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Chapter 1

Introduction

1.1 Préambule

Mon activité dans le domaine des jonctions tunnel magnétiques a démarrée en 1995 au moment
de la découverte de la magnétorésistance tunnel a température ambiante. C’était ma premiere
expérience de recherche dans ce domaine, suite a mes études en Physique Technologique a la
Faculté des Sciences de 1'Université de Lisbonne au Portugal. En 1997, une bourse de thése me
donne l'opportunité de poursuivre mes études dans le laboratoire Microsystémes et Nanotech-
nologies a I'INESC a Lisbonne sous la direction du Professeur Paulo Freitas. Le sujet de ma
these était I’application des jonctions tunnel magnétiques aux mémoires magnétiques a acces aléa-
toire (MRAM), de I'anglais Magnetic Random Access Memory. Pendant ma these j'ai démontré
l'efficacité des recuits thermiques pour augmenter la magnétorésistance tunnel et réalisé les pre-
mieres cellules intégrées: jonction tunnel et diode en silicium amorphe hydrogéné. Ce moment
correspond aussi au début de ’adoption des mémoires non-volatiles type FLASH comme moyen
de stockage de données et les MRAM se profilaient comme une technologie émergente alternative
plus rapide et endurante. En 2002, je suis arrivé comme Post-Doc boursier Marie Curie, au labo-
ratoire Spintec du CEA-Grenoble/INAC, tout juste crée pour explorer le nouveau domaine de la
Spintronique, que j’ai intégré par la suite. A Spintec j'ai participé au développement de cellules
MRAM a écriture assistée thermiquement. Ce type de cellule brevetée présentait deux avantages
majeurs : une seule direction de champ magnétique était nécessaire pour sélectionner la cellule a
écrire dans une matrice, et en méme temps une plus grande stabilité des états programmés était
obtenue. Nous avons réussi a faire la preuve de ce concept, avec l'intégration de matériaux anti-
ferromagnétiques dans la couche de stockage de la jonction tunnel et la maitrise de la résistivité de
la barriere tunnel pour produire une augmentation de température compatible avec le déblocage
et la réorientation de I’aimantation. Ce travail été réalisé dans le cadre du projet Européen NEXT,
dont la qualité a été reconnue par la sélection comme finaliste du prix Descartes en 2006. Ces ré-
sultats et brevets déposés ont contribué a la création de la start-up Crocus Technology cette méme
année.

Dans le cadre d"un programme commun de collaboration avec Crocus Technology, j’ai codirigé
5 theses (1 CFR et 4 Cifre) liées pour 1’essentiel a des études visant établir et améliorer la technolo-
gie d’écriture par assistance thermique. Pour diminuer la puissance nécessaire au chauffage, nous

avons étudié le mécanisme de chauffage et ses effets dynamiques sur le déblocage de la couche



de stockage (thése de Lucien Lombard), ainsi que les contraintes imposées par la géomeétrie et les
matériaux sur l'efficacité de chauffage (thése d’Erwan Gapihan). Nous avons démontré qu'une
réduction de la puissance consommée a l'écriture encore plus importante est possible en com-
binant I'effet de chauffage du courant a un effet de transfert de spin compatible avec I'écriture
assisté thermiquement. Il devient alors possible de commuter la couche de stockage sans au-
cun champ magnétique (these de Jérémy Hérault) ou avec un champ magnétique réduit (these
d’Antoine Chavent) représentant une réduction de 30% de la puissance nécessaire pour générer
le champ. Pendant ces deux theses nous avons aussi étudié la dynamique du retournement en
temps réel et démontré que la stabilité de 1'état écrit pendant I'impulsion de chauffage limite la
probabilité finale de la commutation. Finalement, et encore dans le cadre de la collaboration avec
Crocus Technology, nous avons aussi démontré un concept de cellule mémoire a lecture auto-
référencée utilisant le champ dipolaire de la couche de lecture pour écrire la couche de stockage.
Pour ce type de mémoire il est possible de réduire la taille latérale des plots a 45nm sans trop
augmenter la consommation (thése de Quentin Stainer). Ce type de cellule permet aussi la réali-
sation de fonctions logiques type XOR et un stockage multi-bit. Une sélection de ces résultats est
présentée dans le chapitre 2, notamment sur les questions liées au chauffage et les méthodes pour

déterminer la température a I'intérieur du pilier.

Au cours de différents projets autour des mémoires magnétiques, j’ai aussi eu 1’occasion
d’aborder la question de la vitesse de commutation de l'aimantation. Cette vitesse ultime
est limitée par la fréquence de précession de l'aimantation autour d’'un champ magnétique,
typiquement quelques GHz, ce qui correspond & un temps d’écriture inferieur a la nanoseconde.
A la fin de ma these, j'avais réalisé des échantillons pour permettre 1’observation ces retourne-
ments balistiques par l’application d’une impulsion de champ magnétique en collaboration
avec l'Institut d’Electronique Fondamentale (IEF). A Spintec nous avons étudié la possibilité
de réaliser des cellules a commutation précessionnelle permettant d’adresser des applications
mémoire non-volatile du type cache rapide (thése de Maria Marins de Castro Souza) sans appli-
quer de champ magnétique. Ceci devenait possible grace a 1'utilisation d’un courant polarisé en
spin perpendiculaire au plan de la couche de stockage. La collaboration avec I'IEF a été renouée
pour étudier la commutation en temps réel et démontrer des temps de commutation ultimes
proches de 100ps. La solution pour réaliser le retournement precessionnel de fagcon déterministe
a été résolue par l'analyse des conditions nécessaires a la précession et a la stabilité (these de
Bertrand Lacoste). Ceci a ensuite été démontré expérimentalement en utilisant des formes de
plot elliptiques avec des facteurs de forme autour de 4:1. Les conditions pour un retournement
precessionnel ou par transfert de spin imposent parfois des tensions élevées appliquées pendant
des temps courts et la fiabilité au claquage de la barriére tunnel apparait comme le facteur
limitant. Nous avons étudié les mécanismes de claquage des barrieres MgO et démontré une
corrélation qualitative entre un niveau de bruit électrique elevé et une fiabilité réduite (theése de
Selma Amara). Le chapitre 3 concerne ces deux sujets, qui sont liés par la nécessité d’appliquer
des impulsions courtes mais d’amplitude relativement élevée pour réaliser une commutation
précessionnelle.

La réduction des nceuds technologiques impose actuellement a une cellule MRAM d’étre sta-
ble a des dimensions latérales inferieures a 30nm et de viser a 'avenir un diametre de 10nm.
L'utilisation de cellules a anisotropie perpendiculaire, ol I'aimantation est orthogonale a la sur-

face de dépot s’est imposée comme la solution pour la réalisation de cellules mémoire a diametre



inférieur a 40nm. J'ai contribué aux études pour réaliser des jonctions tunnel a anisotropie per-
pendiculaire et leur utilisation dans des cellules mémoire. Ceci a été abordé dans le cadre des
projets ANR Ultimate et Excalyb que j’ai aussi coordonnés. D’abord nous avons pu démon-
trer que l’anisotropie perpendiculaire interfaciale, a I'interface de la barriere tunnel et 1’électrode
magnétique est particuliérement adaptée a la réalisation de ces cellules (thése de Lavinia Nis-
tor). Des développements au niveau de 'optimisation des matériaux visant ’augmentation de
I'anisotropie et de la magnétorésistance tunnel ont été ensuite réalisés (these de Léa Cuchet). En
parallele nous avons démontré qu'une écriture par transfert de spin de cellules & anisotropie per-
pendiculaire, peut aussi étre combinée avec le chauffage de la cellule pour réduire sa stabilité a
I'écriture (these de Sebastien Bandiera). Tous ces résultats obtenus avec des cellules a anisotropie
perpendiculaire sont décrits dans le chapitre 4.
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1.2 Emerging non-volatile memory

The 21st century has started with a renewed interest in non volatile memory for data storage.
Hard disk drives (HDD), the recent standard for non-volatile data storage, are slowly being dis-
placed from its former central role in personal computing into archival applications in data cen-
ters. For data storage, the solid state non volatile FLASH technology is becoming the new stan-
dard, from its early debut in mobile devices for music storage, until its recent adoption in desktop
computers and even data centers. However there is still a large gap between non-volatile FLASH
and volatile DRAM and SRAM memory performance. A number of emerging non volatile mem-
ories are aiming at bridging this gap. Some of the most promising ones are resistive memories,
for wich the bit value is encoded in the cell resistance, using different underlying physical prin-
ciples [1,2]] . This manuscript will cover magnetic random access memories (MRAM), but Phase
Change [3] (PCRAM) and Resistive RAM (RRAM) memory, are the two other emerging technolo-
gies targeting similar application opportunities [2]. In PCRAM and RRAM cell resistance changes
are 3 to 5 orders of magnitude [4], while for MRAM, resistance change is measured in hundreds
of %. This is not necessarily a handicap as long as the 1¢ resistance dispersion value of the high
and low resistance states is only fraction of the total resistance change, which is typically the case
with AR > 10 — 200 [5].
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1.2.1 Magnetic RAM

Different magnetic random access memory (MRAM) concepts will be described in this
manuscript and their limitations reviewed. As a non-volatile memory seeking adoption the
initial step is to bridge the gap between the established CMOS standards of slow/non-volatile
FLASH and fast/volatile DRAM/SRAM. Presently, there are several gaps to bridge, but the most
important ones are the write access time (100 — 300us vs 1 — 50ns), number of write cycles (10° vs
unlimited) and retention (10 years at 55°C vs 0-64ms). As a memory technology, MRAM is often
pitched against mainstream memory that are used as standalone memory standards. It is difficult
for a new technology to be a direct replacement of a more mature one, since the basic economics
are all against the new entrant in terms of investment, learning curve and yield improvement.
This is the case for all emerging non-volatile technologies. Perhaps the best opportunity for
MRAM as a non-volatile technology is vying to become the standard choice for embedded
non-volatile technology.

Embedded MRAM does not seek to replace high density non-volatile memory and, for em-
bedded applications, the cell density and size are less demanding than for standalone memory.
There are a number of benefits to use non-volatile memory as MRAM in embedded applications.
Presently saving data to external non-volatile memory modules comes with a performance loss,
because of the additional input-output communication layers. Using embedded solutions allows
for product specific designs, additional performance and security. It also acts as a differentiation
element in custom designs. Direct comparison with embedded FLASH, shows that eFLASH re-
quires more additional mask levels (6-8) and integration process complexity, because of special
transistors and gate oxides. It is also restricted by high voltage operation and suffers from limited
endurance [8]. Finally, since it is not an actual random access memory, it is not really an alternative
to eSRAM or eDRAM. In terms of performance embedded MRAM must achieve better than 10075
read /write cycles, with application unlimited endurance. It must be compatible with low power
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logic circuits beyond the 28nm node. Making this breakthrough could be a genuinely disruptive
solution with a competitive advantage compared to conventional embedded memories.

This opportunity is confirmed by Everspin’s own statement, presently the sole supplier of
MRAM, that half their total unit volume corresponds to embedded applications of non-volatile,
fast-write eMRAM memory blocks. Initially their 4Mbit MRAM modules found niche applica-
tions as a direct replacement for Flash and battery backed SRAM. The application fields have
been expanding to non-volatile data logs and memory software subsystems. These can be fre-
quently updated with no restrictions on the number of data writes in automotive, medical and
industrial applications. The same benefits can be used for aerospace and high radiation environ-
ment applications since MRAM is tolerant to radiation.

A key advantage for embedded MRAM, is that it can be implemented as a true back-end tech-
nology above the final CMOS metal layers. It is also compatible with present CMOS logic while
providing versatility across technology nodes. For example, the perpendicular anisotropy MRAM
developed for an advanced technology node can be used in more relaxed older nodes of 28, 45 or
65nm. Embedded MRAM can also be used to simplify and increase circuit performance through
bit cell design optimization. It also provides for lower cost, in the sense of reducing the number
of components required to manage power losses, for example. There are real opportunities for
eMRAM to be used as a differentiator because of its unlimited write capability as memory log and
upgradable system, all the while presenting no additional static power dissipation. These power
saving features could even be extended by the possibility of instant on/off capability. As an emerg-
ing non-volatile memory technology it has provided a rich environment for the development of
different concepts. It has now matured and presently magnetic materials with perpendicular
anisotropy represent a path for embedded MRAM [9] down to the 16nm technology node and
possibly beyond.
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2.1 Introduction

The possibility to use the electron spin as an additional degree of freedom in conventional elec-
tronic devices has been referred to as the field of ‘Spintronics’. In that sense, all devices that use
magneto-resistance effects to sense a magnetic field such as magnetic sensors or hard disk read
heads, can indeed be considered as spintronic devices. A magnetic tunnel junction relying on
its tunnel magneto-resistance to code a bit state in the magnetization direction of the free layer
is also a spintronic device. However, the initial proposal of MRAM, setting the magnetization
direction of the storage layer would happen using two orthogonal magnetic fields to selectively
write a single bit in a cell matrix. The discovery that the magnetization direction can be set using
the spin polarized electron current [10-12] in an effect referred to as spin transfer torque (STT),

represented the breakthrough discovery for a true spintronic memory.

2.2 Magnetic random access memory (MRAM)

In the realizations discussed in this manuscript, a magnetic random access memory element con-
sists of two magnetic electrodes separated by a tunnel barrier, a magnetic tunnel junction. As the
unpolarized electron current passes through the reference layer element, transmitted electrons
become spin polarized through a torque exerted by the local magnetization. This spin polar-
ization and the magnetization direction of the second electrode modulate the electron tunnel-
ing probability, giving rise to the tunnel magneto-resistance (TMR) effect. We find the analog
of this effect in optics for light transmission through a polarizer-analyzer setup. In a magnetic
tunnel junction, maximum (minimum) tunneling probability and low (high) resistance corre-
sponds to parallel (antiparallel) electrode magnetizations. These two resistance states determine
the maximum TMR = (Rap — Rp)/Rp also defined in terms of the electrodes spin polarization
P 5 in Julliere’s model [13] as TMR = 2P;P,/(1 — P;P,). The resistance of the tunnel junction
R(6) = Ry + A8 (1 — cos ) provides a read-out of the relative angle 6 between the two magne-
tizations. The memory element resistance change is maximum when the storage layer has stable
states that can be either parallel or antiparallel to the reference magnetization direction.

Magnetization M, Torque

----- Ry =

) Transmitted spins
Incident e~ current

o
WY Rree
44> W —xn>

Figure 2.1 — Spin polarization of the electron current by a first magnetic layer and spin torque transfer on the
second magnetic layer.

2.2.1 Spin transfer torque (STT)

Spin transfer torque represents the reciprocal effect of spin polarization by the local magnetiza-

tion. Spin polarized electrons arriving at the second electrode, will again align in the direction
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of its magnetization, but in doing so they transfer a torque to the local magnetization. This pro-
cess can lead to the reversal of the electrode magnetization when the current reaches a critical
limit. The reversal of the magnetization is often simplified by a coherent rotation model of a sin-
gle ‘'macrospin’ element assuming that the local magnetization rotates coherently as single block.
The Landau-Lifshitz-Gilbert equation (LLGS) including the Slonczewski spin torque term [10] can

then be used to follow the magnetization dynamics ‘L—A{I

—

dM — — N - dM = > = Y 3

= _nyHeff+EM><E+'y[a||M><(M><P)+bLM><P} @.1)

Hgff = H+ Hdem + Hk (2.2)
hoyl

v is the gyromagnetic ratio, M; is the saturation magnetization, M and P magnetization
and electron spin polarization vectors. The effective field ﬁeff corresponds to the sum of the
anisotropy field Hy, the applied field H including dipolar coupling from the reference layer and
the Hy,,, demagnetizing field. The torques acting on the magnetization result from this effective
field, a phenomenological Gilbert damping torque and two spin transfer torque terms: called
‘"damping like’ for the )| pre-factor and “field like for the b | pre-factor. These first three terms are

illustrated in Fig. IZQE the first one describes a precession of the magnetization around the H, ff
direction, the Gilbert term dampens the precession amplitude forcing the alinement of the magne-
tization along the H, ff direction. The effect of the spin torque 4| "damping like” term depends on
the sign of the spin polarization current. For reversal by spin torque, this term opposes the Gilbert
damping, amplifying the magnetization precession amplitude. Analysis of the in-plane geometry
neglecting the 'field like’ term b, = 0, shows that the critical current density for magnetization
precession amplification and reversal can be calculated as [14]

Dampin
p g.‘:

Spin torgue (ST)

By =

(a) Torques acting on the magnetization and (b) Magnetization reversal by spin transfer

stable precession trajectory. torque for in-plane anisotropy magnetiza-
tion.
in— 2ew M
T = T Mt (5 He+ H (24)
Iy 2
.in—plane e 2
Je P ~ Eﬁ‘uOMSt (25)

since for the in-plane geometry the demagnetizing field value uoM; is typically > 14T, i.e.
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much higher than the the in-plane anisotropy field uoHy, we can see that the critical current is
mainly dominated by the demagnetizing field itself, as seen from equation[2.5] As a consequence,
the thermal stability of in-plane cells is disconnected from the STT critical current. For in-plane
cells, shape anisotropy defines the anisotropy field in terms of the demagnetizing factors 7y,
which can be can be approximated [15] as the ratio of thickness ¢ to width w and length I:

t t w
woHy = VOMsa(ny —Ny) & yOMsa (1 - —) (2.6)
2.7)

The estimated anisotropy value for an aspect ratio of 3 and 50nm short axis and t = 2.5nm will
be 5330¢, but at these dimensions it will represent less than 5% of the demagnetizing field value,
even for aspect ratios up to 10. The energy barrier due to shape anisotropy is E, = KoV =
MV. For a single bit, the value of the barrier height required to retain the magnetization
direction, i.e. stored information, during time t,, is kabT = log(%). For 10 year retention and
a single bit the requires ratio is kEB—”T = log(3.154108/1107?) ~ 40. Not considering any error
code correction, assuming N bits while requiring a given bit error rate BER, the energy barrier
requirement increases to I%T = log( %%’) [16]. Therefore, the thermal stability will signifi-
cantly increase just by increasing the memory block size or choosing more stringent bit error rate

conditions.

2.3 Thermally assisted MRAM

Initial work at Spintec concentrated on the demonstration of a thermally assisted MRAM concept,
first using magnetic field and then using spin transfer torque to reverse the magnetization. This
chapter focus on some aspects of this effort, briefly reviewing the concept demonstrations and
focusing on the characterization of the cell temperature and its dynamics upon heating. Two
PhD thesis involving the development of anti-ferromagnetic materialﬂ and temperature effectsE]
focussed on field written thermally assisted MRAM, then using spin transfer torque aloneﬂ and
finally optimizing the cell for combined field and STT switchingﬂ

Thermally assisted switching (TAS-MRAM) was patented and developed at Spintec to solve
some of the issues of initial MRAM concepts using field switching to write the bit state. The initial
Stoner-Wohlfarth field switching approach proved too sensitive to deviations from the nominal
cell geometry and reproducibility of the micro-magnetic switching so that write field windows
over a large bit matrix were narrow or non-existing. This issue was solved by a ‘toggle’ switching
proposed by Savtchenko [5,/17], but writing still involved a sequence of fields generated by two
separated field lines to rotate the magnetization of a synthetic ferrimagnet.

For the proposed thermally assisted MRAM [18] cell approach, the tunnel junction stack was

1Erwan Gapihan, Mémoire magnétique a écriture assistée thermiquement a base de FeMn. PhD thesis, Université de
Grenoble, 2010.

2Lucien Lombard, étude de 'extension de la gamme de températures de fonctionnement des Mémoires Magnétiques
a Accés Aléatoire Assistées Thermiquement. PhD thesis, Université de Grenoble, 2010.

3Jérémy Hérault. Mémoire magnétique a écriture par courant polarisé en spin assistée thermiquement. PhD thesis,
Université de Grenoble, 2010.

4 Antoine Chavent. Réduction du champ d’écriture de mémoires magnétiques a écriture assistée thermiquement a
'aide du couple de transfert de spin. PhD thesis, Université de Grenoble, 2016.
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Figure 2.2 — (a) Thermally assisted writing with in-plane exchange biased storage layer. (b) Cross section of
thermally assited MRAM cell.

modified using coupling between an antiferromagnet (AF) and a ferromagnetic (FM) layer to
fix the storage layer magnetization direction in the operating temperature window. The write
procedure involves heating the junction above the storage layer blocking temperature and cooling
down under magnetic field generated by a single field line. The reference and the storage layer
were exchange biased by antiferromagnets having very different blocking temperatures T;,. The
reference layer used PtMn with T, = 350°C, while for storage layer IrMn and FeMn were used,
with blocking temperatures around 210°C and 140°C.

This presented advantages over other field written cells, in that the write selectivity relies on
the selected cell being heated by the cell current flow eliminating addressing errors. Another
advantage was that the exchange bias anisotropy of the storage layer defines the thermal stability
and data retention. It is then determined by the exchange bias energy from the exchange constant
Je» and storage layer magnetization, and not only by the shape anisotropy as for other in-plane
cell geometries. This approach provides significant improvements on bit thermal stability, write
selectivity and power consumption related to the field generation in MRAM. The energy barrier
of thermally assisted MRAM is defined by the shape anisotropy and the exchange bias on the
storage layer as

2 ! ]esz T
Ep ~ 2 M? (5—1> (l> t <1_ﬁ> (2.8)

where T}, is the blocking temperature of the antiferromagnet pinning the storage layer. This
equation shows the gain in thermal stability of thermally assisted MRAM cell at room tempera-
ture, since there is now an additional exchange bias term, that only vanishes close to the blocking
temperature. As opposed to other field written cells, it becomes possible to disconnect the write
field, defined by shape anisotropy, from the thermal stability and have switching fields as low
as 200e [19], that would otherwise result in unstable cells. Cell scaling to smaller dimensions is
not limited by shape anisotropy, rather by the possibility to exchange bias small nanomagnets,
which will itself be limited by the number and size of antiferromagnetic grains in a single ele-

ment [20}21].

Initial demonstrations of this concept were realized using IrMn exchange bias and a typical
cell stack similar to that described in Fig. 2.3(a). This figure clearly demonstrates the thermally
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Figure 2.3 — Typical thermally assisted MRAM stack having a reference layer exchange biased by PtMn
and storage layer with IrMn as exchange bias layer. Quasi-static hysteresis loops measured on a junction
after setting the storage layer pinning direction by applying a voltage pulse. Demonstration of write pulse
repeatability in thermally assisted MRAM.

assisted MRAM cell operation using pulses of 150ns. The hysteresis loops obtained after applying
1.85V pulses for heating, corresponding to a heating power density of 96mW /um?, and a temper-
ature increase of 160°C from static measurements. The field direction is reversed by a £2000¢
field from one pulse to next, resulting in reversed storage layer pinning direction, which is par-
allel or antiparallel to the reference layer magnetization direction. In the first case we obtain a
low resistance state at zero applied field, while in the second case a high resistance state is mea-
sured. Repeated measurements up to 10° applied pulses show the reproducibility of the writing
and pinning process, the high resistance state revealing a slightly higher dispersion of the final
set state [22].

2.3.1 Heating dynamics

After this initial demonstration, we investigated ways to characterize the heating dynamics and
the various factors associated with the heating efficiency. Initial observations of heating due to
current conduction in a tunnel junction had already been realized using liquid crystal film as
a temperature sensor [23] during a study of tunnel barrier breakdown. Localized heating was
observed at the breakdown sites of the tunnel junction, but the temperature increase was only a
few degrees.

The demonstration of writing an exchange biased storage layer from the temperature increase
by the current flow through the tunnel junction to unblock its direction, showed that the direct
heating process can be efficient [18,[24]. It also meant that for a short period of time heating up
to hundreds of degrees was taking place inside the tunnel junction. Lets first look at the heat
diffusion equation which in the 1D case can be written as

dT [kdzT] Q (2.9)

Py T\ aE| T ar

where the variables have the following correspondence: c, specific heat capacity, p,, mass
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density, T temperature, t time, k thermal conductivity, x stack position and % the total heat dissi-
pated per unit of time. In the present case of tunnel junctions the Joule heating contribution from
the electrical resistivity can be neglected compared to the dominant contribution from the energy
loss by the tunneling electrons. Using the electrical power we can write % = V x I = P, which
can be also expressed as a surface power density in terms of the tunnel junction resistance area
product (R x A) and the current density j. Assuming the simple case of a uniform material in a

1D geometry with cross section A equation 2.9)can be written as

aT  dT P 2
S d—x—Z—RXA] (2.10)

The steady state solution is obtained for % = 0 and defines the equilibrium temperature rise

asAT =P %, L being the thickness of the layer considered. The other limit case is that of the initial

P 1
A CpPom *

For the cooling phase, when the power is zero, the temperature evolution can be determined

temperature rise, when % = 0, the slope of the temperature rise is then given by % =

from (T; — Tp), while the temperature rise to reach the steady state temperature Ty from Ty can be

written as follows

T(t) = (T; — Tp)exp {—t } + Ty (cooling) (2.11)

CppmL

)] + Ty (heating) (2.12)

T(t)=(Tr—1Ty [1—ex (—t
()= (T =T |1 -exp (=
Since generally the system is complex and cannot be defined analytically directly from the
material parameters, we can write a more general form of the heating equation grouping the
material parameters in a thermal time constant 7, keeping the same exponential temperature

rise/decay:

T(t) = (Tf — To) {1 _exp (—i)} +To (2.13)

Since the power density in the tunnel junction is % = R x A j?, where R x A is the tunnel junc-
tion resistance area product and j? the current density, the temperature increase can be defined
in terms of a proportionality constant ay in K/ (mW pm~2) such that (Ty — Ty) = P/Aar. This
simple 1D case can be used to gain a physical understanding of the underlying heating dynamics
however, accurate simulations of the temperature rise in a given system need to rely on numerical
solutions of the heat diffusion equation using finite element solvers [25].

Simulations of the full tunnel junction stack in a 3D geometry were carried out using the finite
element FEMLAB solver, as shown in Fig. For the simulation it was assumed that there is
no sidewall heat diffusion. The geometry and the dimensions used were a top Al lead of 9um
length, 6um width and 0.3um thick. The bottom lead had shorter width 3um, a thickness of
0.15um and both leads are thermalized at the sidewalls and wafer surface for the bottom lead.
Material parameters used for the simulations are shown in table at the end of this section.
The power density dependence on the applied pulse width was measured and is shown Fig. 2.4,
using as a threshold an exchange field of zero, obtained from an initialized state under a reverse
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Figure 2.4 — (a) Experimental measurement of heating power density as function of pulse width. FEMLAB
simulation geometry in inset. (b) Calculation of temperature increase using experimental power density as
input in simulation.

magnetic field. This corresponds to the typical conditions of blocking temperature measurements.
The blocking temperature was then calculated using the FEMLAB to solve the heat diffusion
equation including the device geometry and all the stack layers. This approach assumed that the
experimental power of the heating pulse was converted into heat in the tunnel barrier, allowing
a direct input of the heat source term in the heat diffusion equation. The simulation shows the
impact of the value of thermal conductivity for Ta in the structure. The f — Ta has a thermal
conductivity of 5.7W(mK)~!, which is 10 times lower than the a — Ta phase. The low thermal
conductivity B — Ta layers at the bottom and top of the junction contribute to the retention of
heat. The tetragonal § — Ta was confirmed by X-ray diffraction data and also by the high electrical
resistivity of 170uQ) cm.

2.3.2 Exchange bias thermally activated relaxation

A clear increase of the pulse power density is observed for the exchange bias to become zero upon
heating, that is linear with the logarithm of the pulse width. This points to a Néel-Brown [26]
model of thermal relaxation that resembles an Arrhenius thermal activation law [27]. We can
write that switching during time ¢ is defined by an energy barrier and an attempt frequency 1/ 1,
such that

t = Tpexp (Iﬁ") (2.149)

In the present case the barrier is reduced upon heating, since there is a threshold temperature
T for writing, and using the equivalence between temperature and power density P we can write
that the barrier is reduced as

_ B (_P
t=Tpexp {kBT (1 Po)} (2.15)

By setting the attempt time 1) = 1ns the power density Py will be the density, or equivalently
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temperature, required to write within 1ns. It then follows that the the write power density as

function of time can be written as

kgT t
P(t)=Py |1 - ——In( — (2.16)
Ey T
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Figure 2.5 — Write power density for IrMn (a) and FeMn (b) exchange biased CoFe2nm/NiFe3nm layers vs
the applied heating pulse width. The solid lines are fits with equation

To illustrate the write power density dependence on pulse width, we compare data obtained
for two antiferromagnets, Irpg0Mngy and FesoMnsp in Fig. [28]. The power density shows
a linear increase when plotted versus pulse width in a log scale, as is expected from equation
In the time region, from 100ns to DC, the system has time to reach the steady state tem-
perature and we can use the switching threshold of the exchange bias layer to calculate the tem-
perature rise in the system from the current flow through the junction. It is possible to use the
powerdensity — temperature equivalence at long time scales, to then estimate the temperature rise
in the junction at shorter pulse widths, the antiferromagnetic layer essentially used as a local ther-
mometer. This was realized using a sample heating stage to determine temperature:powerdensity
ratio for IrMn samples, 23 K/ (mW /um?), and 15K/ (mW /um?) in the case of FeMn samples.
These conversion factors depend on the actual layer stack and geometry, and in the case of IrMn
included thermal barrier layers for heat confinement. Below 100ns there is a strong increase of
the power density required to relax the exchange bias direction. The temperature rise calculated
from equation[2.13] shows that the thermal time constant Ty, limits the temperature rise at short
pulse widths. We can determine the power density P(t) necessary to reach the same final tem-
perature Ty corresponding to a steady state power density Py as t approaches zero. We can then

write

-1
T erm
)} ~ pf% (2.17)

P(t) = Py {1 - exp(

Ttherm

t
Ttherm

equilibrium transitional regime there is an additional factor ‘& increasing the required power

noting in the approximation that lim; ,o1 — exp( ) = Zem  Therefore in the initial non-
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density. This simply states that to provide the same energy to the system in a shorter time ¢, the
required power density increases as 1/t. This is equivalent to what is commonly referred to as the
"precessional regime’ [29] in spin transfer torque driven magnetization reversal, where the same
amount of torque has to be provided by a constant number of charges in a shorter time, therefore
increasing the critical current density as 1/t [30]. We can now write the full expression used to fit
data in Fig. 2.5 in both steady state thermally activated and non-equilibrium regimes as

P(t) ~ Py (1 + Tt’”””) [1 _ kT (tﬂ (2.18)

t E, T

The energy barrier of the exchange bias relaxation and the system thermal time constant can
be estimated by fitting the data. In this discussion, we only considered the thermal point of view,
but the applied field also plays a role when setting the magnetization direction with a magnetic
field during the pulse. In that case the energy barrier in equation is modified by a magnetic
field related term (1 — H%) n, where n € [1,2] defines the magnetization reversal mode. There-
fore, in writing experiments the increase in power will also be defined by the dynamic coercivity
of the ferromagnetic layer [31]] coupled to the antiferromagnetic grains. The dynamic coercivity
contribution will vanish once the Néel temperature of the antiferromagnetic material is reached.
Another word of caution is not to convert the power density in the non-equilibrium regime to a
calculated temperature using the same conversion factor of the steady state regime. This calcula-
tion would lead to temperatures of 400 — 600°C that are in fact never attained, since at short pulse

widths the system has no time to reach steady state.

Table 2.1 — Material parameters used in finite element thermal simulations.

Material ~ Resistivity =~ Therm. Cond.  Density Heat Cap.
[ cm] WmK™  [gem™] [kgK)™]

a—Ta 13.1 5.8 16.6 144
p—Ta 154 58 16.6 144
Cu 2.7 401 8.96 384

Al 37 237 27 897

Co 5.8 100 8.9 421
Ru 7.4 117 12.1 238
AlOy - 37 3.9 794
MgO, - 7 3.6 1466
510, - 1.4 22 733
NigoFEzo 18 88 8.7 401
CogoFex 12.4 82 7.9 446
Irngngg 147 35.6 10.3 409
PtsoMnyg 147 269 11.6 375

2.3.3 Thermal barriers

The results from using different antiferromagnets showed that it is possible to reduce the write
power density using a lower blocking temperature material like FeMn. It also has the additional
benefit of having a lower Néel temperature, which limits the power density increase in the non-
equilibrium short pulse limit. A second possibility to optimize the heating efficiency of the cell
is to insert a low thermal conductivity material in the cell stack to confine the heat to the junc-

tion volume. This would ideally be coupled to the use of low thermal conductivity insulators to
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prevent lateral heat loss. This idea was patented and tested in our cells. The choice was to use a
chalcogenide phase change material GepSbys Tesg (GST) that combines a thermal conductivity be-
low 1.5W/m /K [32], while being electrically conducting in its crystalline phase, typically adding
3 — 502 to the junction. Incorporating 20nm GST did not affect surface roughness 0.3nm below
the tunnel barrier.
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Figure 2.6 — Write power density dependence on pulse width in steady state and non-equilibrium ranges
obtained for thermally assisted MRAM cells with and without GeSbTe thermal barriers.

Samples with and without thermal barriers were compared for pulse writing, clearly showing
the higher heating efficiency of stacks having a thermal barrier as is reflected by the reduction of
write power density by up to a factor of 3 as seen in Fig. 2.6([33]]. For pulse widths of 15 — 20#ns the
write power density was below 10mW /um? corresponding to a current density of 1.6 10°A /cm?.
The higher heating efficiency comes at the cost of increasing the thermal time constant of the
system, as seen from equation [2.12} since the thermal time constant is directly proportional to the
thermal conductivity k. This is observed in our data, since the power density increase associated
with the non-equilibrium regime starts around 60ns instead of 30ns for samples without thermal
barriers.

2.3.4 Thermal time constants

A procedure to determine the thermal time constant of the system was also developed, using the
temperature cooling at the end of the applied pulse. The cooling dynamics was investigated by a
procedure involving the application of a two-pulse sequence [34]. The first pulse of constant am-
plitude and width is used to pre-heat the junction, while a second pulse of width t; and variable
amplitude is applied at different time delays ¢;. The second pulse is used to probe the heating
of the junction due to the first pulse and to determine, the temperature to which the junction has
cooled to, at a time equal to ¢;. The experiment can be more easily understood from Fig.

To illustrate the measurement procedure we assume that the cooling process is described by
an exponential temperature decay with T(t) = Ty + AT (exp[—t/7]), where T is the characteristic
thermal time constant. The temperature rise is assumed to have the same characteristic time T,
leading to a temperature rise T(t) = Tp + AT (1 — exp[—t/7]). In the time interval where the
cooling of the first pulse and the heating of the second pulse takes place, the temperature T(t) can
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Two pulse experiment
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Figure 2.7 — Determining the system thermal time constant T, with a two pulse experiment using a time
delay to compare power density levels of consecutive and isolated pulses. The power density evolution is
normalized and fitted to a temperature decay model to determine Ty, ;.

be calculated as:

T(t) = Ti(t)exp[—t/T]+ AT, (1 —exp[(—t+1t2)/7])+ T (2.19)
Ti(t) = AT(1—explti/7])

where t; is the time at which the first heating pulse is terminated and t; the start of the second
heating pulse, while T; is the temperature at the end of pulse 1. Equation 2.19states that the final
temperature T is equal to the temperature rise of the second pulse plus the the temperature to
which the system would have cooled down to, at t = ¢, 4 + ty,, where J is a waiting time and £,
the second pulse width. By increasing the waiting time  and adjusting the power of the second
pulse, i.e. the temperature rise AT, to reach the same blocking temperature it is possible to access
the time evolution of T; exp[—t/7] and therefore the characteristic time 7. A first heating pulse of
7ns followed by a second heating pulse of 3ns were used. The amplitude of the second pulse will
vary between two limits. The lower limit is equal to the pulse amplitude necessary to switch with
a pulse of 10us. In this case there is no cooling after the first pulse and the temperature at the end
of the two pulse sequence calculated from equation 2.19 is equivalent to the temperature rise from
a 10ns pulse of the same amplitude. The upper limit is the case where the system has completely
cooled down from the initial temperature rise of the 7ns pulse. The 3ns pulse will require the same
amplitude as when applied isolated. The heating experiments were performed at short pulse
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widths to prevent heating of the current leads. The power P; applied during the second pulse for
a waiting time J can be plotted using a normalized power value P = (P; — Ps)/(Ps — Pyp). In this
case the power of the second pulse varies between the two power limits Pjy and P3, corresponding
to a single isolated 3ns pulse, when the waiting time is long enough for the system temperature
to decrease to the room temperature. The data fitted to P = exp[—J/7] shows a characteristic
time T = 6.4ns. This means that at a time of 20ns ~ 3 T the second pulse can be considered as

independent of the first one.
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Figure 2.8 — Thermal time constants from temperature decay with and without thermal barriers.

The cooling of samples with thermal barriers was also measured in a similar two pulse tem-
perature decay experiment. A sequence of 20 pulses was applied with varying cooling delays.
The high number of pulses was used to increase averaging and statistical significance. At the
same time the experiment was realized applying 5, 10 and 20ns pulse widths. The normalized
temperature evolution is plotted in Fig. showing that the measured cooling is in fact indepen-
dent of the actual pulse width and depends only on the delay between heating pulses. Fitting the
temperature decay, we determine a thermal time constant T = 14.8ns. Measurements on multiple
cells without thermal barriers show a value range of T = 5 — 11ns, corresponding to a speed gain
factor 2 — 3 over thermal barrier systems. The cell geometry and the stack can be optimized to bal-
ance the gain of lower heating power density versus the slower heating/cooling dynamics. The
main advantage of using a thermal barrier is the design possibility it opens, in terms of adjusting
the write power density requirement to a given transistor length. The transistor size determines
the maximum available write current, which together with the supply voltage and junction area

limits the maximum available power density for the cell design.

2.3.5 Temperature and interlayer exchange coupling

The method of determining the temperature through the exchange bias coupling of the anti-
ferromagnetic layer is limited to magnetic stacks including some antiferromagnet. This is very
common for in-plane anisotropy stacks, but not so for perpendicular anisotropy stacks. A more
general way to determine the local cell temperature could use the temperature dependence of in-
terlayer exchange coupling between two ferromagnetic layers through a non-magnetic spacer. It
is generally referred to as RKKY coupling and the temperature dependence of the RKKY coupling
was described by Bruno [35] as:
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T/T
Jekky(T) = ]rkky(O)sinh(/T/th)

(2.20)

which is an almost linear temperature dependence in a range from Ty to 2T, corresponding
to intermediate values of [y, ~ 0.85—0.55 ]rkky(o)- Extrapolating this linear region defines a
vanishing RKKY coupling at 3.5Ty. Depending on the spacer thickness the coupling constant
Jrkky can be positive or negative, and for this latter case the system energy is lower when the two
magnetizations are aligned in anti-parallel direction in a so called synthetic anti-ferromagnetic
(SAF) structure [36]. From the analysis of the system energy two characteristic instability points
appear at the spin-flop Hy and saturation Hg,: fields:

| My —M|

J; Jridy (M1 + Mp)
H :ikl;yon Het =4 - =

oM, M, (2.21)

One possible SAF hysteresis cycle showing spin-flop and saturation fields of a in-plane
anisotropy structure is shown in Fig. 2.9(a). By choosing the magnetic layer with higher moment,
away from the tunnel barrier, it is possible to obtain a high magnetization rotation angle going
through the spin flop field. Quasi-static hysteresis loop measurements at increasing bias voltage
V can then be correlated to hysteresis loops at increasing substrate temperature. The correlation
between power density and temperature can then be made similarly as for exchange bias layers.
The main difference between exchange bias and RKKY based temperature measurements is
that, exchange bias allowed for resistance measurements after a pulse had been applied, while
RKKY requires the measurement to be realized under applied pulse voltage since the rotation of

magnetization due to spin-flop is reversible and not observable in the remanent state.
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Figure 2.9 — (a) Illustration of magnetization alignment in SAF coupled ferromagnets, where the spin-flop
field Hyy was used as a local thermometer. (b) Linear dependence of Hy is obtained as function of the

substrate temperature T, and (not shown here) also as function of the power density (o V2) [37].

The potential for temperature measurements was then confirmed using the RKKY tempera-
ture dependence to measure a thermal time constant of T = 3#us in thermally assisted MRAM
cells without thermal barriers using oscilloscope based real time measurements [37]. The results
also confirm the validity of the linear approximation for the RRKY temperature dependence, with
RKKY vanishing at 500K for the 0.9nm Ru spacer used.
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2.3.6 Spin transfer torque writing

The next stage of evolution for thermally assisted writing MRAM was to use spin transfer torque
to set the storage layer magnetization direction. Magnetic field writing requires current flow in
a metal line generating less than 100e/mA, even when using field concentration with magnetic
cladding layers. The current to generate the magnetic field, is responsible for most of the cell
write power consumption. Higher efficiency can be obtained if the same current can be used
to generate the temperature increase and to reverse the storage layer direction by spin transfer
torque. A first requirement is to adjust the R x A of the tunnel barrier to heat the storage layer
beyond the antiferromaget blocking temperature. Then the current density must be higher than
the critical current density for STT switching.
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Figure 2.10 - (a) Demonstration of thermally assisted STT writing of exchange biased SAF layer
CoFeB2/Ru0.8/NiFel.5/IrMn6.5nm. (b) Decrease of critical current density using SAF layer compared
to CoFeB2/ NiFe3/IrMn 6.5nm storage. (c) Write voltage increase in the precessional limit.

This working principle was demonstrated first with a CoFe/NiFe/ Ir Mn exchange biased stor-
age layer. It was then further optimized using an SAF structure CoFe/Ru/NiFe/IrMn to obtain
simultaneously large exchange bias and low coercivity fields, as illustrated in Fig. It clearly
shows that the exchange bias direction of the storage layer is defined by the current polarity, with
unique resistance values measured in the remanent state at zero field. The STT current density
of 1.1107 A/ cm? of the first CoFe/ NiFe is a large value, because the 5.5nm thick storage layer has
a high demagnetizing field value. This demagnetizing field is reduced by using the SAF struc-
ture and by the lower magnetic moment of thinner NiFe, resulting in lower current density levels
that have also been attributed to a lower effective volume caused by spin accumulation at the
CoFeB/Ru interface [38].

Similarly to the previously discussed relaxation of exchange bias, STT switching is also a ther-
mally activated process. This behavior is again the result of the energy barrier between equi-
librium states being reduced by the spin transfer torque current by a factor equal to (1 - TIL)'
I; being the STT critical current. Equation 2.15, and expressions derived from it, can be written
similarly for STT switching by replacing power density P by current I, the new driving force for
switching being the spin polarized current [39]. As observed from Fig. 2.10 (c), when approaching
pulse widths close and below t = 10#us, the STT switching current increases as 1/¢, correspond-
ing to a transition from a thermally activated regime to a precessional regime, i.e. limited by the
magnetization precession.
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Magnetization precession

As can be seen from the LLGS equation when the magnetization M and spin polarization P
are co-linear, there is no torque to drive the reversal. The reversal process requires an initial angle
between M and P. This angle can result from an initial misalignment, micromagnetic deviations
from co-linearity or fluctuations of the magnetization direction above 0K. This process can be
observed by following the magnetization reversal process in real-time measurements, as will be
discussed in the next chapter.

As was the case in our cells, it can also be observed as a modulation of the reversal probability.
Using MRAM cells with high-bandwidth transmission layout, it was possible to follow the current
flow through the pillar in real-time using an oscilloscope. The individual reversal traces from
parallel to antiparallel state can be observed in Fig. 2.11(b). From all the individual traces, it is
then possible to plot the cumulative switching probability as a function of time. Results from two
different tunnel junctions, show that switching events are more frequent at distinct time intervals.
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Figure 2.11 - (a) Switching probability steps in precessional switching regime due to the the precessional

motion of the magnetization induced by spin transfer torque prior to reversal. (b) Real-time data switching

events showing distinct high probability switching times as seen from pulse overlap of different reversal
events.

Macrospin simulations can be used to explain this behavior as resulting from the initial pre-
cession of the magnetization. Spin transfer torque gradually increases magnetization precession
angle, but the magnetization angle is larger as it crosses the layer growth plane, as shown in the
inset of Fig. 2.11(a). Probability is highest for magnetization reversal to occur at those positions.
The precession frequency can be estimated from the ferromagnetic resonance (FMR) frequency
frmr calculated from Kittel’s formula [40] as

fruar = 5/ [H+ (ny = n2)4mMs] [H o+ (nx = ny JAmc] (2.22)

where H is the applied field, ny, . the demagnetizing factors, 477M; the saturation magneti-
zation, and 7y the gyromagnetic ratio. Using approximate values of ny,, ~ t/wy y for the in plane
components and 1, = 1 — ny — ny for the out of plane component, with ¢ being the free layer
thickness and wy,;, the lateral widths of the cell, we calculate a precession frequency of 1.5GHz
corresponding to a 0.33ns half-precession time. This is close to the 0.351s half-precession time
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observed in the experimental data. However, the precession frequency depends on the effec-
tive field, which will vary with cell-to-cell dispersions. This leads to significant variations in the
observed precession frequency as seen on data from a second cell having the same nominal di-

mensions.

2.4 Conclusion

The working principle of thermally assisted MRAM cells with exchange biased storage layer was
demonstrated for magnetic field writing, spin transfer torque writing, or a combination of both.
This solution reduces the power consumption compared to other field written MRAM cell types
requiring two magnetic field lines. It has been recently applied by Crocus Technology to realize,
magnetic sensors that can be programmed by setting the direction of the exchange biased storage
layer after fabrication. Setting the exchange bias layer direction is a thermally activated process,
where the required power density increases as log(t) with decreasing pulse width. At time scales
below 20ns, comparable or shorter than the cell thermal time constant, the power density require-
ment increases faster, as 1/¢.

Using these models it is possible to estimate the temperature rise inside the cell stack, start-
ing from a reference measurement in static conditions. The interlayer exchange coupling effect
through a Ru spacer could also be used to the same end, in a real-time measurement. Since syn-
thetic antiferromagnets with Ru are widely used, it could be more easily applied to other types
of devices. Thermal barriers of low thermal conductivity can be used to increase the heating ef-
ficiency of the cell, reducing the power required to heat by a factor of 3. Full advantage of heat
confinement by thermal barriers can only be obtained at longer write pulse widths, because of
the resulting higher thermal time constants. It can also be argued that using shorter pulse widths
is still the best way to reduce the total write energy, however for a fixed pulse width, thermal
barriers effectively reduce the write energy compared to systems without them. Writing with
combined spin transfer torque and heating effects can be realized by adjusting the R x A product
to the current and power density levels required for switching. In spin transfer torque switching,
the magnetization precession upon reversal can result in a modulation of the switching proba-
bility. The stochastic nature of the initial angle triggering the spin transfer torque reversal sets a
lower limit for STT switching in the 1-10ns pulse width range.
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3.1 Introduction

This chapter will be devoted to different approaches for writing at switching times less than one
nanosecond. Coherent precessional switching offers the possibility of achieving a magnetization
reversal in sub-ns time scales. The results obtained on two types of precessional cells will re-
viewed. In the first one, short magnetic field pulses are applied to cause the magnetization leave
the film plane and then precess around the demagnetizing field perpendicular direction, while in
the second case a perpendicular polarizer is used to achieve the same result through spin transfer
torque with no applied magnetic field.

3.2 Field induced precession

Precessional switching [41}42] represents the fundamental ultra-fast limit of induced magnetiza-
tion reversal. This first demonstration of field induced precessional switching in an MRAM cell
provides an understanding of the magnetization trajectory during the reversal reversal process

that also applies to the latter demonstration of spin transfer torque induced precession.

The experimental evidence of precessional switching presented in Fig. [3.T|was obtained in mi-
cron size magnetic elements, first using spin-valves and later magnetic tunnel junctions. Preces-
sional switching is obtained by applying a short field pulse along the in-plane hard axis direction,
along the cell short lateral dimension [43]. The field pulse is created by current flow through a
field line above the cell. The RF design layout allows for transmitted pulses with 45ps rise and
100ps fall times (20%-80%), generating a magnetic field up to about 2000e. There is no spin torque
to consider, and the LLG equation describes the magnetization M trajectory. When the field pulse
is first applied a torque acting on the magnetization is maximum since M and H £f are at a right
angle to each other. This torque leads M to rotate out of the film plane, which creates a strong de-
magnetizing field Hp orthogonal to the plane along the z-direction. This field Hp will then exert
a torque on M, inducing a fast quasi-in-plane rotation of M. By terminating the field pulse close
to the half precession we obtain a quasiballistic magnetization switching [44]. For pulse widths
that correspond to a full precession the is no switching, even though the magnetization has in-
deed precessed around the same field Hp. One interesting characteristic is that the applied field
direction can be the same to obtain a reversal independently of the initial magnetization direction.

Reliable coherent magnetization reversal requires high field pulses, revealing the limitations
of micron-size elements that tend to break into multi-domain states for low fields or after multi-
ple precessions considerably decreasing the switching reliability. It is interesting to remark that
despite requiring 1000e field pulses corresponding to relatively large 10 — 20mA currents, the
total pulse energy for switching is well below 100p] and as small as 15p]. This reduction of
write energy is obtained because of the very short field pulse lengths below 200ps, corresponding
to a 100 times reduction of the pulse width compared to field writing concepts of the previous
chapter. This is also possible because the initial alignment of the hard axis field pulse and the
magnetization produces maximum torque immediatly from the pulse onset. This ballistic switch-
ing demonstration shows the possibility for ultra-fast and low power MRAM cells with possible

clock rates in the GHz range.
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Figure 3.1 — (a-c) High bandwidth cell structure with isolated current line to generate field pulse along the
hard axis direction. (d) Illustration of precessional switching step sequence 1 to 5 induced by a hard axis
field pulse. (e) Hysteresis loop of spin-valve element and precessional switching demonstration applying
consecutive pulses of 140ps.

3.3 Spin transfer torque induced precession

The realization of ultra-fast precessional switching MRAM cells based on spin transfer torque was
the subject of two PhD thesis at Spintec. The first one covered the demonstration of the concept
and the material integration in a tunnel junctionﬂ while the second concentrated on the analysis
of the different spin torque contributions to achieve the conditions for deterministic precessional
switching El

The basis of the MRAM cell concept for spin transfer torque induced precessional switching
starts by adding a polarizer with perpendicular anisotropy to a conventional in-plane anisotropy
STT-MRAM cell. The proposed magnetic tunnel junction consists of three magnetic elements
shown in Fig. A reference layer with fixed in-plane magnetization direction, a polarizer with
out-of-plane anisotropy direction and an in-plane storage layer between the reference layer and
the polarizer. All elements are separated by non-magnetic elements, either tunnel barriers or
metallic layers. The combined action of the spin-transfer torque on the storage layer can be ana-
lyzed by looking at the influence of the perpendicular polarizer and the reference layer separately.

The spin polarized current from the polarizer induces a torque that forces the storage magne-
tization out of the layer plane [45]. The resulting demagnetizing field then induces a precession of
the free layer around the demagnetizing field z-direction. This situation is completely analogous
to the discussed field induced precessional switching and also related to spin transfer torque os-
cillators. The main difference to spin toque oscillators being that they require this out-of-plane
precession to be stable under DC current conditions. The STT precessional switching proceeds
similarly as for magnetic field induced switching. By controlling the pulse width it is possible to

1Maria Marins de Castro Souza. Commutation précessionelle de mémoire magnétique avec polariseur a anisotropie
perpendiculaire. PhD thesis, Université de Grenoble, 2011.

ZBertrand Lacoste. Mastering the influence of thermal fluctuations on the magnetization switching dynamics of spin-
tronic devices. PhD thesis, Université de Grenoble, 2013.
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Figure 3.2 — (a) Geometry of a nanopilla;r with an elliptical cross section. f\/[agnetization dynamics during
the reversal of the storage layer in three configurations: with a perpendicular polarizer only (b), with an in-
plane reference layer only (c), and with both polarizing layers (d). The magnetization is initially in parallel
alignment (solid blue arrow) and switches to antiparallel alignment (dotted blue arrow).

stop the magnetization trajectory at a half-precession such that it relaxes towards the parallel or
antiparallel equilibrium state. As before, the precessional switching process to write the parallel
or antiparallel state can be realized with the same current polarity for sub-ns pulse widths.

The role of the spin transfer torque current from the reference layer is of second order in this
initial implementation of STT precessional switching. At the start of the applied current pulse,
the magnetization directions of the reference and storage layer are close to co-linear. Since the
spin torque is the vector product of these two magnetizations, it remains close to zero on time
scales up to 1ns, as was already shown in thermally assisted cells written by STT. It is only mag-
netization fluctuations from this co-linear direction that initiate the STT reversal. Once initiated,
the switching itself lasts much less than a nanosecond, however the initial randomness acts as
a limit to the total switching speed. The stochastic reversal process can lead to long incubation
times [46]. This becomes especially limiting when error rates lower than 10~ are required, such
as for fast MRAM applications, since the pulse width has to be chosen such that the error rate is

respected even in worst case conditions.

3.3.1 Orthogonal spin polarizer

The integration of a perpendicular polarizer in an in-plane magnetic tunnel junction presents the
main advantage of maximizing spin transfer torque from the onset of the pulse, suppressing the
stochasticity of the switching and allowing for gains in the total switching energy as for field

induced precessional switching.

Co/Pt multilayers for perpendicular polarizer

The first requirement was the development of perpendicular anisotropy hard layers to set the
direction of the perpendicular polarizer. Experience in Co/ Pt multilayers already existed at Spin-
tec [47,48]], but the integration of these materials is magnetic tunnel tunnel junctions requires the
control of different crystallographic structures in the same stack [49]]. In this multilayer approach
we developed perpendicular anisotropy electrodes using Co/ Pt or Co/Pd multilayers to obtain a

reference layer with perpendicular anisotropy. The origin of the perpendicular anisotropy is the

34



strong spin-orbit coupling between orbital magnetic moment and the intrinsic spin magnetic mo-
ment [50]. This link to the crystal structure axes, in Co/ (Pt/Pd) multilayers results in an easy axis
direction perpendicular to the growth plane of the layers, and perpendicular anisotropy energies
of the order of 107erg.cm ™.

These studies also showed that the interfacial anisotropy in the Co/ Pt and Co/Pd multilayers
is asymmetric. The anisotropy induced at the lower interface is at least an order of magnitude
larger than that induced at the upper interface [51]. Interdiffusion occurring at the upper interface
strongly degrade the anisotropy of the Co/ Pt multilayers, and it can be reduced by inserting one
or two atomic layers of copper, since Co and Cu are immiscible [52]. The interface anisotropy
for the Co/Pd system was 1.2erg.cm~2, while for the Co/ Pt system it reached 1.8erg.cm~2. The
choice for perpendicular polarizer was to start from a Co/ Pt multilayer stack, below the in-plane

storage layer.
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Figure 3.3 — (a) Interface anisotropy of Co/Pd and Co/ Pt multilayers as function of Co thickness. Measure-
ments of interface and volume anisotropy for cap layer X in Ta3/Pt5/Co tc,/ X 1/ Pt 2nm stack.

Synthetic antiferromagnetic (SAF) perpendicular polarizer

The perpendicular polarizer, is also responsible for generating a large dipolar field that cannot
be negleted in precessional switching, since it will modify the effective field on the storage layer
magnetization. Micromagnetic simulations were carried out to demonstrate the effect of the stray
field on the precessional motion [53]]. It is possible to reduce the dipolar field of the perpen-
dicular polarizer using RKKY coupling through a Ru layer, as was already the case for in-plane
anisotropy layers. The effect of SAF and single-layer polarizers is shown in Fig. (a-b) in
the two phase diagrams for precessional switching. The switching probability is calculated as a
function of pulse width and current density, black corresponds to a final state equal to the initial
state, white represents switching and gray corresponds to a vortex state. This vortex state is not
a global energy minimum, so that when current is stopped thermal fluctuations will make the
system reach one of the two equilibrium states, parallel or antiparallel, with equal probability.
The mentioned vortex state appears at high current density after a few precession cycles,
meaning that the coherence of the storage magnetization dynamics is strongly affected for the
case of a non-SAF polarizer. Using an SAF peprpendicular polarizer reduces the dipolar field and

the coherence of the precessional motion of the storage layer magnetization is strongly enhanced.
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Figure 3.4 — Micromagnetic simulations of precessional switching probability with SAF-polarizer (a) and
single-layer polarizer (b), with alternating non-switching (black) and switching (white) regions, the gray
region corresponding to vortex formation. (c) Top: Calculation of stray field H, of SAF (black continuous
line) and single layer (red dashed line) along pillar lateral dimension for a 140nm and 540nm diameter.
Calculated stray field H,, of SAF (black dots) and single layer polarizer (red triangles) vs. pillar diameter.

The overall behavior is close to macrospin for the whole pulse duration, improving the switching
reproducibility.

Calculations confirmed the reduction of stray field by the SAF polarizer resulting from the
opposing magnetization directions. However, since the center of the two magnetic layers does
not coincide, they only partially cancel each other, the sidewall edges presenting high dipolar
fields compared to the center. As the pillar size is reduced it requires adjusting both contributions
to minimize the dipolar interaction [54]. These calculations were also confirmed experimentally

on perpendicular anistropy cells, showing a reduction of the storage layer offset field.

SAF perpendicular polarizer integration

The integration of a perpendicular polarizer below the in-plane anisotropy magnetic tunnel junc-
tion was realized starting from two possible options. The first was to separate the perpendicular
polarizer structure with a tunnel barrier. The main difficulty of this approach was achieving a
sufficiently low RxA product so that the current density was compatible with the threshold re-
quired for STT precessional switching. At that time, achieving RxA values around 10Qum? was
not possible without direct coupling of the storage and polarizer layers. Increasing the barrier
thickness allowed for decoupling, but the resulting RxA values were around 100Qum?. Given
these limitations, a solution was found by using a Cu spacer layer between the polarizer and the
storage layer.

This created integration problems related to the influence of the crystal growth plane during
the tunnel junction annealing process. Copper gown on Ta crystallizes in a face-centered cu-
bic fcc structure with a (111) orientation. During annealing, the initially amorphous CoFeB will
crystallize from the (111) template at the copper interface instead of the body centered cubic bcc
crystallographic structure, that allows for the spin filtering effect in the MgO barrier. It was pos-
sible to maintain a high TMR signal, by introducing a synthetic ferrimagnetic layer in the tunnel
junction. The Ru layer acts as a texture breaking layer, separating the fcc phase in the perpendic-
ular polarizer from the bce phase in the crystallized CoFe. The synthetic ferrimagnet storage layer
and MgO tunnel barrier showed good magnetic properties, all layers behaving as decoupled. In
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Figure 3.5 — Effect of seed layer on the induced crystallographic structure of the MgO tunnel barrier. The Cu
seed induces crystallization of the CoFeB from an fcc template resulting in low TMR. Using a Ru spacer it is
possible to realize the structural transition from the fcc seed layer to bcc MgO and full TMR is recovered.

addition, the value of TMR and RxA are the same as those found for a planar junction without a
perpendicular polarizer, confirming the successful integration with the MgO tunnel junction.

3.3.2 STT precessional switching

Precessional switching was first verified by measuring the switching probability as function of the
applied pulse width, as shown in Fig. for an applied pulse amplitude of 1.42V correspond-
ing to an average trace of 50 single-shot experiments. Oscillations of the reversal probability are
present for both directions of current, and they were observed in the voltage range 1.1 — 1.9V
corresponding to current densities 7.6 — 1210 A/ cm?. The switching probability oscillation is not
a direct proof of precession but, as will be shown from real-time trace measurements, they are
indeed the result of the induced precession from the perpendicular polarizer. The high proba-
bility peaks correspond to half-precession multiples, and the troughs to multiples of a complete
precession. From the damped probability oscillation, it becomes clear that magnetization preces-
sion loses coherence over multiple precessions. This is likely due to thermal fluctuations resulting
in phase shifts created by small changes in the precession frequency. The full de-coherence time
estimated from the initial amplitude decay is 10ns, however the amplitude will not decrease to
zero it will decay to the 50% level.

From switching probability data it is possible to draw a phase diagram of the probability
dependence on the pulse duration and the current density. This was done for writing to the an-
tiparallel state for both current directions corresponding to electron flow from or into the perpen-
dicular polarizer, as shown in Fig. [3.7)(a). Qualitatively, the diagrams show switching probability
bands similar to those calculated from micromagnetic simulations in Fig. 3.4. Oscillations are
also more well defined for positive applied voltages, with a clear first oscillation band and a less
well defined second oscillation band. This positive voltage corresponds to an electron flow first
through the perpendicular polarizer and into the storage layer. This could result from an asym-
metry in the spin polarization for electrons transmitted or reflected by the copper spacer layer,
the transmission coefficient of spin polarization being greater than that of reflection.

Since these bands represent high switching probability, it is evident that as the current is in-

creased, close to 100% switching after the first half precession is observed at increasingly shorter
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Figure 3.6 — (a) Oscillation of the switching probability for 1.4V pulses applied to switching to the parallel P
or the antiparallel AP state. (b) Decay of the switching probability oscillation amplitude due to de-coherence
of the induced precession.

times. The pulse width at which the first half precession occurs is plotted in Fig.Fig. 3.7 (a) for
different junctions of elliptical shape 80 x 270nm [55]. The continuous lines represent fits to an
adiabatic precessional model of the critical current J. density

Te=To {1+T”t’“"1n<72/02>} 3.1)
where Jj is the intrinsic critical current density, T, a relaxation time, 6y the initial angle
of the free layer magnetization with respect to the reference layer and ¢ the pulse width. The
model seems to apply to the free layer switching, even when the precession is induced by the
perpendicular polarizer, suggesting that the actual reversal still depends on the initial free layer
angle and a characteristic relaxation time. The devices also show an increase of the precession
frequency proportional to the current density as seen in the inset. This is expected in precessional
switching, since the storage layer precession is induced by the perpendicular polarizer. From
analysis realized for spin torque oscilators using a perpendicular polarizer, the frequency of the
out-of-plane precession depends linearly on the applied voltage, and can be calculated as [56]:
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Figure 3.7 — (a) Switching probability of P-AP reversal for electrons flowing into and out-of the perpendicular
polarizer. (b) Position of the first half precession for the P-AP reversal on 80 x 270nm junctions, the inset
showing the linear relation between precession frequency and current density.
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Since the oscillation frequency increases with the applied current, it results in a frequency blue-
shift. Calculation with typical values of saturation magnetization My = 1.210°A/m, « = 0.01,
7 = 0.3, a volume of V = 100x100x1nm> and currents of I = 0.1mA, i.e. a current density
of 110°A/cm?, result in a frequency fy around 2GHz, corresponding to a switching time half-

precession of 250ps, well below 1#s.

Real time measurements

Samples with an elliptical cross-section and low aspect ratio (2 : 1) for a nominal size of 160 x
80 x 3nm were fabricated with a high-bandwidth ~ 10GHz device design layout to obtain single-
shot time-resolved measurements of the magnetization reversal. During the application of a 10ns
current pulse, oscillations in each single-shot were observed corresponding to a succession of
parallel and anti-parallel states between the free layer and the reference layer. The effect of the
perpendicular polarizer is dominant resulting in the precession of the storage layer magnetiza-
tion. Individual single-shot traces are shown in Fig. for a 1.4V pulse. The observed large
amplitude oscillation is characteristic of the perpendicular polarizer action. However, after the
initial precession oscillations are not very reproducible, showing variations of the precession pe-

riod in each single-shot trace and even some absent oscillations.

Single shot traces at 1.4V Ellipse size : 80nm x 160nm
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(a) Individual single-shot traces for 1.4V pulses (b) Final state phase diagram from macrospin simulations, starting
with 3GHz low-pass filter applied. from the parallel state (blue).

Figure 3.8 — Low aspect ratio (2 : 1) precessional STT cell.

Macrospin simulations for this cell geometry were realized to plot the state phase diagram ver-
sus pulse duration and current density in Fig. 3.8(b). It shows the expected alternating P and AP
regions, i.e. alternating switching and non-switching regions. The precession de-coherence can-
not be obtained from such a model, since magnetization is treated as a single macrospin, neglect-
ing micromagnetic distortions, and thermal fluctuations were not considered. It again confirms
the induced precession above the critical current, showing also a higher precession frequency
with increasing current.

These results prove that it is possible to achieve precessional writing under 1#ns using a per-
pendicular polarizer. For writing to be successful, the pulse width must be timed to stop after a
single half reversal because of precession de-coherence at longer time scales. Together with the
fact the initial state must be read before writing, it does not completely fulfill the requirements for
fast writing in a high-speed MRAM cell.
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3.3.3 Deterministic switching

The two precessional switching methods presented above are not deterministic. However it is
possible to find a solution to achieve deterministic precessional switching, by analyzing both con-
ditions necessary for precession and STT switching. The storage layer is under the influence of
two STT contributions from the perpendicular polarizer and the in-plane reference layer. Tuning
the relative amplitude of these contributions provides the possibility for the final state to be deter-
mined by the current pulse direction while at the same time reducing the switching stochasticity.
The critical current for STT switching of the free layer is recalled as

long 2 & < M; > 2¢ a poM?t
= = Mt (H + 2585 ) & 22 & HOWsT (3.3)
Je h Miong HOMs ¢ 2 h Mong 2

On the other hand, structures with a perpendicular polarizer as used in spin torque oscilla-

tors also exhibit a critical current density, above which precession of the free layer magnetization
exists. The critical current density for precession induced by a perpendicular polarizer can be
calculated from the study of the equilibrium stability [57,/58] and is written as

2e 1
UL Mt(> 3.4
Je h’?perp‘uo s 5 (3.4)

where H is the in-plane anisotropy field. Using these two current density thresholds we can

set the conditions necessary for direct bipolar precessional switching to be obtained when
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From this condition, it appears that the in-plane anisotropy Hy is the only parameter that does
not directly depend on material parameters, and one that can be determined by the elliptical
shape and aspect ratio, as shown in equation Tunnel junctions fabricated to a higher aspect
ratio of 4:1, with nominal size 250 x 50 x 3nm?, showed a higher in-plane anisotropy field around
1250e. In this case the switching probability measurements showed only direct reversal with no
sign of precession even as the voltage was increased to 1.6V. The switching probability versus the
pulse width for different voltage pulse amplitudes in the case of cells with a high aspect ratio is
shown in Fig. 3.9(a). In contrast to the previous low aspect ratio cell, no oscillations are observed
in the switching probability. For sufficiently long pulses, the final state is fully controlled by the
current direction independently of the pulse duration. The same increase in precession frequency
is obtained, with larger pulse currents resulting in faster reversal. Sub-nanosecond switching was
obtained for pulse amplitudes above 1.12V, corresponding to a current density of 610°A /cm?
and a minimum switching energy of 1.5p].

Macrospin simulations for this high aspect ratio cell were realized as shown in the state phase
diagram in Fig. 3.9(b). It again shows alternating alternating switching and non-switching re-
gions, however it is now possible to find current levels where only the initial reversal occurs, and
the final state is determined by the current polarity. The diagram shows the final state starting
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Figure 3.9 — High aspect ratio (4 : 1) precessional STT cell.

from parallel state (blue). For these simulations, the spin polarizations of the reference layer and
of the perpendicular polarizer are respectively of 7,5, = 0.3 and #perp = 0.05. The anisotropy
field was Hj = 2880e¢, with the same previous layer thickness 3nm. Time-resolved measurements
on cells with a perpendicular polarizer confirmed a vanishing incubation time as the applied
pulse voltage is increased. However, at high voltage hints of precessional motion start to appear,
as is also expected from the phase diagram simulations for a current density values above the
range for direct reversal.
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Figure 3.10 — STT switching of MRAM cells in conventional (left) and precessional stacks (right), with com-
paratively lower stochasticity.

The integration of a perpendicular polarizer in an in-plane tunnel junction MRAM cell allows
to realize a bipolar deterministic reversal of the storage layer magnetization. The stochasticity is
also reduced, as shown in the comparison on Fig. [3.10} such that it becomes possible to realize
reversals in less than 1ns. This was achieved by increasing the aspect ratio of the cell above 4:1,
which at the same time also improves the thermal stability ratio because of the higher anisotropy
field. The drawback is the increased footprint of the cell which, for embedded ultra-fast MRAM

applications, would still be smaller than equivalent conventional CMOS alternatives.

3.4 Tunnel barrier breakdown

To take full advantage of the precessional switching process, short time pulses of relatively high
voltage are required. These high voltages are applied during short times and the breakdown
reliability of the tunnel barrier might become a limiting factor for endurance. During the course
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of two PhD thesis the magnetic tunnel junction barrier breakdown was investigated looking at
the effect of short pulseﬂ and the repeated application of pulse sequencesﬁ This section provides
a review of the most important results obtained in these studies.

3.4.1 Breakdown mechanisms

The process involved in tunnel barrier breakdown can be characterized by a Weibull model [60]
where the cumulative failure rate F(t) for a total stress time ¢ is described in terms of two param-

eters 77 and .

F(t) =1—exp [~ (t/1)"] (3.6)

The scale parameter 5 represents the total time required for [1 —exp (—1)] = 63.2% of the
devices to fail and is directly dependent on test conditions, in particular, the applied voltage. The
parameter 3 reflects the aging mechanism involved and tunnel barrier quality influenced by dis-
persion in both deposition and process patterning. An example of breakdown characterization
is shown in Fig. in which the resistance levels of the parallel and anti-parallel states where
monitored after each pulse sequence. Resistance levels are stable and breakdown occurs abruptly,
and investigations on similar tunnel barriers using high resolution TEM [61] showed that break-
down was associated with localized pinhole defects creating a short through the MgO barrier.
The 7 variation follows an electric field E-model [62] for breakdown where log(7) is proportional
to E. This can then be used to extrapolate the expected lifetime at lower voltage pulse conditions
and determine the voltage limits for target endurance levels up to 10'® write cycles for use as core

level memory and 10 year continuous operation.
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Figure 3.11 - (a) Magnetic tunnel junction R,;, and R,y values vs. number of pulses (100ns and +1.3V.
(b) Tunnel barrier failures fitted to Weibull model, plotted on a Weibull scale vs. applied pulse number.
(c) Dependence of ; with pulse voltage and extrapolation of lifetime assuming an electric field breakdown
model.

3]. Alvarez-Hérault. Mémoire magnétique a écriture par courant polarisé en spin assistée thermiquement. PhD thesis,
Université de Grenoble, 2010.

4S. Amara. Etude de fiabilité des jonctions tunnel magnétiques pour applications a forte densité de courant. PhD
thesis, Université de Grenoble, 2012.
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Short pulse width

Studies of time-dependent dielectric breakdown can be realized using quasi-static voltage ramps
to record the time to breakdown or pulse sequence application and applied to similar magnetic
tunnel junction types [63]. The mean time-to-breakdown decreases with temperature show-
ing that the breakdown process is thermally activated and can be correctly described by an Arrhe-
nius model of ion charge trapping in the tunnel oxide barrier. Tunnel barrier breakdown tests
were realized on MgO barriers fabricated by plasma oxidation having 65% TMR and R x A =
140 Qum? . They confirmed the equivalence of barrier lifetime obtained from DC voltage and
consecutive voltage pulses, when the pulse width is longer than 100ns. This is shown on Fig.
3.12} with the cumulative barrier failure increasing at the same rate and can be fitted by similar
Weibull distribution parameters for 1ys and 100ns pulse widths.
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Figure 3.12 - (a) Time-dependent barrier breakdown failure applying constant voltage pulses. (b) Tempera-
ture dependence of barrier breakdown for 10ns pulses. (c) Illustration of charge trapping relaxation for pulse
widths shorter than 100#s.

At short pulses widths, 10 — 30ns, a significant increase in lifetime is observed. Since the
breakdown is thermally activated, a first possibility to explain the behavior was to verify if a
smaller temperature rise for short pulses could be the cause. Measurements at elevated temper-
atures up to 150°C in Fig. 3.12(b) confirmed the thermal activation of the breakdown, but tunnel
barrier lifetime was still improved compared to the long pulse limit. A mechanism of relaxation
of trapped charges could provide an alternative explanation, with charge trapping propagating
progressively in the barrier from the interface where electrons originate [66]. For short pulses,
charges remain close to the surface and relax once the current is stopped. Conversely for pulses
longer than 100ns, charge trapping becomes irreversible and once a threshold is reached, the total
time under applied voltage becomes the relevant parameter, irrespective of the pulse width.

Pulse sequences

The influence of a delay between consecutive pulses in MgO based tunnel junctions was also
investigated. The experiments were performed at a constant pulse width, changing only the delay
between pulses. Accelerated breakdown conditions were used with pulse voltage amplitudes of
1 — 1.5V corresponding to an electric field of 9 — 14MV /cm. The results in Fig. [3.13(a-c) show a
significant increase in endurance up to 6 orders of magnitude for characteristic intermediate delay
times 1) = 80 — 10015 between pulses of 30ns. The enhancement is observed for both positive
and negative voltages, but this endurance peak disappears when pulses of alternating polarity are
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used, as seen in Fig. 3.13(a). This cannot be explained simply by heating effects and we developed
an interpretation in terms of charging/discharging effects based on qualitative representations of
the population of trapped electrons in the barrier as illustrated in Fig. 3.13(d-f).

1014 :'"I Lo L R | ""'"1_:"1 L o -1.02V Itm"l‘”"" A +1.08V
Ll O +148v ] 4 118V | v +1.16V
10° A w148V T 1 # +1.25V
10°+ + i
10°t - i
c10°F i i
10+ - -
10° H T F
00 ul ul. . .d(a).d- ul. ul. . .A(b sl ™4 al. ™l (C.l
10° 10" 10° 10* 10*10° 10" 10% 10° 10*10° 10" 10% 10° 10°
At(ns)
- 1.0ET T T T — .—pulsew—-_-
s | —Q
At=5/3 AAAAAANAAAAANANNY f 1
on.s- < (d)[ (e)--At=1006/3 >>f(o 1
> At=108/3 ~ 1,
0.0 quvluu]lvnuquuuIllnlllllllllrlll‘lllrl I!Illl!llllllll

15 20 25 15 20 25 15 20 25
t/(t+At)

Figure 3.13 — Measurements of 7 as function of sequential pulse delay for different pulse polarities: positive
or bipolar (a), negative (b) and positive (c) for tunnel junctions with RxA = 30 — 470} ymz. (d)-(f) Qualitative
representation of trapped electron time variation for cases corresponding to short (d), intermediate (e) and
long (f) pulse delays.

The first regime at short pulse delays At < Ty, corresponds to a continuous increase in the
density of trapped electrons, since there is no time for charge relaxation to occur. When an electron
gets trapped in the barrier, a screening positive charge appears in the metallic counter-electrode,
resulting in a lattice distortion from the electrostatic force between opposite charges estimated
to be 10nN. This stress renders the barrier more fragile, resulting in a reduced endurance. The
endurance is also reduced for pulse delays At > 1, with enough time for electrons to relax and
decreasing the electrostatic force. The barrier is then exposed to an alternating stress favoring
atomic mobility that leads to pinhole formation and rapid breakdown. Conditions when At ~ 1
are the most favorable in terms of endurance combining a moderate density of trapped charges
and a reduced time modulation of this charge density. Assuming a charge modulation amplitude
that is proportional to the applied voltage, the endurance enhancement at 15 = 100#s is expected
to decrease for larger voltages, this is indeed confirmed by our data. The proposed mechanism
is also consistent with the absence of endurance enhancement for pulses of alternating polarity.
In that case electrons are trapped and de-trapped at each alternating pulse independently of the
delay At, yielding again a strong time-dependent modulation of trapped electron density. These
results demonstrate the role played by electron trapping sites in the tunnel barrier breakdown
process. They also suggest that higher endurance can be obtained for any delay between pulses
in MgO barriers by reducing the number of preexisting traps, originating from defects such as
dislocations from the 4.3% lattice mismatch between CoFe and MgO [67], interstitial defects, Mg

or O vacancies and local inhomogeneity in the oxide tunnel barrier.
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3.4.2 Noise measurement correlation

To conclude this section on tunnel junction breakdown, the possibility of using a non-destructive
test to predict tunnel junction breakdown was explored by using tunnel junction noise as a mea-
surement parameter. The junction noise, corrected from the background distribution can be
measured close to zero bias and generally shows a 1/ f dependence at low frequency. This is
expected for systems containing a large number of noise fluctuators. The 1/ f noise in tunnel
junctions [67,68] can be described using the empirical Hooge formula, equation 3.7] where « is a
Hooge-like parameter, <y is the exponent of the 1/ f noise, R and A are the junction resistance and
area, and I is the measurement bias current:

VZ
S‘U = DCNif'Y (37)
1 R2%J?
Sv(VZ/HZ) = DCfTT (38)
R?I?
log(Sy) = —vlog(f)+log(a)+log (A ) (3.9)

It is apparent from equation 3.9 that the most appropriate representation for the noise power
density is a log —log plot. In such a scale, a linear fit to the data results in a slope 7y defining
the type of noise. Fitting noise data shown in Fig. results in ¢ ~ 1.05 confirming the
1/ f noise type. The Hooge factor a corresponds to the linear fit intercept at 1Hz, expressed for
tunnel junctions in #m? units for convenience. Finally, the term log(R?I?/ A) is a normalization
correction, accounting for differences in junction size and bias current. Breakdown tests in ac-
celerated conditions using 1.7V pulse sequences were performed, after measuring low frequency
noise. Sequences used a pulse width of 30ns and a 70ns delay between pulses, close to the value
maximizing tunnel junction lifetime.

The results on 60 tested junctions in Fig. [3.14(c) shows a broad correlation between tunnel
junction endurance and the 1/ f noise amplitude, Hooge parameter «. Qualitatively, junctions ex-
hibiting low noise prior to the breakdown pulse sequence generally have the largest endurance.
This suggests that endurance and noise are both sensitive to electron trapping sites in the barrier.
However the dispersion observed in lifetime, ~ 9 orders of magnitude, is much higher than the
4 orders of magnitude found for the Hooge parameter. A possible explanation is the large volt-
age difference between noise and breakdown measurements, 36mV vs. 1.7V, leading to a larger
number of trapping sites being charged in endurance tests compared to noise measurements [69].
From an endurance perspective, a few of these sites may define the upper limit for the tunnel junc-
tion lifetime. However, if only these few defects play a dominant role during oxide breakdown
and their activation energy is large, they may not be detected in the noise experiments at low
voltage. From a noise point of view, each defect acts as a telegraphic fluctuator with a character-
istic dwell time, and a random dwell time distribution yields the 1/ f noise type. This difference,
that a large number of sites contributes to noise characteristics, but only a few are responsible for
electrical breakdown, may explain the large scattering of data points in the general trend link-
ing noise and endurance. This argument, suggest a better correlation could perhaps be found
by measuring noise at current levels closer to the tunnel junction operating voltage, opening the

possibility for it to be used as a predictive tool for tunnel barrier reliability and write endurance.
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3.5 Conclusion

It is possible to reverse the magnetization direction with current pulses shorter than 1ns by tai-
loring the pulse timing to favorably exploit the magnetization precessional dynamics. The mag-
netization precession can be induced by short magnetic field pulses along the cell hard axis, but
also by using a perpendicularly spin polarized current into an in-plane anisotropy magnetic layer.
A perpendicular anisotropy electrode using Co/Pt multilayers was developed and successfully
integrated with in-plane magnetic tunnel junctions. Precessional switching is confirmed by os-
cillations in the switching probability and from real-time single shot measurements. The first
half-precession can be reliably reproduced, but further precessions show significant decoherence
times, as short as 10ns. This reversal process is limited in its application scope, since it critically
depends on precise pulse timings. By combining the spin torque contributions of the in-plane
reference layer and the perpendicular polarizer, both acting on the storage layer, it is possible to
achieve deterministic switching. This was demonstrated using elongated elliptical cells of aspect
ratio 4:1, providing a solution to repeatedly write below 1ns with the precession stopping after
the first half precession. The significant improvement from precessional switching is the reduc-
tion of the total energy for writing, because of the short pulse widths. However, the write current
density is higher than spin transfer torque switching of other in-plane cells. The relatively high
voltage required for switching can cause the tunnel barrier lifetime to decrease below the target
endurance limit. A study of tunnel barrier breakdown in magnetic tunnel junctions shows that
short pulse widths have positive effect increasing the tunnel junction lifetime, in a process in-
volving a possible relaxation of trapped charges in the tunnel barrier after the pulse is stopped.
This assumption of trapped charges was also consistent in explaining significant increases of en-
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durance, up to 6 orders of magnitude, when applying pulse sequences of the same polarity with
~ 70ns delays between pulses. The effect disappearing, for both short and long pulse delays and
consecutive pulses of opposite polarity. Finally, a possible non-destructive noise measurement
showed some correlation to measured endurance. However, it was still too broad to be effectively

used, but it suggests possible improvements by measuring noise at higher voltages.
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Chapter 4

Scaling to high density:

perpendicular anisotropy
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4.1 Introduction

The in-plane anistropy cells described in the previous chapters, are not compatible with scaling
to sub-20nm cell dimensions. For this goal, the source of anisotropy can be neither in-plane shape
anisotropy nor exchange bias. For exchange bias in thermally assisted MRAM, the issue is related
to the reduced number of grains that scaling implies, leading to increased cell-to-cell dispersion
[20,21]. There is also the issue of generating increasingly larger fields to set the magnetization
direction, while at the same time reducing the cross section of the field generating current lines,
leading to current densities above the Cu line electromigration limit. For in-plane cells written
by STT or precessional switching, stability of small cells requires increasingly higher aspect ratios
to cope with the reduction of the magnetic volume, which contradicts the small size goal [70].
From that point of view, perpendicular anisotropy would allow small circular shape elements to
achieve energy barriers of 70kpT at least in the 20 — 30nm diameter range, and possibly also at
smaller dimensions. A second major reason to consider perpendicular anisotropy cells, is that
the critical current required to reverse the magnetization is reduced compared to in-plane cells,
assuming the same thermal stability factor in both cell types [71].

4.2 Spin transfer torque and perpendicular anisotropy

In the case of a magnetic element with perpendicular anisotropy and cylindrical symmetry, it
is possible to separate the reversal magnetization dynamics into a precession term and a rever-
sal component defining the polar angle. Assuming a symmetry axis z along the perpendicular
anisotropy easy axis direction, the LLGS equation 2.1 can be re-written as

1+7,X2LZ1 = =it x [Hypy — (b0 +aay)) ] = x [ x (abp = (aby ) 7)| @D
1?"‘2";’? — i x AZ—ift x (ift x BZ) (42)

where 11 = 1711/ M is the unit vector along the free layer magnetization direction, M the mag-
netization saturation, H, 7 the effective field, p the unit vector along the reference layer magneti-
zation direction, while a| and b, are the in-plane (damping-like) and out-of-plane (field-like) STT
coefficients. Two scalar parameters A and B can be introduced in equation 4.2} corresponding to
the precession of the magnetization about the symmetry axis z, and rotation of the magnetization
upon reversal. The value of A defines the magnetization precession frequency, while B corre-
sponds to a change in the polar angle 6. The fist term is analogous to a modified ferromagnetic
resonance (FMR) condition, with a precession frequency defined by Kittel’s easy axis formula as

% = Hefp — (bJ_ +IXLIH) (4.3)

where w is the angular frequency of the precession. The second term B reflects the condi-
tion necessary for magnetization reversal to occur, i.e. when the value of B changes sign. This
corresponds to a switching threshold for the STT-induced reversal defined by
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lXHfo + a)— ab, =0 (4.4)

A very important consequence is that compared to the in-plane geometry, the influence of the
b, ’field-like’ torque parameter is weighted by the Gilbert damping parameter «, typically 0.02 —
0.001, which significantly reduces the impact of b; by up to a factor of 1000. From equation
setting ab | = 0, we find the usual perpendicular geometry critical current density for switching,
which in the presence of field H is written as

. 2e «
e = i noMst (Hy + H) (4.5)
where 2| = 2% Mist corresponds to a conversion factor in units of Oe/(A/cm~2). One can also

notice that this equation defines a simple linear switching boundary with respect to the applied
field [72]/73]. This equation can be used to draw a state phase diagram as shown in Fig. where
inside the rhombus-like central region the free layer can be along either of the two equilibrium
directions, in parallel P or antiparallel AP alignment with the reference layer direction.

It had been considered to use stability phase diagrams boundaries to study the bias voltage
dependence of the b, 'field-like’ term, however because of the defining equation 4.4 for perpendic-
ular anisotropy MT] structures the value of b, would have to be unphysically much higher than
a)| for its bias voltage dependence to be experimentally measured as a deviation from the straight
line boundary. Our analysis defines a possibility to reveal the influence of the “field-like’ STT term
from the frequency of the precession, provided that it could be separated from the nonlinear in-
fluence of the oscillation amplitude on the frequency.

Intercept
S, aHy

<
<

1

1

J

Intercept /I 0 ) '
H, P/AP |

<~ aH,

>
o

—_e e ———————

)

/
|

Hefy

Figure 4.1 — (a) Geometry of a perpendicular anisotropy MT] with symmetry axis and easy axis direction z.
(b) STT Stability phase diagram constructed from Eq. assuming ab, =0.

From the phase diagram it is possible to extract important parameters. The critical current
density, or voltage, for switching is obtained from the intercept of the field-current boundary at
zero field, when the free layer offset fields are compensated. Defined more generally, it can be
obtained from the crossing point of the two boundaries, positive and symmetric negative bound-
ary, dashed red line in Fig. 4.1. This point represents the field at which it is possible to switch the
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free layer with the same positive and negative voltage value, for both the P — AP and AP — P
transitions.

It is also possible to access material related storage layer parameters, like the anisotropy Hy
from the intercepts of the boundaries at zero voltage. Also the damping « can be obtained from
the boundary slope provided that the value of M; is known, and the effective spin polarization
parameter 7 is constant, or weakly dependent on the voltage. Spin polarization can then be cal-
culated from TMR as 7 = \/TMR/(TMR + 2) according to Julliere’s formula assuming identical
spin polarization # in both reference and free layer electrodes. For convenience we can write the

critical current directly in terms of the thermal stability A = E,/kpT in the absence of applied
magnetic field H as

- ‘:’z offV = 1777 = ‘;e; AkyT (4.6)

This relation shows that the critical current required to set the free layer magnetization with
STT is directly proportional to the thermal stability value. Unlike in-plane anisotropy cells, there
is no write current penalty from the demagnetizing field. It also means that the ratio of A/I; can
be viewed as a figure of merit for STT switching efficiency. It also serves as a reminder to evaluate
critical current densities together with the cell thermal stability, since low values of critical current
can often be traced back to low thermal stability cells, rather than high spin torque efficiency.

4.2.1 Thermal stability

Several methods can be used to evaluate the cell thermal stability, relying on some assumption
for the energy barrier to vary with applied field or current [74H78]. In our measurements we
assumed E,(H) = E,(0)(1 — H/Hy)", with n = 2 for a coherent rotation model. Applying a
linear magnetic field ramp, with an increasing/decreasing field rate R, the thermal stability can
be obtained from the coercive field dispersion, or directly from fitting the switching probability

p(H) as [79]:
B He [1y7 1 H
p(H) =1—exp [_TOR A5 erfc ( X <1 - H}{))] 4.7)

This method has the advantage of allowing to obtain both the thermal stability ratio A and the
anisotropy value Hy. The consistency of the calculated parameters can then be verified against the
measured coercivity value H, as in the in Néel-Brown thermally activated reversal model where

o 1 tme Ln
H. = H; l1—[A1n(1n2)] ] (4.8)

t; being the measurement integration time, while the exponent n depends on the reversal

it is defined as

mechanism, with n = 2 for coherent rotation. The highest values of A and Hj, are obtained using
n = 2, decreasing as n — 1, with n = 1.5 representing a reduction of ~ 30% compared to those
obtained for n = 2.

Reliable determination of the thermal stability is an important field, where models will need
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Figure 4.2 — (a) Evolution of TMR for in-plane anisotropy tunnel junctions for amorphous AIO, tunnel
barrier and (001) textured MgO [80]. (b) TMR in perpendicular anisotropy tunnel junctions for AIOy and
MgO tunnel barriers

to include temperature dependence of material parameters, especially perpendicular anisotropy:.
Other difficulties are associated with the time required to complete tests and the result extrapola-
tion to 10 year thermal stability data, as measured from random single cells to a full Mbit matrix.
The present gold standard is still the measurement of data errors in a full matrix kept at elevated

temperature for hours, days or weeks.

4.2.2 Materials for perpendicular anisotropy

As a starting point for the use of perpendicular anisotropy electrodes in magnetic tunnel junctions
the major difficulty resides in the integration of these electrodes with a (001) MgO barrier to
obtain the spin filtering effect required for high TMR. This is readily illustrated in Fig. [£.2|from the
evolution of the TMR record values observed for in-plane and perpendicular MT]J over the years
[80]. The effect of the symmetry based selection of tunneling electrons in MgO, contributing to
enhanced spin filtering and large TMR values, was first achieved for in-plane anisotropy samples
[81,82]. Crystallization of the MgO in the (001) texture starting from bcc electrodes (Co, Fe or
CoFe), or having this crystal structure induced through annealing starting from an amorphous
CoFeB electrode, as is most commonly the case [49].

Perpendicular anisotropy material candidates for MT] electrodes initially relied on perpendic-
ular interface anistropy from spin-orbit interaction, as is the case for Co/ Pt buffers and multilayer
stacks. These multilayers start from a Pt buffer that has an fcc crystal structure presenting a (111)
surface orientation. Because of the large mismatch in the structural symmetry, the MgO rock-salt
(001) structure cannot be effectively grown on fcc (111) seeding layers.

Our contribution to the development and integration of perpendicular anisotropy materials
in magnetic tunnel junctions has spanned 3 PhD thesis. We have been able to demonstrate that
perpendicular anisotropy at the ferromagnet-tunnel barrier interface is large enough to define
a perpendicular easy axis direction, even without Pt buffer layersﬂ At the same period we in-
vestigated high perpendicular anisotropy materials for the reference electrode and to be used in

Lavinia Nistor. Magnetic tunnel junctions with perpendicular magnetization: anisotropy, magnetoresistance, mag-
netic coupling and spin transfer torque switching. PhD thesis, Université de Grenoble, 2011.
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(b) Influence of buffer layer structure on TMR.

thermally assisted perpendicular anisotropy Cellﬁ and then specifically on the integration of these
electrodes in a magnetic tunnel junction with large tunnel magnetoresistanceﬁ Developments in
the optimization of materials to increase anisotropy and TMR are still on-going related to the
optimization of the natural oxidation process and tunnel barrier growth and the introduction of

refractory materials to increase the resistance to high annealing temperatures.

4.2.3 Magnetic tunnel junction integration

The use of Co/Pt multilayers as a perpendicular polarizer, described in section has the
same requirements as the reference layer of a perpendicular anisotropy tunnel junctions. The is-
sues related to crystal structure compatibility are present, since the Co/Pt multilayer has an fcc
structure, resulting in low TMR as shown in Fig. [£.3{b). The equivalent in-plane magnetic tun-
nel junction grown on Ta, Cu or Pt buffer showed a reduction of TMR from 130% to only 10%
in the case of fcc — Pt. A solution found to obtain compatible crystal structure growth was to
use an insertion of Ta introduced in the magnetic reference electrode of the magnetic tunnel junc-
tion. It can effectively decouple the crystallization of the CoFeB layer from that of the adjacent
Co/Pt or Co/Pd multilayers. The Ta insertion significantly improves the TMR signal [83]. How-
ever, it is necessary for this insertion not to break the magnetic coupling with the multilayer SAF
structure. This decoupling is effective for Ta thicknesses above 0.4nm and immediately results in
lower TMR. This lower TMR is not related to the crystal structure, but to the reduction perpen-
dicular anisotropy in the FeCoB reference electrode, such that its anisotropy becomes oriented
in-plane. From magnetic and transport measurements carried out on different structure types,
a Ta insertion layer of 0.3nm is a good compromise to achieve high TMR while maintaining the
magnetic coupling. While in our studies the SAF reference electrode with Co/Pt multilayers and
Ta insertion became our standard, it is not the only possibility to achieve a high stability refer-

2Sébastien Bandiera. Jonctions tunnel magnétiques a anisotropie perpendiculaire et écriture assistée thermiquement.
PhD thesis, Université de Grenoble, 2011.

3Léa Cuchet. Magnetic and transport properties of single and double perpendicular magnetic tunnel junctions. PhD
thesis, Université de Grenoble, 2015.
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ence direction. There are other high anisotropy alternatives in Heusler alloy materials with low
magnetic moment, also having their own growth and crystal structure integration issues. We also
investigated TbCo a ferrimagnetic rare earth-transition metal (RE-TM) alloy and Co/ Ni multilay-
ers.

TbCo alloys are possible reference layer structures with high coercivity and low magnetiza-
tion, which can be adjusted through the composition. These alloys can be grown by alternating
Tb and Co layer depositions, each layer being thin, typically 0.5nm, to obtain an amorphous al-
loy [84}/85] with good annealing endurance. The composition must be adjusted according to
the annealing temperature and total thickness to compensate for Tb diffusion and oxidation. It
is possible to obtain perpendicular anisotropy structures with high squareness hysteresis cycles
and a coercivity > 15kOe even after annealing at 300°C. These alloys are more suitable for refer-
ence electrodes since a total thickness > 4nm is necessary to obtain perpendicular anisotropy
after annealing. This thickness is too large for STT switching and the switching efficiency is
expected to be impacted by a large damping associated with strong spin-orbit coupling in the
presence of heavy terbium atoms. The TbCo composition was optimized for multilayer thick-
nesses of (Th0.45/Co00.55) . onm. A low saturation magnetization of 100emu cm = and an effec-

3

tive anisotropy of ~ 10%erg cm 3, results in 100kOe anisotropy fields, that are hard to measure. Ex-

trapolations from curves in a 20kOe limited range leads to anisotropy values of 1 — 4 10%rg cm 3.
The integration of a TbCo electrode in tunnel junctions to stabilize a CoFeB top reference layer

resulted in 80% TMR.

Co/Ni multilayers could also be used to achieve high perpendicular magnetic anisotropy elec-
trodes. Unlike RE-TM alloys with poorer chemical stability due to the affinity of the RE elements
to form oxygen bonds, Co/Ni multilayers could be used in direct interface with the tunnel bar-
rier. However, the crystal symmetry problem of growing an bcc — MgO on top of the fcc — Co/Ni
magnetic electrode with (111) orientation is the same existing for Co/ Pt multilayers. Our original
study did not address the required texture breaking layers, but looked at the possibility to have
top and bottom magnetic electrodes based on Co/Ni multilayers [86]. The optimized perpen-
dicular MTJ consisted of a bottom electrode Pt20/(C00.3/Ni0.4) s, a 1.4nm MgO tunnel bar-
rier, and (C00.3/Ni0.4) 3/ Pt 3nm top electrode. The measured Co/ Ni saturation magnetization
was 670emu cm~>, and the calculated M; values of these thin Co and Ni layers are respectively

3, much smaller than the bulk material values. At the same time

1060emu cm ™3 and 280emu cm™~
we can calculate the different contributions to the total perpendicular anisotropy energy from
each interface. The surface anisotropy of the Co/Ni interface was KSO/NE — 0.19erg cm ™2, while

KPt/C0 — 0.88erg cm 2.

the contribution of the Pt/Co interface in the same stack was much higher
It was possible for the tunnel junction top and bottom electrodes to have clearly different coer-
civities, 130 and 4500e respectively. Recently other works [87] demonstrated bottom reference
electrodes based on Co/Ni multilayers using a NiCr buffer to replace the Pt buffer and includ-
ing our proposed Ta insertion as a texture breaking layer, to achieve a 165% TMR perpendicular

magnetic tunnel junctions.

Ferromagnet/oxide interface anisotropy was shown to favor perpendicular alignement of the

anisotropy direction. Early experiments at Spintec showed this phenomenon to be quite gen-
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Figure 4.4 — Optimization top and bottom electrode thickness for high of TMR perpendicular MTJ. Top and
bottom electrode effective thickness corrected for magnetic dead layer.

eral [88]], observed for different magnetic transition metals and oxide layers. The perpendicular
interface anisotropy of CoFeB/MgO is large enough to stabilize the electrode once patterned [89],
this even without the interface anisotropy contribution of a Pt buffer layer. To improve TMR of
perpendicular anisotropic magnetic tunnel junctions, the thicknesses of the electrodes on both
sides of the MgO tunnel barrier was optimized. We investigated the case of junctions having
a Co/Pt multilayer reference electrode, coupled to the bottom CogoFepoBog reference electrode
through a Ta insertion. The top FeyyCogByp free layer was deposited on the MgO barrier and
capped by Ta. Both the top and bottom CoFeB thicknesses were independently modified to eval-
uate the impact on anisotropy and TMR signal. Measuring the evolution of the magnetization as
function of thickness, it was possible to estimate the magnetic dead layer of two electrodes. This
dead layer thickness, below which the material becomes non-magnetic, forms at the Ta — CoFeB
interface due to intermixing and diffusion.

Measuring the TMR signal as a function of the effective thickness, shows the same tendency
for both electrodes: an increase of TMR followed by saturation maximum value, with the same
thickness dependence once the dead layer correction is include [90]. The observed increase and
saturation can be interpreted as the thickness required to establish full spin polarization. From
Julliere’s model, a full spin polarization #c,r.p/recop = 0.4 is calculated for the reference and
free layer electrodes. It can be assumed that the spin polarization depends exponentially on the
electrode thickness, such that the electrode spin polarization P is described as

P =y [1 —exp (;)} 4.9)

where 7 is the full spin polarization of the magnetic electrode material, ¢ is the electrode thick-
ness and /. a characteristic length that defines the relative contribution of interface and bulk spin
polarizations. We obtained a fitting value [, = 0.4nm, corresponding to the red fit curve in Fig.
This short characteristic length [ emphasizes the interfacial contribution in perpendicular
anisotropy tunnel junctions, compared to in-plane junctions where a higher characteristic length

I, = 0.8nm has been measured [91]].

Double oxide interface is also a viable solution to increase the perpendicular anisotropy of
the storage layer electrode. We demonstrated that the replacement of the Ta capping layer by a
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Figure 4.5 — Increasing the perpendicular anisotropy with second MgO oxide interface replacing a Ta capping
layer.

second MgO barrier allows for a significant improvement of the perpendicular anisotropy. Using
the convention that perpendicular anisotropy corresponds to a positive effective anisotropy Kefs,
while negative values correspond to in-plane anisotropy, the effective anisotropy can be expressed
as

Ks1 + Ks2

Kopp = Ko = 2TM7 + =

(4.10)

where K stands for the volume anisotropy, Ms the saturation magnetization, K; ¢ to the in-
terfacial anisotropies of the bottom and top interfaces and t is the effective magnetic thickness.
The increase of perpendicular anisotropy by the oxide capping layer is illustrated in Fig.
for the case of MgO/FeCoB/Ta compared to a composite storage layer MgO/FeCoB / Ta0.3nm
/ FeCoB/MgO. Assuming that volume anisotropy energy is at least one order of magnitude
smaller than the interface anisotropy values [89,/92], the slope of the linear trend, corresponds to
an M; value of 1150emu cm ™3 for the composite layer and 1240emu cm 3 for the FeCoB with Ta
cap. The interface anisotropy is obtained from the K,sst intercept. For the Ta capped electrode
Ks = 1.lerg.cm™2 and in the case of a double MgO interface we find a total interface anisotropy
2K, = 2.2erg.cm™2, that is twice the value of the single oxide interface and Ta capping. This result
is particularly interesting for the scaling of the memory cell to smaller dimensions. Using these
values to calculate the pillar diameter still maintaining a thermal stability factor A = K,f7/kpT
of 70, results in a minimum diameter of 19.6nm, assuming an electrode thickness ¢t = 1.5nm,
2K = 2.2€rg.cm’2 and M; = 1150emu cm 3. Reducing further the minimum cell dimensions
requires higher interface anisotropy values or reducing M;, since smaller electrode thickness will
result in lower TMR values. Setting the 14nm node as target, would require a 20% increase in K;
and reducing M by 20%, which seem reasonable values to be achieved from further stack opti-
mizations. However, targeting the 10nm node does not seem feasible with present perpendicular
interface anisotropy stacks, since the anisotropy from a single interface would have to be at least
Ks = 2erg.cm™2.
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4.2.4 Spin transfer torque switching

Evaluation of MRAM cell concepts requires the actual fabrication of individual test cells, inde-
pendently of the chosen write method. Providing electrical demonstrations of a working concept
was the main objective for the development of a nano-fabrication process allowing the realization
of small size magnetic tunnel junction pillars. The chosen path was to use high aspect ratio Ta
pillars, down to 20nm wide and 100 — 150nm thick, using anisotropic reactive ion etching (RIE).
The initial RIE mask is defined by e-beam lithography using a PMMA (polymethyl methacrylate)
resist lift-off to set the Ta pillar lateral shape and radius. After RIE, the Tz pillar serves as a hard
mask to pattern the tunnel junction nanomagnet electrodes by ion-beam milling, and also as a
contact to the top electrode. The large majority of the “proof-of-principle’ demonstrations of the
investigated MRAM concepts used some iteration of this nano-fabrication process. The process
presently provides the possibility to realize sub-30nm diameter MT] elements and sub-20nm hard
mask pillars.
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Figure 4.6 — (a) Scanning electron microscope images of MTJ cell geometry and Ta hard mask pilar. (b)
Patterned tunnel junction TMR measurements at various cell sizes and reference wafer level TMR. (c) TMR
and R x A product of perpendicular anisotropy tunnel junctions, from an enssemble of continuous film and
patterned wafers fabricated for cell structure optimizations.

Optimization of TMR has already been alluded to. However, achieving R x A levels com-
patible with spin transfer torque and thermally assisted writing is equally important. This con-
trol is briefly illustrated in Fig. [4.6[c), where the MgO barrier fabricated by natural oxidation
shows its sensitivity to the oxygen base pressure and oxidation time. The starting metallic Mg
thickness also impacts R x A, as well as the perpendicular anisotropy value. The level of R x A
product together with the breakdown voltage V), define the maximum levels of current density
jmax = Vp/(R x A) and power density ppax = Vb2 /(R x A) that are accessible during electrical
tests. Applications of MRAM target low write voltage values of 0.5 — 1.5V. Within this range,
significant MTJ cell heating requires typical power density values 10 — 30mW /um? achievable
with R x A = 20 — 40Q um?. For STT switching critical current densities in the 10°A/cm? range,
barriers of 5 — 15Q um? are needed. When combining both heating and STT effects, the relative
importance of each contribution is critically defined by the R x A level.
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4.2.5 Field-voltage phase diagrams

As mentioned in this chapter introduction, the characteristic boundaries of the field-voltage phase
diagrams can be used to measure critical current density for STT switching in a cell, as well as
providing estimations for material parameters. These field-voltage diagrams are obtained by
measuring the cell resistance after applying a current/voltage pulse of 0.1 — 300ns width. Since
the switching voltage is not being applied during the resistance measurement, the recorded di-
agrams dot not present typical heating artifacts of quasi-static continuous current sweeps. They
also provide the possibility to extrapolate the critical current density for switching, even in cases
for which the switching voltage might be higher than the breakdown voltage.
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Figure 4.7 — (a) Field-voltage state phase diagram of a perpendicular anisotropy tunnel junction with resis-
tance levels measured after pulse application, the green color represents a bi-stable region where writing is
not possible. (b) Analysis of the phase diagram boundaries to extract critical switching voltage, boundary
slopes and intercepts. (c) Evolution of the P — AP slope as function of FeCoB free layer thickness to estimate
the Gilbert damping parameter « = 0.016.

This extrapolation is possible from equation 4.5 when the linear field-voltage boundary is
revealed, i.e. the pulse voltage amplitude V > s;(+Hj F H.), where s; is the spin-torque efficiency
pre-factor, directly determined from the experimental slope in Oe/V or Oe/(Acm™2) units. A
systematic study relating state phase diagrams parameter extractions and measurements of the
same parameters from magnetic field measurements is still missing. Nevertheless, some initial
results reported a storage layer anisotropy field Hy = 2.8kOe, that was within £10% of the Hy, =
2.6kOe value obtained by saturating the free layer to an in-plane hard axis [73]. The obtained
Hj values are in quite good agreement considering that they are derived from very different
physical phenomena: super-paramagnetism and STT switching. In another example, discussed
in reference [93], the variation of the field-current density slope was measured for different free
layer thicknesses of the same CoFeB electrode. The P — AP slope was used to estimate the Gilbert

damping parameter. The slope can be expressed as

de _ 2z

The value of the slope should vary linearly with thickness, its magnitude decreasing as the free
layer thickness t is increased. This is exactly what was observed, as shown in Fig. [£.7(c). Using
the measured value of M; = 1300emu/cm® and a spin polarization constant # = 0.3 estimated
from the TMR signal, numerical evaluation leads to a value of « = 0.016 &£ 0.004, which is in good

agreement with values reported by ferromagnetic resonance methods [94,95] on similar 1 nm thin
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layers. These values are generally lower than other reports, which observed a significant increase
of « for in-plane anisotropy layers as the thickness is reduced from 10 to 1.5nm [89].

4.3 Perpendicular anisotropy: thermally assisted writing

Similarly to in-plane anisotropy cells, it is also possible to use thermally assisted writing schemes
in perpendicular anisotropy systems. One approach is to simply use the temperature depen-
dence of the cell stability when writing. This thermal assistance is expected from the critical
switching current dependence of the thermal stability ratio A, that is reduced with the increase
of thermal energy kgT. It is possible to observe the temperature dependence of the anisotropy in
patterned cells, by measuring the coercive field H, variation as function of temperature. The
general trend appears to be linear from room temperature up to 100°C. This can be under-
stood in the case of a thermally activated reversal model. From equation we can write
H. = Hy {1 — (kgT/ Eb)l/ " } , including the measurement time correction factor in the value of
the energy barrier E;. Quasi-static coercivity measurements with a 1s measurement time require
a value of A = E,/ (kgT) > 23, for the magnetization direction not to change during the mea-
surement time, otherwise measured H, will be zero. We can then write a phenomenological
temperature dependence of H, as:

He(T) = Hy [1 - (;;)1/”1 (4.12)

where Tj, is a blocking temperature [96] defining the transition from ferromagnetic to super-
paramagnetic like behavior, and n € [1,2] defines a magnetization reversal process. Assuming
n = 1 we obtain a linear dependence of the coercivity with temperature, adding to the intrinsic
anisotropy temperature dependence [97]. The behavior is illustrated in Figure[#.8(a), showing the
coercivity H, has a linear temperature dependence that can be extrapolated to define a blocking
temperature at which the coercivity field is zero. This blocking temperature increases rapidly
with FeCoB layer thickness. The data resolution does not allow to clearly estimate n from the
temperature dependence. A value n = 2 leads to a dependence proportional to /T that would fit

data just as well in the limited temperature range.
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Figure 4.8 — (a) Temperature and linear dependence fits of coercive field in 100nm pillars for varying
FeCoB top electrode thickness. (b) Reduction of the STT critical current by thermally assisted writing in
MgO/FeCoB/Ta perpendicular interface anisotropy junctions.
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Using temperature to achieve a reduction in critical current density for switching is demon-
strated in Figure 4.8(b). The critical current density j. decreases linearly with the coercive field,
resulting from the fact that both H; and j. depend linearly on the thermal stability factor A. This
also explains why j. is not zero at H. = 0, since at the superparamagnetic limit, depending on
the measurement integration time, A = 20 — 25 but still not zero. The discussed results were
obtained using the substrate holder as an external heating source, but using the self-heating of
the cell by the STT current would proceed along the same reasoning. Any actual advantage of
the thermally assisted writing represents a trade-off between lower absolute current and higher
power density required for the self-heating. These results also show that writing can optimized
by adjusting write voltage levels to the actual device temperature. At the same time, they illus-
trate the importance of maintaining the level of thermal stability even at the highest temperature
of the operating range.

4.3.1 Thermally induced spin reorientation

A more efficient way to exploit thermal assistance in materials with perpendicular magnetic
anisotropy is to use more than a single perpendicular anisotropy interface using a multilayer
structure. It can then provide very high stability at room temperature with a high temperature
dependence to allow writing when heated [97,98]. The principle of this thermally assisted perpen-
dicular anisotropy MRAM writing mode is to use magnetization reorientation with temperature.
In materials with perpendicular magnetization, there exists a temperature where magnetization
will tilt from from perpendicular to in-plane, when the perpendicular anisotropy equals the in-
plane anisotropy at an elevated temperature. It is possible to take advantage of this reorientation
to decrease the STT critical switching current density. Writing will proceed in a sequence where a
current heating pulse is applied, causing a temperature increase of the magnetic tunnel junction to
around 150°C. At this temperature, the magnetization of the free layer gradually falls in the plane
of the layer. Then the spin-polarized current will induced a precession of the in-plane anisotropy
free layer around the perpendicular axis, with a net magnetization direction pointing upwards or
downwards depending on the spin-polarized current direction. This situation corresponds to the
highest spin transfer torque efficiency, because magnetization and polarization are in an orthogo-
nal configuration. As the current decreases, the perpendicular anisotropy is recovered, stabilizing

the the storage layer direction upon cooling.

4.3.2 Perpendicular anisotropy temperature dependence

To validate this concept, we first developed a storage layer electrode that loses its perpendicular
anisotropy in the 100-150°C temperature range. The hysteresis cycles of the MgO/CoFeB1.5/
Ta0.3/(C00.2/Pd1.2) «5/Pd2nm stack measured in perpendicular field by polar Kerr effect as a
function of temperature are shown in Fig. At room temperature the magnetization is per-
pendicular, the coercive field of the Co/Pd multilayer decreasing with temperature. From 125°C
the measured cycles are characteristic of in-plane easy axis direction. The results discussed in
reference [99] show that the reorientation temperature can be tuned by the multilayer Co thick-
ness and number of repetitions. The decrease of Co thickness resulting in a rapid decrease of
the magnetization with the temperature, associated with a lower Curie temperature, stabilizing
above 0.4nm of cobalt.
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Figure 4.9 — Polar Kerr hysteresis loops of free and reference layers.

The reference electrode must keep its perpendicular magnetization at the writing tem-
perature to maintain the perpendicular electron spin polarization. The reference layer stack
Pt5/(C00.5/Pt0.4) «5/C00.5/Ru0.85/Pt0.2/(C00.5/Pt0.4) 3/ CoFeB1.5nm has a stable perpen-
dicular anisotropy direction up to 250°C. A reduction of the Ru antiferromagnetic coupling is

observed, but the antiferromagnetic coupling is still maintained up to 12000e fields.

4.3.3 Thermally induced spin reorientation switching

For the actual demonstration of the proposed writing process tunnel junctions integrating the
reference and storage layer were fabricated with an MgO barrier of 25Q) yum? patterned to 110nm
diameter cells. The measured thermal stability ratio of this junction was 162k T at room temper-
ature. The heating effect is clearly observed in the decrease of coercivity as the applied 30ns pulse
voltage is increased from 0.4 to 1.1V bringing the coercivity from 14000¢ to under 1000e. This
drop is independent of the voltage polarity, but the current direction defines the final favored

state, parallel P for negative voltage and antiparallel AP for positive voltage.
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Figure 4.10 — (a) Switching fields as a function of applied pulse voltage in thermally induced reorientation
switching. (b) Recorded state phase diagram using normalized resistance levels, the green region corre-
sponding to the bi-stable region where both parallel and antiparallel states are possible.

This is confirmed by the obtained phase diagram, where it also becomes clear that the asym-
metry induced by the STT current is small, resulting in a small write window around 1.15V.

62



210

~—~ 3000 T . T . T .
~— ;
Q@ 2900F s | = : 150 f o -
= i i ~ 20°C
% 5 xm 120 k. cco@eoeeiennn. ........... 45°c]
‘a 2800 L ;}n b S S — gi:g'
7.} E (1)) PR TR
w 2700 e 1.!1.5..V" .. ] ¥ : :
-800 -600 -400 -200 0 0 130 250 3:)0 41;0 st;o
Applied field (Oe) d (nm)
(a) MRAM cell operating field window at +1.15V pulses for (b) Thermal stability ratio A as function of tem-
write pulse widths of 30#s. perature and pillar diameter.

Figure 4.11 — Demonstration of thermally induced reorientation switching MRAM cell.

Because of the cell high temperature at writing, the magnetization can fall back into the plane and
emerge in either direction upon cooling. This can be controlled by adjusting the heating and STT
current levels through the barrier R X A level. The write voltage window at +1.15V where magne-
tization direction is set by the voltage polarity corresponds to a current density j. = 4.6 10°A/cm?
and a power density p = 53mW /um?, this window is shown more clearly in Fig. This
current density is comparable to that of conventional perpendicular anisotropy cells, despite the
expected Gilbert damping « = 0.15 of Co/Pd multilayers [100] being one order of magnitude
higher than that of Ta/CoFeB/MgO. The TMR level of this demonstration cell was only 10%
and higher TMR is expected to improve spin torque efficiency and write selectivity. We can cal-
culate the figure of merit that is the ratio A/I;, corresponding to an STT switching efficiency of
1.26kgT/(pA). This was one of the highest reported at the time, showing the potential to achieve
high stability MRAM writing at reduced current density levels. Optimizing the barrier R X A,
reducing the damping of the storage layer and using thermal barriers should further enhance the
performance of this writing method.

4.4 Conclusion

Integration of perpendicular anisotropy materials in magnetic tunnel junctions has allowed to
extend MRAM to cell diameters below 20nm. Spin transfer torque reversal in the perpendicular
anisotropy geometry is dominated by the damping-like term and is not impacted by a non-zero
field-like torque term, which can causes back-hopping writing errors [101]] for in-plane anisotropy
cells. Field-voltage state phase diagrams show remarkable agreement with simple macrospin
models of STT switching. Damping-like term values of several kOe/V result in a low switching
voltage dispersion for the typical anisotropy field variations observed on patterned dots. Com-
parison with in-plane anisotropy cells is even more favorable considering the STT switching ef-
ficiency as the ratio of switching critical current and cell thermal stability, the two being directly
proportional with no additional contribution from the demagnetizing field, as is the case for the
in-plane cell geometry. It is possible to optimize integration of perpendicular anisotropy materials
in a tunnel junction with insertion layers to achieve transitions from fcc to bec crystal structures,
that respectively optimize perpendicular anisotropy of the Co/Pt multilayers in the reference
electrode and the TMR signal through spin symmetry filtering in the MgO barrier. Perpendicu-
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lar anisotropy of Ks = lerg.cm~2 from a single FeCoB/MgO interface, will allow scaling of dual
interface storage layers to a sub-20nm diameter. Further scaling will require cell stack improve-
ments to meet 14nm targets and more radical changes at 10nm. Besides high anisotropy, materials
will also require low damping values to maintain a low write voltage, which is the reason cur-
rently preventing the use of Co/Pt multilayers to add more perpendicular anisotropy interfaces
to the storage layer. A thermally assisted writing scheme can also be applied to perpendicular
anisotropy cells. At a blocking temperature T}, defined by the volume and effective anisotropy,
the storage layer nanomagnet will behave like superparamagnetic particle along the perpendic-
ular direction. The demagnetizing field will re-orient the easy axis direction in the plane close to
this temperature, such that a lower STT current can be used to favor up or down perpendicular
re-orientation upon cooling. This approach allows to combine high thermal stability in the op-
erating temperature range and low write currents, leading to large A/I; STT efficiency. From an
energy point of view, the total power required for the temperature increase has to be considered,
however taking temperature into account is a necessary step for optimized cell writing.
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