendicular magnetic tunnel junctions nanostructured by deposition on pre-patterned conducting pillars[END_REF]. This avoids the difficult etching process of magnetic tunnel junction stacks with very small diameters (sub-30 nm) and small pitch. However, apart from manufacturing difficulties, the main problem of MTJ downscaling is the loss of thermal stability of the storage layer element.

The thermal stability factor is a dimensionless parameter characterized by the energy E B required to switch the storage layer between its two stable states '1' and '0', at a temperature T, which is given by Equation 4.1, in macrospin approximation [START_REF] Perrissin | A highly thermally stable sub-20 nm magnetic random-access memory based on perpendicular shape anisotropy[END_REF]:

∆ " E b k B T " p µ 0 M 2 s 2 tpN xx ´Nzz q `Ku t `Ks q πD 2 4k B T (4.1)
.

In Equation 4.1, k B and µ 0 are respectively the Boltzmann constant and the vacuum magnetic permeability. D and t denote the cylindrical storage layer diameter and thickness respectively. The other parameters are related to the magnetic properties of the used material: M S is the saturation magnetization, K s is the interfacial anisotropy at the interface between the tunnel barrier and the magnetic storage layer (most often a MgO/FeCoB interface) and K u stands for a possible uniaxial magnetocristalline or magnetoelastic anisotropy. N xx and N zz are respectively the in-plane and outof-plane demagnetizing factors.

The thermal stability factor determines data retention. The retention time τ follows an Arrhenius's law [START_REF] Arrhenius | Über die Dissociationswärme und den Einfluss der Temperatur auf den Dissociationsgrad der Elektrolyte[END_REF]:

τ " τ 0 expp∆q (4.2)
where τ 0 is an attempt time of the order of 1ns.

In conventional STT-MRAM, interfacial anisotropy causes the magnetization to be in the out-ofplane direction, resulting in an energy barrier E B " ∆ ¨kB T , which should be in the range 60-100 k B T at room temperature to meet industrial memory retention requirements1 . For conventional p-MTJs, the thickness of the free layer is much smaller than the MTJ diameter, t ăă D, so that the demagnetizing factors N zz ą N xx . Even if the shape anisotropy term µ 0 M2 s 2 pN xx ´Nzz q is negative, the interfacial anisotropy, k s , is large enough to overcome this contribution. However, Equation 4.1 shows that the overall anisotropy depends directly on the cell area p πD 2 4 q, which means that the thermal stability decreases with the diameter of the MTJ. Below a certain diameter of the order of 20 nm, the retention requirements can no longer be met in ordinary p-MTJs.

Figure 4.1 a shows calculations of the thermal stability ∆ as a function of MTJ diameter and free layer thickness. Thermal stability decreases below 60 at diameters below 15 nm for the conventional thickness used in the p-STT-MRAM. New approaches have been described to maintain higher ∆ down to lower diameters, such as Double-MTJ, which uses an MgO capping on the free layer, providing an additional source of perpendicular anisotropy [START_REF] Hu | STT-MRAM with double magnetic tunnel junctions[END_REF], or the use of an assistance layer [START_REF] Sanchez Hazen | Double magnetic tunnel junctions with a switchable assistance layer for improved spin transfer torque magnetic memory performance[END_REF][START_REF] Hazen | Real time investigation of double magnetic tunnel junction with a switchable assistance layer for high efficiency STT-MRAM[END_REF]. Experimental results for the thermal stability of double MTJs for varying diameters are given in Figure 4.1 b. For diameters below 20 nm, the thermal stability drops below 60. In addition, multiple MgO laminations can be used to further increase the perpendicular anisotropy of the free layer and, consequently, the thermal stability at small diameters [START_REF] Nishioka | Novel Quad interface MTJ technology and its first demonstration with high thermal stability and switching efficiency for STT-MRAM beyond 2Xnm[END_REF][START_REF] Miura | Scalability of Quad Interface p-MTJ for 1X nm STT-MRAM With 10-ns Low Power Write Operation, 10 Years Retention and Endurance gt; 1011[END_REF], as seen in the experimental results in Figure 4.1 c, for the case of a Quad-MTJ using four MgO interfaces.

To scale STT-MRAM below 20 nm, one possibility is that the magnetostatic shape anisotropy energy of density µ 0 M 2 s 2 pN xx ´Nzz q contributes to the total out-of-plane anisotropy. As the aspect ratio (t/D) of the storage layer increases near 1 2 , the in plane demagnetizing factor becomes larger than the out of plane factor, N xx ą N zz , and consequently the shape anisotropy term, which is usually negative, becomes positive and adds to the interfacial anisotropy. As a result, thermally stable memory cells of diameters as small as 4 nm are possible, provided that the storage layer is sufficiently thick, as shown in Figure 4.1 a for the case of PSA-STT-MRAM [START_REF] Perrissin | A highly thermally stable sub-20 nm 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][START_REF] Perrissin | Perpendicular shape anisotropy spin transfer torque magnetic random-access memory: towards sub-10 nm devices[END_REF]. PSA has recently been implemented in the storage layer of the STT-MRAM to improve its downsizing scalability [START_REF] Perrissin | A highly thermally stable sub-20 nm 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][START_REF] Perrissin | Perpendicular shape anisotropy spin transfer torque magnetic random-access memory: towards sub-10 nm devices[END_REF]. In these earlier studies, the thickness of the storage layer was increased to enhance thermal stability down to diameters below 10 nm, where conventional STT-MRAM based on interfacial anisotropy is no longer stable. Multilayered ferromagnetic structures, with MgO insertions in the PSA storage layer have also been reported to increase the thermal stability of PSA-STT-MRAM [START_REF] Jinnai | High-Performance Shape-Anisotropy Magnetic Tunnel Junctions down to 2.3 nm[END_REF].

An additional advantage of PSA-MTJs is that their properties are less sensitive to temperature fluctuations than p-MTJs, which makes them a good candidate for applications with a wide operating temperature range (e.g. automotive -40°C/+150°C) [START_REF] Lequeux | Thermal robustness of magnetic tunnel junctions with perpendicular shape anisotropy[END_REF][START_REF] Igarashi | Temperature dependence of the energy barrier in X/1X nm shapeanisotropy magnetic tunnel junctions[END_REF].

We have recently reported the observation by off-axis electron holography of the stability of PSA-STT-MRAM up to 225°C, as seen in Figure 4.2.

A schematic representation of the characterized MTJ structure is shown in Figure 4.2. Figures 4.2 b and c show a STEM image of an MTJ with " 20 nm diameter and 60 nm free layer thickness and the associated energy-dispersive X-ray spectroscopy (EDX) chemical map respectively. The out-of-plane magnetization of the storage layer is maintained from 20°C to 225°C, as seen in Figures 4.2 d-f. The same strategy can be applied to the reference layer in the context of Pt substitution. The Co/Pt based SAF with high perpendicular ansisotropy can be replaced by a more common ferromagnetic material with a high enough aspect ratio (t/D) so that its shape anisotropy is large enough to ensure stability. 

Optimization of All-PSA-STT-MRAM

Perpendicular shape anisotropy can also be used for the STT-MRAM reference layer. Instead of employing the anisotropy arising in Co/Pt multilayers, PSA can alternatively be used. The advantage of this approach is that, in principle, any magnetic material can be used for such a proposal, since perpendicular anisotropy will arise due to the shape of the magnetic element. Therefore, conventionally used metals such as FeCoB or Co can be selected, but also less critical metals such as NiFe. The only restriction to be met is that the reference layer must be more stable than the free layer, as is usual in MRAM applications. However, there are two other factors that can be problematic when using this PSA-based reference layer:

1) The resulting stray field of the PSA reference layer must be compensated in the free layer element.

2) Between the reference layer and the free layer, an interlayer coupling effect can occur, which is detrimental to device operation.

The following two Sections 4.2.1 and 4.2.3 provide solutions to these specific challenges . In Section 4.2.2 we perform micromagnetic simulations of the reversal of the All-PSA MTJ structure.

Macrospin calculations: thermal stability & stray field.

As in the case of a double MgO based p-MTJ, a three-layer PSA-STT-MRAM must be designed so that the free layer has sufficient thermal stability and the bottom and top polarizer layers can be set antiparallel to each other to ensure a double STT contribution during the writing operation.

In our case, the antiparallel alignment is used not only to provide double STT, but also to compensate for the stray field of both polarizers in the free layer, since we do not use a SAF structure.

We performed macroscopin calculations of the thermal stability of each element of the threelayers All-PSA structure and their mutual interactions. The analytical expression for calculating the demagnetizing energy of a parallelepiped-shaped magnetic element was previously described [START_REF] Allag | Coulombian Model for 3D Analytical Calculation of the Torque Exerted on Cuboidal Permanent Magnets with Arbitrarly Oriented Polarizations[END_REF]. The model is based on a coulombian representation of the magnetostatic interactions. The magnet poles are considered as surface distributions of magnetic charges of opposite charge value. Several integrations with logarithmic and arc tangent functions are performed.

E ∥ " J ¨J1 ∥ 4πµ 0 1 ÿ i"0 1 ÿ j"0 1 ÿ k"0 1 ÿ l"0 1 ÿ p"0 1 ÿ q"0 p´1q i`j`k`l`p`q Ψ ∥ pU ij , V kl , W pq , rq (4.3) with Ψ ∥ pU, V, W, rq " U pV 2 ´W 2 q 2 lnpr´U q`V pU 2 ´W 2 q 2 lnpr´V q`U V W ¨tg ´1p U V rW q`r 6 pU 2 `V 2 ´2W 2 q (4.4
) and for the perpendicular polarization case:

E K " J ¨J1 K 4πµ 0 1 ÿ i"0 1 ÿ j"0 1 ÿ k"0 1 ÿ l"0 1 ÿ p"0 1 ÿ q"0 p´1q i`j`k`l`p`q Ψ K pU ij , V kl , W pq , rq (4.5) with Ψ K pU, V, W, rq " V pV 2 ´3U 2 q 6 lnpW `rq `W pW 2 ´3U 2 q 6 lnpV `rqÙ V W ¨lnp´U `rq `U 6 p3V 2 tg ´1p U W V ¨r q3 W 2 tg ´1p U V W ¨r q `U 2 tg ´1p V W U ¨r qq `V ¨W ¨r 3 (4.6) being in both cases U ij " α `p´1q j A ´p´1q i a V kl " β `p´1q l B ´p´1q k b W pq " γ `p´1q q C ´p´1q p c r " b U 2 ij `V 2 kl `W 2 pq (4.7)
where 2a, 2b and 2c are the dimensions of the first magnet along the x, y and z direction respectively, as in Figure 4.3 a. Similarly 2A, 2B and 2C are the dimensions of the second magnet along the x, y and z direction respectively. α, β and γ define the distance between the origin of the two magnetic bodies (OO'), along x, y and z directions. In our case, as both bodies are positioned one on top of each other, only γ ‰ 0, while α " 0 and β " 0.

The thermal stability factor can then be calculated as the difference in energy between the parallel and perpendicular cases, divided by k B ¨T :

∆ " ∆E k B ¨T " E K ´E∥ k B ¨T (4.8)
For the free layer element, a thermal stability factor between 60 and 100 is usually desired to ensure a sufficiently long retention time. The red colormap highlights the target region of thermal stability between 60 and 100. Figure 4.3 shows that by using a 20 nm thick free layer, a sufficiently high thermal stability is guaranteed down to 10 nm nodes.

However, to design the All-STT-MRAM, it is necessary to take into account the effect of the free layer on the polarizers and vice versa.

Normally, the desired stability hierarchy is as follows: ∆ Bottom polarizer ą ∆ Top polarizer ą ∆ Free layer .

The free layer element is chosen to be the element with the smallest ∆ since it is the one that will switch between the binary memory states 'P' and 'AP'. Indeed, it is optimal for the free layer element to be sandwiched between the two polarizers, since it will be subjected to a double spin transfer torque, thus reducing the switching current. However, this double STT will only work if the two polarizers are placed antiparallel to each other, a necessary condition to compensate the stray field also in the free layer element. This 'setting operation' requires that the top polarizer has a lower thermal stability than the lower reference polarizer, so that it can be adjusted antiparallel to the latter without affecting its magnetic configuration.

In addition, during operation, the thermal stability of the top polarizer will be affected by the state of the free layer. Therefore, when the free layer is in a state antiparallel to the top polarizer (up/up/down), the top polarizer will decrease its thermal stability due to the Zeeman energy contribution from the neighboring free layer, ∆ Top polarizer (∆ ´). Also the free layer parallel to the bottom polarizer experiences a slight increase in thermal stability if the Zeeman energy contribution of the bottom polarizer, which favors this parallel alignment, is stronger than the counteracting Zeeman energy contribution of the antiparallel top polarizer ∆ Free layer (∆ `). Therefore, in such a critical situation, the hierarchy will be affected in such a way that:

∆ Bottom polarizer (∆ `) ą ∆ Top polarizer (∆ ´) ą ∆ Free layer (∆ `)
The risk in such a situation is that the top polarizer layer could reduce its thermal stability too much so that it is lower than that of the free layer, breaking the antiparallel configuration with the bottom polarizer, and thus the optimal performance of the device.

Stray field compensation

The thermal stability of each magnetic element is proportional to its saturation magnetization (Ms), as seen in Equation 4.1. Therefore, a logical choice would be, at first, to use an Ms hierarchy among the three PSA elements. However, in order to have a better compensation of the stray field in the freelayer element, it is more convenient that the lower and top polarizers are made of the same material. Figure 4.4 b shows the resulting mean stray field in the PSA 20 nm FeCoB free layer as a function of Ms and top polarizer thickness. Full compensation is achieved when the thickness of the top polarizer and Ms is the same as that of the bottom polarizer (Ms=1MA/m, t=40nm), given an antiparallel configuration between the two. As already mentioned, varying the Ms of the top polarizer to modify its thermal stability is not an optimal strategy, since the resulting stray field is very sensitive to such a change. For example, for a top polarizer of 40 nm, if the material is chosen to be NiFe, with Ms of 0.756 MA/m, it is seen in Figure 4.4 b that the resulting stray field would be shifted to values greater than -40mT. These stray field values are too large and could hinder the bistability of the parallel and antiparallel states of the free layer. Resulting stray fields smaller than 20 mT are more convenient. However, it is possible to tune the thermal stability of the polarizers by varying their thickness, as seen previously in Figure 4.3 b. Such thickness variation will have a much smaller effect on the stray field compensation. Figure 4.4 b shows that by varying the polarizer thickness (y-axis), the stray field is much less affected and the compensation can be maintained. The thickness of the top polarizer can be changed from 40 nm to 30 nm keeping the stray field very close to 0 and therefore an optimal compensation.

The diagram shown here shows the resulting stray field for an MTJ diameter of 15 nm, but the same conclusions can be extrapolated for smaller diameters.

We conclude then that the two polarizers must be made of the same material, and that the stability hierarchy must be achieved by varying the aspect ratio of the two elements. For the free layer, a material with lower Ms can be selected, since the stray field produced in the two neighboring polarizers will be identical, and will help to achieve the desired hierarchy in thermal stability.

The Co/FeCoB/Co system therefore appears to be a good alternative. Other systems that respect the Ms hierarchy we are looking for could be Co/NiFe/Co or FeCoB/NiFe/FeCoB. However, in these systems, the Ms of at least one element is reduced. A higher Ms allows for similar thermal stability values with a lower aspect ratio, which is preferred in the nanofabrication process. Since the aspect ratio of each layer must be close to or greater than one to maintain PSA, the total thickness of the nanopillar will be quite large. A very large overall thickness is not desirable, as the pillars could tilt or fall if the final aspect ratio is too high. Therefore, a system with a large Ms in each of the three components will keep the overall aspect ratio smaller.

Thermal stability hierarchy

Next, we investigated the optimal setting and working conditions of the All-PSA-STT-MRAM. We consider the Zeeman field required to overcome the energy barrier between the parallel and perpendicular magnetization state of each element. First, an external field is required to saturate the three elements in the same direction, and a second opposing field of smaller amplitude will establish the antiparallel state between the two polarizers. Therefore, during this setting step, the lower reference polarizer is required to have a sufficiently high switching field to remain in the same initial orientation.

The free layer increases its stability in this first saturation condition, since it is sandwiched between the two parallel oriented polarizers, and it may be that the top polarizer switches even before the free layer. For this first initial adjustment step, the hierarchy can be modified and the stability of the free layer can be higher than that of the top polarizer for certain geometries. Nonetheless, it is not important, since once the top polarizer is switched to the antiparallel configuration, the compensation (or almost full compensation, depending on the thickness of the top polarizer, as seen in Figure 4.4 b), will be achieved. In that state of compensation, the free layer will again be the layer with the least stability thus having a switchable magnetization.

First, we evaluate the Zeeman field required to overcome the energy barrier for the three elements during the setting operation, when the three layers are oriented parallel as depicted in Figure 4.5 a. In this case, it is required that the top polarizer can be switched without switching the bottom polarizer. Figure 4.4 b shows the Zeeman field required to overcome the energy barrier to switch the upper or bottom polarizer (since both are Co), as a function of thickness and diameter. The stray field of the neighboring free layer is also taken into account. A field difference of 25mT can be found at low diameters, such as 10 nm, for the case of setting the bottom polarizer thickness to 40 nm and reducing the top polarizer to 30 nm, as seen in Figure 4.5 b. This difference should be sufficient to establish the antiparallel configuration. However, larger thresholds can be achieved by increasing the thickness of the top polarizer, as seen in Figure 4.5 c, from red to blue. Figure 4.5 c shows the field difference as a function of MTJ diameter for a fixed 30 nm thick top polarizer and a variable thickness bottom polarizer. The difference can be increased from 25 mT to 40 mT by increasing the thickness of the bottom polarizer from 40 nm (red line) to 50 nm (orange line). Furthermore, as explained above, such an increase in thickness of the bottom layer would not have a large effect on the stray field compensation, as seen in Figure 4.4 b. However, the main reason why we decided to maintain a smaller margin is that the total thickness of the pillar should not be too large, in order to facilitate the manufacturing process. Once the top polarizer has been set antiparallel to the bottom polarizer, as shown in Figure 4.6 a, we evaluate the Zeeman fields for the top polarizer and the free layer, again taking into account the stray field contributions of each component. In the operating mode, there are two possible settings for the bottom polarizer, the free layer and the top polarizer, respectively: Ò/Ò/Ó and Ò/Ó/Ó. Between the two configurations, only the free layer element should change its orientation. Therefore, the challenge is to switch the free layer element without switching the top polarizer, which is the less stable of the two polarizers. The first configuration is the most critical, since the top polarizer, which we have chosen to be the polarizer with smaller stability, is antiparallel to the free layer. In such an antiparallel configuration, its thermal stability is reduced due to the stray field from the free layer. In the second configuration, Ò/Ó/Ó, it is the bottom polarizer that is subjected to the opposing stray field of the free layer, disfavouring its 'up' configuration. However, the magnitude of this stray field in the bottom polarizer will be identical to that of the first configuration in the top polarizer. This means that if in the first case, the top polarizer was stable enough during the operation of the free layer, the bottom polarizer will also be stable in the second case. An evaluation of the fields for the top polarizer in Figure 4.6 b and the free layer in Figure 4.6 c, show us that for 10 nm diameter, if we keep a free layer thickness of 20 nm (I) and a top polarizer thickness of 30 nm, a difference of 65 mT can be obtained. This difference should be sufficient to switch the free layer magnetization without affecting the top polarizer. In addition, during the write operation, the free layer element will be subjected to a double STT effect from both MgO barriers, while the top polarizing element will only be subjected to STT from electrons passing through the second oxide barrier. Therefore, the torque exerted on the free layer must be substantially higher, ensuring a wide operating range.

Another possible strategy to increase the margin between the stability of the free layer and the stability of the top polarizer is to create a free layer with a larger diameter than that of the polarizers, its anisotropy being decreased, but still large enough to remain perpendicular. It is observed in Figure 4.6 c that by increasing the diameter of the free layer by 10 nm, the margin increases by 100 mT. In the next section, we show electron holography results of this structure with a free layer of elongated diameter.

We conclude in this section that a system made of Co 40 nm / FeCoB 20 nm / Co 30 nm, where the thickness of each layer is indicated, could be an optimal candidate for the fabrication of the All-PSA-STT-MRAM.

Macroscopic calculation of the stray field distribution from the polarizers

We have seen that the total stray field in the free layer element can be compensated by using a reference layer and an oppositely magnetized top polarizer with the same saturation magnetization, as in Figure 4.4 a.

However, the amplitude of the stray field varies largely in space, as seen in Figure 4.7 for the case of a magnetic element 10 nm in diameter and 40 nm thick, schematically depicted in Figure 4.7 a. It is observed that the stray field is very large near the interface but strongly decreases in space. In addition, the horizontal (y) component of the demagnetizing field is strong at the edges of the body, which stabilizes what is known as the micromagnetic "flower state" in elongated bodies [START_REF] Usov | Flower state micromagnetic structure in fine cylindrical particles[END_REF][START_REF] Ross | Micromagnetic behavior of electrodeposited cylinder arrays[END_REF]. Consequently, the magnetization, which is aligned towards the long axis of the element, is slightly inclined radially towards the edges in the upper and lower regions. Consequently, it is interesting to perform a micromagnetic study on the importance of such an enhancement of the flower state. In the next section, the influence of such magnetostatic interaction during the switching of two facing PSA elements is studied in comparison with a single element in which there is no stray field acting on it.

Micromagnetic simulations: influence of magnetization distorsions on switching time

Micromagnetic simulations were performed using MuMax3 [START_REF] Vansteenkiste | The design and verification of MuMax3[END_REF]. It allows the calculation of space and time-dependent magnetization dynamics in nanometer-sized ferromagnets using a finite difference discretization.

Relaxation: flower state enhancement at the AP interface

First, we observe an increase in the flower state magnetization distortion when two PSA elements, with Ms = 1MA/m and exchange stiffness coefficient A ex = 10 pJ/m, face each other in an antiparallel configuration as seen in Figure 4.9 a, in the relaxed state. The damping is set to α=1 during the relaxation process. The typical flower state observed in elongated magnetic elements is enhanced at the interface between the two magnetic bodies due to the magnetostatic interactions between the two elements, as seen above in Figure 4.8.

Switching dynamics under magnetic field: PSA vs All-PSA-MTJ

We performed micromagnetic simulations of the reversal of a 20 nm thick, 10 nm diameter PSA storage layer element, and for the MTJ All-PSA case, with and without the effect of interfacial anisotropy. Figure 4.10 a shows the evolution of the magnetization M z of the three different regions of the free layer element, as described above (blue-top, green-middle and orange-bottom), under a step of applied field of 1T in the opposite direction to the free layer magnetization. For the All-PSA-MTJ case, we set the saturation magnetization of the upper and bottom polarizers at 1.4 MA/m as for Co and the Ms of the free layer at 1MA/m. In addition, we use the thicknesses previously calculated in Section 4.2.1: 40 nm / 20 nm / 30 nm, for the reference, free layer and top polarizer respectively. The exchange stiffness coefficient is still A ex = 10 pJ/m but the damping is set to α=0.1 for the observation of the switching dynamics. For the case of including the interfacial anisotropy, the constant K s " 1.4mJm ´2 for both interfaces.

Figure 4.10 a shows that for the case of the free PSA layer alone, the time to start reversing the magnetic layer is longer. For the case of All-PSA MTJ, the nucleation of the reversal takes place earlier, making even the effect of interfacial anisotropy negligible. Moreover, the reversal starts at the AP interface, as seen in the orange line in Figure 4.10 a and finally at the top interface, where the free layer configuration is parallel to the top polarizer. The reversal order is determined by the initial flower state magnetization distortion, as seen in 4.11. An enhanced flower state triggers a faster magnetization reversal. For the case of the All-PSA-MTJ, the flower state is enhanced at the AP interface (lower region of the free layer, represented by an inverted triangle), while it decreases at the parallel interface (upper region, upper triangle). We have seen that the use of two antiparallel oriented polarizers can be beneficial for the switching dynamics of the free layer element. However, the growth of the MgO barrier over a reference layer element of PSA thickness can give rise to an effect known as Neel coupling. In the next section, we explain the origin of such an effect and investigate how to avoid its presence in All-PSA-MTJs.

Neel coupling reduction due to the insertion of Ta laminations

A magnetostatic interlayer coupling, known as Neel coupling3 , arises between ferromagnetic layers separated by a thin spacer layer in the presence of a correlated roughness [START_REF] Schrag | Néel "orange-peel" coupling in magnetic tunneling junction devices[END_REF][START_REF] Moritz | Orange peel coupling in multilayers with perpendicular magnetic anisotropy: Application to (Co/Pt)-based exchange-biased spin-valves[END_REF]. Figure 4.12 shows a representation of such interlayer coupling. Fig. 4.12: Representative image of the configuration of magnetic moments in an MTJ with interface waviness, in the case of low anisotropy (a) and large anisotropy (b) From Moritz et al. [START_REF] Moritz | Orange peel coupling in multilayers with perpendicular magnetic anisotropy: Application to (Co/Pt)-based exchange-biased spin-valves[END_REF] In thick layers such large roughness can appear and it is often caused by grain growth. The resulting Neel coupling is undesirable if it exists between the reference layer and the free layer of the All-PSA-MTJ structure, as it will affect the switching of the free layer, favoring one particular orientation.

To limit grain growth, we proposed a solution based on laminating the thick reference layer with thin Ta laminations that stop grain growth [START_REF] Cuchet | Influence of a Ta spacer on the magnetic and transport properties of perpendicular magnetic tunnel junctions[END_REF]. Several samples were prepared with one or more Ta laminations in thick ferromagnetic (FM) layers of crystalline Co or amorphous FeCoB in MTJs of the form: Ta 3nm / FM (Co or FeCoB 20nm) / Ta 0.2nm / FeCoB 2.5nm / MgO 1.2nm / FeCoB 2.5 nm / Ta 0.2nm / Co 2nm / IrMn 8 nm / Pt 2 nm. The interlayer coupling across the MgO barrier was measured to observe the effect of varying the number of Ta insertions. Figure 4.13 a shows the initial structure in which a Ta buffer is first deposited, followed by the 20 nm FM PSA layer and a 0.2 nm Ta lamination that is required prior to the FeCoB layer interfacial with the MgO barrier, as explained during the introductory Chapter 1.2, to break the texture of the bottom layer and absorb the boron that migrates out of the FeCoB layer upon annealing. In the other samples, a higher number of laminations was used, with a maximum of 4 laminations as in Figure 4.13 j, but always maintaining the same total FM element thickness of 20 nm.

Atomic force microscopy (AFM) measurements show that in all cases the RMS roughness increases between the as-deposited state (Figure 4.13 b-e) and, the annealed state (Figure 4.13 f-i). However, for the case of Co, the lowest roughness is observed for the case of four Ta insertions. A decrease in roughness is observed with the number of laminations, as depicted in Figure 4.14 a, along with the results in a FeCoB FM layer. For the case of FeCoB, the RMS roughness did not show a decrease with increasing Ta laminations after the annealing process. This trend could be explained by the amorphous nature of FeCoB, as its crystallinity arises after the annealing process. Another important factor to consider when introducing Ta insertions is the Gilbert damping, α. As spin-orbital coupling is more pronounced in heavy elements such as Ta, damping is expected to increase with the content of Ta diluted in the FM layer affecting the switching dynamics.

As can be observed from the LLG Equation 4.9 for the magnetization dynamics, the increase in the damping α has an effect on the relaxation term.

B ⃗ m Bt " ´µ0 γ ⃗ m ˆ⃗ H ef f ´αµ 0 γ ⃗ m ˆp ⃗ m ˆ⃗ H ef f q (4.9)
In addition, an increase in damping leads to an increase in the critical switching current I C0 , as seen in the Equation 4.10, in the macrospin approximation [START_REF] Dieny | Magnetic Random Access Memory[END_REF]:

I C0 " 4 ¨e ℏ α ¨kB ¨T η ∆ (4.10)
where η is the amplitude of the spin polarization, ℏ is the reduced Plank constant, k B is the Boltzmann's constant, and T is the absolute temperature.

A higher α could increase the stability of the reference layer. However, we intend to laminate also the PSA free layer to avoid Neel coupling across the second MgO barrier, between the top polarizer and the free layer. Therefore, an increase of α is not desirable, as it would increase the critical switching current of the free layer.

The experimentally measured damping values by VNA-FMR in Figure 4.14 b shows that there is not direct relationship between α and the number of Ta laminations. Damping values of about α "0.006 were obtained, similar to those of Sabino et al. [START_REF] Patricia | Influence of Ta insertions on the magnetic properties of MgO/CoFeB/MgO films probed by ferromagnetic resonance[END_REF] for a p-MTJ with double MgO and a 0.3 nm Ta insertion in a FeCoB-free layer. Sabino et al. [START_REF] Patricia | Influence of Ta insertions on the magnetic properties of MgO/CoFeB/MgO films probed by ferromagnetic resonance[END_REF] observed that for MTJs with double MgO layers, the damping tends to increase with the number of Ta laminations, with α around 0.006 for one lamination to 0.008 with two Ta laminations. However, in their case, a thin free FeCoB layer with a maximum thickness of 2.5 nm was used. They also observed a decrease in α with increasing t ef f , effective thickness. This observation could explain the fact that in our case we did not observe an increase in α with the number of insertions, due to the large thickness of the ferromagnetic material used in our study. Since the ratio of ferromagnetic material to tantalum is an order of magnitude larger in our case, the effect of Ta inserts on damping could be negligible.

In addition, we performed Vibrating-sample-magnetometer (VSM) measurements to check the interlayer coupling with the introduction of Ta laminations (0.2 nm) into the thick FM layer.

The structure of the samples studied was as follows:

• S1: All samples were annealed at 300°C for 30 minutes under an applied external field of 3kOe in an in-plane direction to establish the direction of magnetization of the antiferromagnetic IrMn layer.

As a result, an exchange bias appears in the upper Co 2nm layer interfacial with IrMn, as the -90 Oe observed in the blue curve of Figure 4.15 a. The loop with the largest magnetization amplitude, closer to H=0 corresponds to the PSA layer below the MgO tunneling barrier. In the absence of interlayer coupling, this loop should be center at zero field. Nonetheless, it is observed how for the case of 1 lamination (black line), it is shifted to negative field values. Nonetheless, this shift is decreased by increasing the number of Ta laminations, which indicates a reduction of the interlayer coupling.

Figure 4.15 a also shows that the exchange bias decreases when fewer laminations are used, indicating increased interlayer coupling (or Neel coupling) across the MgO barrier due to higher roughness.

Similarly, for the FeCoB case, a reduction of the shift of the PSA hysteresis loop and a increase in the exchange bias in the Co layer hysteresis loop is observed in As a conclusion, it is shown that the insertion of Ta laminations into the thick PSA reference thick layer of the All-PSA-STT-MRAM can help to reduce a possible orange peel coupling through the tunneling barrier. In addition, the laminations can also be used for the storage layer to avoid Neel coupling with the top polarizer, as we have seen that Gilbert damping is not affected by the introduction of thin Ta laminations.

Fabrication of PSA-STT-MRAM at small nodes

In Chapter 3, we explained the whole fabrication process of MTJs. However, for the case of PSA-MTJs, an additional challenge is to pattern MTJs at small diameters below 20 nm.

To reduce the diameter of the MTJs after the etching process, ion milling is performed at grazing incidence (10°with respect to the wafer plane).

During the IBE process, the substrate is rotated at 20 rpm to ensure the homogeneity of the trimming. Figure 4.16 a-c shows a schematic of the process, which is usually performed in several steps.

D=60nm

D=30nm D=19nm As seen in Figure 4.16 g, the initial diameter after IBE, can be relatively large, such as 60 nm (even 100 nm observed, if the free layer thickness is large), and contains the redepositions that arise after the MTJ IBE process. Therefore, a lateral trimming is performed that allows to remove redepositions and further reduce the diameter of the MTJ to the target of less than 20 nm, as in Figure 4.16 i.

Trimming is performed in several steps to have a better control of the etching speed, as the plasma conditions are usually not identical.

Using this procedure, we were able to fabricate ultra-small pillars like the one in Figure 4.17 a, only 10 nm in diameter.

Figure 4.17 a shows a MTJ with an 11 nm thick FeCoB PSA free layer, in which we inserted 0.2nm Ta laminations, which can be distinguished in the high-angle annular dark-field ring scanning transmission electron microscopy (HAADF-STEM) observation. In the following section, the preparation of the samples for TEM observation is explained in more details. 

Characterization of All-PSA-STT-MRAM

In this section, the characterization of the All-PSA-STT-MRAM is reported. First by HAADF, energy dispersive X-ray spectroscopy (EDX) and off-axis electron holography to observe the magnetization of the fabricated pillars. Finally we show the results of the electrical characterization of the nanopatterned MTJs.

HAADF, EDX and off-axis electron holography of the All-PSA patterned structure

We have patterned the MTJs with 3-PSA Co/FeCoB/Co layers, as indicated in the previous section.

To confirm their perpendicular anisotropy, we observed these structures by off-axis electron holography.

Off-axis electron holography (EH) is a technique sensitive to the phase of the electron beam passing through the sample and is therefore used to image nanoscale magnetism. The electron wave phase shift is used to provide information on local variations of magnetic induction and electrostatic potential [START_REF] Dunin-Borkowski | CHAPTER 5: Electron holography of nanostructured materials[END_REF].

The images shown here were taken by Dr. Trevor Almeida at CEA-LETI. TEM samples were prepared by etching the pillars using the process described in Chapter 3 and Section 4.3, followed by deposition of a protective layer (approximately 1 µm) of organic resin before deposition of a Pt protective layer by focused ion beam (FIB). Cross-sectional TEM lamellae were then transferred to Omniprobe copper slots and thinned using conventional FIB methods. The protective resin layer was removed by plasma etching and the remaining Pt layer was broken with the micromanipulator. A probe-Cs-corrected Thermo Fisher Titan TEM at 200kV was used for the STEM imaging. Off-axis electron holograms were acquired at remanescence in Lorentz mode on a Gatan OneView 4K camera using a Thermo Fisher Titan TEM equipped with an image-CS corrector and an electron biprism.

Figure 4.18 shows an energy dispersive X-ray spectroscopy (EDX) map of a pillar with such a 3-PSA layers structure. The MTJ elements can be distinguished from each other because each element has its own type of X-ray spectrum that they emit after interacting with electrons. 6 a andd. This oxide layer is not desirable for the optimal functioning of the MRAM device, as it will increase the overall resistance. However, it is understandable since in our manufacturing process the pillars are not directly encapsulated after the ion beam etching (IBE) process. However, in state of the art tools, such encapsulation can be performed in situ after the etching process, which avoids such oxide formation. Figure 4.19 shows a High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of the same MTJ. Using this technique, it is possible to identify the 0.2 nm Ta laminations that we used in order to avoid the possible Neel coupling effect as explained in Section 4.2.3. In HAADF, the intensity depends on the atomic number of the elements [START_REF]High-Resolution STEM Imaging[END_REF]. The Ta laminations in the free layer and reference layer show up with higher contrast due to the larger mass of these atoms. These results confirm that perpendicular shape anisotropy is achieved in the All-PSA-STT-MRAM device. We continue to fabricate MTJs, now creating a top contact to proceed with their electrical characterization. The results are discussed in the next section.

(b) (c) (a) (d) (e)

Electrical characterization of one layer, two layers and three layers PSA devices

In Figure 4.21 a, the stack structure of the fabricated devices is shown. As explained in section 4.2.1, we fabricated the structure with the same material in the upper and bottom polarizer to achieve a better compensation of the stray field in the free layer element. The selected structure is 40 nm Co bottom polarizer / 20 nm FeCoB free layer / 30 nm Co top polarizer. In both polarizers, we have included a thin 1.2 nm FeCoB layer coupled to the PSA layer. These FeCoB layers are necessary to have good TMR and transport properties as explained in the introductory part. As shown above in Section 4.2.3, the PSA layers are laminated with Ta insertions, as in Figure 4.19 to reduce possible Neel coupling arising between the magnetic layers. What the electrical results in Figure 4.21 b-f show is that the magnetic layers of the fabricated stack do not have a completely uniform perpendicular magnetization. It is possible that the free layer element does not exhibit sufficient perpendicular shape anisotropy. However, just the fact that the free layer exhibits in-plane magnetization does not explain the R-H response observed in Figure 4.21 b-f.

We performed micromagnetic simulations of the switching of a PSA free layer of 20 nm thickness, as the free layer used in the experimental results of Figure 4.21 a. Figure 4.22 a shows that for low diameters, D=20 nm, the reversal occurs between two uniform perpendicularly magnetized states. However, for larger diameters, D=30 nm, as in Figure 4.22 b, a micromagnetic vortex state can be formed during the reversal process. Figure 4.23 a shows that during the reversal process, for the case of the three PSA layer structure, the reference layer and top polarizer present a vortex state at zero field. In order to mimic the R-H experimental results of Figure 4.21, we plot the product (-1) ¨sgn pM z,f ree q ¨Mz,ref . This expression can be used since in this case the free layer switches between uniformly magnetized states, so the sgn function is used, while the (-1) factor accounts for the fact that the resistance is minimal when the magnetization of the free layer and reference are oriented in a parallel configuration. The polarizer magnetization is omitted since during the fabrication, the R ˆA product of the top MgO barrier is lowered (« 1Ωµm 2 q so that the main resistance response is given by the bottom MgO barrier of larger R ˆA « 10Ωµm 2 . The optimization of the R ˆA values can be done by varying the oxidation pressure and time during MgO deposition, as given in Appendix B. To simplify our analysis, we fabricated structures with only 2 PSA layers and a stack with a PSA reference layer and a conventional free layer.

The stack fabricated with a PSA polarizer layer and a PSA free layer is shown in Figure 4.24 a. R-H loops of devices with such a structure are shown in Figure 4.24 b and c. Figure 4.24 d and e, show MTJ pillars with 20 nm diameter at the bottom of the pillar where the MTJ is located, which should be sufficient to ensure PSA in the fabricated MTJ. The loop observed in Figure 4.24 b could indicate the presence of a flower state at zero field that slightly increases the resistance with respect to the values at the saturation fields, for which the flower state is overcome by the external applied field. Therefore, at low field values the first PSA layer switches, in this case the FeCoB free layer with lower thickness, followed by the reversal of the Co bottom layer at larger field values. Nonetheless, the reversal by STT does not take place, even up to large V values of more than 1V (not shown). 4.24 c shows a different behavior that can be understood by the previously given micromagnetic simulations that show a vortex formation in PSA layers. Indeed, in this case the large resistance state at zero field can be again explained by a vortex state in one of the layers, as in Figure 4.23.

In addition, we have fabricated MTJs with a single layer of PSA combined with a conventional free layer with i-PMA, as shown in Figure 4.25 a.

For small MTJ diameters, down to 20 nm, the PSA layer aspect ratio close to one might still stabilize a vortex state. Nonetheless, as the i-PMA free layer have a very small coercivity at this small diameters, the switching takes place at values very close to zero field, what explains the symmetric R-H response with respect to applied field observed in Figure 4.25 b. The linear response is related to the vortex magnetization reversal.

For large diameters, as shown in Figure 4.25 e, the free layer with i-PMA still retains a strong PMA, therefore, the switching takes place at larger fields as observed by the straight resistance variations in Figure 4.25 c. The 20 nm thick PSA layer stabilizes a vortex configuration at these large 50 nm diameters, as indicated by the linear response in Figure 4.25 c. 

Conclusions

In this Chapter, we have performed first macrospin simulations in order to find the optimal conditions for the fabrication of the All-PSA-STT-MRAM structure that completely avoids the use of PGMs. Micromagnetic simulations at small diameters showed that the switching dynamics can be improved in this All-PSA-STT-MRAM structure due to an enhanced flower state at the AP interfaces. In addition, we have seen that the insertion of Ta laminates can reduce a possible interlayer coupling due to correlated roughness in thick PSA layers, without affecting the Gilbert damping. Off-axis electron holography results confirm that this structure can exhibit PSA. However, during the electrical characterization of the patterned devices, a more complex response is observed which is attributed to the formation of a vortex state in some of the PSA layers. This hypothesis is confirmed by micromagnetic simulations and serves as motivation for the development of a new sensor device concept discussed in Chapter 6.

Chapter 5

Alternative sources of PMA for the reference layer of p-MRAM

In this chapter, we first investigate the possibility of reducing the number of Co/Pt multilayers in the SAF structure. In a second approach, we use Co/Ni multilayers that have the advantage of using non-critical nickel instead of platinum. As seen in Chapter 2, Ni production is much more diversified, which avoids the high supply risk of using Pt in the SAF structure. Finally, we discuss the use of a Co/Ni reference layer for stochastic computing or cybersecurity applications.

Co/Pt reduced SAF

One possibility to reduce the amount of platinum contained in the SAF of p-STT-MRAM is to make a simpler SAF. Such structure contains only Co/Pt multilayers in the lower part of the SAF. The upper structure is directly the polarizer FeCoB reference layer in contact with the tunneling barrier. With this approach, a 55% reduction in Pt usage is achieved compared to more conventional SAFs with, for example, nine Pt laminations.

RKKY strength as a function of Ta spacer thickness

As described previously in Chapter 1, a thin layer of Ta (or W or Mo) is usually required to break the texture of the Co/Pt multilayers and absorb the boron present in the amorphous FeCoB polarizer layer after annealing. In this section, we study the influence of the Ta spacer thickness on the coupling between the Co/Pt multilayers and the FeCoB polarizer through the composite Ru/Ta spacer layer.

The stack structure used is shown in Figure 5.1 a. An evaluation of the switching field of the reference layer as function of the Ta thickness is performed by nanoMOKE, after annealing at 300°C for 10 minutes. Figure 5.1 b shows that increasing the Ta thickness decreases the RKKY antiferromagnetic coupling through the Ru/Ta composite spacer layer between the lower SAF structure and the upper FeCoB reference layer. This decrease in RKKY coupling strength is observed especially for the 0.35nm and 0.39nm Ta thickness cases. For 0.39 nm of Ta spacer (in blue), the reference layer becomes antiparallel to the Co/Pt multilayers only at field values close to the free layer switch, as highlighted with a red circle, from negative saturation.

In addition, an increase of the reference layer switching field from 887 Oe to 1569 Oe is observed in Figure 5.1 b (dashed dots) by reducing the thickness of the Ta layer from 0.39 nm to 0.23 nm. This increase is explained by the fact that the antiferromagnetic coupling between the two SAF components through the composite Ru/Ta spacer is higher, confirming the benefit of using a thinner Ta layer. 

Electrical results in patterned devices with Co/Pt reduced SAF

Once the MTJ was characterized at the thin film level, we proceeded to pattern the memory devices following the process explained in Chapter 3.

The stack structure of the devices is as follows: Ta25 / FeCoB 2 / Pt 3 / 4x[Co0.5/Pt0.25] / Co0.5 / Ru0.4 / Ta0.25 / FeCoB1.2 / MgO1.25 / FeCoB(1.0-1.7) / Capping. The stability of the reference layer was confirmed in the previous Section 5.1.1 for a thin spacer layer thickness of around 0.25 nm at thin film level.

In the sample we fabricated, we also introduced a free layer with variable thickness (1-1.7nm) to study the transition regions between in-plane and out-of-plane magnetization and maximum TMR. Characterization was performed after thermal annealing at 300°C for 10 minutes.

Prior to the nanofabrication, the NanoMOKE thin film characterization in Figure 5.2 a reveals the transition of the free layer magnetization from a paramagnetic, to an in-plane regime, passing through the out-of-plane configuration, for which the coercive field is larger.

Figure 5.2 b shows the coercivity (Hc) of the free layer after the patterning process. The trend observed before patterning is also revealed after the device nanofabrication.

The paramagnetic region (III) in Figure 5.2 b shows a very low coercivity after patterning. For large thicknesses for which the free layer was in-plane at thin film level (II), as in Figure 5.2 a, an out-of-plane configuration is recovered, as seen by the increase in the coercivity values in Figure 5.2 b. This phenomenon can be explained by the contribution of shape anisotropy after the patterning of the devices, now being a less unfavorable out-of-plane configuration than at the blanket level.

Even if only a wedge has been used in the free layer thickness in the Y direction, a certain trend in the coercive field in the X direction can also be observed. At the edges of the wafer, it is evident that the coercive field is larger than in the central region. The deposition is largely homogeneous in the central 50 mm but the homogeneity begins to decrease at the edges, slightly reducing the deposited thickness. Therefore, a tunneling barrier with a slightly smaller Mg content will be more oxidized, leading to such an increase in the Hc of the FeCoB free layer, due to a resulting larger PMA. In addition, a smaller free layer thickness can also increase Hc. This effect is also observed in the NanoMOKE mapping of Figure 5.2 a.

As a result, the apparent drop in coercivity of the central region of Figure 5.2 b is actually due to the reversal of the reference layer. In Figure 5.3, the hysteresis loops of patterned devices in these different regions are observed: stable reference layer (I), reference layer reversal (II) and paramagnetic free layer (III).

The fact that the reference layer is more stable at the edges than in the central zone of the wafer can be attributed to the same effect as for the free layer, a more oxidized barrier and a smaller reference layer thickness.

Figure 5.2 d shows the TMR distribution across all devices on the 4" wafer. Typically, the spin polarization increases with electrode thickness, resulting in larger TMR values, until it saturates with the full spin polarization [START_REF] Cuchet | Influence of magnetic electrodes thicknesses on the transport properties of magnetic tunnel junctions with perpendicular anisotropy[END_REF]. The tunneling magnetoresistance results shown in Figure 5.2 d show how, in this case, above the paramagnetic free layer region, the TMR distribution is fairly constant. In this case, a buffer layer with the composition: Ta 25 nm/ FeCoB 2nm/ Pt 3nm was used to reduce the use of platinum. In principle, such Ta buffer layer could introduce some large unwanted serial resistance. However, this would appear, for devices with the same nominal diameter, as a decrease in TMR with higher resistance values, which is not seen in Figure 5.4. Only for the case of small nominal diameters can this behavior be slightly observed. However, such series resistance can be attributed to an unwanted tapered shape in the Ta hard mask during the RIE process, as seen in the inset of Figure 5.4, which shows SEM images after the IBE process of pillars with nominal diameters Fig. 5.4: TMR vs. resistance of the patterned devices corresponding to the previous stack. Different colors correspond to devices with different nominal diameters, being 20nm, 50nm, 80nm, 100nm and 150nm. The inset shows SEM images after the IBE process. A conical shape is observed in the Ta hard mask at small diameters, leading to some serial resistance.

(Dn) 20 nm, 50 nm and 100 nm. Due to the conical shape of the hard mask after the RIE process, most devices with nominal diameters of 20 nm were not contacted, while those with 50 nm show some series resistance. However, devices with a larger nominal diameter, whose shape is more cylindrical, do not present series or parallel resistance indices, as inferred from the vertical distribution of TMR shown in Figure 5.4 for devices with 80, 100 and 150 nm.

Finally, we tested the stability of the Co/Pt thin film against the STT writing process. Figure 5.5 a shows a voltage field switching phase diagram for a device with reduced SAF, for voltage pulses of 100 ns. The red and blue areas represent antiparallel (AP) and parallel (P) configuration of the magnetization of the storage layer with respect to the magnetization of the reference layer. The white area is a bi-stable region, where both the P and AP configurations can be stabilized.

The switching voltage of fabricated devices is quite small, as seen in the H-V phase diagram in Figure 5.5 a, slightly larger than 0.2 V for a device with a nominal diameter of 100 nm, 42% TMR and thermal stability of 30 k B T . Even if it is shown here that such a thin-SAF may be stable enough for free-layer switching operation, we observe that the reference layer reverses at field values slightly above 1 kOe for most devices (not shown here). Even if further optimization of the thin-SAF structure for a larger reference stability could be investigated, Chatterjee et al. already reported about such structure [START_REF] Chatterjee | Novel multifunctional RKKY coupling layer for ultrathin perpendicular synthetic antiferromagnet[END_REF]. STT-MRAM cells with reference layer stability against applied write voltage pulses of up to 1V have been reported. However, such thin-SAF, although it reduces the amount of Pt used in the MTJ, does not completely suppress the use of Pt, so the supply risk is still present. Therefore, an alternative SAF structure based on a non-critical combination of cobalt with nickel is investigated in the next section.

Co/Ni based SAF as an alternative to Co/Pt

Other material systems instead of multilayers of Co/Pt can provide perpendicular magnetic anisotropy (PMA). Other multilayers such as Co/Pd, Co/Ni or Co/Ir are well known for providing large PMA values. Also other materials like CoPt, CoPd, FePt, FePd ordered alloys or rare earth transition alloys like TbFe or TbCo exhibit strong PMA. However, in most of the systems mentioned, platinum group metals or rare earths are included, except in the case of Co/Ni multilayers. Therefore, these latter systems are advantageous in terms of criticality of the materials. The perpendicular magnetic anisotropy of Co/Ni multilayers has already been studied but the obtained properties were so far not reaching the specifications required for use in the reference layer of MRAM [START_REF] Bloemen | Magnetic anisotropies in Co/Ni(111) multilayers[END_REF][START_REF] Wang | Magnetic anisotropy and thermal stability study of perpendicular Co/Ni multilayers[END_REF][START_REF] Zhang | Multilayer Structure with High Perpendicular Anisotropy for Device Applications[END_REF][START_REF] Liu | Seed layer impact on structural and magnetic properties of [Co/Ni] multilayers with perpendicular magnetic anisotropy[END_REF][START_REF] Chen | Spin-torque driven ferromagnetic resonance of CoNi synthetic layers in spin valves[END_REF].

A key requirement to achieve strong PMA in Co/Ni multilayers is to promote good [START_REF] Raymond | Low Supply Growth from Recycled Platinum Will Not Offset Lower Mine Supply in 2020[END_REF] texture in these multilayers. It was previously reported that the selected seed layer strongly influences the magnetic properties of Co/Ni multilayers [START_REF] Jan | Co/Ni Multilayers with Improved Out-of-plane Anisotropy for Magnetic Device Applications[END_REF][START_REF] Liu | Seed layer impact on structural and magnetic properties of [Co/Ni] multilayers with perpendicular magnetic anisotropy[END_REF]. Jan et al. [START_REF] Jan | Co/Ni Multilayers with Improved Out-of-plane Anisotropy for Magnetic Device Applications[END_REF] concluded that NiCr, NiFeCr, Hf or a seed layer composed of those materials yields the best texture to induce PMA in Co/Ni multilayers. In the case of Liu et al. [START_REF] Liu | Seed layer impact on structural and magnetic properties of [Co/Ni] multilayers with perpendicular magnetic anisotropy[END_REF], they studied the PMA of Co/Ni multilayers grown on four different seed layers: NiCr, Pt, Ta or Ru as seen in Figure 5.6.

as deposited 300 ºC Fig. 5.6: VSM magnetization loops under external perpendicular field of Co/Ni multilayers, as deposited (dotted lines) and after 300ºC annealing (solid lines) for different seed layer materials. Figure from [START_REF] Liu | Seed layer impact on structural and magnetic properties of [Co/Ni] multilayers with perpendicular magnetic anisotropy[END_REF].

A NiCr seed layer resulted in the highest PMA in the Co/Ni multilayers after annealing at 400 °C. Pt or Ta seeds provided intermediate PMA values while for Ru the resulting PMA was low.

Bloomen et al. used a 50 nm copper (Cu) seed layer to induce PMA in Co/Ni multilayers [START_REF] Bloemen | Magnetic anisotropies in Co/Ni(111) multilayers[END_REF]. Chen et al. used a complex structure made of Cr 1.5nm/Cu 100nm/Pt 20nm/Cu 10nm, where a thick layer of Cu is also present [START_REF] Chen | Spin-torque driven ferromagnetic resonance of CoNi synthetic layers in spin valves[END_REF]. Other authors also studied the PMA of Co/Ni multilayers in seed systems using Cu and Ta, as Ta 3nm/Cu 2.8nm for Wang et al. [START_REF] Wang | Magnetic anisotropy and thermal stability study of perpendicular Co/Ni multilayers[END_REF] or Ta 1nm/Ti 3nm/Cu 3nm for Zhang et al. [START_REF] Zhang | Multilayer Structure with High Perpendicular Anisotropy for Device Applications[END_REF]. Zhang et al. also reported several methods to improve PMA, such as plasma treatment or the use of an oxygen surfactant coating.

The aforementioned studies were limited to Co/Ni multilayers, but did not extend to the synthetic antiferromagnetic (SAF) structure that is normally used for the reference layer of p-STT-MRAM. For the case of spin valves, Arora et al. reported coercive values for the SAF structure of 2 kOe when grown on a 3 nm Cu seed layer [START_REF] Arora | Magnetic properties of Co/Ni multilayer structures for use in STT-RAM[END_REF]. However, as shown below, a spin valve structure could be less challenging for the integration of a Co/Ni-based SAF than for the case of a MTJ.

A diverse number of elements make up the structure of a MTJ that can migrate to the SAF and alter its magnetic properties after the annealing process. MTJs implementing a SAF based on Co/Ni multilayers have been reported [START_REF] Kar | Co/Ni based p-MTJ stack for sub-20nm high density stand alone and high performance embedded memory application[END_REF][START_REF] Tomczak | Influence of the Reference Layer Composition on the Back-End-of-Line Compatibility of Co/Ni-Based Perpendicular Magnetic Tunnel Junction Stacks[END_REF][START_REF] Devolder | Annealing stability of magnetic tunnel junctions based on dual MgO free layers and [Co/Ni] based thin synthetic antiferromagnet fixed system[END_REF]. In Kar et al., a NiCr/Hf/Ta seed layer was used, leading to switching fields values of the reference layer around 1.5 kOe [START_REF] Kar | Co/Ni based p-MTJ stack for sub-20nm high density stand alone and high performance embedded memory application[END_REF]. Tomczack et al. developed a thin-SAF structure based on Co/Ni multilayers with a NiCr/Hf seed layer [START_REF] Tomczak | Influence of the Reference Layer Composition on the Back-End-of-Line Compatibility of Co/Ni-Based Perpendicular Magnetic Tunnel Junction Stacks[END_REF]. For them, the reference layer switching field ranged between around 2 and 5 kOe depending on the thickness of the CoFeB polarizer used (1 nm and 0.4 nm respectively), after annealing at 300°C, for a CoFeBTa spacer. We can notice that even if the switching field of the reference layer can be increased by reducing the CoFeB polarizer thickness, there is a negative effect on the TMR amplitude since the spin polarization also depends on the polarizer thickness. In their study, they observed an abrupt decrease of the reference layer switching field after annealing at 400°C. Moreover, they identified the thin 6 Å Co layer used on top of the Ru layer to provide high antiferromagnetic RKKY coupling as the main weakness of their structure after high-temperature annealing.

In our case, a SAF structure with non-critical Cu as seed layer material has been developed. Our study also extends to high annealing temperatures of up to 400°C in patterned devices. We show how, unlike what Devolder et al. reported, in our case the decrease in the switching field of the reference layer stems from a migration of elements from the FeCoB polarizing layer. We observe that for a single SAF structure, not integrated in a MTJ, high switching fields are maintained even after 400°C anneal. However, by adding the SAF structure in a MTJ, the reference layer switching field starts to decrease at high annealing temperatures. We therefore conclude that texture-breaking layers playing the role of diffusion barrier during annealing could be the key to better BEOL compatibility.

Optimization of Co/Ni multilayers magnetic properties

In this section, we begin the material optimization at thin-film level by looking at the effect of Cu seed layer thickness on the coercivity of Co/Ni multilayers. Once an optimum Cu thickness has been chosen, the effect of different annealing temperatures is studied. Furthermore, we studied the evolution of the magnetic properties as a function of the number of Co/Ni repeats. We optimized the Co/Ni ratio to achieve the highest coercive field (Hc). A synthetic antiferromagnetic structure (SAF) is required to avoid a large stray field in the free layer. The optimum thickness of the ruthenium layer providing antiferromagnetic coupling was found to be 9 Å. Having optimized the magnetic properties at the thin film level, a comparison with a Co/Pt-based SAF is given in the next section.

Seed layer optimization

As a first step, we have developed a Ta buffer layer with a low surface roughness of 0.25 nm, already introduced in Chapter 3.5, to constitute the basis of the subsequent Cu seed layer.

Copper (Cu) is an ideal candidate for the growth of Co/Ni multilayers, considering the fcc (111) texture required for high PMA in Co/Ni multilayers. In addition, Cu is classified as a non-critical metal and is produced by a large number of countries [START_REF]Study on the Review of the List of Critical Raw Materials -Non Critical Raw Materials Factsheets European Commission[END_REF]. Shawn et al. observed an increase in the coercivity (Hc) of Co/Ni multilayers when thick Cu seed layers were used [START_REF] Shaw | Roughness induced magnetic inhomogeneity in Co/Ni multilayers: Ferromagnetic resonance and switching properties in nanostructures[END_REF]. We have also observed such an effect, as shown in Figure 5. Figure 5.7 a shows the hysteresis loops measured by magneto-optical Kerr effect (MOKE) versus Cu seed thickness in the as-deposited state of a stack comprising 8x(Co/Ni) repeats of composition as follows: Ta 3nm / Cu t / 8x[Co 0.2nm/Ni 0.4nm] / Co 0.2nm / Cu 3nm / Ta 3nm. Figure 5.7 a shows that the coercive field (Hc) of the multilayers increases with the thickness of the Cu seed layer, as plotted in Figure 5.7 b. However, as the thickness of the seed Cu layer increases, the surface roughness also increases. Increased roughness is not desirable due to its detrimental impact on the properties of the tunnel barrier. For this reason, a balance has to be found in terms of Cu thickness to induce the required fcc [START_REF] Raymond | Low Supply Growth from Recycled Platinum Will Not Offset Lower Mine Supply in 2020[END_REF] texture, while maintaining a low surface roughness.

Figure 5.7 c and d show atomic force microscopy (AFM) scans of a 5 and 35 nm Cu seed layer respectively, for a 500 x 500 nm scan section. Figure 5.7 d shows that a 35 nm Cu seed has a RMS roughness of 0.54 nm, while for a 5 nm Cu seed layer a much smoother RMS roughness of 0.25 nm is obtained, as seen in Figure 5.7 c. Therefore, a 5 nm thick Cu seed layer will ensure adequate low roughness while maintaining a sufficiently large coercive field, as we will see in the next section, coercivity increases after the annealing process.

Effect of annealing on the magnetic properties of Co/Ni multilayers

In the previous subsection, we have shown that the coercive field increases with the thickness of the Cu seed layer, as previously reported by Arora et al. [START_REF] Arora | Magnetic properties of Co/Ni multilayer structures for use in STT-RAM[END_REF]. They reported an increase in coercivity from 100 Oe to 400 Oe when growing the 8x [0.21 nm Co/Ni 0.57 nm] multilayers on 2 nm Cu or 30 nm Cu seeds respectively. This increase in coercivity is due to an enhancement of the fcc [START_REF] Raymond | Low Supply Growth from Recycled Platinum Will Not Offset Lower Mine Supply in 2020[END_REF] texture with the larger thickness of the Cu seed layer, as indicated by their x-ray diffraction (XRD) results [START_REF] Arora | Magnetic properties of Co/Ni multilayer structures for use in STT-RAM[END_REF].

After the annealing process necessary for the crystallisation of the MgO barrier and of the surrounding FeCoB electrodes, the coercivity of the Co/Ni multilayers increases dramatically, reducing the need to use a much larger Cu seed layer thickness. MOKE hysteresis loops under perpendicular applied field in A pronounced increase in coercivity is observed after annealing at 300°C for 10 minutes, as also observed previously by Coutts et al. [205]. This increase in Hc is optimal for the application of such layers as a reference layer.

Interestingly, the coercivity dependence on the Cu seed layer thickness (Y-axis) observed in the as-deposit state in Figure 5.8 c, is not conserved after the annealing process, as observed in Figure 5.8 d. The small radially symmetric gradient in coercivity observed in Figure 5.8 d, comes from the inhomogeneity of the deposition between the center and the outer region of the wafer, as explained in Chapter 3.1.

To achieve BEOL compatibility with CMOS integration, the PMA of the reference layer must be preserved after exposure to temperatures up to 400°C. Figure 5.9 shows the VSM hysteresis loops of a stack with 8 Co/Ni repeats demonstrating that PMA can be maintained up to 400°C annealing (red). At 500°C (dark red), the magnetization is strongly reduced and PMA is lost due to inter-diffusion of Cu and Ta with the (Co/Ni) multilayers. Previous work by A. Al Subhi and R. Sbiaa [START_REF] Subhi | Control of magnetization reversal and domain structure in (Co/Ni) multilayers[END_REF] showed that for a larger number of Co/Ni multilayers, smaller magnetic domains are formed, as seen in the MFM and OOMMF simulations for a variable number of repeats, from N=4 to N=12, in Figure 5.11.

The presence of smaller domains with a larger number of repeats explains the gradual reversal observed in Figure 5.10 a and d for the case of 18 Co/Ni repeats. From [START_REF] Subhi | Control of magnetization reversal and domain structure in (Co/Ni) multilayers[END_REF].

They calculated a domain size reduction from 4.7 µm, for 4 bilayers, to 0.1 µm, for the case of 12 bilayers. This is a very general phenomenon in out of plane magnetized systems: up to a certain thickness, the domain size reduces with the thickness of the PMA material. This was largely documented in ordered FePd or FePt alloys too [START_REF] Gehanno | Magnetic susceptibility and magnetic domain configuration as a function of the layer thickness in epitaxial FePd(0 0 1) thin films ordered in the L1o structure[END_REF][START_REF] Aitchison | High resolution measurement and modelling of magnetic domain structures in epitaxial FePd (001) L10 films with perpendicular magnetisation[END_REF].

These smaller magnetic domains that form for a larger number of multilayers explain the gradual magnetic switching observed in Figure 5.10 a and d, for 18 Co/Ni bilayers. As in the case of A. Al Subhi and R. Sbiaa [START_REF] Subhi | Control of magnetization reversal and domain structure in (Co/Ni) multilayers[END_REF], the coercivity is reduced with more than 8 bilayers.

The MOKE mappings shown in Figure 5.10 b and c show that for a higher Cu seed layer thickness (y-axis) a higher coercivity is obtained, for 8 and 18 repeats respectively. However, as explained in the previous section, the coercivity loses its dependence on the seed layer thickness after annealing, as shown in Figure 5.10 e and f for 8 and 18 repeats respectively, due to an improvement of the texture after the annealing process at 300°C for 10 minutes, which also leads to higher coercivity values. The maximum coercivity goes from about 500 Oe to more than 2kOe for the case of eight Co/Ni repeats.

In the previous Figure 5.9, higher Hc values are observed for annealing at 350°C and 400°C, as Hc of the Co/Ni multilayers increases with annealing temperature. However, as we will see later, large annealing temperatures make the integration of Co/Ni multilayers into the MTJ structure more difficult.

Co/Ni content ratio optimization

Different Co/Ni content ratios for multilayers have been reported in the literature. We have studied the evolution of the magnetic properties of a stack with eight repeats, varying the ratio of Co to Ni. We studied two stacks with the following composition: After annealing at 300°C for 10 minutes, the coercivity increases strongly. In addition, the region of maximum Hc has shifted to Co thickness values of 0.18 nm, as shown in Figures 5.12 g and j. The remanence mappings in Figures 5.12 h and k reveal that the PMA degradation region now takes place at slightly lower Ni thickness values, around 0.32 nm. We determine that the region of highest coercivity in our system corresponds to Co 0.18nm / Ni 0.55 nm as seen in Figure 5.12 j.

RKKY antiferromagnetic coupling optimization

The synthetic antiferromagnetic structure used in p-STT-MRAM is often constructed using a Ru spacer layer due to its large interlayer exchange coupling strength [START_REF] Parkin | Systematic variation of the strength and oscillation period of indirect magnetic exchange coupling through the 3d, 4d, and 5d transition metals[END_REF]. The RRKY interaction can result in the two magnetic layers being configured in either a ferromagnetic (parallel to each other) or antiferromagnetic (antiparallel) state depending depending on the thickness of the non magnetic spacer. The thickness of the non magnetic layer also influences the coupling strength [START_REF] Bruno | Oscillatory coupling between ferromagnetic layers separated by a nonmagnetic metal spacer[END_REF][START_REF] Cuchet | Perpendicular magnetic tunnel junctions with a synthetic storage or reference layer: A new route towards Pt-and Pd-free junctions[END_REF]. The highest values of the coercive field and exchange field are obtained for a Ru thickness of 9 Å (yellow hysteresis), as seen in Figure 5.13 b as well. The switching field of the SAF is as large as 3.2 kOe with an exchange field of 6.5 kOe, after which the antiferromagnetic coupling is overcome by the external field. Figure 5.13 b shows the oscillatory behaviour of the RKKY exchange coupling strength with Ru thickness [START_REF] Parkin | Oscillations in Exchange Coupling and Magnetoresistance in Metallic Superlattice Structures: Co/Ru, Co/Cr, and Fe/Cr[END_REF][START_REF] Bruno | Oscillatory coupling between ferromagnetic layers separated by a nonmagnetic metal spacer[END_REF]. A similar trend showing oscillations with an overall decay in both H c and H ex with increasing Ru thickness was reported by Arora et al. [START_REF] Arora | Magnetic properties of Co/Ni multilayer structures for use in STT-RAM[END_REF], as seen in Figure 5.13 c.

Co/Pt vs Co/Ni at thin film level

In this section, we compare the magnetic properties of two MTJs with different SAF, one based on Co/Pt multilayers (S1) and the second on Co/Ni multilayers (S2) at thin film level. The stack structure of both samples is as follows, with the thickness indicated in nm: 

Electrical results in patterned devices with Co/Ni SAF

This section shows the STT switching of MTJs comprising a reference layer with a synthetic antiferromagnet based on Co/Ni multilayers. The MTJs were patterned down to 40 nm diameter lateral dimensions and measured under applied voltage pulses. The resistance was recorded at low bias after each applied voltage pulse of 100 ns of increasing amplitude. The V-R loop measurements are plotted in Figure 5.15 a for a single device. The fabricated tunnel junctions incorporate the smooth buffer layer shown in Section 3. It is observed in the R-H loops in Figure 5.16 a that the reference layer tilts after increasing negative fields in the high-resistance, antiparallel configuration. However, the reference layer recovers its full anti-parallel configuration at zero field, so that such tilting does not hinder the bistability of the bit magnetic element.

The MTJs shown here are bistable at zero field, which means that both parallel and antiparallel states are possible in the absence of applied external field. However, it would be optimal to reduce the stray field. This is possible by varying the number of multilayers composing the SAF, as shown in the next subsection, using macrospin calculations.

Macrospin calculations: towards the compensation of stray field from the Co/Ni based SAF

We performed macrospin calculations of the stray field of the Co/Ni based SAF structure into the free magnetic layer by using a Coulombian model as in Chapter 4.2.1.

Calculations have been performed for 3 upper Co/Ni bilayers and a variable number of lower bilayers, N, in the form N x (Co/Ni) / Ru / 3x(Co/Ni). Figure 5.17 shows that the experimental results of the fabricated MTJs represented as dark red stars (from Figure 5.16 a) closely match the stray field predicted in the calculations. However, the resulting stray field is in between 250-500 Oe, being relatively large values. If the coercive field of the free layer is not large enough, such a large stray field would hinder the parallel and antiparallel bistable states of the free layer. Therefore, as observed in the calculations, the number of bottom repeats could be increased to reduce the stray field at intermediate diameters (40-80nm). An increase to ten bottom (Co/Ni) repeats (orange line) would be sufficient to ensure a lower stray field in the free layer. Figure 5.17 also shows that for small diameters, below 20nm, the variation of the number of bottom repeats might not be sufficient to compensate the stray field from the top part. However, at such small diameters, the thermal stability of the free layer is strongly reduced. Therefore, in order to obtain acceptable retention at such small nodes, one possible option is to use strategies such as a PSA free layer [START_REF] Perrissin | A highly thermally stable sub-20 nm 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]. For such a thicker free layer, the average stray field will be reduced due to the larger volume of the magnetic free layer, as shown in the orange inbox of Figure 5.17, where the volume of the free layer has been changed to that of a PSA with 10 nm thickness.

Another possibility would be to use a reduced SAF structure for which the Co/Ni multilayers are present only in the bottom part of the SAF. As previously mentioned, such a structure has already been proposed by Chatterjee et al. [START_REF] Chatterjee | Novel multifunctional RKKY coupling layer for ultrathin perpendicular synthetic antiferromagnet[END_REF] with a Co/Pt based SAF. Low stray fields at low diameters can be obtained by avoiding the use of Co/Ni multilayers at the top of the SAF, as in Devolder et al. [START_REF] Devolder | Annealing stability of magnetic tunnel junctions based on dual MgO free layers and [Co/Ni] based thin synthetic antiferromagnet fixed system[END_REF]. Increasing the number of repeats in the bottom thin SAF can lead to low stray fields at diameters below 20 nm, as shown by the macrospin calculations in Figure 5.18 a.

To obtain a better compensated free layer at 10 nm diameters, the number of bottom repeats can be increased up to 12, as shown by the dashed green line in Figure 5.18 a. We performed VSM measurements of such a SAF structure with 12 bottom repeats as seen in Figure 5.18 b. The reference layer still retains its PMA. However, the switching field of the reference layer is slightly below 1kOe at the thin film level after annealing at 300°C for 10 minutes (dashed lines). This might not be sufficient to guarantee the stability of the reference layer after patterning. In addition, the switching field decreases further to 750 Oe after annealing at 400°C (dotted lines). Therefore, the above alternative of combining a conventional SAF based on Co/Ni multilayers with a large-volume PSA-free layer, as in Figure 5.17 is more attractive at small nodes.

Annealing tolerance: towards BEOL compatibility

In the previous section 5.2.3, we have shown that the reference layer with a Co/Ni multilayer based SAF is sufficiently stable after annealing the MTJ at 300°C for 10 minutes.

However, preserving perpendicular magnetic anisotropy (PMA) during back end-of-line (BEOL1 ) complementary metal oxide semiconductor (CMOS) processing up to 400°C [START_REF] Kang | Emerging materials and devices in spintronic integrated circuits for energy-smart mobile computing and connectivity[END_REF] is a more difficult task. At such high temperatures, interdiffusion of elements in the different layers begins to occur, which is detrimental to the overall performance of the MTJ, unless properly engineered. It can be observed in Figure 5.19 b that the reference layer switches at 3.8 kOe at blanket film level after 300°C annealing, and its switching field abruptly drops to 500 Oe after 400°C annealing, as seen in The results shown in Figure 5.20 rule out the possibility that Ta diffusion into the multilayers is responsible for the large PMA loss, as the SAF with a Ta capping still maintains a large Hc. Therefore, it is most likely that it is the diffusion of Fe or B from the FeCoB reference layer into the multilayers that deteriorates the PMA of the SAF at high annealing temperatures. To simplify the analysis, we characterized Co/Ni multilayers coupled through a thin Ta layer of varying thickness to a 1.2nm FeCoB reference layer as shown in Figure 5 Figure 5.21 shows that the coercive field of the Co/Ni multilayers coupled with the reference layer increases from the as deposited state (b) after annealing at 300°C (c). The effect becomes more important when the thickness of the Ta layer acting as a boron getter is larger. We can observe in Figure 5.21 c that at 5.1 Å (orange line), the Hc increase is maximum while the coupling is maintained, while moving towards 5.7 Å (blue line), the FeCoB layer and the Co/Ni multilayers get decoupled.

Figure 5.21 d shows that the PMA is lost under 400°C annealing and the switching field becomes very low.

The results shown in Figure 5.21 confirm that the degradation of magnetic properties after annealing at 400°C takes place for the complete MTJ structure. However, this was not the case for SAF alone, as shown in Figure 5.20. Figure 5.21 also suggests that increasing the Ta layer thickness could be beneficial for the coercivity of Co/Ni multilayers, but the coupling with the FeCoB polarizer may excessively reduce at large thicknesses. Therefore, a compromise has to be found.

To improve the magnetic properties of the multilayers and at the same time have a sufficiently large coupling across the Ta texture breaking layer, we have developed a Ta/Co/Ta composite texture breaking layer as shown in Figure 5 We incorporated this Ta/Co/Ta boron getter layer into a full MTJ stack with a complete SAF structure composed of Co/Ni multilayers, as shown in Figure 5.23 g. Figure 5.23 a shows an MTJ with a conventional 0.3 nm Ta getter for comparison, and the respective VSM H-M loops under perpendicular field are shown for different annealing temperatures 300ºC (b), 325ºC (c), 350ºC (d), 375ºC (e) and 400ºC (f). The switching field of the reference layer gradually decreases with increasing annealing temperature until a sharp reduction after 400°C annealing (f). However, it is observed that for the case of using a composite boron getter layer (Ta/Co/Ta) as shown in Figure 5.23 g, the resulting switching field remains large and even increases with increasing annealing temperature (h-l).

Figure 5.23 g shows that the SAF switching field with Ta/Co/Ta spacer remains large even after 400°C annealing, while for the case of a single Ta layer, as in Figure 5.23 f, a strong reduction occurs.

The switching fields of the SAF at different annealing temperatures in Figure 5.23 b-f (in black) and h-l (in green) are shown in Figure 5.24 respectively.

It is shown here that the main source of Hc decay in the complete MTJ structure is the migration of elements from the FeCoB layer into the SAF. The use of a thicker diffusion barrier, such as (Ta/Co/Ta), allows maintaining a high Hc after annealing at 400°C, as seen in Figure 5.24. However, the coupling between the FeCoB reference and the SAF could be compromised due to the large thickness of this barrier. 

Electrical results of Co/Ni based SAF with high annealing tolerance

Finally, we patterned MTJs with the Co/Ni based SAF after annealing at 400°C with the previously developed Ta/Co/Ta trilayer structure. As explained above, this composite layer acts as a boron getter and diffusion barrier, protecting the SAF while maintaining some coupling with the FeCoB reference layer after annealing. The R-H minor loop in Figure 5.25 b shows a stray field of 250 Oe, in agreement with the calculations in Figure 5.17. The free layer writing operation can still be performed, even after this high annealing temperature (400°C). The stray field of the reference layer in the free layer is relatively high and makes the free layer only stable in the parallel state at zero field. However, the stray field compensation can be further optimized by varying the number of Co/Ni repeats, as explained in Section 5. To further optimize the Co/Ni based SAF for high annealing temperature tolerance, the insertion of a thinner W-or Mo-based boron getter would be highly appropriate. It has previously been reported that W or Mo have lower interdiffusion than Ta at high annealing temperatures, without requiring large thicknesses. In the previous section, we have shown that the interdiffusion of elements from the FeCoB reference layer is mainly responsible for the degradation of the SAF properties. Therefore, the combination of such W or Mo getter layers with the Co/Ni based SAF, which shows good magnetic properties at high annealing temperatures as shown in Figure 5.20, could be an ideal solution for BEOL process compatibility. Devolder et al. reached a similar conclusion for the case of a thin SAF at thin film level [START_REF] Devolder | Annealing stability of magnetic tunnel junctions based on dual MgO free layers and [Co/Ni] based thin synthetic antiferromagnet fixed system[END_REF].

Real time measurements: reference back-hopping for stochastic computing or cybersecurity applications

Superparamagnetic MTJs are used to generate random telegraph noise (RTN) for stochastic computing or cybersecurity applications [START_REF] Borders | Integer factorization using stochastic magnetic tunnel junctions[END_REF][START_REF] Ghosh | Spintronics and Security: Prospects, Vulnerabilities, Attack Models, and Preventions[END_REF]. Recently, it has been reported that in-plane MTJs can be advantageous as they can result in faster RTN [START_REF] Hayakawa | Nanosecond Random Telegraph Noise in In-Plane Magnetic Tunnel Junctions[END_REF][START_REF] Safranski | Demonstration of Nanosecond Operation in Stochastic Magnetic Tunnel Junctions[END_REF]. Dwell times as low as 2-8 ns were reported, 5 order shorter than for the perpendicular case [START_REF] Borders | Integer factorization using stochastic magnetic tunnel junctions[END_REF][START_REF] Ludwig | Superparamagnetic dwell times and tuning of switching rates in perpendicular CoFeB/MgO/CoFeB tunnel junctions[END_REF], as seen in Figure 5. The hysteresis loop was measured in the setup as a first step, ramping the external field and taking the resistance value, as seen in Figure 5.26 c. The offset field experienced by the magnetic free layer is thus determined and compensated during the measurement. The coil generating the field is controlled by an applied voltage, while the exact value of the field is not measured in situ. A rough estimate, based on a previous calibration, puts the compensation field at 177 Oe.

Next, the resistance state of the MTJ is observed in real time for increasing voltages, from 423 mV to 800 mV, as seen in Figure 5.26 d. Figure 5.26d shows that for a pulse of 585 mV (pink trace) a single switching event occurs. However, as the voltage increases, the back-hopping phenomenon is observed, as for 638 mV (dark green trace). As the voltage is further increased, as in the case of 692 mV (orange trace), a higher number of transitions is observed, showing that the number of transitions between both resistance states can be controlled by the applied voltage. The main advantage that we observe in our junctions, as seen in Figure 5.26 d, is that dwell times can be as low as 20 ns, in the same ns range as for in-plane superparamagnetic MTJs, while still using a perpendicular configuration. In this case, we associate the telegraphic noise with the backhopping of the reference layer. Previous studies reported the use of an unstable reference layer for building all spin artificial neural networks [START_REF] Wu | Extremely Compact Integrate-and-Fire STT-MRAM Neuron: A Pathway toward All-Spin Artificial Deep Neural Network[END_REF]. The device presented here has the same characteristics, with the advantage of shorter dwell times.

The RTN shown here is ascribed to the spin-flop transitions occurring within the SAF/reference layer as in Figure 1.26 c. Furthermore, Figure 5.26 d shows that the amplitude of the resistance fluctuations decreases with applied voltage, as can be observed at 800 mV (purple trace). This decrease in TMR is a characteristic of Joule heating, due to the large applied voltage for 1000 ns, which may explain the decrease in stability of the reference layer and the observed RTN.

We note from the R-V results in Figure 5.15, for which conventional shorter pulse times of 100 ns were used, that the spin flop that appears when applying an external perpendicular field should not affect the performance of the MTJ as a memory element. However, more write error rate (WER) measurements should be performed to check the stability of the reference layer under a large number of write cycles.

Conclusions

In this chapter, we studied first the use of a Co/Pt reduced SAF. However, we have seen that its stability is not sufficient and reducing the amount of critical Pt does not solve the problem of its high supply risk. Therefore, we investigated an alternative Co/Ni based SAF. The use of non-critical Cu as seed layer enabled large Co/Ni multilayers coercive field values due to its fcc [START_REF] Raymond | Low Supply Growth from Recycled Platinum Will Not Offset Lower Mine Supply in 2020[END_REF] texture that promotes a large PMA in Co/Ni multilayers. Patterned MTJs with a Co/Ni based SAF have demonstrated the reference layer stability under applied fields up to 3kOe and STT switching of the free layer. However, at large annealing temperatures, up to 400ºC, the intermixing of elements from the reference layer deteriorate the Co/Ni SAF stability. The use of thicker Ta layers between the reference layer and SAF structure improves the stability but deteriorates the coupling. A structure composing a Ta/Co/Ta spacer has been proposed with promising results, but the use of thinner layers with more robust elements as W or Mo is expected to demonstrate the BEOL compatibility of the Co/Ni SAF. Finally, we have shown an interesting RTN in MTJs showing a spin-flop transition within the SAF/Reference layer element, with short dwell times, which is attractive for stochastic computing or cybersecurity applications. and without Ir. In the results shown here, a Co/Pt-based SAF was used due to the unavailability of Ni in the tool at the time of the study. However, similar results can be predicted using a Co/Ni based SAF. Furthermore, the proposed device features several other advantages such as smaller diameters and larger linear range compared to conventional vortex-based magnetic sensors.

Working method: large thickness/diameter aspect ratio

Conventional vortex based sensor have a low thickness to diameter ratio (t/D), as the sensing layer thickness is usually an order of magnitude smaller than the diameter, often being the later in the micrometer range.

The vortex structure is stable for certain geometries due to a minimization of the total energy of the system which includes the exchange energy arising from the non-uniformity of the vortex structure, the magneto-static energy from dipolar interactions, the magneto-crystalline anisotropy energy and the Zeeman energy if an external field is applied [START_REF] Konstantin | Stability of magnetic vortex in soft magnetic nano-sized circular cylinder[END_REF]. In such geometries, magnetostatic energy dominates the exchange energy, resulting in the formation of a vortex configuration that corresponds to an in-plane curling of the magnetic moments allowing an in-plane flux closure while the vortex core is out-of-plane magnetized. For low thickness to diameter ratios (t/D), the diameter of the core is given by the exchange length, l ex " b 
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H x H z z Fig. 6.2: Schematic representation of a conventional in-plane field-sensitive vortex-based sensor (a) and our proposed device, an out-of-plane field-sensitive vortex-based sensor (c). The theoretical transfer curve of both vortex-based sensors under the action of an in-plane magnetic field (Hx) or an out-of plane magnetic field (Hz) respectively (b). For both cases, the vortex stabilizes at zero field, with its core magnetization (represented in black) perpendicular to the plane (d(i) and e(i)). For the conventional case, the core of the vortex moves in a direction perpendicular to the applied magnetic field in the plane (d(ii)), until it annihilates at saturation (d(iii)). For the out-of-plane field-sensitive vortex-based sensor, the linear variation in resistance comes from the expansion of the vortex core (e(ii)), until it completely annihilates (e(iii)) in a single perpendicular domain.

At zero field, a flux-closure vortex state stabilizes in the sensing layer, as seen in Figure 6.2 d(i).

6.1. Working method: large thickness/diameter aspect ratio Under an external magnetic field in the plane, the vortex is displaced in a direction orthogonal to the applied field. As seen in Figure 6.2 d(ii), the core of the vortex moves in the y direction while the magnetic field is applied in the x direction. Finally, at a certain field, known as the annihilation field (Ha), the vortex annihilates and a single magnetic domain oriented in the direction of the applied field stabilizes, as seen in Figure 6.2 d(iii). When the magnetic field decreases, the vortex re-nucleates at a certain magnetic field known as the nucleation field (Hn). The mechanism of vortex re-nucleation under an applied in-plane field has been recently studied by Wurft et al. [START_REF] Wurft | Evolution of magnetic vortex formation in micron-sized disks[END_REF]. They see how for low thickness to diameter (t/D) ratios, vortex nucleation is initiated by buckling, which induces smaller nucleation and annihilation fields and therefore smaller linear operation range. For larger t/D, the buckling is almost avoided and the nucleation takes place via double vortex formation. However, the study covered geometries down to 300 nm in diameter, remaining in a regime t/D ă 0.1.

We propose a device that makes use of an alternative operating mechanism. Our device has a smaller diameter and larger t/D aspect ratio than conventional vortex-based sensors as schematically seen in Figure 6.2 c. By reducing the diameter of our MTJs to achieve an aspect ratio (t/D) close to 1, the in-plane demagnetizing energy is reduced. Under the application of an out-of-plane magnetic field, the transfer curve shows a resistance variation in the MTJ due to the broadening or shrinking of the vortex core, rather than its translation. The vortex state is stable at remanence, as shown in Figure 6.2 e(i), as in the previous case. However, applying a perpendicular field, Hz, the perpendicularly magnetized vortex core expands, as in Figure 6.2 e(ii), until it is completely annihilated as seen in Figure 6.2 e(iii). Micromagnetic simulations of the sensing layer reversal are shown in the next section.

The advantage of such a device, in terms of materials, is that the use of Ir or Pt is no longer required, as only a stable perpendicular reference layer is needed. As we saw in Section 5.2, a SAF based on Co/Ni could be an ideal candidate for such an application.

Tolerance to defects or local anisotropy fluctuations

In conventional vortex-based sensors sensitive to an applied in-plane field, the core of the vortex can be trapped during its motion due to local anisotropy variations or structural defects at the interface between the oxide barrier and the sensing layer, as seen in Figure 6.3 a. The randomly distributed defects can modify the vortex core displacement path, leading to different resistance values at each applied field value [START_REF] Dounia | Magnetic element having an improved measurement range[END_REF] as seen in the M-H response schematically shown in Figure 6.3 a.

However, for the case of the out-of-plane sensitive vortex sensor, the vortex core is a much bigger object which expands or contracts depending on the field to be sensed. Due to its larger size, the local fluctuations of anisotropy are averaged on a larger area so that in its expansion/contraction, the pinning is much less effective than for in-plane vortex sensor. This is illustrated in Figure 6.3 b, yielding a more reproducible R(H) transfer curve. Therefore, the proposed sensor can exhibit a significant noise reduction compared to conventional in-plane vortex sensor.

Micromagnetic simulations for sensing range optimization

In this section, the effect of the diameter and saturation magnetization of the sensing layer on the amplitude of the linear range of the sensor transfer curve is studied. The simulations have been carried out using MuMax3 [START_REF] Vansteenkiste | The design and verification of MuMax3[END_REF]. It allows to calculate the space and time dependent magnetization dynamics in nanometer sized ferromagnets, using a finite difference discretization.

Linear range dependence on diameter

The reversal of a sensing layer with a thickness of 60 nm and saturation magnetization, M s = 0.8e-6 A/m, as for Ni 80 Fe 20 has been simulated. Figure 6.4 a shows the M-H loops resulting from the magnetization reversal process for different diameters under a perpendicular applied field. .4 a shows that the reversal between two stable states occurs abruptly at low diameters, as 40 nm (dashed line), for which the shape anisotropy is large enough to make the magnetization align parallel to the long axis (i.e. the vertical direction). However, at diameters of 60 nm or larger, the magnetostatic energy favors a flux closure vortex state at zero field (solid lines). Figure 6.4 b shows that the annihilation fields increased when increasing the diameter. The tunability of the nucleation and annihilation fields with the diameter is interesting for sensor applications, since the linear range of the transfer curve and sensitivity can be controlled for the desired application. Similar geometrical dependence was reported for vortex sensors based on the vortex core motion under an in plane applied field [START_REF] Novosad | Method for the detection of a magnetic field utilizing a magnetic vortex[END_REF].

The micromagnetic configurations of the sensing element during the reversal process are shown in Figure 6.5 a, for different magnitudes of perpendicular applied field. The corresponding M-H loop is given in Figure 6.5 b. Figure 6.5 a shows how starting from negative saturation (i) the vortex state is stable at zero field (ii) with negative core polarity and how increasing the field reduces the diameter of its core (iii). Eventually, the vortex is annihilated as the magnetization of the outer core region rotates coherently in the same direction as the applied external field (iv) until total annihilation of the vortex core occurs (v). If the external perpendicular field decreases from positive saturation (vi), the vortex nucleates with an opposite polarity (vii), now positive. Such a change in polarity of the vortex core results in the magnetization difference observed in Figure 6.5 b, between (ii) and (vii). This vortex polarity change in the out-of-plane field-sensitive vortex-based sensor could lead to an undesired magnetoresistance difference if the device is exposed to annihilation fields in opposite directions. Some details and ways to get around these problems are given in the experimental Section 6.4.3.

Linear range dependence on saturation magnetization

We have seen that the nucleation and annihilation fields can be controlled by varying the diameter of the MTJ. By modifying the saturation magnetization (M s ) of the sensing layer the linear regime of the sensor is also affected as seen in Figure 6.6 a. Larger magnetic saturation values lead to larger annihilation fields, as seen in Figure 6.6 b. For the case of M s = 0.8 MA/m, as for NiFe, the simulated annihilation field is 0.24 T, and it increases to 0.38 T using a material with M s = 1.4 MA/m, close to that of cobalt.

Imaging the vortex state by off-axis electron holography

Off-axis electron holography enables imaging of magnetization within nanoscale materials. Vortex states have been observed in ferrite nanoparticles using this technique [START_REF] Almeida | Direct visualization of the thermomagnetic behavior of pseudo&#x2013;singledomain magnetite particles[END_REF], or the PSA-STT-MRAM free layer stability has been tested under a wide temperature range up to 250ºC [START_REF] Almeida | Direct observation of the perpendicular shape anisotropy and thermal stability of STT-MRAM nano-pillars examined by off-axis electron holography[END_REF][START_REF] Almeida | Direct observation of the perpendicular shape anisotropy and thermal stability of p-STT-MRAM nano-pillars[END_REF].

The images shown here were made by Dr. Tevor Almeida at CEA-LETI. TEM samples were prepared by etching the pillars using the process described in Chapter 3, followed by deposition of a protective layer (about 1 µm) of organic resin before depositing a protective layer of Pt by focused ion beam (FIB). Cross-sectional TEM lamellae were then transferred to Omniprobe copper slots and thinned using conventional FIB methods. The protective resin layer was removed by plasma etching and the remaining Pt layer was broken with the micromanipulator. A probe-Cs-corrected Thermo Fisher Titan TEM at 200kV was used for the STEM imaging. Off-axis electron holograms were acquired at remanescence in Lorentz mode on a Gatan OneView 4K camera using a Thermo Fisher Titan TEM equipped with an image-CS corrector and an electron biprism. The Ta hard mask on top is covered by an oxide layer due to the exposure to atmosphere prior to the observation (a). High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) observation of the nanopillars reveals some structural defects related to the ion beam etching process at grazing incidence (b-d). Magnetic induction maps reconstructed from holograms for a MTJ with 58nm NiFe free layer at remanence after saturation in the out-of-plane direction. The remanent magnetization state is uniform for low diameters below 20 nm (e), from [START_REF] Lequeux | PSA-STT-MRAM solution for extended temperature stability[END_REF]. At larger diameters, around 50-60 nm, only an out-of-plane magnetized core is observed (f-h). The inset of (f) shows the magnetic induction map of a ferrite nanoparticle showing a vortex state for comparison [START_REF] Almeida | Direct visualization of the thermomagnetic behavior of pseudo&#x2013;singledomain magnetite particles[END_REF].

The Ta hard mask on top exhibits a surrounding oxide layer, highlighted in green, due to sample exposure to the atmosphere after the etching process and some residual resin remaining during preparation for STEM observation. Figures 6.7 b, c and d show high-angle annular dark-field scanning transmission electron microscopy images of three different pillars, where some structural defects appear in (c) and (d), attributed to grazing incidence ion beam etching used to slightly reduce the diameter of the pillars. The diameter of the MTJs is set between 50 and 60 nm, which corresponds to the region where a vortex state must be stabilized in the sensing layer, as seen earlier in the micromagnetic simulations of Figure 6.5 a(ii).

For small diameters, as in Figure 6.7 e, the magnetic induction map reveals a uniform stable state at zero field magnetized in the long axis direction. However, when the diameter increases, the magnetization is no longer uniform, and only the central core region of the sensing layer is magnetized in the perpendicular direction, as seen in the Figures 6.5 f, g and h. Structural defects result in some artifacts during holography observation, as seen by the rippling in Figures 6.5 g and h, at the position of the structural defects seen in Figures 6.5 c and d. However, the induction maps reveal a flux-closure vortex state, similar to that previously observed in the F e 3 O 4 nanoparticles in the inset of Figure 6.5 f.

Electrical results on patterned devices

As explained in the micromagnetic simulations section, the linear response field range of the vortex based sensor devices will depend on both the diameter and the material used for the free layer in the MTJ. In this section, we demonstrate the trends already predicted by the simulations. We also find means to avoid the vortex polarity change during the sensor operation.

Linear range dependence on diameter

First, we fabricated MTJs with a NiFe sensing layer with varying diameters. The micromagnetic simulations predicted an increase in linear range with MTJ diameter as seen in Figure 6.8 a. The experimental resistance response to the applied out-of-plane field showed a very similar transfer curve predicted by micromagnetic simulations as seen in Figure 6.8 b. MTJs were fabricated with a variable diameter, from around 65 nm to 120 nm, as seen in Figure 6.8 c. Both experimental results and micromagnetic simulations followed the same trend in that the annihilation field was increased for larger MTJ diameters. In MTJs with lower resistance (larger diameter), the annihilation takes place at larger external applied field values. A comparison between both simulated and experimental annihilation field values is given in Figure 6.8 d. The difference between the two is explained by the fact that for the micromagnetic simulations thermal fluctuations were neglected, whereas the core magnetization reversal and vortex annihilation/nucleation fields are thermally activated phenomena. 

Linear range dependence on saturation magnetization

To test the dependency of the linear range with the material of the sensing layer, we also fabricated MTJs with a cobalt sensing layer. It can be seen in Figure 6.9 that even before patterning, the magnetic response of both cobalt and permalloy is substantially different, NiFe being a softer material than Co. The electrical results show that for low diameters, an abrupt reversal is observed, as seen in Figure 6.10 e and i, in line with the previous electron holography observations. These types of R(H) characteristics with high remanence are suitable for binary memory application. For for larger diameters, at values above 60 nm, we begin to observe a linear response characteristic of the vortex core expansion/shrinking which gets even more evident as the device diameter increases ( Figure 6.10 g, 6.10 h, 6.10 k, 6.10 l), in Figure 6.10 j. In Figure 6.10 j, starting from negative saturation, it is observed that the vortex nucleates near zero field, but the reference layer reverses before annihilation of the vortex occurs. For larger diameter devices, Figures 6.10 g, h, k, l, the reference layer is also unstable and reverses before vortex nucleation and annihilation can be observed.

By limiting the measurement field range, we were able to observe the characteristic transfer curve of the vortex sensor before the reference layer reversed in some devices, as seen in Figure 6.11. Fig. 6.11: R-H loop for a MTJ with field scan limited to 0.13 T, over which the reference layer is not reversed.

In addition, we were able to perform electrical measurements of the devices in a set-up developed by Hprobe [232] with a magnetic head providing larger perpendicular fields, resulting in the R-H response seen in Figure 6.12. In Figure 6.12 a, it can be seen that starting from negative saturation and decreasing the field in absolute value, the vortex state nucleates (i), resulting in a linear variation of the resistance with the decrease of the field amplitude, due to the reduction in core diameter. After a certain positive field, the reference layer reverses (ii), highlighted in yellow, and the core of the vortex reverses in the positive perpendicular direction (iii), highlighted in red. Then, as the field keeps on increasing, the core of the vortex expands, aligned in the same direction as the reference layer, decreasing resistance, until finally it is annihilated at large fields (iv), greater than 0.4 T. Figure 6.12 b shows a zoom of the resistance variation due to vortex annihilation.

We improved the stability of the reference layer by reducing the thickness of the FeCoB polarizer, as seen in the VSM measurements of Figure 6.13. Reducing the thickness from 1.2 nm (black) to 0.8 nm (red) allowed the switching field to be slightly increased.

We fabricated devices with reference layer of enhanced coercivity and then could not observe any switching of the reference layer over a wide field range of more than 0.2 T, as seen in Figure 6.14 d.

Reference layer optimization allowed us to compare the linear range of devices with Co and NiFe sensing layers with similar diameters.

Patterned devices show that the linear range increases for junctions with a detection layer with larger M s (Co-red, NiFe-blue), for similar diameters, as seen in Figure 6.15 b. Therefore, as predicted by the simulations, shown in Figure 6.15 a, we demonstrate that the nucleation and annihilation fields increase with the M s of the sensing layer. 

Vortex polarity variation

One possible challenge that we need to overcome, already observed during the simulated reversal process in Figure 6.5, is the polarity change of the vortex core if the sensor is exposed to field values greater than the annihilation field in opposite direction.

A plausible solution would be to use an antiferromagnetic layer to provide an out-of-plane exchange bias to the core of the vortex, to stabilize it always in the same direction. However, as in the case of planar field-sensitive vortex-based sensors, this would require the use of IrMn or PtMn alloys containing the undesired critical PGM materials that we wish to avoid due to their high supply risk. Figure 6.16 a and b shows that for devices whose nucleation fields (Hn) are rather symmetric, the vortex core polarity reversal takes place. The vortex core polarity reversal results in a shift in the resistance variation between the two linear regimes depending of the saturation direction. If the field is only scanned between values lower than the annihilation field at negative fields, as in Figure 6.16 c, the vortex core polarity remains always positive and a single linear response is observed. However, devices that show rather asymmetric nucleation fields, as in Figure 6.16 d, e and f, do not show such resistance difference and it is apparent that the vortex polarity remains unchanged independently of the annihilation field direction. The effect can be understood due to a stabilization of the vortex core in one direction due to residual stray field from an uncompensated reference layer. The unbalanced stray field is apparent in the asymmetry of the nucleation fields but in any case, it does not strongly affect the annihilation fields, so a large linear range regime is still maintained.

The results shown here indicate that a reference layer with high PMA could be valid without the requirement of a synthetic antiferromagnetic (SAF), since some residual stray field is beneficial for the proper functioning of the device. A particular advantage of such configuration is that the use of critical ruthenium, which provides RKKY antiferromagnetic coupling, can also be avoided, resulting in a completely PGM-free sensor structure.

Sensor parameters

Sensitivity

A statistical comparison of the sensitivity of the devices, as the slope dp∆R{Rq{dH is shown in Figure 6.17a, for the case of a 58 nm thick NiFe sensing layer. It is observed that the sensitivity decreases for larger diameters. This drop in sensitivity is attributed to an increase in the linear field range, as the total TMR amplitude is distributed over a larger field range. Figure 6.17 b shows that most devices show a sensitivity between 0.04 and 0.06%/mT, with a mean sensitivity value of 0.05%/mT, slightly above the previously reported GMR sensors of Suess et al. [START_REF] Suess | Topologically protected vortex structures for low-noise magnetic sensors with high linear range[END_REF] but below the 0.3-0.6 %/mT for TMR vortex-based sensors reported by Weitensfelder et al [START_REF] Weitensfelder | Comparison of Sensitivity and Low-Frequency Noise Contributions in Giant-Magnetoresistive and Tunneling-Magnetoresistive Spin-Valve Sensors with a Vortex-State Free Layer[END_REF].

The relatively low sensitivity results from the low TMR observed in our devices (between 10-25%), which can be attributed to some deterioration of the barrier quality during processing. Nonetheless, with state of the art MTJs, TMR values of 150-200% can be achieved. With such a large TMR, we might expect an increase in sensitivity of almost an order of magnitude.

A second sample showed larger TMR values, up to 50%, leading to higher sensitivity values, up to 0.17%/mT, as seen in figure 6.18. Fig. 6.18: R-H loop of a device with same stack structure as in Figure 6.17 a, but in this case with higher TMR.

Unfortunately, the yield of devices of that sample was too small to provide statistical analysis. Nonetheless, we can see that a sensitivity three times higher is obtained compared to the devices in Figure 6.17 a, which confirms our previous hypothesis.

Signal to noise ratio (SNR)

We also characterized the signal-to-noise ratio (SNR) of our perpendicular field-sensitive vortex-based sensors. It is calculated as follows:

First, a third-order polynomial fit of the resistance is performed.

R f it pHq " a `bH `cH 2 `dH 3 (6.1)

The root mean square (RMS) is calculated as in equation 6.4.4:

RM SpHq "

g f f e 1 N N ÿ i"1
rRpH i ´Rfit pH i qs 2 (6.2)

Finally, the SNR is given by equation 6.4.4, SN R " R f it RM S (6.

3

)
The SNR is commonly expressed in dB scale as SNR(dB)= 20 log(SNR). 

Perspectives

Perpendicular shape anisotropy for the reference layer of STT-MRAM Despite having presented important results showing the perpendicular shape anisotropy of All-PSA-STT-MRAM by off-axis electron holography, the electrical results and micromagnetic simulations showed that a vortex configuration can appear in some components of the three layer structure. One possible approach to avoid such vortex formation would be to simply use a free layer element based on i-PMA, and use only PSA for the bottom reference layer and top polarizer. By following this approach, PGMs are still avoided and fabrication is facilitated, as the pillar aspect ratio is reduced.

Alternative sources of PMA for the reference layer of p-MRAM

We demonstrate that Co/Ni multilayers can provide sufficient stability to the reference layer of p-MTJs after annealing at 300°C. However, after annealing at 400°C, the mixing of elements deteriorates the properties of the SAF. We have seen how increasing the thickness of the Ta laminate between the FeCoB reference layer and the SAF, or using a Ta/Co/Ta composite structure, improves the annealing tolerance. Nonetheless, the coupling between the reference layer and SAF is compromised if large thicknesses of the Ta layer are used. More robust elements, such as W or Mo, will potentially allow smaller thicknesses to be used while retaining high coupling, improving the overall BEOL compatibility.

Vortex magnetic sensor sensitive to out-of-plane field

In this chapter, we propose a new concept of magnetic sensor comprising a vortex in the sensing layer that responds to an applied out-of-plane field. The proposed device can potentially avoid the use of iridium or platinum, but also has other advantages such as a large linear range that can be controlled by the aspect ratio of the sensing layer and the saturation magnetization. In the future, an interesting study would be to use a Wheatstone bridge configuration. This configuration is often used to reduce noise in magnetic sensors. However, one of the challenges is that half of the MTJs must have an opposite response to the other two MTJs, which is difficult since the magnetization direction of the reference layer is given by the AF pinning layer, defined during the annealing process at wafer level. In our case, by combining the use of Joule heating under an applied current and an applied external field, the magnetization of the reference and vortex core of two of the MTJs composing the Wheatstone bridge can be reversed individually, since the stability of the reference layer strongly decreases with temperature. Therefore, a future study of the reference layer switching under these conditions in MTJs with a large resistance area product (R ˆA) is of interest.
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 11 Fig. 1.1: Energy band structure representation of a transition metal with strong ferromagnetic properties.

Co

  Fig.1.3: Illustration of the two-current model displaying the conduction paths of the majority and minority electrons in a trilayer structure FM / NM / FM where FM denotes ferromagnetic metal and NM denotes non-magnetic metal, such as Co/Cu/Co. The minority 4sÓ conduction electrons can be scattered into 3dÓ bands as the density of states is not zero (g Ò pE F q ‰ 0) leading to scattering events in those channels.
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 14 Fig. 1.4: Illustration of electrons tunneling through an amorphous (Al 2 O 3 ) (a) and a crystalline (MgO) barrier (b). Density of states (DOS) variation for majority electrons tunneling (k ∥ =0) in a MTJ system Fe/MgO/Fe with bcc (001) symmetry in the parallel configuration obtained by firstprinciple calculations (c). Band dispersion of bcc Fe (d) and bcc Co (e) in the [0 0 1] ( -H) direction.From[START_REF] Yuasa | Giant tunnel magnetoresistance in magnetic tunnel junctions with a crystalline MgO(0 0 1) barrier[END_REF].
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 15 Fig. 1.5: Illustration of spin-transfer torque in a ferromagnet (FM) / non magnetic metal (NM) / ferromagnet (FM) system for a positive current (a). The resulting torque ⃗ m K tends to align the local magnetization ⃗ M 2 in the direction of ⃗ M 1 (b). For a negative current, the back-scattered electrons from the interface FM1/NM travel back to FM2 (c), the resulting torque tends to push ⃗ M 2 away from ⃗ M 1 (d).
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 17 Fig. 1.7: Stack representation of a conventional in-plane MTJ, including a AF layer to induce exchange bias on the reference layer that comprises a SAF structure to reduce the resulting stray field on the free layer.
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 18 Fig. 1.8: Perpendicular anisotropy energy of thin films with composition Seed/CoFeB/MgO, for both Ta and Ru seed layers. A transition between the in-plane (K u t ă 0) and out-of-plane region (K u t ą 0) is observed as a function of the CoFeB layer thickness for Ta seed layer (blue dots). The inset shows anisotropy versus moment area of the same samples (a). Figure redrawn from [60]. A typical structure of a p-MTJ (CoFeB/MgO/CoFeB) with a CoFeB reference layer coupled to a SAF element by a thin Ta lamination (typically 0.2-0.3 nm) that acts both as boron getter during annealing of the MTJ and texture breaker between the SAF and CoFe/MgO/CoFe miss-matching crystallographic structures (b).
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 19 Fig. 1.9: Integration scheme of Toggle MRAM (a), in-plane STT-MRAM (b), p-STT-MRAM (c) and p-SOT-MRAM (d).
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 110 Fig. 1.10: The energy barrier between the parallel and antiparallel states in the MTJs defines the thermal stability factor (∆) of the MTJ, as ∆ " ∆E{k B T . The inset shows the elliptical free layer dimensions, as used in in-plane MTJs, where t is the layer thickness, w width, A R ¨w length and A R the in-plane aspect ratio.
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 112 Fig. 1.12: Different reported SOT writing schemes, with different storage magnetic layer easy-axis. The easy-axis of the free layer can be perpendicular to the applied writing current (a), orthogonal (b) or collinear (c), leading to different magnetization dynamics (d,e,f) respectively. Image redrawn from [81]. Other images from: Miron et al. [37] (a) and Liu et al. [82] (b).
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 113 Fig.1.13: Scheme of the typical magnetic tunnel junction (spin valve) configuration used in TMR (GMR) sensors (a). A linear variation of resistance ∆R is obtained with an external applied field, with linear range ∆H (b). The sensor transfer curve shows the resistance variation from the change in the orientation of the sensing layer with respect to the reference layer by a certain angle (α). At zero field, the system is designed so that the magnetization of reference and free layer are orthogonally oriented with an intermediate resistance value. Image redrawn from[START_REF] Silva | Linearization strategies for high sensitivity magnetoresistive sensors[END_REF].
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 114115 Fig. 1.14: Scheme of different linearization strategies used in MR sensors. Image redrawn from [93].
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 21 Fig. 2.1: Energetic forecast of information and communication technologies (ICT) for 2030 (Data from [98]).
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 22 Fig. 2.2: Typical stack structure of p-STT-MRAM with a Co/Pt based SAF (a). Full-PSA-STT-MRAM alternative based on perpendicular shape anisotropy (PSA) (b). p-STT-MRAM alternative with a Co/Ni based SAF (c).

Figure 2 .

 2 Figure2.2 b shows one of the alternatives we propose that is based on the use of perpendicular shape anisotropy (PSA). Further details are given in Chapter 4. In this case, more common ferromagnetic materials (Fe, Co, Ni) or their alloys can be used for the reference and top polarizer. The high thermal magnetic stability is obtained by varying the geometrical aspect ratio of the reference and top polarizer layers. This second alternative is a novel approach that completely avoids the use of PGMs. Nonetheless, it requires a strict dimensional control of the pillar diameter in the 10-20 nm range, since the layer properties are defined by the pillar aspect ratio. Figure 2.2 c shows the second alternative we propose, that is based on the use of Co/Ni multilayers. The optimization of such SAF structure is explained in Chapter 5. In this case, platinum layers can be substituted by non-critical nickel layers.
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 24 Fig. 2.4: Recycling leaders of platinum in the auto catalyst sector(a) and the jewelry sector(b) respectively, in 2018. Data from [111].
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 2 5 which shows a three fold growth in the number of patents related to PGM recycling from the period 1970-1979 to 2000-2009.
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 25 Fig. 2.5: Number of patents related to PGM recovery/recycling in the 1910-2009 period (a). From [110].
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 26 Fig. 2.6: Price evolution (€/g) between Jan 2000 and Mar 2022 for Platinum (pink), Palladium (red) and Ruthenium (blue). Source: Johnson Matthey [115].
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 27 Fig. 2.7: Metal mining primary products (into the orange area) and their respective by-products. Re-draw from UK Energy Research Center [116].
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 28 Fig. 2.8: Pt (a) and Ni (b) world production of 2018 by country. U.S. Geological Survey, 2019 [122].

Figure 2 . 9 ,

 29 shows that Hf production is largely concentrated in US and France, with 41% and 43% of the global production respectively in the period 2010-2014. The large share of production of these two countries results from its use in nuclear industry. In our study, we use much more common copper as seed layer for the growth of the (Co/Ni) multilayers. Cu still provides large PMA to the (Co/Ni) multilayers due to its (111) texture. More details are given in Chapter 5.
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 29 Fig. 2.9: Hf (a) and Cu (b) world production of 2010-2014 from EU Commission, 2017 [108, 109].
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 211 Fig. 2.11: Simplified refining process for Rustenburg Base Metals Refinery. From Sinsalo et al. (2018) [123].
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 213 Fig. 2.13: Amount of Pt demanded to be deposited in SPINTEC for the period 13 Apr 2013 to 19 Jul 2019.

Fig. 2 .

 2 Fig. 2.14: Energy (orange), GWP (green) and price (blue), in logarithmic scale, required to produce the Pt used in a conventional SAF, the Co in the PSA based substitution, the Ni in the case of (Co/Ni) based SAF alternative and for the production of a 300 mm bare Si wafer. The sources for its calculation are given in Appendix A
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 2 Fig. 2.16: Cumulative material demand for green technologies by element from 2016 to 2050 with material reserves and resources data (vertical axis in logarithm scale) (a). From [150]. Material cumulative need for clean energy technology until 2050 in relation to global mineral reserves (b) and resources (c). From [149]. Pt is highlighted.
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 31 Fig. 3.1: Schematic of the magnetron sputtering process (a). Eroded circular tantalum target sputtered in our tool with a magnetron cathode, showing the resulting deep grooves of the etching track (b).
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 32 Fig. 3.2: On-axis magnetron sputtering deposition scheme. The inset shows the thickness deposition profile of the tool in this configuration (a). Off-axis deposition scheme for thickness wedges (b).
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 33 Fig. 3.3: AFM (a) VSM (b) and MOKE (c) set-up schematic representation.
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 34 Fig. 3.4: Schematic representation of the first steps prior to the etching of the hard mask, where the Cr dots that will locally prevent etching of the hard mask are defined by electron beam lithography.
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 23536 Fig. 3.5: Schematic representation of the reactive ion etching of the hard mask, with an example of interferometry system signal (a) and ion beam etching of the MTJ (b). The IBE is stopped at the bottom contact metallic layer (c). SEM observation of a circularly shaped Cr dot of 34nm diameter after deposition by evaporation and the subsequent lift-off process. The Ta hard mask characteristic texture is observed underneath (d). SEM observation of the hard mask after RIE (e). High-angle annular dark-field scanning transmission electron microscopy (STEM-HAADF) observation of the MTJ after IBE (f).

  of fluorine to carbon (F/C) of the gas phase etching species is essential for the control of the etching process. Experimental observations of the hard mask after etching with insufficient flow of CH 2 F 2 , or a larger amount, are shown in Figures 3.7 c and d respectively.
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 637 Fig. 3.7: Schematic representation of reactive ion etching of the hard mask with insufficient passivating gas flow (or excess reactive gas), resulting in isotropic etching (a). A higher amount of passivator ratio results in a more anisotropic etching (b). Experimental SEM images for the case of an excessive flow of SF 6 (c) and a lower flow (d) during the optimization process of the tool. The only difference between both tests shown in c and d is the SF 6 flow, decreased from 5 to 3 sccm. The rest of the parameters were kept constant: ICP 150W, 3sccm of CH 2 F 2, 10 sccm of Ar, RF power 30W, 0.44 Pa and 20ºC.
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 238 Fig. 3.8: Schematic representation of the AZ resin spin coating used for bottom contact definition (a) resin baking (b) and UV-lithography process (c). After exposure, the resin develops in a specific chemistry (d) followed by RIE of the lower contact (Pt or Ta). The non-contacting pad (represented by the right green rectangle in the figure), will serve for the top contact in a further step (e). Optical microscopy is used to inspect the quality of the etching (f). Each set of two pads corresponds to a device, all devices being electrically isolated from each other.
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 39 Fig. 3.9: Schematic representation of Accuflo spin coating and AZ resin used for the encapsulation definition. An Accuflo bake step up to 250ºC is required prior to AZ resin deposition (a). Resin baking (b) and UV-lithography process (c). After exposure, the resin is developed in a specific chemistry (d) followed by RIE of the Accuflo insulator. The encapsulation covers the MTJ pillar and separates the lower and upper contact pads (e). After RIE, Accuflo height is measured to inspect deposition uniformity and to facilitate further analysis of short-openings in the final wafer yield. It also allows calculating the etching speed versus RIE time for the subsequent 'hole opening' step to create the top contact (f). The inset shows SEM observation of the region where the profilometer scan is performed, with the arrow indicating the direction of the scan.

Fig. 3 .

 3 Fig.3.10: Schematic representation of AZ resin spin coating used to define an opening in the encapsulation to deposit the top metal contact (a) resin baking (b) and UV-lithography process (c). After exposure, the resin develops in a specific chemistry (d) followed by RIE of the Accuflo insulator only exposed to chemical etching in the opening region. The etching time is calculated to reach the thickness of Accuflo that covers half of the hard mask, to have a good contact but to avoid a short circuit. The inset shows an optical microscopy image of the pad region where the etching in the Accuflo (hole in the dark contrast) can be observed (e). After RIE, the hole in the Accuflo encapsulation can be controlled by profilometry(f).

Fig. 3 .

 3 Fig. 3.11: Schematic representation of AZ resin spin coating used to define an opening in the encapsulation to deposit the top metal contact (a) resin baking (b) and UV-lithography process (c).After exposure, the resin develops in a specific chemistry (d) followed by RIE of the Accuflo insulator only exposed to chemical etching in the opening region. The etching time is calculated to achieve a thickness of Accuflo that covers half of the hard mask, to have a good contact but to avoid a short circuit. The inset shows an optical microscopy image of the region of the pads where the small opening in the middle of Accuflo can be seen. (e). After RIE, the hole height in the Accuflo encapsulation can be controlled by profilometry (f).

Fig. 3 . 12 :

 312 Fig.3.12: Electrical prober set-up for MTJ characterization at patterned level.
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 3 Fig. 3.13: AFM scans (500 nm x500 nm) for different buffer layers: Ta 25nm (a) Ta 3nm/Pt 25nm (b) Ta 25nm/FeCoB 0.8nm/Ta 2nm (c) as-deposited and after 400C annealing for 10 minutes (d,e,f) respectively. RMS roughness values of the scans shown in a-f.
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 1 Introduction to perpendicular shape anisotropy (PSA).
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 41 Fig. 4.1: Stability diagram of a cylindrical storage layer made of FeCoB for the p-STT-MRAM case and FeCoB(1.4 nm)/Co(t-1.4 nm) for the PSA-STT-MRAM case versus its total thickness (t) and diameter (D) at room temperature (300 K). From Perrisin et al. [41] (a). Experimental thermal stability of MgO/CoFeB/Ta/CoFeB/MgO Double-MTJs with respect to junction diameter. Series 1 and 2 refers to identical Double-MTJ samples. From Sato et al. [180] (b). Experimental results of ∆ at room temperature for both Quad-MTJs and Double-MTJs. From Miura et al. [179] (c).

Fig. 4 . 2 :

 42 Fig. 4.2: Schematic of a PSA-STT-MRAM MTJ cell with a 60 nm thick NiFe free layer (a). STEM image of a PSA pillar with a diameter of " 20nm (b); and the associated EDX chemical map showing the elemental distribution of Ta (hard mask-red), NiFe (storage layer-blue), and Ru (RIE etch stop layer-turquoise) (c). Magnetic induction maps reconstructed from electron holograms acquired during in-situ heating at (d) 20°C; (e) 175°C; and (f) 225°C. The magnetization direction is shown using white arrows, as depicted in the color wheel. From [184].

Fig. 4 . 3 :

 43 Fig. 4.3: Scheme of the magnetic element dimensions (a). Thermal stability factor as a function of the magnetic element dimensions for the case of FeCoB, Ms=1 MA/m (b).

Figure 4 .

 4 4 a shows a schematic of the All-PSA stack, where the Ms of the bottom polarizer is set to that of FeCoB (1 MA/m) and its thickness to 40 nm. The free layer element consists of a 20 nm thick FeCoB layer.

Fig. 4 . 4 :

 44 Fig. 4.4: Schematic of the magnetic elements of the system with a top polarizer of variable thickness and Ms (a). Resulting stray field in the free-layer element for a bottom polarizer with 40 nm thick FeCoB as in (a) and varying the thickness of the top polarizer and Ms (b).

Fig. 4 . 5 :

 45 Fig. 4.5: Schematic of the magnetic elements of the system (a). Zeeman field required to overcome the energy barrier of the polarizing elements as a function of their thickness and diameter (b). The diagram of (b) is identical for both lower and top polarizers, since the stray field of the storage layer is the same. Difference of the critical fields between both polarizers, as a function of the thickness of the bottom polarizer, for a constant thickness of the top polarizer of 30 nm (c).

Fig. 4 . 6 :

 46 Fig. 4.6: Schematic of the magnetic elements of the system (a). Zeeman field required to overcome the energy barrier of the polarizing elements as a function of their thickness and diameter (b). Zeeman field required to overcome the energy barrier of the free layer element as a function of its thickness and diameter (c).

Figure 4 .

 4 7 b shows the resulting y-component of the stray field, while Figure 4.7 c shows the z-component.

Fig. 4 . 7 :Fig. 4 . 8 :

 4748 Fig. 4.7: Schematic view of a perpendicularly magnetized ferromagnetic element. The distributions of H y and H z in a plane at the center of the element, x=0, are shown in (b) and (c), respectively.

Figure 4 .

 4 9 a shows a snapshot of the micromagnetic configuration of the two 20 nm thick and 10 nm diameter magnetic elements in antiparallel configuration. During the simulation, the magnetization evolution is observed in three different 2 nm thick regions of the bottom element (with Mzą0): the upper antiparallel interface (blue box), the central region (green box) and the bottom region (orange box).

Fig. 4 . 9 :

 49 Fig. 4.9: Micromagnetic configuration of two ferromagnetic elements 10 nm in diameter and 20 nm thick in an antiparallel configuration. The insets indicate a 2 nm thick region of the bottom element (with Mzą0) on the top surface (blue), the intermediate region (green) and the bottom region (orange) (a). The corresponding perpendicular magnetization value, Mz, of those regions, during the relaxation process, from an initial state in which the ferromagnetic element is set with Mz=1, is shown (b). Mz distribution of the elementary cells corresponding to the upper interface shown in (a) as a blue box (c).

Figure 4 .

 4 Figure 4.9 b shows the M z value of the three different regions described above, top (blue line), middle (green line) and bottom (orange line), during the relaxation process. It can be seen how the value of M z is reduced at the AP interface (blue), due to the stray field of the upper element, which enhances the flower state compared to the lower region (orange).Figure 4.9 c shows the M z value of each individual cell of 1 nm size in x and y, of the interfacial region. It can be seen how the value of M z decreases radially.The typical flower state observed in elongated magnetic elements is enhanced at the interface between the two magnetic bodies due to the magnetostatic interactions between the two elements, as seen above in Figure4.8.

Figure 4 .

 4 Figure 4.9 b shows the M z value of the three different regions described above, top (blue line), middle (green line) and bottom (orange line), during the relaxation process. It can be seen how the value of M z is reduced at the AP interface (blue), due to the stray field of the upper element, which enhances the flower state compared to the lower region (orange).Figure 4.9 c shows the M z value of each individual cell of 1 nm size in x and y, of the interfacial region. It can be seen how the value of M z decreases radially.The typical flower state observed in elongated magnetic elements is enhanced at the interface between the two magnetic bodies due to the magnetostatic interactions between the two elements, as seen above in Figure4.8.

Fig. 4 . 10 :

 410 Fig. 4.10: Evolution of Mz with time under a step of applied external field of 1T in the positive z-direction, for the three different 2 nm thick regions: top (blue line), middle (green line) and bottom (orange line) of the PSA free layer for the case of a single PSA element, or the All-PSA structure with and without surface anisotropy at the bottom and top interfaces (a). The PSA free layer has D= 10 nm and t = 20 nm. Snapshots of the magnetization of the single PSA free layer during the reversal process (b). Snapshots of the magnetization during the reversal process for the All-PSA-STT-MRAM (c). We use an HSL color scale for which black (white) represents the magnetization aligned in the direction of the negative (positive) longitudinal axis.

Fig. 4 .

 4 Fig. 4.11: Mz value of the upper (△) and lower (▽) 2 nm thick region, depicted in Figure 4.10 b and c (blue and orange boxes), for the case of PSA alone and the All-PSA structure, respectively.

Fig. 4 .Fig. 4 .

 44 Fig. 4.13: AFM measurements of RMS roughness for samples with a variable number of Ta texturebreaking laminations, from one as represented in (a) to four (j) in the thick Co PSA layer, for the as-deposited state (b,c,d,e) and after annealing at 300°C for 10 minutes (f,g,h,i).

Figure 4 .Fig. 4 .

 44 Fig. 4.15: VSM measurements of three stacks with 1 (black) Ta texture break lamination as shown in (b), 2 (red) as shown in c and 4 as in c (blue) in the PSA layer respectively (a).

Fig. 4 . 16 :

 416 Fig. 4.16: Schematic of a PSA-STT-MRAM MTJ cell before trimming by IBE at grazing incidence (10°) (a) after a first trimming (b) and a second trimming at diameters sub 20 nm (c), with respective SEM observations for several MTJs (d-f) and individual MTJs (g-i) respectively.

Figures 4 .

 4 Figures 4.16 d-f show an array of control MTJs used for observation after the etching process.As seen in Figure4.16 g, the initial diameter after IBE, can be relatively large, such as 60 nm (even 100 nm observed, if the free layer thickness is large), and contains the redepositions that arise after the MTJ IBE process. Therefore, a lateral trimming is performed that allows to remove redepositions and further reduce the diameter of the MTJ to the target of less than 20 nm, as in Figure4.16 i.Trimming is performed in several steps to have a better control of the etching speed, as the plasma conditions are usually not identical.Using this procedure, we were able to fabricate ultra-small pillars like the one in Figure4.17 a, only 10 nm in diameter.Figure4.17 a shows a MTJ with an 11 nm thick FeCoB PSA free layer, in which we inserted 0.2nm Ta laminations, which can be distinguished in the high-angle annular dark-field ring scanning transmission electron microscopy (HAADF-STEM) observation. In the following section, the preparation of the samples for TEM observation is explained in more details.

Fig. 4 .

 4 Fig. 4.17: HAADF (left) and EDX (right) observation of a MTJ with a free PSA FeCoB layer (in red) of 10 nm diameter (a). The inset shows a zoom of the laminated free layer element. R-H loop of a PSA-STT-MRAM device (b). Phase diagram of the switching of a PSA-STT-MRAM device (c).

Figure 4 .

 4 Figure 4.17 b shows a R-H loop of a sample with the structure of Figure 4.17 a, with a free PSA layer laminated FeCoB and a conventional SAF structure in the reference layer.Figure 4.17 c shows the (H,V) stability diagram of this structure. STT switching is observed in these PSA free layers, albeit at large voltage values, due to the large junction resistance.

Figure 4 .

 4 Figure 4.17 b shows a R-H loop of a sample with the structure of Figure 4.17 a, with a free PSA layer laminated FeCoB and a conventional SAF structure in the reference layer.Figure 4.17 c shows the (H,V) stability diagram of this structure. STT switching is observed in these PSA free layers, albeit at large voltage values, due to the large junction resistance.

Fig. 4 .

 4 Fig. 4.18: EDX chemical maps of a MTJ with three PSA components. Iron (Fe) is indicated in red, cobalt (Co) in blue, oxygen (O) in green and magnesium (Mg) in white.

Fig. 4 .

 4 Fig. 4.19: HAADF of a MTJ with three PSA components.Finally, observation by off-axis electron holography of the structure with three PSA layers allows us to confirm that the MTJ shows perpendicular shape anisotropy at zero field after saturation. The magnetic flux lines in yellow indicate that the magnetization is oriented in the vertical direction along the axis of the MTJ structure, and in the second case still in the same direction but in the opposite direction.

Fig. 4 . 20 :

 420 Fig. 4.20: Electron holography of a MTJ with three PSA components (Co 40nm / FeCoB 20nm / Co 30nm. Magnetic induction maps (b,d) reveal perpendicular shape anisotropy of the All-PSA structure.

Fig. 4 .

 4 Fig. 4.21: Stack structure of the fabricated All-PSA-STT-MRAM devices (a). Different types of R-H loops obtained on the fabricated devices (b-f). The field is applied out-of-plane.

Fig. 4 .

 4 Fig. 4.22: M-H loop of a PSA free layer reversal of t=20 nm, A ex =10 pJ/m, α=0.01, M s =1MA/m, D=20 nm (a) and D= 30 nm (b) obtained by micromagnetic simulations. The field is applied out of plane. The snapshot in (b) shows a micromagnetic vortex state of the PSA free layer.

Fig. 4 . 23 :

 423 Fig. 4.23: Snapshots of the three layer structure (t in nm): Co 40nm/ FeCoB 20 nm / Co 30 nm and A ex =10 pJ/m, α=0.01 D=30 nm, at different fields (a) (-1) ¨sgn pM z,f ree q ¨Mz,ref -H loop. The field is applied out of plane. sgn is the sign function, as the free layer commutes between M z =+1 and M z =-1 in this case. The factor (-1) is used to mimic the resistance response.

Figure 4 .

 4 Figure 4.23 b shows the same response as for the device in Figure 4.21 d. Similarly, the antiparallel alignment at zero field for 4.21 c and f can be explained by such vortex formation.

Fig. 4 .

 4 Fig. 4.24: Stack structure of the fabricated devices of the 2-PSA-STT-MRAM (a). R-H loops of patterned devices (b,c). The field is applied out-of-plane. SEM observation of the pillars after IBE and trimming down to diameters below 20 nm (d,e).

Figure

  Figure 4.24 c shows a different behavior that can be understood by the previously given micromagnetic simulations that show a vortex formation in PSA layers. Indeed, in this case the large resistance state at zero field can be again explained by a vortex state in one of the layers, as in Figure4.[START_REF] Katine | Current-Driven Magnetization Reversal and Spin-Wave Excitations in Co {Cu {Co Pillars[END_REF].In addition, we have fabricated MTJs with a single layer of PSA combined with a conventional free layer with i-PMA, as shown in Figure4.25 a.For small MTJ diameters, down to 20 nm, the PSA layer aspect ratio close to one might still stabilize a vortex state. Nonetheless, as the i-PMA free layer have a very small coercivity at this small diameters, the switching takes place at values very close to zero field, what explains the symmetric R-H response with respect to applied field observed in Figure4.25 b. The linear response is related to the vortex magnetization reversal.For large diameters, as shown in Figure4.25 e, the free layer with i-PMA still retains a strong PMA, therefore, the switching takes place at larger fields as observed by the straight resistance variations in Figure4.25 c. The 20 nm thick PSA layer stabilizes a vortex configuration at these large 50 nm diameters, as indicated by the linear response in Figure4.25 c.

Fig. 4 .

 4 Fig. 4.25: Stack structure of devices fabricated from the 1-PSA-STT-MRAM (a). R-H loops of the patterned devices (b,c). The field is applied out-of-plane. SEM observation of the pillars after IBE and trimming down to diameters below 20 nm (d), and larger diameters where the conventional free layer should have large PMA (e).

Fig. 5 . 1 :

 51 Fig. 5.1: MTJ structure with a simplified SAF as reference layer (thickness in nm): Ta 25 / FeCoB 2 / Pt 3 / 4x[Co 0.5/Pt 0.25] / Co 0.5 / Ru 0.4 / Ta 0.2-0.4 / FeCoB 1.15 / MgO 1.25 / FeCoB 1.3 / Capping. The Ta spacer thickness is varied between 0.2 and 0.4nm (a). NanoMOKE hysteresis loops under external perpendicular field for different Ta spacer thicknesses (b).

Fig. 5 . 2 :

 52 Fig. 5.2: Mapping of free layer coercive field values for the entire 100mm wafer measured by NanoMOKE before patterning (a). Coercive field of the free layer after the nanofabrication process (b). Tunneling magnetoresistance (TMR) mapping of the patterned devices (d).

Fig. 5 .

 5 Fig. 5.3: R-H loops for devices in the regions I, II,III displayed in Figure 5.2 b.

Fig. 5 . 5 :

 55 Fig. 5.5: Voltage-field switching phase diagram for a device with thin SAF (a) Resistance vs. voltage loop with varying 100 ns negative voltage pulses

  Finally, Devolder et al. reported the thermal stability of MTJs with Co/Ni based thin-SAF [203], very similar to the structure used by Tomczack et al. The main difference is the use of Fe 60 Co 20 B 20 instead of CoFeB for the reference and storage layer electrodes and the co-sputtered composite spacer layer made in this case of Fe 60 Co 20 B 20 and Ta instead of CoFeBTa. Furthermore, Tomczack et al. used a Co 3 Å /Ni 6 Å ratio, while the inverse Co 6 Å /Ni 3 Å was used by Devolder et al. Devolder et al. obtained the reference layer switching at 3 kOe after annealing at 400 °C, showing a priori that STT-MRAM cells can be fabricated without Pt or Pd-based SAFs. However, results of patterned devices were not given.

  7 a and b.

Fig. 5 . 7 :

 57 Fig. 5.7: Hysteresis loops of 8 x (Co 0.2nm/Ni 0.4nm) multilayers at wafer level as a function of Cu seed layer thickness characterized by magneto-optical Kerr effect under a perpendicular applied field. (a). Evolution of the coercivity with the thickness of the Cu seed layer (b). 500 nm x 500 nm AFM scans of a Cu seed layer with a thickness of 5 nm (c) and 35 nm (d), leading to an RMS surface roughness of 0.25 nm and 0.54 nm, respectively.

  Figure 5.8 b, show such a large increase in Hc, for a Co/Ni multilayer stack of composition: Ta 3 /Cu 3 / 8x[Co 0.2/Ni 0.4] / Co 0.2 / Cu 3 / Ta 3 nm, as illustrated in Figure 5.8 a.

Fig. 5 . 8 :

 58 Fig. 5.8: Stack composition: Ta 3 / Cu 3 / 8x[Co 0.2/Ni 0.4] / Co 0.2 / Cu 3 / Ta 3 nm (a). MOKE hysteresis loop under an out-of-plane field, as deposited (dashed lines) and after annealing at 300℃ for 10 minutes (solid lines). The coercivity abruptly increases after annealing (b). Wafer mapping of the coercive field of the sample, where the wedge in the Y-axis corresponding to a variation of the Cu seed layer thickness results in a gradient in the coercive field in the as deposited state (c). After annealing at 300°C for 10 minutes, the dependence of Hc on the thickness of the seed layer is no longer observed (d).

Fig. 5 . 9 :

 59 Fig. 5.9: VSM hysteresis loops under a perpendicular applied field of the sample shown in the inset with a 5 nm Cu seed layer and 8 Co/Ni repeats for different annealing temperatures: 200°C (blue), 350°C (orange), 400°C (red) and 500°C (dark red) for 10 minutes.

Fig. 5 . 10 :

 510 Fig. 5.10: NanoMOKE hysteresis loops under perpendicular field for Ta 3 / Cu 6 / N x [Co 0.2/Ni 0.4] / Co 0.2 / Cu 3 / Ta 3 nm, for the cases of N=8 (red) and N=18 (orange) in the as deposited state (a) and after 300°C annealing for 10 minutes (d). MOKE mappings of Hc for N=8 (b) and N=18 repeats (c) in the as deposited state, and after 300°C annealing for 10 minutes (e) and (f) respectively.

Fig. 5 . 11 :

 511 Fig. 5.11: Magnetic force microscopy (MFM) (top) and Object Oriented MicroMagnetic Framework (OOMMF) simulations (bottom) for Co/Ni multilayers with a varying number of N repeats: 4 (a,f), 6 (b,g), 8 (c,h) ,10 (d,i) and 12 (e,j). From[START_REF] Subhi | Control of magnetization reversal and domain structure in (Co/Ni) multilayers[END_REF].

•Fig. 5 . 12 :

 512 Fig.5.12: NanoMOKE mappings of coercivity and remanence for two stacks, labelled S1 and S2. In the case of S1, Co thickness varies between 0.14 nm and 0.26 nm (y-axis) and Ni thickness varies between 0.3 nm and 0.5 nm (x-axis). S2 maintains the same Co variation as S1 but the Ni thickness varies to higher values, between 0.45 nm and 0.75 nm (x-axis). Coercive field mapping (a), remanence mapping (b) and corresponding hysteresis loops for a constant Co thickness at 0.2nm (c) for S1 in the as-deposited state, and after annealing at 300°C for 10 minutes (g,h,i) respectively. Coercive field mapping (d), remanence mapping (e) and corresponding hysteresis loops for a constant Co thickness at 0.2nm (f) for S2 in the as-deposited state, and after annealing at 300°C for 10 minutes (j,k,l) respectively.

Figure 5 .

 5 13 a shows VSM hysteresis loops of a Co/Ni SAF structure with a varying Ru spacer thickness, between 7.5 and 11 Å.

Fig. 5 .

 5 Fig. 5.13: VSM hysteresis loops of a sample with the following stack structure: Ta 3nm / Cu 5nm / 4x[Co 0.2 nm/Ni0.4 nm]/ Co 0.5 nm /Ru t / Co 0.5 nm / 3x[Ni 0.4 nm / Co 0.2 nm]/ Cu 3nm/ Ta 3nm (a) The switching field of the SAF (H c ) (blue) and the exchange field (H ex ) (red) are plotted (b). Coercive field (blue) and exchange coupling (red) for a similar Co/Ni SAF structure, as a function of Ru thickness from [202] (c).

•Figure 5 .

 5 Figure 5.14 a shows a comparison between the magnetic properties of the two samples with Co/Ni (green) or Co/Pt (magenta) SAF structure. Both samples were annealed at 300ºC for 10 minutes.

Fig. 5 .

 5 Fig. 5.14: VSM hysteresis loops under out of plane applied field at thin film level of a MTJ with a Co/Ni (green) or Co/Pt (magenta) SAF as part of the reference layer after annealing at 300ºC for 10 minutes (a). Zoom of the VSM hysteresis loop shown in (a) for which the sense of the field scan is indicated by green arrows (b).

Fig. 5 .Fig. 5 .

 55 Fig. 5.15: Voltage-pulse resistance loop under an external field equivalent to the offset field (a). SEM image of the MTJ after ion beam etching (IBE) (b). Switching probability after applied voltage pulse for 50 events (c).

Fig. 5 . 17 :

 517 Fig. 5.17: Simulated stray field of Co/Ni SAF into the free magnetic layer of an MTJ as a function of the number of repeats comprising the bottom SAF structure: N x ([Co 0.18/Ni 0.55])/Co 0.5/Ru 0.9 /Co 0.5/3 x ([Co 0.18/Ni 0.55]) /Ta 0.3 /FeCoB 1.2/MgO 1.2/FeCoB 1.5 (thickness in nm). Experimental data corresponding to Figure 5.16 a is represented by a dark red star symbol.

Fig. 5 . 18 :

 518 Fig. 5.18: Simulated stray field of a thin SAF: N x [(Co0.18/Ni0.55)] / Co 0.5 / Ru 0.9 / Co 0.5/ Ta 0.3 / FeCoB 1.2/ MgO 1.25 reference layer into 1.5 nm FeCoB free layer (thickness in nm) (a). VSM measurements of a thin SAF structure with N = 12 bilayers: Ta 22 / FeCoB 0.8 / Ta 3 / Cu 5 / 12x(Co 0.18/Ni 0.55) / Co 0.5 / Ru 0.9 / Co 0.5 / Ta 0.3 / FeCoB 1.2 / MgO 1.25 / FeCo B1 / Ta 0.2 / FeCoB 0.8 / MgO 1.25 / FeCoB 0.4 / Ta 3 / Capping, under perpendicular applied field after 300°C anneal for 10 minutes (dashed) and 400°C (dotted) (b).
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 55255 Fig. 5.19: VSM measurements under out-of-plane magnetic field of a standard MTJ with the structure shown in (a) after annealing at 300°C for 10 minutes(b) and 400°C respectively (c).

Fig. 5 .

 5 Fig. 5.21: Magneto-optical kerr effect (MOKE) measurements under an out-of-plane magnetic field of the reference layer structure depicted in (a) as deposited (b), after a 10 min annealing at 300°C (c) and 400°C (d) respectively. The colors show the dependence of the magnetic properties on the thickness of the Ta texture breaking layer between the FeCoB polarizer and the Co/Ni multilayers.

Fig. 5 . 22 :

 522 Fig. 5.22: Magneto optical kerr effect (MOKE) measurements under out of plane magnetic field of the reference layer structure depicted in (a) with composite Ta/Co/Ta texture breaking layer as deposited (b), after annealing for 10 minutes at 300°C (c) and 400°C respectively (d).

Figure shows 5 .

 5 Figure shows 5.22 that in the as deposited state (b) and after annealing at 300°C (c), the FeCoB and Co/Ni reference layers are decoupled. Furthermore, we observe that the coercivity of the Co/Ni multilayers is strongly increased after 300ºC annealing with respect to the previous structure shown in Figure 5.21 c, where a single Ta layer was used as a diffusion barrier between the FeCoB reference layer and the Co/Ni multilayers. This structure would not be suitable due to the decoupling between the two parts of the reference layer. However, after annealing at 400°C, an intermixing effect occurs in the Ta/Co/Ta layer which makes the coupling stronger, as shown in Figure 5.22 d.We incorporated this Ta/Co/Ta boron getter layer into a full MTJ stack with a complete SAF structure composed of Co/Ni multilayers, as shown in Figure5.23 g. Figure5.23 a shows an MTJ with a conventional 0.3 nm Ta getter for comparison, and the respective VSM H-M loops under perpendicular field are shown for different annealing temperatures 300ºC (b), 325ºC (c), 350ºC (d), 375ºC (e) and 400ºC (f). The switching field of the reference layer gradually decreases with increasing annealing temperature until a sharp reduction after 400°C annealing (f). However, it is observed that for the case of using a composite boron getter layer (Ta/Co/Ta) as shown in Figure5.23 g, the resulting switching field remains large and even increases with increasing annealing temperature (h-l).Figure5.23 g shows that the SAF switching field with Ta/Co/Ta spacer remains large even after 400°C annealing, while for the case of a single Ta layer, as in Figure5.23 f, a strong reduction occurs.The switching fields of the SAF at different annealing temperatures in Figure5.23 b-f (in black) and h-l (in green) are shown in Figure5.24 respectively.It is shown here that the main source of Hc decay in the complete MTJ structure is the migration of elements from the FeCoB layer into the SAF. The use of a thicker diffusion barrier, such as (Ta/Co/Ta), allows maintaining a high Hc after annealing at 400°C, as seen in Figure5.24. However, the coupling between the FeCoB reference and the SAF could be compromised due to the large thickness of this barrier.

Fig. 5 .

 5 Fig. 5.23: Magneto-optical kerr effect (MOKE) measurements under an out-of-plane magnetic field of the reference layer structure depicted in (a) with a single Ta insertion or (b) with a composite Ta/Co/Ta insertion layer. The M-H loops show the dependence of the magnetic properties for different annealing temperatures (300°C, 325°C, 350°C, 375°C and 400°C). The upper graphs (b-f) correspond to the structure of (a), while the lower graphs (h-l) correspond to the structure of (b).

Fig. 5 . 24 :

 524 Fig. 5.24: Switching field of the Co/Ni SAF at different annealing temperatures of the VSM hysteresis loops shown in Figure 5.23, for the case of a single boron getter Ta layer, as in Figure 5.23 a (in black) and a composite Ta/Co/Ta layer, as in Figure 5.23 g (in green).

Figure 5 .

 5 25 a shows such a structure. The R-H loops of this type of device, shown in Figures 5.25 b and c, show that the reference layer still maintains its PMA even after annealing at 400°C.

Fig. 5 . 25 :

 525 Fig. 5.25: Stack structure of the fabricated devices (a). R-H loops of the patterned MTJs at diameters below 100 nm under perpendicularly applied field (b,c). The MTJs were annealed at 400°C for 20 minutes. The inset in (b) shows an SEM image of a pillar after the IBE process.

  26 a and b, for the perpendicular and in-plane case respectively. Note the different time scale on the x-axis. In contrast to previous observations, we have observed that RTN, with short dwell times, can also be obtained in p-MTJs with a Co/Ni-based SAF. We performed real-time resistance measurements of a MTJ with a Co/Ni reference layer, with the following stack composition: Ta 22 / FeCoB 0.8 / Ta 3 / Cu 3 / 6x[Co 0.2/ Ni 0.4] / Co 0.5 / Ru 0.9 / Co 0.5 / 3x[Ni 0.4/Co 0.2] / Ta 0.3 / FeCoB 1.2 / MgO 1.2 / FeCoB 1.5 / Capping. The stack was annealed at 300ºC for 10 minutes. The measurements were performed by Dr. Bruno Texeira using an existing set-up that he optimized. Details of the set-up can be found in Appendix C. .

Fig. 5 . 26 :

 526 Fig. 5.26: Real time signals of a superparamagnetic p-MTJ (a) [214] and in-plane MTJ (b) [216]. Hysteresis loop of our p-MTJ device (c). Real-time signal of our p-MTJ, for increasing applied voltages (in different colors) (d).
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 12 , around 5 nm for conventional ferromagnetic materials such as Permalloy or Co.The transfer-curve of those conventional sensors under an in-plane applied field is seen in Figure6.2 b. The linear variation of the MTJ resistance comes from the displacement of the out of the plane magnetized vortex core of the sensing layer in a direction perpendicular to the in-plane applied field.

Fig. 6 . 4 :

 64 Fig. 6.4: Simulated M-H loops under external perpendicular field along the thickness axis for different diameters (a). Vortex annihilation field versus sensing layer diameter is plotted (b). The material parameters used for the sensing layer are as follows: M s = 0.8e6 (A/m), A ex = 13e-12 (J/m), α " 0.01

Fig. 6 . 5 :

 65 Fig. 6.5: Snapshots of the longitudinal cross section of the magnetization during the reversal of the sensing layer with D= 60 nm t = 60nm and M s = 0.8 MA/m (a), with its respective simulated M-H loop (b).

Fig. 6 . 6 :

 66 Fig. 6.6: Simulated M-H loops under external perpendicular field for different saturation magnetization values of the sensing layer, for an element with D = 60nm and thickness = 60nm.

Figure 6 .

 6 7 a shows a chemical map obtained by Energy Dispersive X-Ray Spectroscopy (EDX) of the MTJ pillar with a 58 nm thick NiFe sensing layer, indicated by the red and blue dots.

Fig. 6 . 7 :

 67 Fig.6.7: Energy Dispersive X-Ray Spectroscopy (EDX) observation of a nanopillar revealing the chemical composition of the permalloy sensing layer, based on Ni (blue) and Fe (red) atoms. The Ta hard mask on top is covered by an oxide layer due to the exposure to atmosphere prior to the observation (a). High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) observation of the nanopillars reveals some structural defects related to the ion beam etching process at grazing incidence (b-d). Magnetic induction maps reconstructed from holograms for a MTJ with 58nm NiFe free layer at remanence after saturation in the out-of-plane direction. The remanent magnetization state is uniform for low diameters below 20 nm (e), from[START_REF] Lequeux | PSA-STT-MRAM solution for extended temperature stability[END_REF]. At larger diameters, around 50-60 nm, only an out-of-plane magnetized core is observed (f-h). The inset of (f) shows the magnetic induction map of a ferrite nanoparticle showing a vortex state for comparison[START_REF] Almeida | Direct visualization of the thermomagnetic behavior of pseudo&#x2013;singledomain magnetite particles[END_REF].

Fig. 6 . 8 :

 68 Fig. 6.8: Simulated M-H loops under external perpendicular field for different diameters: 60, 80 and 100 nm, for a sensing layer with M s =0.8MA/m (a). Experimental R-H loops for MTJs with a NiFe sensing layer, with the following structure: Seed/4x[Co 0.5/Pt0.25]/Co 0.5/Ru 0.9/Co 0.5/3x[Co 0.5/Pt0.25]/Ta 0.2/FeCoB 1.1/MgO 1.2/ FeCoB 1.4/Ta 0.2/NiFe 58/Capping (b). The diameter is varied between « 65 nm and 120 nm as observed in the scanning electron microscopy (SEM) images of the MTJs after the IBE etching process of the pillars (c). Comparison between the annihilation fields predicted by the simulations and the experimentally measured values (d).

Fig. 6 . 9 :

 69 Fig. 6.9: NanoMOKE measurements of MTJ stacks with Co (red) or NiFe (blue) as free layers under an applied in-plane field at blanket level.

Figure 6 .Fig. 6 .

 66 Figure 6.10 a-d shows SEM images of MTJs fabricated with a cobalt sensing layer with varying diameters.

Fig. 6 .

 6 Fig. 6.12: R-H loop for a MTJ with Co sensing layer with field scan up to 0.45 T, where the reference layer reversal is observed along with the vortex state nucleation and annihilation.

Fig. 6 .Fig. 6 .

 66 Fig. 6.13: VSM magnetic response of a MTJ with FeCoB polarizer in the reference layer varying from 0.85 to 1.2 nm at thin film level.

Fig. 6 .

 6 Fig. 6.15: M-H loops obtained by micromagnetic simulations for the reversal of a sensing layer with 60 nm diameter and thickness, for a different saturation magnetization value of 0.8 MA/m (blue) and 1.4 MA/m (red) (a). The R-H loops of patterned MTJs under an out-of-plane external field show the difference in linear range for both materials (Co in red, NiFe in blue).

Fig. 6 .

 6 Fig.6.16: R-H loops for NiFe 58nm sensing layer. The devices that show similar values for nucleation fields in both negative and positive field directions (Hn in blue and red respectively) (a,b) exhibit a difference in their resistance at remanence, as for both vortex polarities. A minor loop of the device shown in (b) demonstrates that avoiding the annihilation at negative fields, the vortex polarity remains always positive, which leads to no hysteresis formation (c). Devices with strong asymmetry in the nucleation fields between both polarities (d,e,f) show a single linear response before annihilation, corresponding to one vortex core polarity state. This can be attributed to a stronger stray field from the reference layer.

Fig. 6 . 17 :

 617 Fig. 6.17: Sensitivity values of a MTJ with 58 nm NiFe sensing layer for different electrical diameters (a). Histogram of sensitivity values (b). The stack structure is as follows: Seed / SAF / Reference / MgO 1.2 nm / FeCoB 1.4 nm / W 0.2nm / NiFe 58 nm / Capping.

Figure 6 .Fig. 6 . 19 :

 6619 Fig. 6.19: Sensitivity values of a MTJ with 58 nm NiFe sensing layer for different electrical diameters (a). Histogram of SNR(dB) (b). R-H loops of selected devices with low (c,d), average (e) and large (f) SNR(dB) values. The 3th order polynomial fit use for calculating the RMS is plotted in yellow. The histogram in Figure 6.19b shows that most devices have an SNR of around 70, with a mean SNR value of 74. Figures 6.19 c and d show that the magneto-resistance response of devices with SNR less than 60 show a relatively large dispersion of resistance values. However, devices within the mean SNR value as in Figure 6.19 e show a good linear response with little noise.

  c and d show that the magneto-resistance response of devices with SNR less than 60 show a relatively large dispersion of resistance values. However, devices within the mean SNR value as in Figure6.19 e show a good linear response with little noise.

  

  

  

  

  

Table 1 .1. Mature Memory Technologies Emerging Memory Technologies SRAM DRAM FLASH PCM RRAM FeRAM MRAM Non-volatile

 1 

		No	No	Yes	Yes	Yes	Yes	Yes
	Endurance (# of cycles) 10 16	10 16	10 5	10 8	10 6	10 10 ´10 14	>10 15
	Read speed (ns)	1-100	30	50	20-50	10	20-80	2-20
	Write speed (ns)	5-10	10	10 4	75	5-20	50	2-20
	Write power	Low	Low	Very high	Medium Low	Low	Low to medium
	Cell size (Fˆ2)	50-120	6-10	4	6-12	6-12	15-34	6-12
	Scalability	Limited Limited Yes	Yes	Yes	Under research Yes

Table 1 .

 1 1: Performance indicators for existing stand-alone memory technologies. Strengths are highlighted in green while limiting factors are given in orange and red. Table redrawn from [86].

  . Major shipping companies, such as Maersk, have already announced temporary suspension of shipments from and to Russia of goods other than food and medicine[120, 121].

	United States 6% Other Countries 4% Canada Zimbawe 8%	South Africa 2% Guatemala 2% Cuba 2% Colombia 2% United States Finland 2% 1%	Indonesia
	Russia 2%		Brazil 3% Madagascar 2%			24%
	13%	(a) Southern Africa 67%	China 7% Australia 5%	7% Canada	(b) 9% Russia	Philipines 15% 9% New Caledonia

Table 2 .

 2 1: Typical South African Analyses for different companies. From Cole et al.[START_REF] Cole | A review of the beneficiation and extractive metallurgy of the platinumgroup elements, highlighting recent process innovations[END_REF].

		Typical South African	Typical South African	Typical South African
	COMPANY	Concentrate Analyses	Furnace Matte Analyses	Converter Matte Analyses
			PGM g/t		PGM g/t	PGM g/t
	Amplats: Waterval		143		640		2100
	Amplats: Union		142		830	
	Impala		138		1050		3430
	Lonmin: Merensky		130		1000		6000
	Lonmin: UG2 blend		340		2500	
	Northam		132		724		2570
	ELEMENTS		SMELTER	CONVERTER
			CONC . GREEN MATE SLAG WHITE MATE SLAG
	PGM's (Pt+Pd) g/t	2500	7300	15	24000	260

Table 2 .

 2 2: Chemical Analyses of various Streams in the Stillwater Smelter[START_REF] Hodges | Stillwater Mining Co.'s Precious Metals Smelter: from Pilot to Production[END_REF].

Table 2 .

 2 3: Energy requirements and yield during the silicon wafer fabrication. The electricity requirements for Si wafer fabrication have been converted to energy for direct comparison with the other raw materials requirements. (3.6 MJ/kWh). Losses related to power plants efficiency have been neglected.

	Fabrication step	Electrical energy (MJ/kg Si output)	Si yield (%)
		Williams	Takiguchi	Williams	Takiguchi
		(2002) [137]	(2011) [143]	(2002) [137]	(2011) [143]
	Refining silica to mg-Si	46.8	39.6	90%	79%
	mg-Si to trichlorosilane	180	539.64	90%	76%
	Trichlorosilane to polysilicon	900		42%	
	PC-Si to sc-Si ingot	900	111.6	50%	100%
	Sc-Si ingot to Si wafer	864	153	56%	37%
	Process chain from silica to wafers	7657.2	-	9.5%	-

  present in the MTJ that can diffuse, which generates noise, equivalent to Barkhausen noise in domain wall propagation.

			H z=0
	H x=0		H z1
	H x1 H x2	H x2 H x1	H z2 H z4
	H x3		
		y	
		x	
	Vortex core displaced in the field direction	Vortex core expands

z Fig. 6.3: Vortex core displacement path in conventional vortex sensors in the presence of defects (red circles) and its respective effect on the transfer curve (a) vortex expansion path in the presence of defects for the out-of-plane vortex sensor (b). Such difference in anisotropy can arise due to different local concentrations of oxygen, boron, or other elements

RRAM relies on the formation and the rupture of conductive filaments corresponding to low and high resistance states, respectively, in the insulator between two electrodes

The European Chips Act: https://digital-strategy.ec.europa.eu/en/library/european-chips-act-communicationregulation-joint-undertaking-and-recommendation

[START_REF] Kasap | Magnetic Properties and Superconductivity[END_REF] The six platinum-group metals are iridium, osmium, palladium, platinum, rhodium and

ruthenium.[START_REF] Fert | Transport properties of ferromagnetic transition metals[END_REF] Methodology for Establishing the EU List of Critical Raw Materials -Guidelines[START_REF] Andrea | Methodology for Establishing the EU List of Critical Raw Materials -Guidelines[END_REF] 

Non-volatile memory (NVM) can retain stored information even after power is removed.

ppm: parts per million

Herfindahl-Hirschman Index (HHI) is an indicator of the market concentration and the political stability of the producers.

The European Automobile Manufacturers' Association (ACEA) represents the 16 major Europe-based car, van, truck and bus makers: BMW Group, DAF Trucks, Daimler Truck, Ferrari, Ford of Europe, Honda Motor Europe, Hyundai Motor Europe, Iveco Group, Jaguar Land Rover, Mercedes-Benz, Renault Group, Stellantis, Toyota Motor Europe, Volkswagen Group, Volvo Cars, and Volvo Group.

Fuel types of new cars: petrol +6.1%, diesel -14.1%, electric +51.8% in third quarter of 2019

Reserves are the estimated amount of a mineral that can be economically mined under current conditions[START_REF] Survey | Mineral commodity summaries 2019[END_REF].

Resources can become reserves if high demand or other factors such as technological developments or discovery of new deposits justify extraction[START_REF] Ukerc | Materials Availability for Low-Carbon Technologies: An Assessment of the Evidence[END_REF].

The required value of ∆ depends on the specific application, memory or logic, and the memory capacity, as larger memory capacities require larger thermal stability factors to avoid accidental failures.

More precisely t/D ą 0.89, according to the analytical expressions for the demagnetizing factors Nxx and Nzz proposed by Sato and Ishii[START_REF] Sato | Simple and approximate expressions of demagnetizing factors of uniformly magnetized rectangular rod and cylinder[END_REF].

Also known as orange peel coupling.

The back end of line (BEOL) is the second stage of IC fabrication, where the interconnects are formed.
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Therefore, we demonstrate how a platinum-free, low-roughness buffer layer can be achieved by adding a thin (sub-nm) FeCoB insertion.

Chapter 6

Vortex magnetic sensor sensitive to out-of-plane field Magnetic tunnel junctions and spin valves are widely used as magnetic sensors due to their high field sensitivity, compact size, low power consumption, compatibility with CMOS integration, and low cost [START_REF] Liu | Overview of Spintronic Sensors With Internet of Things for Smart Living[END_REF]. Various automotive applications, such as wheel speed and current sensing, require a long magnetic field range sensor with linear operation without hysteresis. Vortex-based sensors have been proven to be good candidates for such applications, due to their linear response with low magnetic noise [START_REF] Wetterau | Micromagnetic Simulations of Submicron Vortex Structures for the Detection of Superparamagnetic Labels[END_REF][START_REF] Weitensfelder | Comparison of Sensitivity and Low-Frequency Noise Contributions in Giant-Magnetoresistive and Tunneling-Magnetoresistive Spin-Valve Sensors with a Vortex-State Free Layer[END_REF][START_REF] Suess | Topologically protected vortex structures for low-noise magnetic sensors with high linear range[END_REF].

In this chapter, we develop a vortex-based magnetic sensor sensitive to an out-of-plane field with a very large linear operating range, at smaller diameters than conventional vortex-based sensors.

As for materials, previous vortex-based sensors typically use a few nanometers of an antiferromagnetic layer, Ir 20 M n 80 or P t 50 M n50, to fix the in-plane magnetized reference layer in a certain direction by exchange bias [START_REF] Suess | Topologically protected vortex structures for low-noise magnetic sensors with high linear range[END_REF][START_REF] Weitensfelder | Comparison of Sensitivity and Low-Frequency Noise Contributions in Giant-Magnetoresistive and Tunneling-Magnetoresistive Spin-Valve Sensors with a Vortex-State Free Layer[END_REF][START_REF] Jotta | Spin-torque dynamics for noise reduction in vortex-based sensors[END_REF][START_REF] Endo | Control of sensitivity in vortex-type magnetic tunnel junction magnetometer sensors by the pinned layer geometry[END_REF]. The high criticality of platinum has already been discussed extensively in Chapter 2. Nonetheless, iridium is also a critical material, scarcer even than platinum and more expensive [START_REF] Hirohata | Development of antiferromagnetic Heusler alloys for the replacement of iridium as a critically raw material[END_REF]. Very high price volatility has been observed for Ir in the last years, as seen in Figure 6.1 a, with a price peak approaching 200€/g due to processing disruptions in South Africa [223]. Iridium is a co-product of the mining production of platinum (Pt) and palladium (Pd) and its global production is still quite small compared to the other two, as seen in Figure 6.1 b, which makes its substitution very attractive. World annual mining production of these metals for the period 2012-2016. Data from [START_REF]Study on the EU's list of Critical Raw Materials, Factsheets on Critical Raw Materials[END_REF] .

Research is underway to use alternative antiferromagnetic materials to iridium such as Heusler alloys for spintronic devices [START_REF] Hirohata | Development of antiferromagnetic Heusler alloys for the replacement of iridium as a critically raw material[END_REF]. In the innovative vortex-based magnetic sensor proposed in this chapter, an out-of-plane magnetized reference layer is used. This allows to use a synthetic antiferromagnetic structure as the one developed in Chapter 4, based on Co/Ni multilayers, without Pt

Comparison with other vortex based sensors and conclusions

A comparison with other conventional vortex-based sensing devices [START_REF] Weitensfelder | Comparison of Sensitivity and Low-Frequency Noise Contributions in Giant-Magnetoresistive and Tunneling-Magnetoresistive Spin-Valve Sensors with a Vortex-State Free Layer[END_REF][START_REF] Suess | Topologically protected vortex structures for low-noise magnetic sensors with high linear range[END_REF] is provided in the Table 6.1. An advantage of our sensor devices is their high down-size scalability which goes with reduced power consumption. For other vortex-based sensors based on in-plane motion of the vortex core, micrometer-sized junctions have typically been reported. In our case, we report MTJs with diameter less than 100 nm showing good linear electrical response for sensor requirements.

Weitensfelder et al. (2018)[95] Suess et al. (2018)[96] Our sensor

The sensitivity is highly dependent on the TMR of the junctions, and we have seen that it was increased to 0.17%/mT for junctions with about 50%TMR, which anticipates the possibility of sensitivity values close to 0.5 % /mT for MTJs with state-of-the-art TMR values of 150-200%.

In addition, the linear range of the transfer curve is greatly increased compared to the other two cases, up to values of more than 200 mT. Both the simulations and the experimental results showed that the nucleation and annihilation fields can be controlled by adjusting the junction diameter and the material used for the sensing layer.

Finally, the sensitivity to perpendicular fields allows the use of a perpendicularly magnetized reference layer, avoiding the use of a critical antiferromagnetic layer that provides exchange bias.

Further research is required to test the possibility of using a completely PGM-free reference layer, as we have seen that the use of a SAF structure may not be required. However, the results reported in this chapter show encouraging prospects for such a proposal and open the possibility of an innovative magnetic detection method.

Appendix A

Evaluation of the impact of Pt substitution: data sources

The data for the calculation of the parameters in Figure 2.14 is given in Table A The electricity requirements for Si wafer fabrication have been converted to energy for direct comparison with the other raw materials requirements (3.6 MJ/kWh). Losses related to power plants efficiency have been neglected. The energy has been considered up to sc-Si ingot but not that related to wafer dicing. Assuming a 72.5% losses during sputtering deposition and for 300mm wafers. For the case of Co/Pt SAF, 9 layers of 0.25 nm of Pt were assumed. For the case of Co/Ni SAF, 9 layers of 0.4 nm of Ni were assumed. For the case of PSA substitution, two thick layers made of Co of 40 nm and 30 nm were assumed below and above the free layer respectively. For the Si wafer requirements calculations, we assumed a 300 mm Si wafer.

Appendix B

R ˆA values

The different values of TMR and resulting RˆA measured by current-in-plane-tunneling (CIPT) [START_REF] Worledge | Magnetoresistance measurement of unpatterned magnetic tunnel junction wafers by current-in-plane tunneling[END_REF] as a function of oxidation time and pressure are given in Table B.1. A CIPTech M200 of CAPRES was used for the measurements.

ˆ10 ´2mbar

1 ˆ´2 mbar 3 ˆ´3 mbar TMR (%) R ˆApΩµm 2 q TMR (%) R ˆApΩµm 2 q TMR (%) R ˆApΩµm 2 

Appendix C

Real-time measurements

Notes on the set-up:

An experimental setup dedicated to the measurement of the dynamic magnetoresistance was used for measuring the switching probability and the time resolved switching during voltage pulse application.

In this setup, the output of a pulse generator (Agilent 81130A) is connected to the device under test via an RF probe with four leads (GSSG), in transmission mode, i.e. the current flows from the bottom (top) to the top (bottom) electrode of the MTJ -that are connected to the inner signal leads of the probe -while the ground leads contact a metal line encircling the pads of the MTJ in a dedicated RF layout. In this arrangement, the current that is transmitted through the MTJ travels through the 50 internal resistance of a digital oscilloscope (Lecroy HDO6000, bandwith of 500 MHz) with the resulting voltage being registered in real time.

There is an inherently high impedance mismatch given that the usual resistance of the MTJ (Z MTJ ) is much larger than the circuitry's Z 0 = 50 . As a result most of the power is reflected instead of transmitted. For that reason, the small output voltage is normally amplified and the measured voltage is

with G amp the amplifier gain.

Looking at the equation it is clear that, without amplification, V measured « V in but that V measured is very sensitive to variations of Z MTJ

The small output voltage requires the use of an RF amplifier (SRS SR445A, bandwith of 350 MHz)