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General Introduction

Context and motivation

Nowadays, magnetic tunnel junctions (MTJs) are beixignsively studied because they
constitute the key elements in a variety of Spmtralevices such as hard-disk-drives read-
heads, spin-transfer oscillators and Magnetic Ranédaoess Memories (MRAM). In both
Thermally Assisted MRAM (TA-MRAM) and Spin-Transféorque RAM (STTRAM), the
tunnel barrier is exposed to a voltage stress enrémge of 0.4-0.7V at each write event.
Considering that the tunnel barrier thickness ishef order of 1nm and that common oxides
experience electrical breakdown when exposed tridel field larger than TW/m, the MTJ
barrier electrical reliability has to be thoroughhyestigatedThe write endurance in MTJs
has already been studied by several groups by ttragelectric-breakdown experiments.
Different breakdown phenomena have been observpdndeng on oxide layer thickness,
junction resistance area product (RA), and juncidocea. However, the mechanism and main
cause of barrier breakdown in MTJ systems is nofyly understood, especially when the
thickness of the oxide tunnel barrier gets in gege of 1nm-1.4nm. The aim of our research
during my thesis was to study MgO-based MTJ breakdanechanism under pulsed
conditions to well understand the phenomena ofdrdoreakdown in MTJ systems.

Manuscript Organisation

An overview of Spintronic history and domain apations is presented in the first chapter to
explain the general context of our research. A na@tailed introduction of Magnetic Tunnel

Junction and MRAM application is also presentedhia first chapter. We outline after that

the MTJ electrical reliability issues and we defioer thesis objectives which we have
focused on during our study.

Lots of studies have been conducted on the rabalmf CMOS oxides but not so many in
MTJs reliability field. We will benefit in our stydfrom the know-how acquired on this
topic.The second chapter treated the previous widoke and investigated before to study the
oxide thin film electrical reliability. We will showhe essential statistical analyses adopted in
such study. We will introduce the Weibull distrilmut usually applied in reliability studies
and we will explain the most known failure modeisGMOS technologies. We will try also
to discuss the breakdown physics and the CMOShiktjacharacterization techniques. In
continuity with these CMOS reliability studies wellvdiscuss the already published results
on breakdown mechanisms in aluminum oxide and nsgmeoxide based Magnetic Tunnel
Junctions.

These two first chapters represent the backgroudiodwn investigations.

This know-how will be adopted in the third chaptédm experimental time dependent
dielectric breakdown study will be presented araharge trapping-detrapping model will be
developed to explain the observed MTJ breakdowrhar@sms. In this section, we will start
by explaining the samples preparation and the @xjpetal procedure. Then, we will present
the experimental results. We will study the infloerof the delay between pulses effect on
MTJs endurance for different resistance area pto@R&), different pulse durations, different
pulses polarities and different pillar sizes. Hyalve will interpret these results and will



detail the model that we have developed. A goodsistency between our experimental
results and our model will be shown.

In the fourth chapter, we will start by introducitiye different noise sources in electronics
and then we will show a correlation between the laoge of 1/f noise olinexercisedMTJs
(beforeany electrical stress is applied) and the MTJ eamihe (breakdowafter applying a
large number of electrical pulses). This confirrhe expectation that a larger number of
defects, inducing earlier breakdown, should cowadpto a larger amount of fluctuators
contributing to larger 1/f noise amplitude. Thisapker confirms that the 1/f noise test could
be a predictive tool of barrier quality and theregsponding MTJ endurance.

Finally, after concluding our work and outliningetimost important results, we will discuss
the thesis perspectives and we will propose somesunements that could be completed to
further investigate this charge trapping-detrappimgdel. An optimization of MgO barrier
could be carried out to reduce the density of theggping sites. Hence, the endurance could
reach the extremely high values that we obsertiearoptimum delay conditions.
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I.1  An overview of Spintronics

I.1.1 Definition:

Spintronics, a contracted name for spin-electrogiaged in 1988 with the discovery of Giant
Magnetoresistance in magnetic multilayers. Sin@n thhis field has kept growing up with
strong synergy between basic research and apphsatparticularly in the field of data
storage.

[.1.2 History:

Spintronics aims at using the spin of the electrionaddition to their charge to obtain new
phenomena and use these phenomena in innovatietrogie devices with improved
performances or new functionalities. But the inédigin of magnetism into semiconductor
based circuits is a real challenge.

Ninety years ago, theoretical physicists had a Ipmb It was a lack of mathematical
description of elementary particles. In 1927, Ernv@ohrodinger had written down the
guantum mechanical equation of motion for the ebectbut without taking into account the
relativistic character of electrons particles. Aftme year of research, Paul Dirac has found
his well-known equation which was a mathematioat de force predicting two totally
unexpected physical phenomena.

The first finding was the existence of antiparticles well as particles. This finding was
proved in 1932 by the discovery of the positron dati-electron). The second discovery was
that the electron must have a second degree aldneean intrinsic angular momentum or
"spin” that has only two possible projections inaoplied magnetic field: aligned with the
field, or "up"; and anti-aligned, or "down".

Whereas conventional electronic devices rely ory amintrolling the flow of charge, a
"spintronic” device would also control the flow eliectron spins (the so-called spin current)
within the device, thereby adding an extra degfdeecedom.

Over the past 20 years, spintronics has now becanheoad field of research merging
magnetism and electronics. It now encompasses ddfgrent area of research with
perspectives of short or long term applications.

[.1.3 Breakthroughs:

Spinelectronics has already found applications idetsthe semiconductor industry.
Metal-based spintronic devices can be found inhtdmel disks of virtually every computer on
the planet. In 1988 Peter Grinberg at the Resdaecitre Jilich in Germany and Albert Fert
at the Université Paris-Sud in France independelisigovered that the flow of spin-polarized
electrons between two thin layers of ferromagnetietal separated by a layer of non-
magnetic metal can vary by about 50% by changiegrétative magnetic alignment of the
ferromagnetic layers from antiparallel to parallehis discovery earned them the 2007 Nobel
Prize for Physics. This Giant MagnetoResistance RpNMade it possible for the magnetic
read heads of hard disks to be much more sengtiivehanges in magnetic fields, which
boosted storage capacity by allowing informatiotécstored in much smaller regions on the
disks' surface. The ability to transport electrgains between two metals also underpins
magnetoresistive random access memory (MRAM) — a&lnityppe of computer memory that
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can retain information without requiring any powBRAM is based on a similar effect to
GMR known as tunnel magnetoresistance (TMR), whaises when two layers of
ferromagnetic metal are separated by a thin layensulating material, such as aluminum
oxide or magnesium oxide. Instead of the spin-j#dr electrons diffusing slowly from one
ferromagnetic layer to the other as happens in GMR,TMR they tunnel quantum
mechanically through the barrier layer therefores¢heevices are called magnetic tunnel
junctions (MTJs).

[.2  Magnetic Tunnel Junction

Presently, most of our computers use silicon-badeudices to temporarily store the
information necessary for the microprocessor's apers. These devices, mostly Static
Random Access Memories (SRAM) and Dynamic Randoronesgs Memories (DRAM),
allow a fast access to information but rely on &leal power to sustain the data, which
means that all information is lost as the poweswstched off. This is the characteristic of a
volatile memory

FLASH memories are non-volatile memories used sjhidn USB keys and cell phones, but
they are limited in the number of write cycles tlay perform, typically 18 10°.

A new concept of memory, that combines non-votgtiliow power consumption and fast
read and write cycles with no theoretical limitatio® emerging. These new memories, that
integrate a magnetoresistive device with a silibased selection matrix, are called Magnetic
Random Access Memories (MRAM).

The properties of these devices make them potaitexhatives to the currently used memory
types in specific application$l.1]. These MRAM devices are basically composed of
Magnetic Tunnel Junctions.

[.2.1 Brief History and Fundamentals of MT3J:

A Magnetic Tunnel Junction consists of two ferrometic layers separated by a tunnel
barrier. Its resistance depends on the relativentation of the two magnetization directions
of the two magnets due to spin-dependent tunnetiuglved in the transport between the
majority and minority spin states. This resistashange is called tunnel magnetoresistance
(TMR), and is defined as:

AR_Rp-Rp
R R

where Rp and R are the resistance for antiparallel (AP) and pelréP) magnetization
configurations between the two ferromagnéig\jrel-1),respectively.

I-0)

The first experimental results of tunnel magnetistaace TMR were obtained by Julliere in
1975 at room temperature in an Fe/Ge/Co junctigh ¥4%][l.1] TMR ratio.

Many works had succeeded after to observe the nagsestance in Ni/NiO/(Ni, Fe, or Co)
junctions at 19801.2] and in 1995 on amorphous Al-oxide (Al-O)-barrieT34[1.3], [I.4] at
room temperature showing a TMR ratios of over 188ny investigations were done since
this observation to improve the aluminum oxide dagd Js barrier properties. From 1995 to
2005, the studies succeded to ameliorate the TM& aa shown inKigurel-2) from 10% to
70% which represented the limit of Julliere’s foranil1], [I.5].

-10 -
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~
Free layer

Barrier
Fixed layer

Antiparallel =R,

Parallel — R,

R,. #R
L —tap 7 )

Transistor

Figure I-1. Schematic diagram of a one MTJ-one Tr MRAM celleTit-line and the word-line
currents together generate a magnetic field higlugim to write a cell. For read operation, the ipi¢|
and the (word) line connected to the Tr is usedn-Bpection write (see text) uses current passing
through the MTJ; thus, it does not need the ward:IRight figure shows the two states of an MTJ.
Free layer is the layer in which information is agmted. Fixed layer is engineered not to change its
magnetization direction. A P magnetization confagion between the free layer and the fixed layer
results (usually) in a low-resistand&:) state, while an AP configuration results in ahhigsistance
(Rap) state.

S00 - -0/~ Crystalline ]
MgO(001) barrier Il
— O : Epitaxial MTJ
(] — =
¥ 4 & Textured MTJ
In_: A\ CoFeB/MgO/CoFeB MTJ .
© 300 -
9
< wee@ee Amorphous
= Al-O barrier
T 200f .
-
CoFeB alloy
100 Co-Fe alloy ]
Fe, Co, Ni 9
2005

Year

Figure 1-2. Temporal evolution of TMR with different typologiesf FM electrodes and
crystallographic structures of alumina and magnesiael barriers; adapted frofinl4].

A number of technologies have also been developeohg the process of increasing the
TMR ratio. These include for example spin-valveusture for stabilization of the AP

-11 -
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configuration [1.6], optimization of ferromagnetic—electrode materils], [l.8]-[I.10],
magnetic-field annealind.11], oxidization methodll.12], [I.13] and etching technique.

A typical unit structure of one MTJ—one Tr cell idRAM is schematically shown ir-{gure
[-1). A modern MTJ has a spin-valve structure (thestagtack, not shown irF{gurel-1),
which fixes the magnetization direction of one o tlerromagnetic layer by the use of
exchange interaction between the ferromagnetia lagd the neighboring antiferromagnetic
layer; thus, the fixed layer is also called as #ierence layer.

The other ferromagnetic layer, called the free daigethe layer that changes its magnetization
direction according to the input field/current aridras information. Which of the top or
bottom layer is fixed depends on the specific desigm MTJ.

[.2.2 Julliere’s model and spin polarization:

Julliere proposed a simple phenomenological madekhich the TMR effect is due to spin
dependent electron tunnelifigl5]. According to this model the MR ratio of an MThdae
expressed in terms of the spin polarizatiBref the ferromagnetic electrodes

__2PP,
T (1-PP) (-2)
Where
P :[ Dm (EF) B Dm (EF) ]
! Dm (EF) + Dm (EF) (|'3)

a=1.2
HerePa is the spin polarization of a ferromagnetic eled#roandDat(Er) andDa| (Ef) are,
respectively, the densities of states (DOS) ofdleetrode at the Fermi energie] for the
majority-spin and minority-spin bands (see (

Figurel-3)).

In Julliere’s model spin polarization is an intimproperty of an electrode material. When an
electrode material is NMP = 0. When the DOS of the electrode material isyfudpin-
polarized aEr, |P| = 1.

y E AE AE

] = |
) A
&i

=/ &)<"

DOS FM 1 DOS FM 2 DOS FM 1 DOS FM 2

Figure I-3. Schematic illustration of the TMR effect in a MT) Magnetizations in the two
electrodes are aligned parallel (P stat@)) Magnetizations are aligned antiparallel (AP gtdbd1 and
D1|, respectively, denote the density of stateBFafor the majority-spin and minority-spin bands in

-12 -
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electrode 1, an®,1 andD,| respectively denote the density of stateEqafor the majority-spin and
minority-spin bands in electrode 2.

The spin polarization of a ferromagnet at low terapge can be directly measured using
ferromagnet/Al-O/superconductor tunnel junctifinks].

Measured this way, the spin polarizations of 3doi@agnetic metals and alloys based on iron
(Fe), nickel (Ni) and cobalt (Co) are always pesitand usually between 0 and 0.6 at low
temperatures below 4.2K.16], [l.17]. The MR ratios estimated from Julliere’s model
(equation (I-2))using these measured P values agree relatively wighl the MR ratios
observed experimentally in MTJBigurel-4), but the theoretical values of g(ation (I-3))
obtained from band calculations do not agree vhth measured spin polarizations and the
MR ratios observed experimentallyigurel-4).

Even the signs of P often differ between theorétialues and experimental results.

One way to obtain a MR ratio significantly high&ah 70% at RT is to use as electrodes
special kinds of ferromagnetic materials called hadtals, which have a full spin polarization
(IP| = 1) and are therefore theoretically expetdeglve MTJs huge MR ratios (up to infinity,
according to Julliere’s model).

(@) | o or

Al-O barrier

h

| MR=2P,P,/ (1-P,P)|

(b) D; | D,
Al-O barrier R p= (D(Er)-Dy(E))
(D+(Ee) +Dy(Eg))
Superconductor
(A1)

l Direct observation of P ‘

Figure I-4. [1.14] (a) Estimation of spin polarization (P) from thesebved MR ratio by using
Julliere’s model. (b) Direct measurement of P bingiferromagnet /Al-O/superconductor tunnel
junction. (c) Theoretical definition of P.

At low temperature, very high MR ratios, above salvBundred percent, have been obtained
in LaixSKMNO4/SITiOs/La; xSKMnO3z MTJs [1.18] and CeMnSi/Al-O/CoMnSi MTJs
[1.19]. However, at RT such high MR ratios have never bekserved for half metal
electrodeqI.3]. To obtain a very high MR ratio, there is anothety, it is to use coherent
spin-dependent tunnelling in an epitaxial MTJ wihcrystalline tunnel barrier such as
MgO (001).

-13 -
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[.2.3 From amorphous Al-O barrier to crystalline MgO (001) barrier:

Since the discovery of room-temperature TMR in 194%Js with an amorphous aluminum
oxide (Al-O) tunnel barrier have been studied extemg Such MTJs exhibit a
magnetoresistance (MR) ratio of several tens ofgrdrat room temperature (RT) and have
been applied to magnetoresistive random access pdiM&AM) and the read heads of hard
disk drives. MTJs with MR ratios substantially hegithan 100%, however, are desired for
next-generation spintronic devices. In 2001, fpstciple theories predicted that the MR
ratios of epitaxial Fe/MgO/Fe MTJs with a crystadi MgO(001) barrier would be over
1000% due to the coherent tunneling of specificcBlstates. In highly textured materials, the
different tunneling mechanisms and symmetry-relakechy rates of the Bloch waves for the
majority and the minority spin channels should lgéadvery high TMR ratios. The first
experimental results were obtained in an originakkwby Bowen et al[l.20] on single-
crystalline Fe/MgO/FeCo(001). Then, the filteringeef has been experimentally shown by
Faure-Vincent et alll.21],[1.22]. With the same Fe/MgO/Fe (001) multilayer, but de{ecl

by MBE on single crystalline MgO substrate, theyaoted a tunnel magnetoresistance up to
100% at room temperature. More recently, also bpgu$MBE growth of single-crystal
Fe/MgO/Fe(001) structure, Yuasa et[l&3] have measured a TMR up to 250% at low
temperature and 180% at RT. Simultaneously, TMBO®P6 at low temperature and 220% at
RT have been achieved after thermal annealing,dokif® et al.[I.24] for CoFe/MgO/CoFe
polycrystalline MTJ, deposited by sputtering. Mareq with CoFeB/MgO/CoFeB MTJ
grown by sputtering in which the MgO barrier is 1pGextured but CoFeB amorphous,
Djayaprawira et al[l.25] found a TMR of 300% at low temperature and 230R &t

Parallel Alienment of FeCo Moments Anti-Parallel Alignment of FeCo Moments
00 | =
: .
11 FeCo A FeCo 4
[ {
0.01 . ]
[ e, PR R |
1e-04 + FeCo Minority As 1e-04 -
|
1e-06 | \\ 1e-06 |  FeCo \_\
1e-08 | 1e-08 | '
l Minority A\
1e-10 | ’\\ H\/\/]' 1e-10 |
12 | x fe-12 L

Figure I-5. Tunneling density of states on each atomic layefeatmi level for a FeCo/MgO/FeCo
junction. Left panel: parallel spin alignment, rigianel: antiparallel spin alignment.

In order to better understand the origintled higher TMR values obtained with MgO
crystalline barrier compared to amorphous Ale can look at the density of states
in the FeCo/MgO system for both cases ofalgr and antiparallel alignment of the
magnetic layers presented Higurel-5. In the case of parallel alignment we csee
that electrons ofA; symmetry exist at Fermi level just for méjorelectrons, and
readily enter into the MgO and decay slowlyidasMgO. So bcc (001) FeCo acts as an
half metal for this symmetry. Since there is nospréA; symmetry at Fermi level for the
minority electrons, the conduction is dominated &gy In the antiparallel case the
conduction is based oAssymmetry, since there are g states symmetries present at

-14 -
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the Fermi level for minority electrons. The diffeoe between the highly conductive parallel
state (through\; channel) and the almost insulating antiparalletes{throughAs channel)
results in a huge TMR.

[.3  Spintronic devices and applications :

The most important applications developed in spmits are here presented (séeg(re

(1) Magnetic Field Sensors, for example read-head sengstalled in commercial hard

disks (HD);

(2) Magnetic Random Access Memories (MRAMS), realiseith wnagnetic tunnel

junctions, available as 16 Mb chips with 180 nmled&chnology[l.30]. These
memories can be written either by pulse of magrfetld or taking advantage of the
spin transfer torque phenomenon.

(3) Spintronic Logic Devices, which may be based eitremetals or on semiconductors;

the difference between the two categories resideba technology used to process
them, which is not compatible, and in the fact tinatal-based devices cannot amplify
neither a charge transfer signal nor a spin trarstmal; some examples are given:
the field effect spin transistor or Datta-Das tiaits [I.26], the all-metal spin
transistor or Johnson transisfid27], the hot electron spin transistdr28] and the
spin-valve[l.29];

(4) Microwave spin transfer torque nano-oscillatorsjicks in which a precessional mode

of the magnetisation of a FM thin film is stabilisby the injection of a high density
DC current and a microwave electromagnetic sigeaémitted, often in the GHz
range, with remarkable tuning properties of thetesdiwavel.31].

Magnetoresistive effect Device applications
MR ratic at AT
HODD head
AMA effect
Year MR = 1-2% Inductive
"\ M
! ;‘-\5 head ,-
1985 l
GMR effect |:| Commercialized
MR =5-20% R
1430 | ' 1 Perspactive |
TMA effect
1995 11 MR =20-_70%
2000
Giant TMR efiect
2005 MR = 200 — 500% Novel
devices
2010 .
: Spin-transfer | pa========= ---=
W 1 MRAM ' H Microwave emitter |

Figurel-6. Temporal evolution of magnetoresistive devicespsethfrom[l.14].

- 15 -



Chapter I- Introduction and thesis objectives

Starting from actual commercial applications thaipmse significant advantages over other
available technologies, spintronic devices are esking perhaps the most important
computer subsystems: random access memories amdémgity non-volatile storage media.
Straightforward applications will be representedspin-based transistors and logical gates, as
soon as new materials will be successfully expeantee: and the silicon technology will be
adapted to spintronic devices. The use of spireatsrin semiconductors thanks to spin-orbit
coupling will enable dissipationless device operafi.32], overcoming one of the greatest
physical limits against size scaling, the power dgngrowth. The road towards all-
semiconductor spintronic devices goes through kythevices, like the hot electron transistor
prototype which is composed by a tunnel barrierttimia semiconductor spin transport layer,
a metallic spin filter and a semiconductor collecto

I.4  Magnetoresistive Random Access Memories:MRAM

I.4.1 Introduction:

Magnetoresistive Random Access Memory, or MRAM, veéhgporomising potential for
commercial competition among universal mempr$3]. Existing semiconductor memories
all have shortcomings and limitations, and canaffilifall the important attributes needed for
memory with one solution. MRAM, however, possesdlesf dhese key features. It is the only
non-volatile, non charge-based, non destructive ongrrurrently in production.

Magnetic random access memories (MRAMS) integrat@agnetoresistive device with a
silicon-based selection matrix. The key attributeMRAM are non-volatility, low voltage
operation and unlimited read and write endurance booed with fast read and write
operation. These characteristics give MRAM the pisdé to replace current memory types in
specific applications. The interest in MRAM starteane 40 years ago with a cross-tie RAM
concept[l.34], followed by the use of the anisotropic magnetotasise (AMR) materials
[1.35], later replaced by higher sensitivity giant magnetmtance (GMR) devicds36] and
more recently using spin dependent tunnel junctjfri/]-[1.39]].

The MRAM development effort was renewed after thet Buccessful attempts in fabricating
spin dependent tunnel junctions showing significaagnetoresistance as mentioned before at
room temperature using amorphous Al&arriers [1.40], [I.41].]. Recent studies previously
mentionned using crystalline MgO barriers have shdhat it is possible to increase the
available magnetoresistive signal to more than 2088&stance change at room temperature
[[1.42], [1.43].]. In its most simple implementation, an MRAM cillcomposed of a magnetic
tunnel junction (MTJ) connected to a selection tstns

[.4.2 Architecture and operation of different MRAM technologies:

[.4.2.a Field written MRAM:

In the memory cells of the first generation of MRAMe writing of information is done by
magnetization reversal of the free layer throughmfagnetic fields induced by the currents
flowing through the lower conductive lines (bit )nand higher (Wordline) orthogonal to
each other. This combination of two magnetic fieddsures the write selectivity between the
bits of the memory array. The writing is performm®dapplying a magnetic field with an angle
of 45° to the anisotropy axis of the free layeiislin this configuration that the reversal field
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is minimal according to the Stoner-Wolfarth modekading is performed by applying a
voltage across the MTJ to measure its resistarfve.rdsistance of the memory bit is either
low or high depending on the magnetization orientabf the free layer relatively to the

pinned reference layer, parallel or antiparalled. read one bit, the selection transistor is
turned on, and a read current flows through theelyjanction as shown iRigurel-7.

Finally, the nanopillars are elliptical to providaufficient shape anisotropy to ensure
bistability of the magnetization of the free layer.

Table Ishows the features of MRAM compared to severalratiegor memory technologies.
The key attributes of MRAM technology are showntlis table. They mainly consist in
nonvolatility combined with high-speed operationdasffectively unlimited read-write
endurance.

(a) " * Bitline

* Digit line
* Word line
meamaory cell
(b) R*, (c) Reading (d)writing +* %
- A —

— -
v B

o [ ¥= LLI 4 ' E'_ .
CIT\I i_jF7F

Figurel-7: [1.44] (a) Architecture used in the first field written MRIAgeneration consisting of MTJ
cells at the intersection of orthogonal writingelin(bit and digit lines) patterned on top of amf
selection transistors. (b) Schematic view of a mmgsteresis loop showing the reversal of the gmra
layer and two corresponding resistance levels: Highnd low ‘0’. Reading (c) and writing schemes
(d) used in the conventional MRAM architecture.réad, the selection transistor is closed (on) and a
small electrical current can pass through the MAIJ allowing the measure of its resistance. Ateyri
the selection transistor is open (off) and the domation of two orthogonal magnetic fields ensures th
selectivity.
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Table I. Comparison of MRAM Expected Features With Other Memory Technologies”

SRAM DRAM FLASH FRAM MRAM
Read Fast Moderate Fast Moderate  Moderate-fast
Write Fast Moderate Slow Moderate  Moderate-fast
Nonvolatile No No Yes Partially  Yes
Endurance Unlimited  Unlimited Limited® Limited” Unlimited
Refresh No Yes No No No
Cell size Large Small Small Medium Small
Low voltage Yes Limited No Limited Yes

4Bold letters indicate undesirable attributes.
bDestructive read and limited read/write endurance.
¢Limited write endurance.

Each of the existing technologies provides paréicdiinctional advantages, but with some
significant shortcomings as well. As such, none sargable as a “universal memory” that
would provide desirable performance for all of thest important memory attributes. As can
be seen in the table, MRAM possesses the nonutlaténdurance, speed, and density
necessary to function as a universal memory.

[.4.2.b Thermally assisted MRAM (TA-MRAM):

The thermal stability, write selectivity and poweonsumption was a real challenge in
MRAM applications [.45]-1.47]]. A new write approach, called thermally assisted
switching (TA-MRAM), was thus recently proposed.

Heating had already been previously proposed ttewhe bit state of tunnel junctions by
circulating a current in the write linefl.fi8]—-{1.50]] and heating the magnetic layers in the
MRAM cell above their magnetic ordering temperatgreatly reducing the write fields. The
first designs proposed use a low Curie point fergmetic material as the storage layer
[[1.48], [I.49]]. The bit is heated close to the Curie temperaturé@ a small magnetic field
generated by the digit line sets the write direttiBnother design employs the exchange
coupling between an antiferromagnet (AF) and aofaagnetic (FM) layer as the storage
mechanisnil.51]. The two films are heated above the Néel temperatutiee AF layer and
written by cooling down in the presence of a maignild. In this design, two orthogonal
current lines are used to heat the cell and gem#énatwrite field. The coincident heating from
two lines can be used to select one cell for themmaing. The main disadvantage of such
write architectures is that the heating is indiractl relies on heat diffusion, meaning high
power consumption and long write cycles. A betmraach to TA-MRAM [1.50], [I.51]] is

to heat directly with the current flow through the' 3 after turning the selection transistor
ON during the write procedure (sBgure 1-12(b)). Since the heat is generated locally inside
the junction this is a more efficient solution thha indirect diffusive heating.

An efficient way to implement this thermally aseibtwrite approach in in-plane magnetized
MTJ consists in using a bilayer ferro-antiferromeiic storage laygi.51]. Indeed, in such
structure, the energy required to return a biivergby:

T ) t 3 Jebx-lfg T
Ex=K+(AR-1) x (f) X Mg+ ——— X (1—};) (I-4)

L
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The first two terms are common to all in-plane netgred MRAM concepts. They represent
the magnetocristalline anisotropy and shape amigptrin contrast, the latter term is specific
to the TA-MRAM and shows a strong dependence orpéeature. To write this layer, one
must apply current through the magnetic tunnel goncsimultaneously with the application
of a magnetic field through a single line field.eThoule effect at the tunnel barrier heats up
the storage layer up to the ferro/antiferro blogkiemperature. As a result, the magnetization
of the ferromagnetic layer gets unpinned. The migfield created by the field line becomes
greater than the coercive field of the ferromagnédyer (which is of the order of a few
Oersted), so that its magnetization can oriengdfitdong the applied field. Switching off the
heating pulse results in the cooling of the stoldager and pinning of its magnetization in the
new direction. The antiferromagnetic will then zeein the new direction of magnetization
imposed by the magnetic field. The reference aedstbrage layer must be exchange biased
at different blocking temperatures. This has mudtiptlvantages and solves the limitations of
the conventional MRAM architecture.

This mode of writing is called TAS (for Thermallyssisted Switching). It is at the origin of
the creation of start-up Crocus Technology in 20@4gse purpose is to market TA-MRAM.

(a) SW (b) TAS

g b te,

EI— ON

OFF
Figurel-8. [I.46] The writing procedure in a conventional MRAM areltiure (a)
and in the TA-MRAM architecture (b).

[.4.2.c Spin Transfer Torque MRAM (STTRAM)

In field written MRAM, the magnetization of MTJ iswitched by the current induced
magnetic field. When the size of MTJ scales dovwe, amplitude of the required magnetic
field increases correspondingly. The high write powonsumption severely limits the scaling
of conventional MRAM.

In 2000, a new write mechanism based on spin galoin current induced magnetization
switching, was introduced in MRAM design. This n&4RAM design, called spin-transfer

torque random access memory (STT-RAM), is belieietiave a better scalability than the
conventional MRAM. In this new generation of MRARe spin polarized current is directly
used to reverse the storage layer magnetizatiogpby transfer torque. This design, called
Spin Transfer Torque RAM (STT-RAM), has the advgetaf eliminating the need for a field

line thus greatly reducing the power consumptionenvicompared with the previously
described designs.

Programming the memory bit in STT-RAM is realizeddassing electric current through the
MTJ elementsThe flow direction depends on the state to write.Write a “0”, the parallel
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state, the current flows from the reference lagethe storage layer (sdegurel-9) and it
flows in the opposite direction to write a “1”, wehi corresponds to the anti-parallel state.

Due to the need of ensuring a stability of the da#téhe order of 10 years, a limit in the
reduction of size of this type of memory cells iasnd. This limit has led researchers to
pursue research using new configurations. At thememd, the efforts are focusing on
STTRAM cells based on out-of-plane magnetized MT3hich the magnetic anisotropy is
larger yielding longer memory retention as welloamsdesigns combining thermal assistance
with spin transfer torque switching.

" yr— 4 RNy — 4
Writing “0” R Writing “1 [
Pi:lrﬁ:d 7_/ —"7:

JsTT ON JsTT : ON
0

I Vg

Figurel-9. Schematic of an STT-RAM memory cell.

I.5 MT] electrical reliability issues

[.5.1 Fabrication problems

The fabrication of the tunnel barrier, and also piikar fabrication are critical for the final
device. Several problems can occur during deposditd processing that cause the memory
cell not to function properly. A particularly serproblem is the formation of pinholes in the
barrier. A pinhole is a region of the insulatingda where its thickness is so reduced that a
short-circuit is created between the two electrotfefor example, the layer where the tunnel
barrier is to be deposited is too rough, the irf@gsurface may lead to the creation of
pinholes[l.15]. Another possible cause for the formation of pielsols a change in lattice
parameter while the Mg is oxidized to obtain MgO.

The process used to pattern the pillars, to buiel memory cells, as described above,
sometime involves the use of lon Beam Etching (IBB)ring this phase of the process, ions
are accelerated towards the wafer with a definegleato progressively give shape to the
pillars. However, due to the angle of the beamara @f the removed matter is re-deposited on
the walls of the pillars, which acts as a resistangarallel with the MTJ.

The re-deposition on the side walls creates a fatlthe current, therefore reducing the
resistance of the junction and degrading its TMRe &ngle used is also responsible for the
creation of a “shadow” around the pillar in the eving process where the material is not
removed. Consequently the dots obtained after ppatige will have a diameter larger than the
nominal value, the difference being designatedxigresion.

d _=d + extension

real nomin al

Another effect that also degrades the TMR of theetjion is the serial resistance, associated
with contacts and interfaces, which causes an aseref the resistance of the junction but
doesn't contribute to its TMR. A simple model of three resistances involved - the junction,
the serial resistance and the shunt created bsetdeposition - and their effects in the value
of TMR are presented iRigurel-10.
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R

serial

THF &

Rshunt / RMTJ

/

[

L
Rmax

‘ f'Rserisul

Figure I-10: Simple schematic representation of the threestastes - MTJ, R and shunt - and

graphical representation of the effect of eachstasce. The line correspondingashows the effect

of a serial resistancé, corresponds to the effect of shunt and, finallgorresponds to the effect of
change in nominal diameter.

[.5.2 Physical issues:

The cyclability of MTJ up to 18 write cycles has already been tested during theldpment

of field induced magnetic switching FIMS-MRAM. Tlee®arlier studies have shown that
there is no MTJ aging associated with the switclahthe storage layer magnetization. This
represents a significant advantage over alternateahnologies based for instance on
ferroelectric or phase change materials. Howeves, EIMS write mode requires a rather
large write current (several mA) and is not scaalblelow the 65nm node due to
electromigration issues.

For this reason, we want to focus on the spin-fearterque (STT) write mode. In STT, the
magnetization is switched by a bipolar pulse ofrentr flowing through the MTJ. The
switching is caused by the torque exerted by the-gplarized current on the magnetization
of the storage layer. The current threshold abokilwswitching takes place is determined
by a critical current density gepending on the properties of the magnetic métemaits
thickness and on the duration of the current puitsstate of the art junctions, this threshold is
in the range 2.1910°A/cmz2. STT switching offers a very attractive staliay since the write
current scales as the junction area. Howevedraabackis that at each write event, the MTJ
is submitted to an important electrical stress ttuerite voltage of the order of half of the
electrical breakdown voltage {Me~0.4-0.8V whereas dctical breakdowrilV-1.6V for 10ns
pulse duration).

The cyclability of MTJ in STT write mode has beesntbnstrated up to &ycles but we
need to improve it up to $Dcycles for the purpose of many applications. lajtstudies have
been conducted on the reliability of CMOS oxides Bénefit from the know-how acquired
in the field keeping in mind that however, we arerking in totally different conditions
(lower oxide thickness, different oxide materials).

The key reliability issues for the Hybrid CMOS/Magic Integrated Electronics technology
are the following:
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« Tunnel barrier lifetime, role of electron trappisites in the barrier, role of defects due

to process.

« Influence of edge defects due to etching on magraetd transport properties of sub-
45nm cells.

* Variability of Resistance x Area product and TMRr cell to cell on multi Mbit
chips

[.6  Thesis Objectives:

The field written magnetic random access memoresV[RAM) are already in production
while STTRAM are still under development becaudmlodity issues have still to be solved
before entering in mass production.

The use of spin transfer torque switching in STTRAMposes much more stringent
constrains in terms of electrical and magnetic prtogee than in the already demonstrated
MRAM application which is based on field inducedgnatic switching (FIMS). This is due
to the fact that at each write event, the tunngliérais exposed to a quite large electrical field
which may damage the dielectric properties of thmnél barrier. This brings a significant risk
in memories applications as well as in hybrid CM@&gnetic non-volatile logic applications
using the same technology. STTRAM are envisionedet@ble to replace DRAM below the
20nm technology node and moderate speed SRAM (ldotess time). For these
applications, the cyclability i.e. @umber of write cycles that the device is able tonelure
must be larger than 16° To achieve this goal and reduce the associasbg tfieMTJ
resistance to electrical breakdown should be impraad. This is the main goal of this
thesis.

To improve cyclability in STT-MTJ up to 1Dcycles by improving their resistance to
electrical breakdown, we first developed a spepraicedure to test the resistance of our
junctions to electrical breakdown.

We then used this procedure to characterize a langeber of MTJ deposited in various
sputtering units and under different conditions.isThllowed us to get a good basic
understanding of the fundamental reliability meckaniin these MTJ Based on a large
statistics of measurements.

We then developed a quantitative interpretatiorthef obtained results based on a charge
trapping/detrapping model.

We then searched for a predictive characterizagochnique allowing to know a priori i.e.
before applying any electrical stress on the bawigat will be its write endurance. Based on
the know-how on reliability studies in CMOS oxideg observed a correlation between 1/f
noise and endurance.

At the end, based on our understanding of the bieeak mechanism in MTJ, solution to
improve the MTJ endurance are proposed.
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II.1 Tunneling in CMOS oxides

I1.1.1 Introduction

To understand the physics of CMOS oxides breakdevenave first to explain the tunneling
in this technology. Thus we can look at the exanoplihe metal oxide semiconductor system.
In a basic MOS transistor, the channel beneatlyabe region is controlled by the voltage on
the gate. In an n-channel transistor, a positigkkage on the gate causes the channel to
invert, permitting charge flow from source to draifmn a p-channel transistor, a negative
voltage on the gate causes the channel to invemifting charge flow from drain to source.
The voltage across the gate produces an eleotid dicross the dielectric. It is this electric
field that we need to understand to determine ehahility of the dielectric.

Figurell-1 shows an energy band diagram depicting the volsagess the dielectric. The
electric field across the oxide is given by the @enequation E=¥/ t,x. Because today’s
semiconductor processes use ultrathin gate oxidesglectric field across the dielectric can
be quite high. For example, the gate oxide migh2®& thick on an IC with a 1.5 V power
supply voltage. This means that the electric figtdoss the oxide is 7.5 MV/cm. This high
electric field requires a high quality gate oxidatarial to reach the required reliability for
applications.

Polysilicon
depletion

Conduction band

'y
uantization V V
Q APP aox
Valence band ¢

_~ of states

Polysilicon Gate Oxide Silicon

Figurell-1: Energy band diagram for a gate oxide with a langelied electric field. Note that the
voltage across the oxide §¥) is less than the applied voltaggsy
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Not all the voltage drop occurs across the dialeatra high field situation. There is a voltage
drop due to the quantization of states in the ailjcand there is a voltage drop due to
depletion of the polysilicon material (s€&gure ll-1). In a high electric field, the channel
region becomes inverted. This means that individalctrons get caught in states
immediately adjacent to the interface between ties and the oxide. As the states become
fully occupied, the valence band and the condudbands bend. As the field becomes even
higher, the states in the polysilicon become depgletwhich causes the valence and
conduction bands to bend downwards. The net effettis is to reduce the voltage across
the dielectric.

Ideally, an oxide doesn’t allow charge to pass tghoubut this is not the case when the
electric fields become high and the oxide becorhas There are several mechanisms that
allow charge to pass through the oxide: Fowlerddon tunneling, Direct tunneling, and
Trap Assisted tunneling.

I1.1.2 Fowler-Nordeim Tunneling

Fowler Nordeim tunneling is a quantum mechanicahaling process which takes place at
relatively high voltage. The electrons penetrat@ugh the oxide barrier and are directly
injected into the conduction band of the oxide (Begirell-2). The equation for Fowler-
Nordeim tunneling is shown below.

I 3 gz
Sy = AFi exp _FiJ , where A :# and. B :i(z’”m) 3/2

167> hy 3 gh 7 (KD

e

Where®s is the tunnel barrier heightox the effective mass of the tunneling electron, g the
electric charge anBox is the electric field.

Fowler-Nordeim tunneling is dependent on the vatagross the gate oxide; it increases
exponentially with the applied voltage. Fowler Neim tunneling can occur in almost any

gate oxide exposed to voltages comparable to thieebheight.

I1.1.3 Direct Tunneling

Direct tunneling is also a quantum mechanical &ling process (seBigure II-2). Direct
tunneling is a phenomenon that is important to wstdad in ultrathin oxides. It occurs when
electrons tunnel through the gate oxide regionctlyérom the gate to the channel region.
The equation for direct tunneling is shown below.

5 1 S el =
J.’J == . 45, P EXP _Fi 2 'liat._',l,l_?a = IIJ
l_|.J ¢" = q[.-"ﬂ I"|I i | L ox & . (”'2)
| N\ ﬁjﬁ' # |

Direct tunneling is dependent on the thicknes$efgate region; it increases exponentially as
the thickness of the oxide decreases. Direct fimnes relatively independent of the electric
field across the gate oxide.
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I1.1.4 Trap Assisted Tunneling

The other tunneling mechanism that can occur inate gxide region is trap assisted
tunneling. Trap assisted tunneling occurs wheantas tunnel through the oxide into traps
(empty bonding sites) and then from the traps theosilicon. Trap assisted tunneling is not
easily reduced to an equation since the phenom&nhaather complex. However, it is
dependent on the density of the traps and thergldieid. A diagram describing trap assisted
tunneling is shown below.

Fowler-Nordeim Tunneling Direct Tunneling Trap Assisted Tunneling

Figurell-2: Diagram showing the concept behind Fowler-Nordeimmeling (left),
Direct tunneling (center) and Trap Assisted tunrge(right).

We understand now the CMOS functionality and hogctebns tunnel through the thin gate
oxides. As CMOS Tunneling strongly depends on thglied voltage across the gate oxide
and also on the oxide thickness, we will focus ixtrgection on reliability analyses and
failure models adopted to understand the oxide filim electrical breakdown which
represents a live challenge in Hybrid CMOS/Magnktiegrated Electronics technology.

I1.2 Statistical analysis:

I1.2.1 Reliability analyses using Weibull distribution:

Product reliability can be defined using a 4 pdisit

The product does not fail.

The product maintains its function.
The product lifetime is achieved.
The product expectations are met.

In reliability studies, a so-called “bathtub curveften describes the evolution of device
reliability in time. It consists of three distinperiods (sed-igure II-3). The first period is
called infant mortality period. It is characterizieg a few initial failures and subsequently a
decrease in the failure rate at the early lifehaf $studied devices. Most of the devices reach
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the flat portion of the graph, representing theicewormal life. Failures occur in a random
sequence. It is not possible to predict when failwill occur, but the rate of failure is

predictable. The slope increases, when the dewgeected life-time is reached and the
failure rate increases rapidly.

The Bathtub Curve

Hypothetical F ailure Rate versus Time

End of Life Wear-Out

. Increasing Failure Rate
Infant Mortality 4

Decreasing Failure Rate

Mormal Life (Usaeful Life)
Low "Caonstant” Failure Rate

Incr ensed Fallme Rate

Tine -

Figuré-3 - Reliability Bathtub Curve.

I1.2.1.a Definition (Use ref: Wikipedia):

Reliability is a probability of failure which is edicated on “intended” function. This means
that failure is regarded as a random phenomenom takenean operation without failure.
Reliability applies to a specified period of timéieh means that a system has a specified
chance that it will operate without failure befdmeakdown. It is restricted to operation under
stated conditions as it is impossible to desiggséesn for unlimited conditions. To conclude
one can say simply thadliability is the capacity of a device or system to perfasmaquired
functions under stated conditions for a specifiedqal of time.

I1.2.1.b Background:

Waloddi Weibull invented the Weibull distribution 1937 and published his known paper on
this subject in 1951. Mathematically, the statédt fundamentals of Weibull and the
associated distribution in particular are ustm define reliability. Weibull placed
particular emphasis on the versatility of tlokstribution and described 7 examples
where it could be applied: life of steel compatse or distribution of the population
physical height.

Today, the Weibull distribution is also us&d such applications as determining the
distribution of wind speeds in the design layofitwind power stations. The initially
disputed Weibull distribution is today recognisadaa industrial standard.

I1.2.1.c An overview of Weibull Analysis:

The lifetime distributions in reliability are mogtlstudied and described by a Weibull
distribution. It is a universal distribution thadrctake on the characteristics of other types of
distributions, based on the value of the shapenpatexr, . This paragraph provides a
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description of Weibull distribution through illustion plots. In probability theory and
statistics, the Weibull distribution is a continugarsbability distribution.

Weibull Probability Density Function:
The probability density function of a Weibull ramdwariablet is: [11.1]

£(t) = B exp()?) 03
n n

WhereS > 0 is the shape parameter anc O is the scale parameter of the distributios. It
complementary cumulative distribution function isstitetched exponential function. The
Weibull distribution is related to a number of atlpeobability distributions; in particular, it
interpolates between the exponential distribut@s (1) and the Rayleigh distributiofs € 2).

If the quantityx is a "time-to-failure", the Weibull distributiongs a distribution for which
the failure rate is proportional to a power of tifi@eshape parameter, £, is that power plus
one, and so this parameter can be interpretedtigigesfollows:

« A value of § <1 indicates that the failure rate decreases twe. This happens if
there is significant "infant mortality”, or defeati items failing early and the failure
rate decreasing over time as the defective itemsvaeded out of the population.

- Avalue of f =1 indicates that the failure rate is constant ¢wmee. This might suggest
random external events are causing mortality, iuria

« A value of # >1 indicates that the failure rate increases witke. This happens if
there is an "aging" process, or parts that are rikely to fail as time goes on.

In the field of materials science, the shape patarngeof a distribution of strengths is known
as the Weibull modulus.

The form of the density function of the Weibull tisution changes drastically with the value
of £.

20

Density Function

0.0

X7
/I

Running time

Figulrel —Probability density function.

For 0 <G < 1, the density function tends 4oast approaches zero from above and is strictly
decreasing. Fof = 1, the density function tends 1éq ast approaches zero from above and is
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strictly decreasing. Fof > 1, the density function tends to zeroxagpproaches zero from
above, and exhibits a maximum for an intermedibtgacteristic timéFigurell-4).

Cumulative Distribution Function:
The Weibull cumulative distribution function is aloted by integration:

t 3
t
)= / flt)dt =1 —exp| — (—) -4)

Jo i

Cumulative failure probability or failure frequendirigurell-5).
1.0 7

1 ///

/| ]

5 P d
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Figurell-5. Cumulative distribution functian
Weibull Plot:

The quality of date fit to a Weibull distributiorm be visually assessed using a Weibull Plot
[I.2]. The Weibull Plot is a plot of the cumulative distition function F(t) plotted as
In(-InL- F(t))) versu:In(®) .

The reason for this change of variables is thatciimaulative distribution function can be
linearised:

B
F(t):l—e_(’);]

B 165)
~In(-F (1)) :m
Inf-InfL~F )= Bint) - BIn(7)
which can be seen to be in the standard form ofraighkt line. Therefore if the data
corresponds to a Weibull distribution a straighelis expected on this type of plot. Linear

regression can also be used to numerically assedg tjuality and estimate the parameters of
the Weibull distribution. The shape paramegfand the scale parametgcan be extracted.

-32 -



Chapter II- Oxide thin film electrical breakdown

In chapter 3, when we will represent our experiraergsults we will fit our data with this
Weibull distribution and we will extract the two rcesponding parameters: the shape
parameterS and the scale parametgr We will then interpret and discuss these obtained
values. We will benefit from this distribution adhtages to well understand the MTJs failure.

I1.2.1.d Advantages of Weibull Analysis:

The Weibull Analysis are usually used in relialilithanks to its advantages. The most
important advantage of Weibull analysis is the pmlty to study the failure and the
reliability of samples with very different sizesarficularly the ones with a small number of
elements. Early indications of a problem can belduiidentified without having to "burn a
few more." Small samples also allow for cost dffec component testing. For example,
"sudden death" Weibull tests are completed whenfitee failure occurs in each group of
devices. If all the devices had to be testeditarfy the time required would be much greater.
Another advantage is that it provides a simple aseful graphical plot of the failure data.
The data plot is extremely important to analyse sumd up the conclusion. The Weibull data
plot is particularly informative as Weibull pointedit in his 1951 papefFigurell-6) is a
typical Weibull plot.

The Weibull Data Plot
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Figurell-6- The Weibull Data Plot.

The horizontal scale is a measure of life or agifige vertical scale is the cumulative
percentage failed. The two defining parameteth®Weibull line are the slope, beta, and the
characteristic life, eta. The slope of the lifigjs particularly significant and may provide a
clue to the physics of the failure. The charastarilife, n, is the typical time to failure in the
Weibull analysis.

I1.2.2 Statistics and Physics of Breakdown:

The statistics associated with the breakdown psooe£MOS oxides and particularly SiO
has been extensively studied. For dielectric breakdg two scenarios are distinguished,
extrinsic and intrinsic breakdown. Extrinsic breakh is due to defects in the dielectric
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which can be introduced during different processstgps while intrinsic breakdown is
because of the nature of the dielectric itselbdturs at a certain electric field, defining the
dielectric strength. As the insulating layers aettigg thinner the probability of an external
defect and therefore the probability of an extdn&ilure are decreasing. Hence intrinsic

failure is the most likely problem for today's diefrics.

I1.2.2.a Extrinsic Breakdown

Extrinsic breakdown are breakdown events attridatédo defects in the oxide rather than the
oxide itself failing. Extrinsic breakdown distriboms usually look much different from
intrinsic breakdown distributions. The following agh (Figure 11-7) shows extrinsic
breakdown events grouped into an intrinsic breakdosstribution. Notice that the

distribution is bimoda(Figurell-7).

Bi-Modal Weibull Distribution

15

Intrinsic Region —

0.5

In(-In{1-F)

Extrinsic Regi{\m t
ﬂ >’//

0.01 0.1 1 10 100 1000

Time to Breakdown (sec)

Figurell-7: Graph showing oxide breakdown data that includes
both intrinsic and extrinsic failurdsl.3].

Many causes for extrinsic breakdown tend to be ggsaelated. These causes can include
oxide roughness, oxide deposition parameters,ghestietc. Extrinsic failures are usually
observed as early failures in a bimodal failurdrdistion, and are difficult to modégll.4].
Researchers have observed variable field and textyver dependencies in experimental
studies. It is more productive to eliminate thegees of failures than to model and screen
them out of a population. This point of view wik ater applied in our study.
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Figurell-8. (a) Oxide surface after destructive Breakdowrf. ReWolters, (‘Instabilities in silicon
devices,'chap.6). (b) Cross section TEM imagenocEgample of Hard destructive oxide Breakdown
observed for an MgO based-MTJ.

As we have explained before, extrinsic breakdowasmsociated with the presence of extrinsic
defects present in the oxide which initiate thevarsible damage of the dielectric. Once
initiated, the damage eventually spreads througtibat body of the dielectric causing

breakdown. The pre-existing defects can be immsipresent within the oxide, structural
weaknesses, pre-existing pinholes, interfacial hoegs, etc.

Farticle Structural weakness . Interface roughness
Pinhole

I1.2.2.b Intrinsic breakdown

In a dielectric, the charge displacement increas#ls increasing field strength. When the
electrical field reaches a critical value, an elecbreakdown occurs due to the physical
deterioration of the dielectric material. The dadte strength is defined as the breakdown
voltage per unit thickness of the material. WHemndpplied electric field is large, some of the
electrons in the valance band cross over the lkewgduction band across the band gap giving
rise to large conduction currents. Under this cbonlj the strength of the local field is of the
order of 1 MV/cm. This value justifies the breakdovisk in CMOS previously mentioned in
paragraph Il.1. The movement of electrons frommadeband is called internal field emission
of electrons and this breakdown is called lthieinsic Breakdown.

One of the most popular statistical models assediatith intrinsic dielectric breakdown is
the Percolation or Spheres mo@lé5] of breakdown. The Percolation theory postulates tha
defects can be modelled as spheres that affedtieddehaviour within the oxide.

These “spheres” occur randomly within the oxide.s t#he number of spheres increases,
spheres in close proximity to one another can tearcharge. Once a sufficient number of
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spheres develop, there will be a location wheresfiteeres bridge from one edge of the oxide
to the other. At this point a micro-breakdown cacur (sed-igurell-9).
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Figurell-9. Schematic illustration of the spheres model forimstc oxide breakdown based on trap
generation and conduction via trgpis6].
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Figurell-10: Example of Weibull Plot.

Two different types of distributions can be usednodel the statistics of thin film electrical
breakdown, lognormal and Weibull previously introdd in details in sectionl.2.
Lognormal distribution best describes chemical gredmally occurring mechanisms, while a
Weibull distribution can be made to fit a wide ayi of conditions. For studying reliability in
microelectronic devices, the Weibull distributiangenerally the most appropriate technique
to adopt. The Weibull slope tends to be dependenthe oxide thickness, especially for
ultrathin oxides. The Percolation model of breakdman be used to predict this behaviour as
well. For the thinnest oxides there is a largeistiaal spread, presumably because the
conductive path consists of only a few traps long.
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I1.2.3 Failure Models:

In this section, we present the adopted failure eleoth CMOS reliability studies so as to try
later in chapter 3 to see which of these model$dciiubetter our experimental data. Intrinsic
failures are due to breakdown in defect-free oxidedrinsic failures determine the true life
of a high-quality, defect-free oxide. There arerfonide breakdown models currently used:
the band-gap ionization model, the classic anodé hajection (1/E) model, the
thermochemical (E) model and the hydrogen releasdein Each of these models has its
strengths and weaknesses. The scaling of oxidesdurces effects and properties that the
models cannot adequately predict. Neverthelesy, pphevide a way to describe a complex
phenomenon as a relatively simple mathematical esgion that allows reliability
calculations and predictions.

To explain how defects are generated in transggite-oxides, different theories and models
were adopted and developed. The thermochemical InM{&enodel) and the anode hole
injection (AHI) model (1/E model) are the two maimodels, and there has been an ongoing
controversy as to which model is correct, as therdata to corroborate bofH.7]. Studies
have shown that the 1/E model agrees well with exyntal data when high electrical fields
are applied. In contrast, at low fields the E modhbwed better agreement with the
experimental data. Other models include the hydragéease (HR) model, and the role of
irradiation and channel hot-carriers.

This section will provide the underlying physicatéarpretations of these different models;
and will develop a mathematical extrapolation @& thodels to reliability measurements

I1.2.3.a Fabrication Defects:

During the fabrication step of a device, there sk of creating oxide defects. These defects
are heavily dependent on the actual process. Betact arise due to ion implantation during
the oxide formation, plasma damage by subsequertepsing, mechanical stress or from
process contaminanis.8].

I1.2.3.b Bandgap Ionization Model

In 1990s, DiMaria (IBM Microelectronics) developdige band-gap ionization model. He
postulated that oxide defects could be causeddgéeheration of an electron-hole pairs when
the energy of an electron approaches the enerthediandgap (~ 9eV). This was more likely
to occur for dielectrics which are thicker thanGngh at fields higher than ~ 7 MV/cm, and is
associated with the high-energy tails of the etettlistribution. Although this model was
popular in the early to mid 1990s, it is no longadely used. Data on ultrathin oxides can not
be explained by the Bandgap lonization model, wighvalidity being restricted to thicker
oxides.

I1.2.3.c Anode Hole Injection Model (1/E model):

In transistor gate-oxides, the injection of elecranto the oxide could generate holes at the
electrode which then get trapped in the oxjde’]. The AHI model is based on such a
process. At high electric fields, this model sholetter agreement to experimental data
because at such fields electron tunneling is diamt, and hole generation dominates over
the thermochemical model.
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Figurell-11. SiO, Bond Breakage due to Hole Curr¢ht9].

As explained in “Gate Oxide Breakdown” by NavidiZizand Peter Yiannacouras, the anode
hole injection process is as follows:

At high electric field, the electrons arrive at thate with high kinetic energy (> 8MV/cm)
[1.9]. These hot electrons transfer their entire enéogy deep-valence band electron when
they reach the gate electrode, and then this eleds promoted to the lowest available
electron energy state, which is the conduction badde of the anod@l.10]. Once the
electron reaches the conduction band, it creabed hole, which tunnels into the ox{dlel0].

The holes which enter the oxide, allow for increbserrent density due twole-induced trap
generation[l.10]. Once the trap has been created, the current densigases. As a result,
more high energy electrons enter the gate whichccaate more hot holes, etc. This creates
an avalanche effect until breakdown ocdiik§]. An example of how a hole can create a trap
in the oxide is shown ifigurell-11, where the holes induce two bond breakages atghesi
Si atom.

o

Figurell-12: Chemical Structure of Sidll.11].

Schuegraf and Hu developed the classic anode hmetion model in the mid 1990s. The
Anode Hole Injection Model, commonly called the ltitodel, was the source of some
controversy in the late 1990s as researchers eitbdr it or with the Thermochemical (E)
model. Schuegraf and Hu postulated that a fraatfotme electrons entering the anode have
enough energy to create a “hot” hole which can éliback into the oxide. These holes then
in turn create defects in the oxide (d&gure [I-11). Their equation modeling the process
predicts a 1/E dependency, hence the name 1/Ee@Eeeion(ll-7) below).
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0, (B
= exp_ixg[f_ﬂp{fﬂ j}-f J (1-6)
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All parameters in the equation can be calculatechfguantum physics with the exception of
ap, which is the probability that a hole is generat€y is the critical hole fluence at
breakdown known to be 0.1 C/cm?,

Some researchers have suggested based on bothktitedoand experimental evidence that
significant injection and trapping of anode holegsl not occur until the electron obtains a
sufficiently high energy (~7.6 eV) in the anodeecBnt studies using improved models for
impact ionization suggest that anode hole injecttan occur at low energies and that the
dependence of anode hole induced breakdown ongeoltalinear. However, there are no
known studies conclusively showing that anode te@doles at low voltage are trapped in
the oxide and lead to breakdown.

Figure 11-13: Diagram showing the
principle behind the Classic Anode Hole
Injection Model.

I1.2.3.d Thermochemical Model (E model):

The 1/E model presented above ignores importanmidde processes which degrade all
materials over timgll.11], and some recent work which covers ranges of testyre and
field conditions shows better agreement with thedglel(Thermochemical moddl).11].
Amorphous Si@s primary structural unit is the SiQetrahedron shown iRigurell-12. The
angle between O-Si-O is always 20But the angle between the bond linking the tetrah
ranges from 120to 180 [I1.11].

When the linking bond angle is above 150e bond’s strength is severely weakened and an
oxygen vacancy results where the Si-O-Si bond pdaced with a Si-Si bond as shown in
Figure 1-14 [Il.11]. This oxygen vacancy is thought to be the defhat teads to oxide
breakdown[ll.11]. The remaining O-Si bonds within the oxide arehhigoolar bonds; 70%
of the total energy is due to ionic contributiphll]. Furthermore the Si-Si bond is a very
weak bondll.11].
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Figurell-14: Oxygen Vacancy in SiOfl.11].
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Figurell-15: Local Electric Field in Si@[Il.11].

When an electric field is applied to the oxide,rénes a distortion of the lattice due to the
polar nature of the O-Si borjtl.11]. Furthermore, this distortion induces a polar@at as
shown inFigure lI-15. Thus each molecule of SiGhot only experiences the externally
applied electric field, but it also experiences thgolar field due to the polarizatidih.11],
and thus the local electric field,E can be significantly larger than the applieddi&,x.
Thus the Si-Si bonds are heavily strained dueimlénge local electric field, and bonds may
occasionally gain enough thermal energy to caus&itsi bond to break, creating a hole trap
as shown irFigurell-16. As noted above in paragraph I1.2.2.b the germradf many traps
will finally lead to breakdown.

The Thermochemical Model, developed by McPhersah Mogul [I1.12],[1.13] in the late
1990s, is an attempt to develop an empirical médsled on hydrogen release data, trap
generation data, and other observed effects. Tdaehis often referred to as the E model,
since the failure rate is proportional to the elecfield. Traps are generated uniformly
throughout the oxide by applying an electric fiel@ihe electric field acting on the bridging
oxygen creates an oxygen vacancy (Segirell-16) or a displaced oxygen atom. The angle
of the bond affects this process. Because thagitieof the bond is related to the ambient
temperature, higher temperatures will cause thel®ao break more readily. Low electric
field measurements are possible at 25°C if verygltime-to-breakdowns are used. High
temperatures can therefore be used to acceleratéowh field dependence of breakdown.
Finally, McPherson and Mogul suggested that trapgegeion may be catalyzed by hydrogen,
or possibly holes.
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Tetrahedral SiO, Oxygen Vacancy  Field-induced Bond
Collapse

Figurell-16: Diagram explaining the types of defects that caruoc
with the Thermochemical model.

The Thermochemical model is popular because theempermits a simple acceleration
equation. Researchers have used both the Arrenetiwation,

(—E, fkT)

I,,=te (1-7)

Where E the activation energy is proportional to the eiedteld, and the Erying equation,
_ . |AH-E fkT)

I,,=te (1I-8)

Where Ethe activation energy is proportional to the eledield or another driving force.

In addition to the basic models described aboverdtrtors affect reliability. For example, a
strong dependence of breakdown on anode and cattypee has been observed. This
dependence is explained by the difference in ctidensity between an n-type cathode and a
p-type cathode. This shifts the trap creation tho&s relative to the Si anode Fermi level.
Plotting Qgp versusVy normalizes the polarity dependence to first ordrenthermore, hot
carrier effects can convolute the time to breakdo\ata. Hot electrons can increase the trap
generation rate, causing accelerated breakdowrseTatects need to be taken into account
when performing accelerated breakdown studies stioh&ting reliability lifetimes.

I1.2.3.e Hydrogen Release Model:

DiMaria and his colleagues developed The Hydrogeriedse Model after physically
observing the behavior and properties of the oxui@$ng and after stress. They observed
hydrogen release and buildup after stressing varmuade structures. They postulated that
energetic electrons create oxide damage by intecaetith the oxide lattice itself or with a
secondary species such as hydrogen. Based oraftatadt IBM[11.14],[Il.15] he determined
that hydrogen release requires electrons with griexgels of at least 5 eV in the anode, and 2
eV in the oxide (seEigurell-17).
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Figurell-17: Data showing trap generation rate versus electnamgg. Notice that the generation
rate increases when electron energy is greaterthanvolts (after DiMaria).

The process for the HR model is very similar to A&l model except that instead of holes
being produced at the anode; protong)(Hre generated and reintroduced into the oxide
[1.16]. There is evidence that the AHI rate is too sn@lproduce the defects that lead to
breakdown, and thus the HR model has been exp[dr&€].

Figurell-18: A Hole Trap in SiQ[Il.11].

Just as in AHI, high energy electrons tunnel thiotlge oxide, but instead break the Si-H
bonds at the interfad#l.17]. Thus a H ion is released into the oxide, and there is alitag
silicon bond at the interface. Once the protonrsritee oxide, it reacts with oxygen vacancies
(Si-Si) to produce a trap: (Si-Si) + H> Si-H-Si[l1.16].

Discussion:

The various models of breakdown presented in thisian were developed specifically for
CMOS oxides and particularly SiOWhen comparing with the situation of magneticntein
junctions, several differences arise:

-The oxide used in MTJ is most often MgO which has been much studied as CMOS gate
oxide in contrast to Sior High K dielectrics (HfQ SrTiGs...).
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-In MOSFET gate dielectric, one tries to avoid aschmas possible tunneling between gate
and chanel because this tunneling represents ageaturrent which contributes to the static
dissipation of CMOS circuits. Therefore, usuallg thickness of these gate oxides are larger
than in MTJ where we try to favor easy tunnelingptigh the barrier for high current density
applications such as in STTRAM.

-However, in applications such as FLASH memoriesneling of electrons is used to charge
or discharge the floating gate. In this case, tm¢ling barriers are much thickner than in
MTJ (several nanometers) and the bias voltage tosedite are also much higher (10-20V).
This corresponds to Fowler Nordheim tunneling vilection of electrons in the conduction
band of the oxide. This mode of charge injectiolkknewn to generate defects in the oxide
which turn out to form electron traps. In contiasMTJ, much thinner oxide barriers are used
(~1nm) and bias voltage of the order of 0.5V lowean the barrier height are applied; As a
result, direct tunneling from one metallic eleceo the other takes place. A priori, this
should be much more favorable in terms of religpsince the hot tunneling electrons loose
their energy in the receiving electrodes rathen thathe barrier

In chapter 3 we will propose a new mechanism fecteical breakdown in MTJ which
contrasts with those described above and may bepatsent in FLASH memories. It will be
based on the mechanical stress induced by theradeatic interaction between trapped
charges in the oxide barrier and the image oppasiteening charges which appear in the
metallic electrodes.

II.3 CMOS reliability characterization techniques

I1.3.1 Time Dependent Dielectric Breakdown

Time Dependent Dielectric Breakdown, or TDDB, iseoaf the most important failure
mechanisms for semiconductor reliability. Since #960s, researchers have struggled to
understand the nature of how an oxide degradestower Over the past 40 years scientists
have been able to piece together enough informat@mrcerning TDDB to develop basic
models that describe the breakdown as a functioraaébles like time and electric field. For
a number of years the debate was whether TDDBwieitban E or a 1/E model. Recent data
indicates that this discussion may be irrelevaimhe Weibull distribution best models the
statistics associated with breakdown, since TDDBeaps to be a “weakest link” type of
failure mechanisms.

I1.3.2 Accelerated Stress Testing

Reliability engineers use two major oxide breakddest configurations. These include: the
voltage ramp and the current ramp. The Joint EdedDevices Engineering Council (JEDEC)
standardized these two accelerated test methoalgindgers from time to time use other stress
tests as well. These include the stepped voltagestepped current, the constant voltage, and
the constant current stress tests.
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I1.3.2.a The Voltage Ramp

JEDEC defines a standard voltage ramp stressdesixfde reliability called the ¥amptest
(seeFigurell-19). This test is one of the most common accelertgsi$ performed on oxides
today. Many reliability test systems can be progresd to do this test.

\Breakdown
E‘: . “"‘Ime>linit
2
=
@]
&
3
S
/ Time (t) X
Pre-test Post-test

Figurell-19: Diagram showing the operation of the JEDEG,Vjtest.

Basically, there is an initial measurement at aegivoltage to verify the integrity of the
oxide. Next, the voltage is raised to a predeteeahi start voltage (depending on the
technology) and the current is measured. At etjond intervals, the voltage is stepped up in
equal voltage increments and again the currentasitored. This process continues until
there is a sharp increase in the current. Theiquewlata point is defined as the breakdown
voltage. A final measurement is then made at tleevoliage.

I1.3.2.b The Current Ramp Test

JEDEC also defines a standard current ramp telstdctile d.mp test (sedrigurell-20). The
test procedure is quite similar to th@a¥ptest. First, an initial voltage measurement isedan

a predefined current level. Next, the currentised to the starting stress current. The current
is increased in equal increments while making g@taneasurements. At a certain current
level, the oxide breaks down, causing the voltagégrop sharply. The measurement before is
defined as the breakdown voltage. One final me&asant is made at the initial current value.
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Figurell-20: Diagram showing the operation of the JEDEG,Jtest

I1.3.2.c Other Stress Test Issues

In addition to hard breakdown, soft breakdowns quasi breakdown events can occur. Soft
or quasi breakdown events occur when the thermalade is limited by power dissipation.
The occurrence of soft breakdown increases asxiue ohickness decreases, the area of the
oxide increases, the voltage stress increases,ttadstored energy decays with time.
Researchers have postulated several mechanismshevpast two decades that explain soft
or quasi breakdown: trap-to-trap transport, tuimgevia electron traps, dynamic trapping/de-
trapping, and insufficient energy transfer of tummgeelectrons to anode holes.

I1.3.3 AC Effects

In general, the oxide lifetimes are longer under €f@ss than DC stress. While this makes
sense from a qualitative standpoint, researchers bmuggled to understand why this is so.
The following graph shows the increase in lifetiasethe stress frequency increases.

High frequency TDDB testing is quite difficult tegorm, since proper cabling and fixtures
are necessary to reduce ringing and voltage ovetshdt has been noticed that lifetime
observed under pulsed stress can be attributed-tcagping of holes. Liang speculated that
positive charges at cathode are de-tragfielB].
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AC Stress Effects versus Frequency
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Figurell-21: Graph showing TDDB lifetimes versus frequency.

Fong speculated that reduced transient hole gemeratccurred under AC stress, while
Rosenbaunjll.19] observed detrapping of holes under AC sti#is$9]. Other researchers
have observed that lifetime enhancement diminishesE field and oxide thickness is
decreased. Hwang determined that TDDB was worderunipolar stress in very thin oxides
(< 6nm)[l.20]. Researchers believe that this is caused by aeedecharge generation and
trapping. Further work needs to be done to undedsthese effects for very thin oxides and
especially in MgO to understand MTJs breakdown raeidm. This will be our main
objective in chapter 3. We have carried out suchtii® dependent dielectric breakdown
experiments under pulsed conditions to be closahéooperating conditions of memories
applications.

I1.3.4 Low-frequency Noise test:

In practically all electronic and optical devicHise excess noise obeys the inverse frequency
power law. It exists in addition to intrinsic themmnoise and quantum noise. Many
experimental data has been accumulated on 1/f moisgious materials and systems. In very
small electronic devices the alternate captureeanigsion of carriers at an individual defect
site generates discrete switching in the devicistatce referred to as a low frequency noise.
The study of low frequency noise has demonstratedobssible microscopic origin of low-
frequency (1/f) noise in these devices, and hasiged new insight into the nature of defects
at an interface. As will be shown amapter 4low frequency noise tests can be used to probe
magnetic tunnel junction quality and to highlighétdifferences in terms of present defects.

I1.4 MT]Js reliability studies

Oxide barrier breakdown represents one of the maimability issues for advanced
semiconductor memory technology. Despite numerousidies on the tunnel
magnetoresistance (TMR) of either aluminum oxide magnesium oxide MTJs, the
breakdown mechanism of ultrathin barrier of MTJs nat been well understood. A more
detailed understanding of MTJ reliability issuesstdl essential for the success of STT-
MRAMs or of other devices based on hybrid CMOS/M&dhnology. In both Thermally
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Assisted MRAM (TA-MRAM) and Spin-Transfer-Torque RA (STTRAM), the tunnel
barrier is exposed to a voltage stress in the rah@et-0.7V at each write event. Considering
that the tunnel barrier thickness is of the ordefrmm and that common oxides experience
electrical breakdown when exposed to electricdti flarger than 13//m, the MTJ barrier
electrical reliability has to be thoroughly invegstied[Il.21]. The write endurance in MTJs
has already been studied by several grduipa2]-[I1.26] by time to dielectric breakdown
experiments (TTDB). Different breakdown phenomemaehbeen observed depending on
oxide layer thicknesfl.27], junction resistance area product (RA)25], and junction area
[11.22],[11.23]. However, the mechanism and main cause of bdmreakdown in MTJ systems
is not yet fully understood, especially when thiekhess of the oxide tunnel barrier gets in
the range of 1nm-1.4nm.

I1.4.1 Aluminum oxide based MTJ:

For thin tunnel barriers with low RA value (7-2@m? naturally oxidized Al based MTJ) and
large junction area (>114) the oxide layers experience a gradual breakdasva function of
bias stress time. Correlatively, a progressive eese of the tunnel magnetoresistance (TMR)
is observed before the major breakdown occurs.

For example, J. Das et al had observed a graduwsdktown [1.24] in their stress
measurements. Pre-breakdown current jumps occuy famally, breakdown is observed
(Figure 11-22). It was shown, by using statistics, that both therent jumps and the final
breakdown can be attributed to single trap ger@mraioreover, the current jump height can
be related to the trap location.
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Figurell-22: Typical stress curve (V=1.1 V) of a 1342 MTJ. Several pre-breakdown current
jumps are observed before the MTJ finally breaksndatt=tp [11.24].

D. Rao et al[ll.27] also had observed the effect of a dc stress \ltag the junction
resistance and magnetoresistance (MR) of spin-digmriunneling junctions with naturally
oxidized barriers. There was noted that one canneled threshold voltage at which
irreversible resistance change begiigure 11-23. Beyond this threshold, device resistance
decreases gradually over a transition period podreakdown of the tunneling barrier.

The onset voltage of irreversible resistance chasmgeaich higher than the optimum operating
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voltage of MTJ device (whether STTRAM cell or matmesistive heads for hard disk drive,
~0.5V). Correlatively, it was observed that the M&Rio decreases with increasing stress
voltage in a pattern similar to that of the junntr@sistancll.27]

35 —A—SA
—o-7A
—o—9A
- I 11A
BiE SN 5208
0 400 800 1200

Stress (mV)
Figurell-23: [I1.27] Variation of MR ratio with stress voltage in Alunaithased MTJ.

The time-dependent dielectric breakdown of CeAl/Co (-Fe) magnetic tunnel junctions
was investigated in several works, such as theigatlin of W. Oepts et dll.28]. It was
observed that for applied voltages larger than\4,.Zalmost immediate breakdown of the
junction was observed, leading to a decreased (etapmesistance. Most junctions showed
only one hot spot after Breakdown. The shorts, Wiaiee local hot spots, were visualized by
making use of a liquid crystal film on top of thegtionsee Figurdl-24. These studies were
conducted on relatively large junctions (severatrons in width).

According to the previous bibliography study of Miiliability, the most common failure
mechanism for MTJs is the formation of a nanomsieed conductive short, or “pinhole,”
between the two ferromagnetic electrodes. Seveoalpg have investigated the properties of
insulating barriers and pinholes using a numbedifférent methods, including analysis of
current—voltage characteristics, imaging of pinkoléa decoration or liquid crystal-based
methods, and scanning tunnelling methods.

In this work for examplgll.29], they have presented a powerful method of studgurgent
flow and failure in MTJ elements. Current densityppiag and pinhole imaging in magnetic
tunnel junctions via scanning conductive atomiccéomicroscopy were carried before and
after pinhole formation in several different jumcts, it was found that many junctions exhibit
an unexpectedly complicated current distributioterathigh-voltage-induced breakdown.
Further, they have seen that pinhole locationsbeanorrelated with current inhomogeneities
observed before junction breakdown. Therefore,ihemkdown on relatively large junction is
essentially extrinsic, related to pre-existing defesuch as hot spot due to interfacial
roughness.
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Figure 11-24: [I1.28] Polarized light picture of liquid crystal on top af Co/Al203 / Cefes
junction, the black spot in the middle of the juastsurface is the location of a breakdown.

In contrast, according to literature, tunnel basiwith small junction area<{uum?) and less
extrinsic defects show an abrupt dielectric breakdavithout resistance variation or TMR
reduction preceding the major dielectric breakdotviundamental breakdown mechanism of
ultrathin oxide barrier was proposed in terms atcpktion model[l1.30],[11.31]. According

to this model, a complete path of defest®e Figurdl-25 is formed through the oxide barrier
after a certain amount of stress similarly to tbeducting flament which forms during the
forming phase in Redox RAM (RRAM)I.32]. However, the nature and role of the defects in
the percolation model are not clearly defined aretigied in the context of MTJ.

fox

Figure11-25: [11.31] lllustration of the random sphere model (after egye,[11.33]).A cluster of
overlapping spheres connecting the top and bottbenfaces defines the breakdown event.

From reliability studies on SiO2 gate dielectricgeevpously presented, it is known that
Weibull statistics have to be used to fit the data. This Weibull function was typically used
in all previous studies of MTJ breakdown (see exXaspigure ll-26 (a) and (b)) and had
shown a good fit of MTJ breakdown data.
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Figurell-26. [11.33] (a) MTJ Weibull plots (Mr;=1.35 V) for different areas (2*4, 2.5*5, 4*8, and
4.5*9 um?). (b) MTJ Weibull plots, rescaled to |82, for different stress voltages: 1.33, 1.35, 1.36
and 1.37 V applied to alumina based MTJ.

It was demonstrated that the two breakdown mechenisbserved in an ultrathin alumina
barrier MTJ reveal themselves in contrasting waysstudying the parameters of barrier
thickness (se€igurell-27 ), junction area, voltage ramp speed, and substeatperature. It
was found that the observed breakdown mechanismlased directly to the presence of
pinholes in ultrathin alumina barrier. MTJs showiag abrupt decrease in resistance at the
breaking point are observed to fail due to thenstc dielectric breakdown of a well-formed
oxide that can be described using the E model. deplitude of the electric field and
temperature were found to accelerate the breakdmfwhe junctions. Scaling the junction
area and the barrier thickness can affect the palyproperties of the oxide and its variation
of structure and composition. These variationsprassibly be attributed to incomplete barrier
oxidation, deposition nonuniformity, interfacialughness, redeposition at the MTJ pillar
edges occurring during the etching process...
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Figurell-27: [11.25] Dependence on barrier thickness (5.5 A , 5.25 & 25, and 4.75 A )and area
on the fraction of devices that break down abrugdgch point represents a fraction in a set of 64
nominally identical AlOx based MTJs.
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MTJs showing a gradual decrease in the resistantieeabreaking point (seigure 11-28)
were determined to fail due to an extrinsic breakdomechanism caused by pinhole
presence. It was possible even to estimate theolgirdrea[ll.34] and the pinhole growth
[11.34] during the breakdown event using two resistor noadé MTJs and extrapolating
existing data to two extreme situations: When tiBJMas no pinhole and when the MTJ is
completely covered by a gigantic pinhole. Extrinsieakdown weakly depends on the stress
factors that effect intrinsic breakdown: Voltagenmaspeed and external temperature.

e
o

D ~ 0 o

RA [Qp m? at 20 mV
D = N W & O

Maximum Applied Bias Voltage [mV]

Figurell-28: [11.25] Multiple ramp test of the device that breaks dowtmiesically beginning at 270
mV. the RA product is nearly constant until surpags threshold voltage of about 270 mV, where
further increase of the voltage across the bareults in the resistance gradually decreasing.

Instead, it was found that the power density atpiinéole and/or the electric field across the
barrier are the main stress factors causing thiegbento grow. To make projections of device
lifetime, detailed knowledge about pinhole growthekics is needed. At voltages much lower
than the extrinsic breakdown voltage, the pinhades stable, which demonstrates the
potential use of ultrathin barriers in tunnelingddrive sensors. From a microscopic point of
view, ultrathin barriers will always have pinhol@s at least atomic defects) and we should
consider them as a “composite” material in whittte structure needs to be very precisely
known and controlled.

I1.4.2 MgO-based MT3J:

Abrupt breakdown and gradual breakdown were alsemied in magnetic tunnel junctions
having an ultrathin MgO barrier. The two breakdowrechanisms manifest themselves
differently when considering large ensembles of madly identical devices under different
stress conditions. The results suggest that ore dforeakdown (abrupt) occurs because of
theintrinsic breakdown of a well-formed oxide barrier that tendescribed by thE model
(seeFigure 11-29) of dielectric breakdownThe other is arextrinsic breakdown (gradual
degradation then breakdown) relatedd&fectsin the barrier rather than the failure of the
oxide integrity.
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Figurell-29: Time to Failure of 63 % of tested MTJs versus Sthésitage.
Data fitted by E-field model.

In ref [11.35], an abrupt breakdown was observed. Before the bosak the resistances in
both high and low state were stable during the s#tough high state resistance exhibited a
slight 4% drop towards the end of the test as shawfigure 11-3Q0 We show in our
experimental results in chapter 3 section Illl.4khkttvery stable resistance values till
breakdown were observed in our MTJs.
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Figure 11-30:[I1.35] Resistance change during‘i6ycle test using 100 ns pulse width. Resistance
was normalized by a low state resistance in tis¢ dycle. RA=202um2.

MgO has been found to be an excellent film witliditresistance drift. To make highly
reliable tunneling barriers, precise control of EBAMgO/CoFeB interface, related to charge
trapping and de-trapping phenomena, was found tmpertant.

Time-dependent dielectric breakdown (TDDB) meas@m@s) under constant voltage stress
with positive and negative bias polarities wereriedr out for magnetic tunnel junctions
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(MTJs) with different oxidation status (under-, iopal, and over oxidation). Many groups
have found that there is significant polarity demsmoe in the TDDB and speculated that the
polarity dependence is due to both intrinsic antfiesic origins. Optimally oxidized MTJs
with positive bias on the top electrode show shatitees to breakdown g#’s) and lower
barrier height than with negative bias, indicatihgt asymmetric band structure, in part,
causes the polarity dependeritle36]. On the other hand, under- and over oxidized MTJs
show much shortegg’s than optimally oxidized one (séegurell-31) and show a higher 1/f
noise power densityll.36] for positive bias than for negative bias (deigure 11-32),
indicating that the polarity dependence is alsqart, due to the interface states, which acts
like precursors for the dielectric breakdown. Imdasion, the deteriorated reliability for
MTJs with under- or overoxidized tunnel barrieréosnd to be due to interfacial trapps36].
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Figurell-31: [11.36] Weibull plots of time to breakdownsff) under a bias
voltage for the junctions with various oxidatiomés (§,).
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Figurell-32: [1.36] Bias voltage dependence of low frequency 1 / fexgiswer at 207 Hz for the
tunneling barriers in MTJs measured at both pasiind negative bias polarity directions.

In conclusion, the deteriorated reliability for MsTvith under- or overoxidized tunnel barriers is
found to be due to the interface traps as an extriarigin for the polarity dependence of tunnel
barrier breakdown.
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Finally, we show the results published[ih37] showing the influence of diffused Boron into
MgO barrier (sed-igurell-33) on pinhole creation in CoFeB/MgO/CoFeB Magnetiniiel
Junctions([Il.37]. A relationship between boron (B) diffusion intoetiMgO barrier and
pinhole creation in CoFeB/MgO/CoFeB magnetic turjoattions (MTJs) was investigated.
The diffused B in the MgO layer was identified bg@adary ion mass spectrometry for the
MTJs annealed at 350 C, which provide the giantmatgyesistance (TMR) ratio. The pinhole
density, estimated from the statistic distributairbreakdown voltage of the TMR properties,
increased as either the thickness or the B cordénbhe CoFeB layer became thicker or
higher.

Capping layer CoFeB MgO
- > 4—> - -

Log intensity (a.u.)

Depth from the surface

Figurell-33: [11.37] Secondary ion mass spectroscopy (SIMS) profiles uneddor the films with
SiG; (sub) /MgO / (CoFe)Bg, / capping layer structure, after annealed at 350 Rk capping layer is
(a) Ta and (b) Ru, respectively. The dashed lidecates a baseline of the B intensity.

These experimental findings imply that the diffu®dowards the MgO barrier favors the

formation of pinholes that short-circuit the tunm@nduction.. This can be due to the
formation of a rough BO layer next to the MgO barnvhich creates hot spots through the
barrier. Three different techniques were found ¢ouseful for the reduction of diffused B

towards the MgO barrier layer: the use of materaging boron affinity on the back side of
the magnetic electrodes (Ta, Ti, Ru...), decreaghefotal amount of B-content in CoFeB

layer, and reduction of grain boundaries in the M@@ier layer.
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I1.4.3 Conclusion:

One can underline three important points:

First of all, time-dependent dielectric breakdowFrDDB) measurements under constant
voltage stress with positive and negative biasmiaa were carried out for aluminum oxide
and magnesium oxide magnetic tunnel junctions (MTWgh different oxidation status
(under-, optimal, and over oxidation). Differenedkdown phenomena have been observed
depending on oxide layer thickness, junction rasis¢ area product (RA), junction area,
stress polarity, ect. Two breakdown mechanisms vedserved: either abrupt or gradual
breakdown for aluminum oxide and magnesium oxiceda1TJs.

Secondly, the weibull distribution and the E-fiettbdel seemed to fit well different data.
Finally, the most common failure mechanism for M&Jthe formation of a nanometer-sized
conductive short, or “pinhole,” between the twerfomagnetic electrodes.

In chapter 3, we will study the barrier breakdowrMd'Js under pulsed conditions, varying
the voltage stress. We will try to derive a betiederstanding of MTJ reliability from these
measurements and propose solutions to improve thisiveliability.
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ITI.1 Introduction

Spin transfer torque magnetoresistive random aaressory (STT-M RAM) are promising
memory technologies because of their non-volajilitygh speed operation, low power
consumption, very large endurance, high densityd aompatibility with standard
complementary metal oxide semi-conductor (CMOSyess.

As the magnetic tunnel junction (MTJ) size shrinkise MTJ resistance must remain
comparable to the resistance of the selectionigtmmsn a one transistor-one MTJ (1T-1MTJ)
design. Hence, a thinner tunnel barrier that dagscompromise on reliability is required.
This is even more important for STT-MRAM technolegjias compared to magnetic field
switching MRAMs since a large current flow throubk barrier is necessary for writing.
Oxide barrier breakdown represents one of the mandiability issues for advanced
semiconductor memory technology. Despite numerousidiess on the tunnel
magnetoresistance (TMR) of MgO-based MTJs, thekol@an mechanism of ultrathin MgO-
based MTJhas not been thoroughly investigated. A more detailed understanding of MTJ
reliability issues is still essential for the suss®f STT-MRAMSs or of other devices based on
hybrid CMOS/MTJ technology.

Lifetime of MTJs is usually measured using a tinepehdent dielectric breakdown technique
carried out by applying a DC voltage while recogdthe time to breakdown. However, the
normal operation conditions of an MTJ in a MRAM aevrequire applying a large number
of read/write voltage pulses a few nanoseconds long

This work reports on the breakdown behaviour of Mzg3ed MTJs submitted Boiccessive
voltage pulses. We studied theiendurance as a function ofhe time interval between pulses

as well as pulses amplitude and polarity. An easiteidy has shown that MgO dielectric
breakdown measurements carried under DC voltageuadér cumulative pulsed voltage
yield equivalent results for pulse-widths longearthl00 ns. In our study, we chose to work
with shorter constant pulse-width of 830 ns which is close to the normal operating
conditions and is thus of strong interest for MRANKIps reliability. For MRAM application
and their 10 years reliability, MTJs have to wigrst 13° writing cycles. Testing MTJs in the
operating conditions would thus take too long. ur case, we thus have used accelerated
conditions (higher pulse voltage than the 0.5-Odpérating voltage) to obtain reasonable
measuring times.

The aim of this third Chapter is to study MgO bak€id) breakdown under pulsed conditions.
Firstly, we will start by presenting the studiedngdes and their preparation methods.

Then we will outline theexperimental study of the effect of delay between pulses for
different resistance area values, different pulsdtage amplitudes and different pulse
polarities.

Third, we expound our physicahterpretation of experimental results. A charge trapping—
detrappingmodel was developed to explain our observations. Finallg show the good
consistency of our developedhodel with experimental results.
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II1.2 Studied samples: composition and preparation

I11.2.1 Introduction:

To realize high TMR in MTJs, it is important to abt a good crystallinity of both the
magnetic electrodes and MgO tunnel barrier, widiLjQrystallographic orientation.

The excellent crystallinity of (001)MgO layer arDQ) CoFeB layer is the primary factor for
the higher TMR in CoFeB/MgO/CoFeB structure, conéidnby X-ray difraction
[111.1],[111.2].

In the literature, the (001) oriented MgO layer bagen obtained with fferent methods, such
as molecular beam epitaxyl.3], magnetic sputtering depositidl.4], [Ill.1] and ion beam
deposition[lll.5], etc The deposition parameters - such as, in the alasggnetic sputtering
deposition, Ar pressurfll.6], sputtering power, deposition rate and the disanetween
target and substrate - usuallfesct the crystal structure of MgO layer. Therefdhe, careful
research work of the influence of deposition paransedn the crystal structure of MgO layer
and the TMR ratio of MgO based MTJs is important $occessfully fabricating (001)-
oriented MgO and obtaining higher TMR ratio in Mg@sed MTJ$III.7].

In this study, we investigated MTJs based on Mg@n#l barriers that were prepared by
sputtering deposition of a thin Mg layer, followeg a subsequent oxidation, performed either
by plasma or natural oxidation. The deposition pagormed with a growth rate of less than
0.5 A/s. For the plasma oxidation case, oxygennpéasf 100W power was used while for the
natural oxidation we have used an oxygen flow ddss@m and a pressure of 1Torr. The
oxidation time was adjusted in both cases in ordemaximize the TMR ratio. This
optimization ensures that the Mg metallic layefuly oxidized - not underoxidized, which
would reduce both the RA and the TMR, - neitheroxilized, which would increase the RA
and reduce again the TMR ratio. In order to avadithple formation within the barrier the
deposition was performed in 2-3 alternating stdp$eposition of Mg/oxidation.

II1.2.2 Layer deposition by Magnetron Sputtering:

Sputtering process is a physical vapour deposfirogess widely used in magnetic recording
industry, mainly to deposit flms onto a substréde a wide variety of commercial and
scientific purposes.

In 1852, Grove founded the sputtering depositiegthod. This method has been developed
and applied to industry for 200 years. The main@ple is to use a vacuum chamber and fill
with it with Argon. By applying a high voltage the material target to be sputtered, the argon
gets ionized, forming a plasma. This plasma is ioedf nearby the targets thanks to magnets
placed behind the target (magnetron configurati®hg argon ions (A) are then accelerated
towards the target cathode with high speed. Wheainiging on the target, the Ar+ ions eject
atoms from the target material. These sputteredispare directed towards a facing substrate
(anode) where they condense as a film. The spodteprocess is schematically
presented inKigurelll-1)
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Figurelll-1 - Schematic representation of sputtering process.

In brief, we can summarize the advantages of spdéposition, which make it interesting for

industrial purposes, as follows:
* Multi component films, insulators as well as gftory materials can be deposited.

* Good adhesion on the substrate with proper budfgers.

* Thickness uniformity over large areas can be ioleth

* Thickness control is easy since the thicknegsaportional to the deposition time.
* In situ substrate cleaning is possible by argon ion bodrbant.

Figurelll-2 — Photography of Plassys Sputtering machine.

Usually the equipment is composed of several chasnleach being dedicated to a particular
class of materials (for instance a chamber for hetdeposits, another one for oxides

(seeFigurelll-1).
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II1.2.3 Studied samples:

This study was carried out on MTJs comprising arOMzarrier and CoFeB electrodes. The
MgO barrier was formed by a plasma oxidation ofatiet Mg layer. The used stack is thus
buffer/PtMn 20/CoFe 2/Ru 0.8/CoFeB 2/CoFe 0.5/Mg dxidation/Mg 0.4 oxidation/CoFe
0.5/CoFeB 2/Ta 0.2/NiFe 3/cap (thicknesses in g top CoFe 0.5/CoFeB 2/Ta 0.2/NiFe
3 is the free (storage) electrode and the bottdvnP20/CoFe 2/Ru 0.8/CoFeB 2/CoFe 0.5 is
the pinned (reference) electrode. This latter imposed of a synthetic antiferromagnet
(SAF), ie. antiferromagnetically coupled CoFeB and CoFe kysmparated by Ru, that are
magnetically pinned by exchange bias to the PtMifearomagnet. The use of SAFs and thus
the local compensation of magnetic moment, is ingmrto reduce stray fields in the future
pillars and improve the pinning of the referencgeta After depositing the MTJ stack, the
samples were annealed in a magnetic field of 1 308rC for 1 h to recrystallize the barrier
and CoFeB electrodes as well as to set the exchaagén the bottom pinned electrode.

Sample structure

(a) &
200 nm

Cap
Storage
layer NiFe (3nm)
. CoFeB (2nm)
Tunneling MgO (1.1 nm)
 barrier CoFeB (2nm)
Ru (0.8 nm)
Reference CoFe (2nm)
layer PtMn (20nm)
_Buffer

Figurelll-3 - (a) Schematic representation of the layers irstbdied MTJs.
(b) Cross section TEM image of such a MTJ. The lopaet is a zoom of the upper part in the red
rectangle. The white region in the lower image esponds to the MgO barrier.

The junctions were defined by advanced photolitapgy and patterned in circular pillars of
0.2um diameter. More details of processing steps velpbesented in the next section.
Quasi-static electrical measurements show a maxifiMiR signal of 140% and a resistance
x area product (RA) of 28.um>.

In fact, many samples with different resistanceagfA) product (different barrier oxidation
and thickness) were tested.
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An example of TEM cross section of a MTJ with Mg@rier is shown irFigurelll-3-b).

This example of studied junctions had the followammposition: buffer/PtMn 20/CoFe 2/Ru
0.8/CoFeB 2/Mg 1.1 plasma ox/CoFeB 2/NiFe 3/cajktiesses in nm). The MgO barrier
was also prepared by plasma oxidation of an Mgrlallee measured devices were patterned
into 250 nm circular pillars showing 100%— 130% TN&io and a resistance area (RA)
product of 30Q2.um? except otherwise mentioned. The white layerh@& bower image of
Figurelll-3-b corresponds to the MgO barrier 1.1nm. Its contynaid crystallinity is visible.

II1.2.4 Patterning of MT]Js:

After deposition and preparation of the differeaytdrs on a full sheet wafer, the MTJs have to
be patterned in the form of submicronic pillars te@ted at top and bottom by conductive
electrodes..

The patterning process was done in the PTA cleamr@lateforme de Technologie Amont).
For the nanoprocessing, the studied MTJs deposited on a thick TaN buffer layer
(40nm thickness), which is used as the bottom redetto flow the current for the electrical
measurements. On the top of the MTJ a thWdkTa mask is deposited before the
process, which is used as a protection hard maskglthe pillar definition (se€&igurelll-4
left).

In the first level, we define the pillar sizes bybEam insolation of PMMA resist, and after
that we deposit Pt. After the lift-off (removal tife resist), the Pt pillars serve as a protection
for the subsequent Ta selective etching by Reatbivd=tching (RIE). The MTJ active layers
are then non-selectively etched by lon Beam EtcKiiBg), the Ta pillars previously defined
used as protecting mask. A Scanning Electron Maopg SEM image at this step is
presented ifrigure 1l1-5

e- | Pillar size
- o . Ta 170 nm
Ta 170 nm Al 10 nm

MTJ 25 nm

Si0,/Si SiO,/Si
s Substrate

Figurelll-4 - (left) E-beam insolation for pillar sizes definiti@and (right).lon Beam Etching
(IBE) for MTJ pillar definition.
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Figurelll-5 - Scanning Electron Microscopy (SEM) image of a raofygillars after IBE etching.

Next, the patterning of the bottom electrode isadby UV lithography.

The resist AZ1512 is exposed to UV light and thecebdes are defined using an optical
mask. In the next step, the exposed resist is rethosing a chemical developer. After an
IBE etching of TaN, the top resist, unexposed to &id damaged by the IBE (strong heating
during the process) is removed by RIE, using oxyp&sma. The obtained structure is
illustrated inFigure I11-6

Si0/Si
Substrate

Figure 111-6 -Fabrication of the bottom electrode by UV lithodmgp

The third level consists of the planarization apérang of the dots. We deposit an insulating
planarizing resist (called accuflo). After the aggmiate annealing process, accuflo provides a
very flat surface, independent of the underlyingography and in particular of the pillars.
AZ1512 resist is then deposited and exposed toithdgraphy.

Using Q plasma, the accuflo not protected by the resighén etched so that it remains
around the pillars to subsequently insulate theatogh bottom electrodes (sEgyure 111-7).
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Sio/Si
Substrate

Figure 111-7 -Planarization and opening of the dots.

After the lift-off of the resist, a thinning of thaccuflo is performed by Oplasma RIE
allowing the pillars to emerge from the accuflo.eTlast step is the fabrication of the top
electrode. We deposit AZ1512 resist and we expadselV radiation using level mask.

After the lift-off we deposit a 30nm Al layer by &yoration to get a good electrical contact
during measurement (ségure 111-8). This Al also allows taking the contacts of thatbm
electrode.

Si0,/si
Substrate

Figure 111-8 -Fabrication of the top Al electrode.

II1.3 Experimental procedure

In this section, we will present the endurance mesaments performed on the MTJs. It
consists in applying a sequence of pulses untitidrabreakdown occurs, the latter being
detected by RA and TMR measurements. The stafidtieatment of the data allows the
extraction of generic behaviour and avoids theuariice of cell-to-cell variations due to
possible inhomogeneities in film composition, tmeks, quality or in patterning.

II1.3.1 Experimental setup:

The experimental setup consisted of an Agilent 8RlPulse generator and a Phasemetrics
MRW magnetoresistance probe system. A 2 GHz baridwsdvitch matrix was used to
connect both systems to the MTJ using ®@%@lapted probe card as shown schematically in
(Figure 111-9). This setup was used to alternatively measurenhgnetoresistance loop and to
apply the stress voltage pulses. In order to ensarsistency in the reported endurance
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results, only junctions with similar electric ancgmetic properties were selected. To do so, a
first MR loop measurement was performed to checlRTand resistance levels.

The endurance test procedure consisted in applyisgquence of pulses of constant width

and voltage amplitude until barrier breakdown osciéifter each pulse sequence, a MR loop

was performed to check the junction TMR and rescdevels.

GPIB MR Tester
Interface Curent Source Magnetic
- Field
(X > 60 mA, H < 1000 Oe)
Trigger
Pulse Generator
©>1.5ns, U<3.8 V) Colls
out 1 out 2
I | ﬂ#&!
; = pPB
Switch 1 0 2
o=

Figure 111-9 —Left: picture of the used bench. (a) Schematic expntal setup used to study
MTJ breakdown. (b) Train of pulses appliedhwihe pulse duratiod=30ns and delay between
pulsesAt.

For each wafer, we did a first speed test whichegius an idea of the adequate pulse
amplitude we have to apply.

As we are limited in time, we decided to apply axmmam of 13° pulses (cycles)
representing about 28hours of continuous measursfiecycled+At=30ns+70ns=100ns).

If the junction is not broken after #applied pulses, we choose another junction neightmou
the last tested one and we increase the pulse taohgliWe repeat this primary test till we
find the range of pulse amplitude that satisfiesdbndition of time to failure inferior or equal
to 10" pulses.

I11.3.2 Adopted experimental procedure;

After performing a first MR loop to select the MTdEkinterest (ie. same resistance around
2kQ and similar MR loops), the experimental procedcooasisted in applying successive
pulses of 30 ns with constant amplitude (rangirmgnfrl.00 to 1.80V) at zero magnetic field
until barrier breakdown occurs, ie. until a dropbwth MTJ resistance and TMR (ségure
[11-11(b). Figure 111-9 (b)represents a schematic train of pulses appleth the pulse
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duration 6=30ns and delay between pulsé&$ as a constant parameter for the whole
sequence of pulses. The pulse amplitude was ced¢aking into account the voltage drop in
the electrical leads. The latter was determinedefary junction from the resistance value
after breakdown, around 25D (seeFigure 1lI-11), 10 times lower than the initial resistance.
This value is mainly due to electrical leads.

For each set of pulse parameters, this time depemtielectric breakdown test is performed
for a group of (30—-40) MTJs.

In order to reach reasonable measuring times,xperenents were performed in accelerated
breakdown conditions, i.e., with a corrected pus#litude ranging between 1.0 V and 1.8
V, corresponding to an electric field Bf9—18 MV/cm. This pulse amplitude is two to three
times higher than that required for STT-RAM writingder normal operation conditions.

Two different measurements were adopted in ourystud

1) For a constant pulse duratids30ns and a constant delay between pulges/Ons,
we determineNyuse the number of pulses after which 63% of (30—-40)J8! are
broken (see statistical treatment in paragrépd.2). This test was repeated for
different pulse amplitudes (1.00 V-1.80V).

2) For a constant pulse duratids30ns and a constant pulse amplitude, we determine
Npuisethe number of pulses after which 63% of (30—40)Jsl&re broken. This test was
repeated fodifferent delay between pulses 4t (1 ns — 1Qus).

3) For constant pulse amplitude, we study the efféputse duratiord variation.

II1.4 Experimental results
I11.4.1 Types of Breakdown

II1.4.1.a For high RA= 25-30 Q.zm2.

As explained before, for a given pulse duratiorB0fns and constant delay between pulses
At =70ns, we studied the resistance and TMR evaluditer pulse application.

After each pulse sequence, a MR loop was plottethézk the junction TMR and resistance
levels. InFigure 111-1Q we represent an example of MR loops of a studidd plotted
respectively before applying pulses, aftef applied pulses, after 1Dapplied pulses and
after breakdown (6.18applied pulses).

Let’s first discuss the evolution of the junctiossistance under this train of successive

voltage pulses. For that, we represent theBorresponding to antiparallel configuration and
Rmin corresponding to parallel configuration as a fiorciof the number of already applied
pulses (se&igure I11-11(b))
For all of studied samples which represent a highoR25-30 Q.4m?, no gradual degradation
of the barrier resistance was observed. The breakdoccurs abruptly as shown in
Figure 11l-11 (b)and corresponds to a sharp drop of the junctisistance accompanied by a
degradation of the TMR response (§égure 11l-11 (a).
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Figure 111-10 -MR loops after a certain applied pulse sequenck pitse duratio®=30ns, delay
between pulseAt=70 ns and pulse amplitude V= +1.4V. Breakdown vemshed after 6.1Dapplied
pulses.
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Figure 1lI-11 - (a) TMR curves before (top loop) and after breatd (bottom loop). For this
junction, breakdown occurred after 1.15*1pulses of +1.3 V amplitude separated by a delayOof
ns. (b) Evolution of R, and R« vs number of pulses. An abrupt drop of,Rand R..x is observed
after 1.15*168" pulses when the breakdown has occurred. The titeevil and voltage used here were
70 ns and +1.3 V. RA=3@um>.
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The breakdown seems to be an avalanche effectraug@bruptly. Our understanding is that
there are pre-existing defects in the barrier (mass, dislocations, traps at possible BO/MgO
interface...) which trap tunnelling electrons, aswik further develop in sectiofil.5.1.

The electrostatic interaction between the trapdedtr®ns and the screening image charges
which appear in the metallic electrodes createresston the barrier. This stress favors the
atomic mobility through the barrier and thereby tbemation of a percolation path thorugh
the barrier (pinhole). This pinhole formation seetosbe an avalanche effect yielding to
abrupt electrical breakdown.

I11.4.1.b For low RA= 2-5 Q.zm?2,

We performed these measurements for different waiigr different RA, different resources
of deposition, oxidation and patterning. The uséaktlks is buffer/PtMn 20 /CoFe2.5/Ru
0.85/CoFeB1.5/CoFel.5/MgO 0.9/Mg 0.4/CoFel.5/CoEdBRu 6/Ta 170 /cap (thicknesses
in nm). For these wafers representing low resigaaea product RA, we represent the
variation of R,axand Ryin after sequences of pulses.

In the stress measurements, many pre-breakdowstaese jumps and, finally, breakdown
are observed. The TMR evolution describes a gradiegjradation before the abrupt
breakdown occurrs as shownRigure 11-12
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Figure 111-12 —(left) Evolution of Ry, and R..x Vs number of pulses. Gradual degradation gf R
and R..x is observed between 1*10ulses till 1.20*18° when the breakdown abruptly occurs. The
time interval and voltage used here were 70 ns+dnd V. Several pre-breakdown resistance jumps
are observed before the MTJ finally breaks down =ligd=1.20*10° applied pulses. (right) TMR

evolution vs Nyses RA=5 Q.um>.

We can also observe a stable state @f RndRmax for a certain number of applied pulses
which is followed by a gradual increase of resistaas shown irfrigure 1lI-12. On other
MTJs of the same sample, we can also observe a@rattrease of resistance but also an
abrupt increase of TMR=(gure 111-13.

Thus, in these low RA samples, we observe two miffe TMR responses just before
breakdown: a gradual degradation followed at theelgna TMR increase or a TMR drop.
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Figure 111-13 -(left) Ryi» and R.axevolution during applying pulses. Gradual degramtatf R, and
Rmax iS Observed along the range {3210"] applied pulses. The pulse widBr30ns, delay between
pulsesAt=70ns and voltage used here +1.7 V. Gradual degoad of resistance is observed just
before the breakdown occurred at 1.2%1fllses. (right) TMR evolution versusg¥es RA=50Q.um2.

To explain this observation, we adopt the followinterpretation. These studied MTJs have
an ultrathin MgO barrier (9A) formed by natural daiion of a Mg layer. It is very likely that
these barriers present pinholes during the faloiecgirocess. These pinholes are electrical
shorts through the barrier so that the current itherag their location is very high. They
therefore constitute hot spots in the barrier. Wiencurrent density reaches a critical value,
these hot spots can burnout and correlatively tdreesponding short disappears like a fuse.
Thus, the resistance increase suddenly and regtierhvalues as observed kigure 111-12
and Figure [lI-13

It is similar to the operating principle of Conduwet Bridge memory cells (CBRAM).
CBRAM are composed of a thin solid state electmlgiyer (often made of mobile Ag atoms
dispersed in a chalcogenide matrix) sandwiched ktwelectrodes. At a first voltage
threshold, Ag atoms diffuse in the matrix and fgoercolating conductive bridges between
the electrodes. At a higher second voltage, theslds can burn out and the resistance
increases back to high values.

Another possible explanation of the increase of Mugrier resistance may be related to
oxygen diffusion yielding a better uniformity of yiyen in the barrier and therefore a more
insulating barrier.
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I11.4.2 Statistical analysis and Weibull distribution

As described previously, for each value of pulseléode and delay between pulsssis the
distribution of number of applied pulses leading loeakdown was determined from
measurements performed on a set of 30—40 junctions

It is well described by a Weibull distribution withcumulative distribution F as function of
time (seerigure 111-16 given by :

)
F(t) =1-ex —(—J 1)
1]

In our case, we will useysesinstead of time as we use pulsed conditions.

N B
I:(Npulseg =1-ex _(meseS] 11(-2)

To obtain an equivalent time, we can just multipyy30ns (pulse duration). Let’'s remind here
that this function F(N) - measured in pulsed cdodg - will not be equivalent to F(t)
obtained for measurements performed with continamuication of voltag¢lll.8].
This distribution is characterized by two paramster

(1) the shape parametpr, associated with the breakdown mechanism, and

(2) the scale parameter, representing the number of pulses after whictaetibn 63.2%
of MTJs has failed.

At the beginning of my thesis, | started this stwilysamples fabricated within the laboratory
with a not so good yield. Typical Weibull plots ftirese samples are givenkigure 111-14
We see on these plots that a large amount (209%)Tafs are broken after only 10 pulses.
These “bad” MTJs are said to present an infant afitytbecause they have a very low
endurance compared to the rest of the sampleigure 111-15 we see the two distributions of
infant mortality and good MTJs in blue ellipses.

Indeed, we first aimed at validating our experinaémroceedure and our program that
controlled our pulsed conditions breakdown testt #rese samples with a lot of infant
mortality, the Weibull distribution shows a majgrivf “bad” MTJs (50% are broken after
only 10 pulses).

For MRAM application, a first step to improve rddiity would be to identify and extract
from the process these “bad” MTJs. The real MRAMuldonvork only with the “good” ones.
We should precise that all following presented epdas of Weibull distribution are plotted by
taking in consideration only “good” MTJs, ie. renmay MTJs that present an infant mortality.
But, in general and for optimized samples, thiambfmortality is a negligible minority in our
statistical study.
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Figure 1lI-14 -Weibull plot of the number of pulses to dielecti@akdown for V =1.60 V§=30ns
and At =70 ns. The red solid line is the Weibull fit. &ffittedn and3 parameters are given. The
studied MTJ is one of the tested set of the wagprasenting RA=3Q2.um?. The blue ellipses
represent the two distributions (infant mortalitpwer-left ellipse) and good MTJs (upper-right
ellipse)).

If we consider this example of Weibull distributishown inFigure 1l1-14 we can obviously
see that one Weibull distribution (solid red lirdgesn’'t describe well the distribution of
studied MTJs, which justifies that the shape patanfe has a very low valu@ << 1 (see
following section for the typical values fBj. That proves that this set of 40-50 studied MTJs
contains a large amount of “bad” MTJs and that b&baviors have to be taken into account.
In our case, we will not further study infant mditiaMTJs.
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Figure 1lI-15 —Second example of Weibull distribution presentingJgl with infant mortality.
Weibull plot of the number of pulses to dielectoieakdown for V =1.70 V)=30ns andit =70 ns.
The red solid line is the Weibull fit. The fittedand3 parameters are given. The studied MTJ is one
of the tested set of the wafer representing RA@286n2.
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After underlying this infant mortality, that we rewe from our statistical study, we have paid
attention to choosing our studied samples. Beftadisg breakdown test, we get a mapping
of the wafer to see its yield in terms of TMR respe. We consider for test only good wafers
presenting a maximum of operating MTJs with a TMiResior to 40%. Let us mention that
the quality of the wafers that we could investiglépt on increasing during my thesis by
improving the deposition conditions and patterrpngcess.
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Figure IlI-16 -(a) Weibull plot of the number of pulses to dietectreakdown for V =1.30 V,
0=30ns andAt =70 ns. The red solid line is the Weibull fit. & fittedn andp parameters are given.
The studied MTJ is one of the tested set of thenafesenting RA=3@®..m?2.

(b) Weibull plot of the number of pulses to dietecbreakdown for V =1.70 \W=30ns and\t =70 ns.
The red solid line is the Weibull fit. The fittedand3 parameters are given. The studied MTJ is one
of the tested set of the wafer presenting RAZAm?.

After selecting samples with good TMR ratio and o®ing infant mortality, we obtain the
distribution shown irfFigure 111-16 (a)for high RA andFigure I1I-16 (b)for low RA. For a set

of good MTJs (30—40 samples), the number of pubsdsre breakdown follows a Weibull
distribution from which we can extragtthe number of pulses after which 63% of the MTJs
are broken in the sdtll.10]. This statistical treatment gives a good represematf the
behaviour of a whole MRAM chip instead of a singyl&J behaviour that would include cell
to cell variability.[111.11]

For the two RA range, the Weibull distribution filell the measured data. We have applied
in these measurements pulses of positive polarity. dn both cases) reaches a few 18
but 3 is much lower in the low RA case, indicating aglramount of defective MTJs in that
latter case.

If we combine the two Weibull plots we can obseitve shape parametpreffect. In section
Il.1.1.c we have discussed the shape parameteatieariandFigure II-5 showscumulative
distribution function for differenf values One can notéhat the Weibull plot is more flat
(case of RA=50Q.um?) seeFigure 1lI-17 than the other example of Weibull distribution
showing a higher shape parameter value. We willisdact in section 111.4.3.a and Figure
[11.22 that this shape parameter strongly depemdthe pulse voltage amplitude for each RA
value. Therefore the observed difference here dumsreflect an important difference
between the two samples but rather the differemceroltage amplitude at which these
measurements were performed.
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Figure I1I-17 - Weibull plot of the number of pulses to dielecttireakdown for two wafers
representing RA=30 and3xm?2.

As mentioned before in the introduction chapter b/ distribution can be plotted in linear
form to get easily the two Weibull parameters, shape paramet@ and the scale parameter
n, representing the number of pulses after whiataetibn 63.2% of MTJs has failed.

In log (log) scale, the linear form of Weibull ergsion is given by the following expression:

In(=In(1- F(N))) = BIn(N) = 5In(77) 1(-3)

B is thus the slope angl the number of pulsest which In(=In(1-F(N ))) is equal to zero
(seeFigure I11-18.

Figure 111-18 -Weibull plot in linear form of the number of pulses dielectric breakdown for V
=1.30 V,5=30ns and\t =70 ns. The red solid line is the Weibull fit. & fittedn andp parameters are
given. The studied MTJ is one of the tested sét@fvafer representing RA=30um?.

Let's now see if this Weibull analysis applies &gative pulses. Similarly, we used a set of
30—-40 MTJs and we applied successive negative pulsd breakdown.
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Figure 111-19- Weibull plot of the number of pulses to dielectoreakdown for V = -1.02 \§=30ns

and At =70 ns. The red solid line is the Weibull fit. &fittedn and3 parameters are given. The
studied MTJ is one of the tested set of the wafesgnting RA=252..m?.

Figure IlI-19shows the distribution in that case. Similarly he tase of positive pulses, this
distribution can also be fitted by a Weibull distriion..

This experimental procedure of barrier breakdowst teas therefore validated for the two
polarities and we will benefit from this proceddioe the extrapolation to operating conditions
(paragraphll-4-2) and the study of the effect of delay betweengsri(paragraphi.4.3).

I11.4.3 Extrapolation of endurance to operating V

In this section, we will present the evolution loé tWeibull parameters with applied voltage.
This will in particular allow the extrapolation tife MTJs lifetime to operating conditions,
which is of interest for MRAM applications.

I11.4.3.a Evolution of the shape parameter (3 (V)

We can clearly note that the shape paranfet#r\Weibull distributions can be equal, inferior
or superior to unity (seleigure 111-20.

The shape paramet@rcan be interpreted directly as follows:

A value of 3 <1 indicates that the failure rate decreases tiwes. This happens if there is
significant "infant mortality”, or defective itenfailing early and the failure rate decreasing
over time as the defective items are weeded otiteopopulation.

A value of B =1 indicates that the failure rate is constantrau@e. This might suggest
random external events are causing mortality, iuria

A value of3 >1 indicates that the failure rate increases wutte. This happens if there is an
"aging" process, or parts that are more likelyaibds time goes on.
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Figure 111-20 -The shape paramet@ras a function of applied pulses amplitudes
for different value of RA.

We note that when the bias voltage increases thpesparametef increases and exceeds
unity. Indeed, for high applied voltage the “goodid “bad” (defective) MTJs behave
approximately in a similar way and the differenneterms of endurance is not remarkable.
Hence, the shape paramefemcreases. However, when we apply low pulses aot#it
MTJs behave differently. “Good” MTJs resist welldpplied pulses and have an important
endurance, but defective MTJs are broken early é@vem apply low amplitude because of
their pre-existing defects. The difference in elathae between “bad” and “good” junctions is
large at low voltage. Consequently Weibull digitibn gives a lowef, lower than 1.

II1.4.3.b Evolution of the scale parameter n (V) and E-model

We then studied the voltage dependence) diy stressing the MTJs with various pulse
amplitudes of positive polarity (from 1.20 to 1.89% in the magnetic antiparallel state, for a
fixed At of 100 ns.

The dependencies obtained are plotteéigure I11-21. The n variation was fitted to the E-
model where logn) is proportional to the electric field (H)I.12] thus to the voltage.

This model fitted well our experimental data, ahé extrapolation indicates that for these
pulse conditions with an operating voltage of 0.40\0.7 V typically used in STT-MRAM,
the MTJs endurance can reach values ov&trd@les required for use as core level memories
with 10 years lifetime (seleigure 111-21).

| o Positive Polarity ]

10° | —Fit with E model
60N ____]
;_10 10 years
10"
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7 ' . .
%810 12 14 16
Voltage(V)

Figure 1llI-21 Variation ofn versus applied pulses voltage =100 ns. Data were extrapolated

with E-field model (red solid line) to determineetMTJs lifetime for 0.8 V pulses corresponding o a

upper limit of write conditions in STT-MRAM applitians. The corresponding wafer presents a
RA=30 Qum?2.
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I11.4.3.c Influence of RA

We have tested many wafers corresponding to diftdRA values, obtained by changing the
type of Mg oxidation and the deposition setup lmutdpproximately the same nominal MgO
thickness. It is not easy to garantee that the Mig€kness was the same especially if the
samples come from different sputtering units. Thisrealways some uncertainty on the
deposition rates.

Such test helps us to qualify our samples and wafed have an idea of the time to failure of
the MTJs in operating conditions of MRAMs. We rejgglathe same test with the same
condition of pulse widthd=30ns, the same delay between pul&s100ns. The pulse
amplitude range depends on the RA value.

If we summarize all thesg variation of different RA, we get the result shownFigure
[11-22. Surprinsingly, we note that the time to failufe68% of studied junctions increases for
junctions presenting lower RA (s&g&gure 111-22), which is counter- intuitive. However, this
can be explained by considering the different akastaprocesses used to obtain these various
RA and the related amount of defects which candmeted in the barrier:

-For RA= 470Q.um? the MgO barrier was prepared by plasma oxidafitws yields the worst
MTJ reliability compared to all other samples inieththe barrier was formed by natural
oxidation. This lower endurance can be interprdigdthe fact that plasma oxidation is
aggressive and corresponds to an accelerated mxideggime. In fact, it can yield the
production of more defects within the barrier congglethe natural oxidation.

-The second worst wafer with RA= 3Bum?2 was prepared by a double natural oxidation of
the MgO barrier which multiplies the risk of defedbrmations because the oxidation was
done in two steps. For the best two wafers withur@toxidation (RA= 5Q.umz2, RA= 25
Q.um?), they were prepared also by sputtering but d@iffarent sputtering unit (SINGULUS)
ie. with different deposition conditions and difet patterning process. Thus, it is difficult to
compare these two last samples with the two firstsobut the trend within each pair of
samples is the same.
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Figure 111-22 Variation ofn versus applied pulses voltage fst=100 ns for different wafers with
different resistance area product RAZ25m?2, RA= 25Q2.um2, RA= 35Q2.um? and RA= 47Q.umz

Data were extrapolated to determine the correspgnapplied voltage limit to reach the'§fulses
equivalent to 10 years limit.
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One point that we should precise is that the wafién lower RA and presenting the best
endurance has the following composition: buffer/RtM 20 /CoFe2.5/Ru
0.85/CoFeB1.520Fel.9MgO 0.9Mg 0.4CoFel.5/CoFeB 1.5/Ru 6/Ta 170 /cap. We note
that there is an insert of Mg 0.4 nm thick addFel.5nnmon both sides of the barrier. Such
inserts can limit the Boron migration from the étedes to the barrier during crystallization
annealing. Thus we get less interfacial defects asda result better MTJ with better
reliability.

I11.4.3.d Influence of pillar dimension

For all previously presented results, the testedJdhad the same dimension: After
patterning, the final dimension of the circuladgi was 0.2m in diameter.

As we have different dimensions in the same waterstudied the life time i.e. the endurance
of MTJs with two different dimensions (200nm andOAth diameter). The dependencies
obtained are plotted iRigure 111-23.Then variation was fitted to the E-model where log (
is proportional to the electric field (E).

This extrapolation indicates that the endurancermoéller (0.2m diameter) MTJs is better
than for MTJs having larger Q:eh diameter.
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Figure 1lI-23 Variation of n versus applied pulses voltage =100 ns. Data represent two
different MTJs dimensions. The corresponding wederesents RA= ®.umz.

A D=400nm
O D=200nm

(pulses)

This difference can be explained by the probabdityresence of defects in the barrier. For
larger surface, more defects are likely to be preseithin the barrier yielding lower
endurance.

Furthermore, larger MTJ surface corresponds aldontger perimeter. As a consequence, it is
more probable to have edge defects which can @t lyreakdown.

All of these risks of defects are translated imwdr endurance of MTJs.
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I11.4.4 Influence of delay between pulses:

In this part, we will discuss the effect of delastween pulseAt for a pulse duratiod=30 ns.
This time interval At) was chosen as a variable parameter. Experinveaits repeated for
time delays between pulses from 1 ns up tud.OFurthermore, as explained previously, the
experiments were performed in accelerated breakdmmditions, i.e., with a corrected pulse
amplitude ranging between 1.0 V and 2.0 V, corradpty to an electric field of] 9-18
MV/cm. This pulse amplitude is two to three timégher than that required for STT-MRAM
or Thermally Assisted MRAM writing under normal @ggon conditions. In normal
operation conditions, thét would be large as every MTJ would be “randomlyitien.

We then studied the evolution gfas a function of the delayt between successive pulses.
As explained above, each point is derived from eggite measurements on a set of 20-40
junctions.

IT1.4.4.a Unipolar versus alternative pulses:

In Figure 11l-24 we plot the evolution of the scale parameajeas a function ofAt. This
experiment shows that thg variation exhibits two different regimes separateg a
pronounced maximum for unipolar pulses.

For short delays between pulses (1 As<100 ns), the barrier lifetime increases dranadiiic
with At from rather short values fdxt<30 ns to values 4 to 10 orders of magnitude karge
whenAt approache&!50-100 ns.

When the delayAt is longer than 100 ns, the opposite evolutiorobserved: the barrier
lifetime decreases as the time between consecuyivges increases and asymptotically
reaches a value of the same order of magnituderasnbrtAt in the range of investigated
voltage.

4 Vapplied +1,08V
4 Vapplied +1,16V

13 Vapplied +1,25V
10" ¢ 4 vVapp

12
ol
10103
10’k
10°F
10'E
10°F
10°F
10*}
10’}
10°k

10" s ' - - -
1 10 100 1000 10000

At(ns)
Figure 111-24 -Evolution ofn as a function of delay between pulses with unippsitive pulses of
various amplitudes. The corresponding wafer reprisdeA= 35Q2.um2. The lines are guides to eyes.

Npulses
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Figure 111-25- Evolution ofn as a function of delay between pulses with unipptsitive pulses of
various amplitudes. The corresponding wafer repitsdeA= 5Q2.um2. The lines are guides to eyes.

This test was performed for different wafers froiffedent deposition conditions, different
sputtering and different RA values. This increasgdlurance arounét~50-100 ns was
observed for all studied samples, for example RA®.bm? (seeFigure 111-25, RA= 35
Q.um? (sed-igure 111-24).

Moreover, such peak is observed for both pulserpigls (either positive or negative pulses)
and for different pulse amplitudes with themaximum strongly depending on the amplitude
of the voltage pulses-{gure IlI-25for positive pulses anBligure Il1-26for negative pulses).
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Figure 111-26- Evolution ofn as a function of delay between pulses with unipoé&gative pulses of

various amplitudes. The corresponding wafer reprisd@A= 35Q.um?2. The lines are guides to eyes.

However, remarkably, the peak completely disappeden pulses of alternating polarity are
used, as shown iRigure IlI-27 where we compared unipolar positive pulses andratee
pulses of same amplitude.
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o Vapplied +1,48V
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Figure I1I-27 -Evolution of n as a function of delay between pulses with unipglasitive and

alternative pulses. The corresponding wafer reptsfRA= 35Q.um?2. The lines are guides to eyes.

Because of the marked difference between pulséheofame and opposite polarity, these
observations cannot be explained only by a heaifegt in the tunnel barrier.

That would be similar for unipolar and alternatagJoule heating does not depend on voltage
sign(lll.13].
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Figure 111-28 - Evolution of n as a function of delay between pulses with unipplasitive or
negative and alternative pulses. The correspondiai@r presents a RA= ®um?. The lines are
guides to eyes.

Other wafers with different RA values were alsdddsWe repeated the same measurements
for unipolar and bipolar pulses. Experiments (Begire 111-28 show that for both polarities,
the behaviour is the same, i.e. no strong verticdlorizontal shift of the peak was observed,
indicating a uniform or symmetric distribution afaps within the barrier. However for
alternative pulses, the pronounced peak disapp€hesvanishing of the peak for alternative
pulses confirm that breakdown mechanism could moexplained with self heating effect
only.
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I11.4.4.b Influence of pulse width:

In our previous study, we kept the pulse width tamisd=30ns. Let's now repeat the same
study of endurance evolution versus delay betwadsepAt but for pulse widthd=60ns.
Figure I1I-29 shows that the peak behaviour is still presenttbatpeak gets broader and
possibly slightly shifted towards highéit close to 200ns. However, more measurement
points in the rangAt=80ns-200ns would be required to assess thiptast.

© @ Vapp=+1,4V,5=30ns
1010!,,,,__,,,,‘ O @Vapp=+1,4V,5=860ns |

o (a)
N
g 10y
E, . ]
=2 : 3
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e r

10°} ,;

100'....| il el el NPT
1 10 100 1000 10000

At(ns)

Figure 111-29-Endurance of a set of MTJs as a function of thaydeetween pulses. Plots for positive
pulses are presented for pulse widt30ns and=60ns. The lines are guides to eyes.

II1.5 Interpretation of experimental results

We have shown that an optimum endurance is obtdoredn intermediatelt value around
100 ns. For shorter or longeft, the endurance becomes very low. We propose an
interpretation of this phenomenon in terms of tiagfuletrapping of electrons on defects in
the barrier. We will develop in more details ouaide trapping—detrapping interpretation in
section IlI-5-2 but the main idea is as follows:r Fow A4t, we ascribe this behaviour to a
heating of the MTJ and also a high level of chaygoi the traps within the barrier thus
rendering it fragile and thus lowering its endunin contrast, for largdlt, the decrease in
barrier lifetime is attributed to a large modulatiof these charges within the barrier, due
charge trapping during the current pulses followgdharge detrapping during the long delay
between pulses. This modulation induces a straiegnating mechanical stress in the barrier,
thus rendering it also fragile.

In our interpretation, the defects in the MgO haror at the CoFeB/MgO interface can trap
electrons, thus charging the barrier. The followpagagraph discusses the possible defects
responsible for this trapping of electrons.

II1.5.1 Traps in MgO barrier:

The presence of traps within the MTJ barrier is gmdd not only for reliability but also for
TMR response. Discrepancies between the theorgtigaddicted[lll.14] and experimentally
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verified giant tunnel magnetoresistance (TMR) effgdt.15],[l1l.16]] and the reliability
issues have been generally attributed to the pceseihvacancies and other structural defects
within the barrier [III.15],[I1l.16],[11l.17]-{1l.26]]. These traps can be pre-existing
dislocations resulting from the lattice mismatctiween CoFe and MgO (of the order of
4.3%), interstitial defects, vacancies (O or Mg) local inhomogeneities in the oxide
polariability for instance if some boron oxide Hasmed next to the MgO barrier during the
annealing of the MTJ. Many techniques were adopdedharacterize the presence of such
different defects within the MgO barridtl].27], [111.28].]

The drop of TMR with bias voltage (V]I[l.15], [111.29], [lll.30]] is also a matter of great
importance, not only because of the need to urmlasits fundamental physical origin but
also because of its impact on applications ang@atsible relation with reliability issues. To
explain such a decrease, several mechanisms havepoeposed. Some are intrinsic; they
include excitation of magnons at the FM-barrieeifdace(ll.29], the energy dependence of
the spin-polarized density of statd$ll[31], [IIl.32]]. Another is extrinsic and related to
reliability: incoherent tunneling due to scatteriafj impurities or defects in the barrier
[[111.33]-[l1.35]]. A control of these defects is thus very impottan

One can cite some adopted techniques to obserwedsifierent defects. For examples density
of states (DOS) measurements were used to charactbe presence of oxygen vacancies
(seeFigure 111-30. High-resolution transmission electron microscdplRTEM) was also
used to observe and localize defects present ibalreer (sed-igure 111-31).

In [I11.36], DOS measurements performed with a conductive AHblW to localize oxygen
vacancies and an example is showfigure 111-3Q

di/dv

25 -15 05005 15 25 "~

Figure 111-30{111.36] DOS measurements for a 20 A annealed, sputter ilepddgO film,
taken at the lowest points in the DOS map (insetled) show peaks characteristic of oxygen
vacancy sites 1.75 and 0.5 V above the Fermi level.

In [II1.37], the trap locations and energy levels were eséthakevealing that most traps are
located in the middle of the MgO for all the stulidTJs. Based on a simple modll.38],
one can estimate both the average physical locé@igf and energy level (Mp) of the traps
given by:
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V - VPOSVneg q t _ thpos
trap an trap
Vpos +Vneg Vpos +Vneg

where \fos and Vieg are the voltages at which the trap feature ocicup®sitive and negative
biased Inelastic Electron Tunneling SpectroscopySIEpectra. Thedy tharmier ratios of the
studied MTJs are between 0.47 and 0.53, indicahag the centroid of the probed traps is
located approximately in the middle of the barri€his is experimentally confirmed by
HRTEM images (sed-igure IlI-31), showing the presence of defect regions distetut
roughly in the middle of the MgO barrier.

CoFeB I;ICoFeB
MgO

Figure IlI-31 (a) HRTEM picture of the MTJ stacks after annegli(b) Enlarged image from the
CoFeB/ MgO / CoFeB layers only. Circles indicatéedes or disorder in the MgO barrigh.37].

Fe[001],
MgO[001
Fe[010] MgO[010] MgO[100] .
Fe[100] Fe[010] hFﬂegl:(;c;S!l_&)]
MgO[001 b
Fe[001] 901001] MgO[110]

Figure 1l1-32- Crystallographic relationship and interface struetof epitaxial bcc Fe(001)/NacCl-

type MgO(001): ) top view andlf) cross-sectional vievas. andaygo denote the lattice constants of
bcc Fe and NaCl-type MgO unit cel($11.39]

We said before that these traps can be also pstirexidislocations resulting from the lattice
mismatch between CoFe and MgO. If we calculatdéttiee constantar, andaygo of bcc Fe
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and NaCl-type MgO unit cells (sd¢ggure 111-32, we estimate this lattice mismatch of the
order of 4.3%. An example of dislocations couldsben inFigure IlI-33localized by circles.

m : Fe(001)

Wiy
-——— g A
- »
.. >Pn

iaetsses MgO(001)

Figure 111-33 - Cross-sectional transmission electron microscodeM)T images of an epitaxial
Fe(001)/MgO(001)(1.8nm)/Fe(001) MTJ. The verticahdahorizontal directions respectively
correspond to the MgO[001] (Fe[001]) axis and Mg®J] (Fe[110]) axis.[lll.39] Red circles

localize and illustrate examples of dislocationm#drfaces MgO barrier/electrodes.

We have seen in our experimental results that bieeak behaviour remains the same for
both polarities. This indicates that the defectd thap electrons are symmetrically distributed
around the barrier (either in the middle or the saamount on each side). It would thus
probably be a combination of oxide defects witlia barrier and of dislocation on both sides
of the barrier.

A third possible origin to the presence of trapsthe MgO barrier can be related to the
formation of BO next to the MgO barrier. Indeedsiknown that during the initial annealing
which follows the growth of the MTJ stack, the ¢aysnity of the MgO barrier increases and
the CoFeB electrodes which were initially amorphastart crystallizing first at the MgO
interface and gradually in the bulk of the CoFefelaDuring this CoFeB crystallization, the
B has to get out-of the CoFeB layer. The B diffastan take place either towards the MgO
interface or towards the opposite interface (Roa@armost often). In most cases, a B getter
material (Ta, Ru, Ti...) is used on the CoFeB integfapposite to the MgO layer to attract
the B away from the MgO interface since the preseofc B next to the MgO barrier is
detrimental for the TMR amplitude and may createdpmts through the barrier. However, in
some cases, some B may still diffuse towards th® Myer. The B then tends to get oxidized
in BO thus forming a BO/MgO interface. These twoides have different dielelectric
polarisabilities (imgo=3.324%) [111.40] whereas qg20:=2.43%) [11.41]. This spatial variation
in polarisability along the BO/MgO interface cresatelocal potential well for the tunnelling
electrons (Ref: G.Blaise, Journ.Appl.Phys. 69 (396334) and therefore the BO/MgO
interface, if any, can provide trapping sites fbe telectrons tunnelling through the MgO
barrier.

In the presence of a lot of defects, when electesadrapped, the oxide barrier gets more and
more charged and thus fragile. Moreover, on thiegiht types of defects, when an electron
gets trapped in the barrier, a screening positherge appears in the metallic electrodes to
force the electrical field in the metallic electeodo be zero (se€&igure 111-34). The

interaction between each trapped electron andoiteesponding screening charge yields a
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large electrostatic force between these two oppositarges considering the very small
distance which separates them.

CoFeB
e -
MgO -y~ Trapped electrons

" Screening charges

Figure 111-34-Schematic representation of trapped electronserbthrier screened by positive image
charges in electrodes. The circle indicates thegesain strong electrostatic interaction generasing
large local compressive stress on the barrier.

2

From F :ﬁ, this force is estimated to h&0 nN assuming that the distance between
charges (d) is half the barrier thickness.

This attractive force translates into a local coespive stress exerted on the barrier. In order
to estimate the corresponding MgO lattice distortiwe first derive an order of magnitude of
the MgO lattice stiffness constant k from typicabpon frequency in MgO: f=10THZl1.42]

and by considering the reduced mass of MgO (m 5 #10°° kg ).

The calculated value is then
k= (27f)?* m = 160 kg/s? 10-4)

The 10 nN force then yields a lattice distortiorthud order ofAx = 0.056 A°. This value is the
same order of magnitude as the typical amplitudahofition of atoms at room temperature in
a crystal such as MgO (0.1 A”).

Within this picture, if the traps are successivelharged and discharged, a large alternative
mechanical stress is generated in the barrierrasudt of the electrostatic interaction between
the trapped electrons and the corresponding sergeaarges. This alternating stress favors
the atomic mobility through the barrier and therefpinhole formation. The endurance of the

barrier is thus strongly reduced when the dendityapped electrons in the barrier is high or

when the time-modulation of this density is large.

I11.5.2 Charge trapping/detrapping qualitative model:

We have seen previously that the charging of trapg induce strong mechanical forces on
the barrier and the strong charge may break thédeowihen the electric field becomes too
large (dielectric breakdown). In this section, wal further develop this interpretation in
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terms of charge trapping / detrapping effect basedqualitative representations of the

population of trapped electrons in the barriereggesented ifigure 111-35(d)—(f).

At each pulse, some of the tunneling electrongrgeped in the barrier at trapping sites. Then
between two pulses, the trapped electrons may edtam their traps with a characteristic

time T (which is[ILO0 ns in our experiments, see sectibd.3).

The three regimes are then interpreted as follawsifiipolar pulses:

(1) The first observed regime correspondAtte< 1. At each pulse, the barrier gets more and
more charged up to an asymptotic regime charaetkby a high density of trapped electrons.
The delay between pulses does not allow the elettr@scape. The barrier is then submitted
to a large electrical stress which renders it nfcagile. As a result, its lifetime is decreased
yielding the lown value observed for shokt.

(2) In the opposite limif\t >> 1, some of the tunneling electrons get trapped et palse but
have enough time to escape from their trap betweasecutive pulse&igure 111-35(f)).

As a result, the amount of trapped charges in #medr remains weak in average but exhibits
a strong time-dependent modulation. This genelateslternating stress on the oxide barrier
which also leads to a shorter lifetime. This alédimg stress favours atomic mobility through
the barrier, i.e., percolation path which alsodsetapid breakdown.

(3) The intermediate situation witht (1T is the most favorable in terms of lifetime. The
average amount of trapped electrons in the barsienoderate as is the time-dependent
modulation of this amoun&{gure IlI-35(e)), resulting in the large observed lifetimenc
the amplitude of the charge and charge modulatigraportional to the applied voltage, the
peak around 100 ns is thus expected to decreasmgmitude for larger voltages, which is
indeed observed~{gure I1I-35(b) andFigure 111-35(c)).

For intermediatedt (100 ns) of unipolar pulses, an optimum trade-effime is thus obtained
where the barrier is neither submitted to a largasdy of trapped charges nor to a strong
time-modulation of these charges thus yielding ptinoum endurance.

This overall picture is also consistent with thesexice of peak when pulses of alternating
polarity are usedHigure 111-35(a)). Indeed, in this case, electrons are tragetldetrapped
at each alternating pulses whatever the dAtayetween pulses. In particular, if the electrons
are trapped in dislocations close to one interfagtgveen barrier and electrode, they will be
very easily detrapped when the voltage is reveesetheir tunnelling thickness will be very
small. This yields for anyit to a strong time-dependent modulation of thepeapelectrons
density leading therefore to a behavior similathi® one observed for pulses of same polarity
whenAt >> 1.
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Figure 11I-35Evolution ofn as a function of delay between pulses, with umippbsitive or bipolar
pulses (a), with negative (b) and positive (c) eslsf various amplitudes. The lines are guide$ido t
eye. Studied samples have different RA product df(@) and 30Qum2 (b-c). (d)-(f) Qualitative
representation of the time variation of the normeadi population of trapped electrons in steady state
On the horizontal axis, the time is normalized by signal period, i.edt+At (pulse duration + delay).
(d), (e), and (f) cases correspond, respectivelghbrt/intermediate/long delays between pulses.

This interpretation thus explains the presencéisfironounced peak for unipolarity case.

For negative voltages, the electrons flow in theeotdirection and the charging/discharging
mechanisms remain similar. If the traps in the ibarare uniformly or symmetrically
distributed in the barrier thickness, the breakddehaviour should thus remain the same for
both polarities. This would no longer be true it tinaps lie only very close to one side of the
barrier due to the preparation method. In our célse, synmmetry between positive and
negative pulses indicates uniformity and symmeltgichstributed traps.

For alternating polarities, we have noted that peak disappears. This overall picture also
explains that with pulses of alternating polaritiegleed in this case, the charge modulation is
always large, and the optimum of endurance vefsis not observed. Only a low endurance

is obtained, whatever the delay between pulses.
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In the next modeling section, we develop in mor&itkethe calculations used in this charge
trapping—detrapping model to better understandbtieakdown mechanisms in MgO-based
MTJs and help optimizing the endurance of thesécdsy

In conclusion, charge trapping/detrapping phenonss®an to play a very important role in
the aging and breakdown of MgO-based MTJs. Theemsly long endurance obtained for
intermediate delay times indicates that MTJ lifetican be increased for any delay between
pulses in MgO barriers by reducing the amount abpping sites. This could be achieved by
avoiding the formation of boron oxide at MgO intexé, avoiding the presence of oxygen
vacancies in the barrier, and obtaining a bettiticéamatching between magnetic electrodes
and MgO in order to eliminate dislocations.

I11.5.3 Modelling:

In this trapping—detrapping model, we calculate dtharge associated with the trapped
electrons in the barrigd as a function of time when applying the sequenceotibge pulses.
We assume that there a@g trapping sites in the barrier where the electroans get trapped
during tunneling.
The probability for an electron to get trapped dgra tunneling event is proportional to
Qo—Q, i.e. to the number of available sites, anch®riumber of tunneling electrons. During
one pulse, the variation of trapped charge is tfivesn by

dQ

I0 — -
TEALQ-Q (115

wheree is the electron charge amdis a dimensionless constant representing an eféecti
normalized cross section of electron trapping Bn&V/R = voltagéresistance) is the current
flowing through the barrier. By integrating thisuedgion over time, one obtains

Log(Q, - Q) = —Alzot + cte (111-6)

If we call Q; the value ofQ at the beginning of the pulse (ites t;), we thus have:

Q) =Q, —(Q - Q)e

Then at the end of the pulse, the electrons magpesthe traps with a certain time constant
thus leading to an exponential decreas® following:

_(t_tz)

_ e (I11-8)
Q=Qe 7

where Q, andt, are, respectively, the charge and time at the adnithe pulse, thus at the
beginning of the trap discharge.

|
A () (11-7)

Now we can calculate the charge versus time foersé\pulses with a given pulse durati®n
and variable delay between pulséts This is shown in next section for unipolar pulsesl
alternative pulses with=30ns,§= 1.5 mA (=V/Rmy=1.5V/1K),e=1.6 x 10°C, @ =
10, A = 9.78 x 10"®andt = 100 ns.
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0, lp are determined from experiments; iQ arbitrary valuer and A are determined so that
the simulations fit the experimental results, aé lma explained in the following sections.
In the next sections, we will changéand } (via changing applied voltage).

II1.5.3.a Time charge evolution:

I11.5.3.a.i. For unipolar pulses:

For unipolar pulses of 1V {E1mA), we represent the charge level variation fribw first
applied pulse to a certain number of applied pufsedifferent values of delay between
pulses. The Figure llI-3fepresents the cases/if= 1, 10, 100 and 1000 ns. For all of these
value ofAt we calculate the charge with the same value dHrpaters ie. we consider that
30ns,6=15mA (EV/IR=15V/1R),e=1.6 x 10°C, Q0 = 10, A = 9.78 x Tfandt =
100 ns.

For the short delay between pulssts= 1 ns, we see ifrigure 111-36 that, after a short
transient regime, Q reaches a steady state regimatiich the maximum and minimum
charges reach a constant value. After a shortigmansegime during which more and more
electrons get trapped in the barrier, the trapgedge level gets close to its maximum value
corresponding to the situation where all traps fate with rapped electrons. The barrier
becomes quickly over charged after a few appliddgsuand the oxide thus undergoes a early
dielectric breakdown.

We can note for short delay the high average qiped charge but the temporal charge
modulation is weak.

For the long delay between pulgits= 1000 ns, we see fgure IlI-36that, the steady state
regime is reached at the first pulse. Indeed, after pulse, the delay between pulses is long
enough to allow nearly total discharge of the trafse temporal charge modulation is thus
large.

If we compare the regimes of short delay and loetayd between pulses, we can easily
associate the large trapped charge to short deldyhe large temporal charge modulation to
long delay between pulses. So we can speak abdlifféoent phenomena that characterize
each of these two regimes. These regimes are seg@dnaan intermediate case characterized
by both a moderate trapped charge level and a ratléemporal charge modulation as
shown in Figure IlI-37. This is the basis or our interpretation for thesence of this
pronounced peak in endurance versus delay thabsere.
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Figure 111-36-Variation of charge versus applied pulses voltageés f= 30 ns, § = 1.5 mA (=V/R =
1.5V/11Q), e =1.6 x 10°C, Q0 = 10, A = 9.78 x Itandt = 100 ns. The delay between pulaés
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10 - ' ' ' ' ' Qg
o o 1@
2 6}
>
5 |
6 5l Pulse |

ol TR

0 500 1000
Time (ns)

Figure IlI-37-Variation of charge versus applied positive pulsaitage fors = 30 ns, § = 1.5 mA
(=V/IR=15V/1K), e = 1.6 x 10°C, Q0 = 10, A = 9.78 x I#andt = 100 ns. The delay between
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pulsesAt = 100 ns corresponding to moderate trapped chlargd and moderate temporal charge
modulation.

For negative voltages, the electrons flow in theeotdirection and the charging/discharging
mechanisms remain similar. If the traps in the ibarare uniformly or symmetrically
distributed in the barrier thickness, the breakddehaviour should thus remain the same for
both polarities, which is consistent with our expmmtal result showing symmetry in
breakdown behaviour for both polarities ($egure 111-28)

I11.5.3.a.ii. For alternative pulses:

Let's now study the alternative pulses effect. Vdgehpreviously discussed the fact that the
endurance peak around 100ns observed for pulsssd polarity disappears when pulses of
alternating polaritites are used ($&@gure 111-27). As explained previously, this indicates that
the breakdown mechanisms are not only linked taitg&ffects of the barrier, which would
give similar results for positive, negative andceaititive pulses. With our model, we have
calculated the charge within the barrier versugtior these alternative pulses. For the first
pulse, this is similar to the case of unipolar psls

Then after the delay, the traps are partially disgbd. After that a pulse with an opposite
polarity is applied. It accelerates the discharigéhe already charged traps, in particular those
close to one electrode that were the first to gdd and eventually charges other traps from
the opposite electrode. We have modeled that byngehe voltage and number of traps to

i+ i+1
(-D"™V ana (=1)"Q,
respectively, where is the number of the pulse. The charge within tagiér is not really
changing sign as we still trap electrons, but tkde rom which electrons are coming is. To
obtain charge within the barrier, we thus take dhsolute value of the calculated charge, as
represented ifrigure 111-38for the same parameters asHigure I11-37.We see that in that

case, the minimum value of charge is zero whereasifipolar pulses it was a non-zero
value.

10Ff
/-:\
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=
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L ot
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o o
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Figure 111-38-Variation of charge versus applied alternative @silgoltage fob = 30 ns,§ = 1.5 mA
(=VIR=%15V/1KQ), e = 1.6 x 10°C, Q = 10, A = 9.78 x 10%andt = 100 ns. The delay between
pulsesit = 100 ns.
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For the alternative polarity, the large temporahrge modulation is present whatever the
delay between pulses. The endurance is thus lowdwedo this charge modulation for all
ranges oft.

I11.5.3.b Breakdown probabilities:

Then in order to correlate the time evolution chige within the MTJs with its endurance, we
have calculated the breakdown probability of the IMTom Q(t) using three breakdown
mechanisms. First, as discussed previously, we blserved that for short delays, the charge
within the MTJ is large, thus leading to poor eramhaoe, i.e. early breakdown. In contrast, for
large delays, the modulation of charge during timtarge, also leading to poor endurance.
We can thus define two first breakdown probab#itibreakdown due to the average charge
within the device, name®; (sectionlll-5-3-b-i) and breakdown due to the modulation of
trapped charges nam®g, (sectionlll-5-3-b-ii). Moreover, as an electric field is applied to the
oxide barrier, we will take into account a direa¢ldctric breakdown probability named P
(sectionlll-5-3-b-iii ). We will also discuss the influence of temperatur breakdown (section
[11-5-3-b-iv).

To calculate the first two probabilities directlgked to the charges present in the barrier, we
assume that in steady state, the density of trambedges remaining at the end of the
discharge following a given voltage pulse corressoio the initial density of trapped charges
at the beginning of the voltage pulse. A simplegktion then yields the average density of
trapped charges in the barri@, as well as the amplitude of the time-modulationtto$
densityQ.

Considering the extreme values of the densityafged charges £x and Quin, the average
charge sustained by the barrier is given by:

Q, = O ; Sn) 4-9)

and the modulation of charge by:

AQ = (Qmax - Qmin) 10-10)

To calculate these probabilities, we use the exdreatues of charg@maxandQmin for the last
pulse, ie. in the steady regime, we use equdtiti®) and(l1l-7) whereQ; = QminandQ, =
Qmax, We thus obtain:

ALY

l1-e ¢

Qmax = Qo PR I0-11)
1-e e 1

and
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. -A0s
—e
Qmin = Qo ~ | (IN-12)
2 -A-20
er—€e °

From equationglll-13) and(llI-14) in steady state, one derives:

1+ ex;{mj 1+ ex;{mj
- Qo T % T

Qav -5 =
2 At 2 e At
O I . I
1+
o)
e
And
exp{Atj -1 exp{Atj -1
AQ =Q, d =Q, d

ECE T
ol )

For the alternative pulses,

1+

ALOJ —Al—od'
e

1-e e 1-e

Qmax = QO

_(ALOJ.,.E) and At —AI—OJ
l+e ¢ 7 er +e
| |

~AS At -A20 ~At
Q 1-e ¢ — l-e ° —

= + r = — r

Qav 2 ~(A05+ A e’ JanafQ = 1 ~(A05+ 2 e

+e e T +e e T

All is ready now to calculate the different breakahoprobabilities for unipolar and bipolar
applied pulses and see their dependences of detayén pulses.
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I11.5.3.b.i. Breakdown probability due to trapped charges:

From these values, we can thus calculate the bosakgrobabilities. The breakdown due to
the average trapped charge within the barrienisrgas following:

i
l+exp —
PC:QaV: r

D 2. e{exp{mj —1}
Al 4 |

If we represent Pas a function of delay between pulses for the tases of unipolar and
alternative pulses, we can get these two figuresKgure 111-39.

For unipolar: (1-17)
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Figure 111-39—Breakdowmprobability due to the average of trapped charga &mction of delay
between pulses for positive pulse polarity (leftyl alternative pulse polarity (right).

For unipolarity, the breakdown probability due tee taverage of trapped charge within the
barrier is large for short delay. This probabildgcreases when the delay between pulses
becomes larger and larger. The charge probabiiichtes his maximum for shorter delay
(At=1ns) and decrease to a minimum constant valuatferi000ns.

For bipolarity, the breakdown due to trapped chasgeearly independent of delay between
pulses and represents a moderate level closg=hF?

I11.5.3.b.ii. Breakdown probability due to charge modulation:

The breakdown due to the temporal charge modulatuithin the barrier is given as
following:

At
P,="S=

For unipolar: m = 1(1-18)

Q 1+e{exp{mj—1}
. Al T |
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If we represent R as a function of delay between pulses for the ¢ages of unipolarity and
bipolarity we can get these two figures (Ségure 111-40.
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Figure I11-40-Breakdown probability due to the temporal chargelntation as a function of delay
between pulses for unipolar pulse (left) and alitwe pulse polarity (right).

For unipolarity, the breakdown probability due #mporal charge modulation within the
barrier is large for long delay. This probabilitycreases when the delay between pulses
becomes larger and larger. The charge probabiiaches its maximum for longer delay
(At=1000ns) and represent minimum valueZfbk100ns.

For alternative pulses, the breakdown due to teaipcharge modulation is nearly
independent of delay between pulses and represehigh level close to the unity. This
important and interesting value of, s well justified as the alternative pulses représa
large modulation between two extremes values opgdharges within the barrier.

I11.5.3.b.iii. Direct breakdown probability:

It has also been observed in gitased capacitordll.43] that independently of the defects
within the barrier, i.e. in an ideally perfect ogjdbreakdown can occur, depending on the
value of the applied voltage. In Si@ased systems, this breakdown is attributed teld-f
induced distortion of atomic bond in the oxide marmand results in the so-calldgifield
model. This model is also used in the case of Mg8eld MTJdII1.35]. In this model, the
average time to breakdown is given by

_E
t(E)=Ce ® 19

WhereE is the electric field in the oxid€; andB are constants.
Here, we rewrite this equation as

(Vc -V)

t(V) — toeT 1(1-20)
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whereV is the voltage on the oxid¥, is a critical voltage above which breakdown ocaitrs
a very short time scale compared with the timeesoakd in the experimerdy corresponds
to the width of this transition artglis a typical breakdown time.

The associated breakdown probabiky(t) linked to this direct breakdown mechanism may
thus be expressed as

t
Rt =-e ™) (2

For pulsed conditions, this direct breakdown pralagiwill be calculated for the pulse length
P4(d). Indeed, the probability will increase while theltage is applied whereas it will not
change between two pulses. Direct breakdown is ttampletely independent of delay
between pulses as its expression depends onlyeaapiplied voltage amplitude and duration.
We plot the direct breakdown probability versus dieéay between pulses and we can observe
in Figure 111-41 that this probability have a constant value fog tiwo types of polarities
unipolar and alternative as we apply the same pansglitude of V=1.5V on the barrier. The
sign of the voltage will not change the resultimg® distortion, just their direction.

V. andAV have been adjusted to fit experimental resultsxgdained in sectiofi-5-3-b.
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Figure l1l-41-Direct Breakdown probability as a function of delastween pulses for positive pulse
polarity (left) and alternative pulse polarity (nig.

I11.5.3.b.iv. Total Breakdown probability:

To summarize, we consider in our model these threekdown mechanisms, one due to the
average density of charges trapped in the baroiee, due to the time-modulation of this
trapped charge and one due to electric field-indwdistortion of bonds in the barrier.

The total breakdown probability will be high if at least one of the three aforenamed
mechanisms has a large contribution. Heacg given by:

1-P=(1-P)x(1-P)x(1-P) 0-22)

This equation represents the fact that if one eflilreakdown probabilities is large, then the
overall breakdown probability will also be large.
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For pulses of duratio@=30ns, we have calculated all these breakdown pibities as a
function of A4t and plotted them idrigure 1lI-42 for unipolar pulses anéigure I111-45 for
alternative pulses for V=1.5V. The used parametesR=1kQ, A=9.78 10'®, 7=100ns,
o=30ns,V=1.5V and4v=0.25V. These values are either given by the sygind) or have
been optimized to fit the experimental dafg AV, 7, A).

If we combine these three breakdown probabiliBgsP, andPgy, as shown irFigure 111-43

for unipolar pulses, we can see that for each rasfgeelay between pulses one of these
breakdown probabilities dominates. For the sholdyde the breakdown probability. Bue to
the average density of charges trapped in the basriarge and the breakdown probability
due to the time-modulation of this trapped chamg@eak. In contrary, for long delay between
pulses the breakdown probability due to the timedutation R, is really large while the one
due to the average density of trapped chargesvis lo

S 1,0 o ee ' '
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Figure I11-42-Calculated breakdown probabilities separated imkitewn due to charge Pc, due to
charge modulation Pm and due to direct breakdown Pd

To calculate the total breakdown probability, wentne the three breakdown probabilities
and we plot the total breakdown probability as action of delay between pulses. Figure
[11-43 | P is presented in black. It exhibits a minimuose toAt=100ns.
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Figure IlI-43-Calculated breakdown probabilities separated imkifewn due to charge.,Rlue to
charge modulation JPand due to direct breakdown fdr unipolar pulses. The overall breakdown
probability P presented in black is the total bokmain probability.
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To calculate the endurance and plot its dependenaielay between pulses, we calculate the
non breakdown probability or the endurance (1-Pjheyformula [[I-25) mentioned before.
We obtain the peak observed experimentallyXbr~100ns shown irFigure IlI-44 We will

see in the next section that the escape tinsethe parameter determining the position of this
peak.
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Figure 111-44—Plot of (1 — P), the non-breakdown probability catepresenting the endurance of the
barrier, for unipolar pulses. The parameters agesttme as ifrigure 111-43.

We did the same calculation for pulses of altengafpolarity with the same parameters as
previously. We calculate the three breakdown proibes and the total breakdown
probability P and we present them in #igure [11-45.
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Figure IlI-45-Calculated breakdown probabilities separated imkifewn due to charge.,Rlue to
charge modulation J2and due to direct breakdowny Br alternative pulses. The total breakdown
probability P presented in black is the total bokain probability.

We represent the endurance (1-PJigure 111-46.We observe that the peak around 100ns is
no more present, consistently with experiments.
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Figure 111-46- Plot of (1 - P), the non-breakdown probabilitgoarepresenting the endurance of the
barrier for alternative pulses. The parametersteesame as ikrigure 111-45.

For pulses of alternating polaritieBigure 111-27,Figure 111-28, Figure 1lI-46 the average
charge does not depend much4inthus giving a nearly constant breakdown probigbdue

to average density of trapped chaie On the other hand, the modulation is always large
giving a large breakdown probability dueRg.

We see, however, that in the alternative casec#th@lated endurance is slightly lower for
long 4t as compared with shodt. This contrasts with what is experimentally obsdrier
which the tendency is oppositil.10]. This discrepancy may be explained by the heating of
the MTJ when applying a voltage pul$i.44]which is not taken into account in the model.

Indeed for shortlt, the injected power increases the MTJ temperature.

The temperature does not have time to decreas#icagly between pulses. The steady-state
increase in temperature is thus much higher fortsdb This then results in a weaker
endurance of the MTJ barrier for shdkt In contrast, for longit, the temperature can cool
off between pulses so that the average temperatloeer yielding an enhanced endurance.
This effect occurs for both unipolar and alternatpulses but does not impact the peak
behaviour that we have modelled for unipolar pulses

II1.5.3.c Adjustment of the peak position:

As previously observed, in the unipolar case, ar@dpédmum in endurance is obtained by our
model around 100 ns in agreement with the expetiahelata. In fact, the 100 ns position of
the peak is mainly determined by the value,dhe typical time that electrons take to escape
from their traps.

Indeed, in our simulations, when we calculate théueance versuAt for different value of
the escape time=1ns, 10ns, 100ns and 1000as shown irFigure 1l1-47, we note that the
peak position shifts whenchanges and the peak maximum appears exactlg &athe of:.
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Figure 111-47-Endurance versuat for different values of the time to escapédns, 10ns, 100ns and
1000nsin the unipolar case. Peak position depends aapestimer. The parameters are the same as in
Figure I11-43.

I11.5.3.d Pulses amplitude effect:

We have then performed similar simulations withfedi#nt applied voltages in order to
compare the model with experimental data.

The variation of different breakdown probabilitiesrsus delay between pulses for different
applied pulses amplitudes are showrkigure 111-48 The three breakdown probabilities due
to trapped charge average, to charge modulationdaedt breakdown strongly depend on
voltage amplitudes.

As expected, for unipolar pulses, the endurancee@ses when the voltage is decreased
(Figure 111-49. However, the amplitude of this increase sigaifity depends on the delay.

In particular, the peak around 100 ns increases avith decreasing voltage (10 orders of
magnitude in endurance by reducing the voltage frdmio 1.5 V in the case of the
measurement oFigure 111-49 (a). The endurance plateaus at lodgalso increase quite
significantly (6 orders of magnitude from 2 to M5for the sample presented Figure
[11-49). This is a consequence of a decrease in the ameliof the time modulation in the
density of trapped charges as the voltage is ladvefidnis is interesting since this low
voltage/long4t regime corresponds to the most common working itiamng in MRAMS.
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Figure 111-48- Modelled breakdown probabilities as a functionffor different amplitudes of
unipolar pulses witlé = 30 ns. For the model, the parameters used aréA78 x 10'® t = 100 ns,
Q=10,V.=1.5V and\V =0 .25 V. Calculated breakdown probabilitiesdkaown due to charge
P. (a), due to charge modulatiop, ®) and due to direct breakdowg(B) for unipolar pulses.

Unipolar
voltage (V)
—]—0.5
107y 1 . fe—1s
I 1 : O—
10“1[ ] g o—1.7
n [ 1 ~—
3 10°f 1 @
“0 O
=N | 1 2
ZQ 10} 1 E
. 1 S
10} 1 ©
R | 10
107} L
10° s : : . ] 10° k.2 . » -
1 10 100 1000 10000 1 10 100 1000
(a) () (b) At (ns)

Figure 111-49 Experimental (a), and modelled (b) endurances famction ofAt for unipolar pulses
with & = 30 ns. For the model, the parameters used ar®A78 x 10" 1 = 100 ns, @= 10, \. = 1
S5 VandAv =0 .25 V.
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In contrast, the increase in endurance is weakesHortAt (2 orders of magnitude increase

only from 2 to 1.5 V). Indeed in this later casdatever the voltage, after a sufficient number
of pulses, the density of trapped charge reachagtalevel since the electrons do not have
enough time to escape from their traps betweerepulsiso the temperature rise may impact
this low 4t regime as explained previously.

For alternative pulses-igure 111-50 the whole endurance increases uniformly ovemthele
At range when the voltage is reduced.
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Figure I111-50- Experimental (a), and modelled (b) endurances fametion ofAt for bipolar pulses
with & = 30 ns. For the model, the parameters used ar® A78 x 10'® , 1 =100 ns, @=10, \, =1
S5VandAV =0.25V.

The corresponding simulations are presentedrigure 111-49 (b)for unipolar pulses and
Figure 111-50 (b)for alternative pulses. A good coherence is obthmetween simulations and
experiments for the set of adjusted parameterseeddas explained previously, several
parameters have been adjusted to fit the experahdata such a4, V., 4V. The value oA
has been determined so that when the voltage ieased the simulation for unipolar pulses
of Figure 111-49 (b)reproduces the general evolution experimentallyeoled inFigure 111-49
(a), in particular the plateau increase for high The values used to calculate the direct
breakdown probabilityy, i.e.V. and4V, have been adjusted to fit the experimental vanat
of the peak amplitude around 100 ns versus voltage.
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IT1.6 Conclusion

We have studied the barrier breakdown in MgO bad&ds under pulsed conditions that are
closer to working conditions than the classicaleidependent dielectric breakdown method
carried out under static DC voltage stress. We haeasured the effect of delay between
pulses, of unipolar versus alternative pulses drideovoltage amplitude of these pulses.

Two regimes were observed as a function of delawdwn voltage pulses: (i) a regime at
short delays (<100 ns) where the barrier contaimsgh density of trapped charges, (i) a
regime at long delays (>100 ns) where the time-rfadoiun of the density of trapped charges
is large. Both regimes are characterized by a mdliendurance. In between these two
regimes, a dramatic increase in the endurancessroeéd for pulses of unipolar polarity. This
peak behaviour disappears for alternative pulses.

We have interpreted these results in terms of eéhtnapping—detrapping of electrons in the
defects of the barridill.10]. We have also discussed the influence of field-iadwdistortion

of atomic bonds in MgO on breakdown.

We have developed a charge trapping—detrapping Injotdé5] to explain the endurance in
MgO-based MTJs. Our model allows estimating theuesuace variations in the MTJs for
different pulsed conditions. It reproduces fairlglithe experimental trends. Under normal
working conditions, i.e. relatively long delay be®n pulses and low voltage, the endurance
is predicted to be high. However, if short delagéween pulses or high voltages are needed
for other applications, e.g. to increase the wagknequency of the device, the low endurance
may become problematic. It would then be necedsadgcrease the number of defects within
the barrier that act as trapping sites for elecmuring tunnelling.

This study clearly demonstrates the key role playgclectron trapping sites in the tunnel
barrier. These traps can be dislocations, vacan@@®sor Mg) or local variation of
polarizability for instance if some BO has formezknto the MgO batrrier.

If the density of these trapping sites can be reduthen the endurance could reach the
extremely high values that we observed in the optnalelay conditions over the whole delay
range.
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IV.1  Introduction

In the precedent chapter, we have presented aniexgeal study of the barrier endurance in
CoFeB/MgO/CoFeB based MTJ with RA product of theeordf 5Q.um?2 to 35Q.um2.
These MTJs witlthin oxide barrier and small junction area, exhdbiarp breakdown.

Our samples were tested under pulsed electricasstBy studying the influence of delay
between successive pulses, a dramatic increasetbyl8 orders of magnitude in the MTJ
endurance was observed for an intermediate delayeke pulses of the order of 80 to 100ns.
This striking result has been interpreted by arcteda trapping/detrapping mechanism in
which the optimal delay of 80 to 100ns correspotodthe characteristic time for a trapped
electron in the oxide tunnel barrier to escape ftbentrap.

A charge trapping-detrapping model was developeskdbaon this physical picture which
showed good coherence with experimental resultss Study clearly demonstrated the key
role played by electron trapping sites in the turbearier. These traps can be pre-existing
dislocations resulting from the lattice mismatchiween CoFe and MgO (of the order of
4.3%), interstitial defects, vacancies (O or Mg) local inhomogeneities in the oxide
polarisability for instance if some BO has formeedxinto the MgO barrier during the
annealing of the MTJ.

In oxides used in CMOS microelectronics, 1/f noiseasurements are often used to
characterize the presence of tripsl], [IV.2]. Each trap generates a telegraph noise with its
own duty cycle. The averaging over a large numlbéelegraph fluctuators having a random
distribution of duty cycles yields a 1/f electricadise. Since our earlier study demonstrated
the key role played by electrical traps on the Mhdlurance, we decided to characterize the
low frequency 1/f noise of electrical origin in §eeMTJs.

In this chapter, we show a correlation betweerathelitude of 1/f noise ainexercisedMTJs
(beforeany electrical stress is applied) and the MTJ esmtee (breakdowafter applying a
large number of electrical pulses). This confirrhe &xpectation that a larger number of
defects, inducing earlier breakdown, should comwadpto a larger amount of fluctuators
contributing to a larger 1/f noise amplitude.

The studied MTJs were developed for TA-MRAM and édnatie following composition:
buffer/ PtMn 20 / CoFe 2/ Ru 0.8 / CoFeB 2 / Mg1XChFeB 2 / NiFe 1.5/ FeMn 9 / cap
(thickness in nm). The MgO barrier was depositetivo steps: first a 1nm layer of Mg was
subjected to natural oxidation, then a second lajed.4 nm was similarly deposited and
oxidized. The measured devices were patterned piltars of 200nm nominal diameter
showing typically 130% TMR and RA product of ab86£2.um2.
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IV.2  Motivation for studying 1/f electrical noise

IV.2.1 Motivation:

The dielectric breakdown mechanism has always beemportant question. There has been
a growing interest to precisely characterize thecgss of oxide breakdown to have an
accurate estimation for the reliability of ultrathgate oxides of MOS transistors. When a
voltage is applied across an ultrathin capacitog, dconduction through it can be categorized
in two types. One is the direct tunneling of cagithrough the oxide barrier and the other is
the tunneling through the defects (traps) preserthé oxide, which is called trap-assisted
tunneling (TAT). As lots of studies have been cartdd on the reliability of CMOS oxides,
we will benefit from the know-how acquired in tHisld to study the MTJ reliability. With
increasing stress, the density of traps increasdsnaw conduction paths are formed inside
the oxide, giving rise to breakdown events. In tieinoxides, the characterization becomes
difficult because the breakdown events are oftay geft and are not easily detected in the
(commonly measured) average leakage current den®ity the contrary, it was earlier
reported that théow frequency 1/f noise can be very sensitive to the damage asedanath
the trap assisted procesges.3],[IV.4] and it was observed that the emergence of transien
current spikes in TAT made the noise highly non$3gan. Our idea is to benefit from
previous knowledge on low frequency noise to sttheyynoise characteristics in MgO based
Magnetic Tunnel Junction by applying a ramp of &gé.

Electrical noise in MTJs has different origins, heit electronic thermal fluctuations
responsible forJohnson-Nyquist noisedefects fluctuations responsible farff noise or
statistical noise at nonzero current calddt noisglV.5]. The Johnson noise and shot noise
are both frequency-independent, and together teégalthe ultimate noise floor. 1/f noise is
dominant in the low frequency range and is a peréme-limiting factor for magnetic field
sensorglV.6], [IV.7].

At room temperature, two sources of noise dominddénson-Nyquist noise and 1/f noise.
Johnson noise is due to thermal fluctuations ofted@s and it is related to the resistaRoef

the system by the Nyquist formula.

This noise has no magnetic origin and cannot beregged or modified but it is independent
of the sensitivity of the sensor and depends ohlisdotal resistance.

In addition to this white noise, a 1/f frequencypdrdent noise is universally observed in all
systems; it is due to uniform distribution of twevel fluctuators. In our MTJs, 1/f Noise is
mostly related to defect fluctuations inside theriea

In addition to this electrical noise, MTJ can exhibagnetic noise associated with magnetic
excitations in the magnetic electrode translatimg voltage fluctuations when a current flows
through the device. This noise adds up to the puwlctrical noise. However, the magnetic
noise can be reduced by saturating the magnetizatider large magnetic field thus allowing
to concentrate on the purely electrical noise winscthe focus of this chapter.

IV.2.2 Types of electrical noise sources

The current flowing in a device under DC conditi@as be written aKt) =lpc +in(t), where

Ipc is the mean current due to the chosen bias pwhile ix(t) is a random fluctuating current
related to the noise. This latter current can besed by external noise sources and by
fundamental physical processes. External soureefaexample cross-talk between adjacent
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circuits, electrostatic and electromagnetic coupfiom AC power lines, vibration etc. These
disturbances can often be eliminated by shieldittgring, and change of layout.
Fundamental physical sources cannot be eliminaigdi is however possible to reduce them
by proper design of the devices and circuits. |la Work we are interested only in these latter
sources. A brief introduction on fundamental naearces is reported below.

IV.2.2.a Thermal noise

Thermal noise, also called Nyquist or Johnson na@peears in all resistors, resulting from a
random thermally-activated motion of charge casriarequilibrium with a thermal bath. The
phenomenological description of its origins is lthee the thermal activation of a large
number of independent and random events. One asemdlated to a departure from the
equilibrium state followed by a relaxation of theseem to compensate the local perturbation
of the charge distribution. The direct current hasinfluence on the thermal noise since the
electron drift velocity is much less than the elestthermal velocity. Considering a piece of
material with a resistance R at a temperature drnthl noise can be represented by a current

generator(_z) parallel to R or a voltage generatar | in series to R:

i_2=4kBT%Af . V2 = 4k, TRAf I(-1)

where k is the Boltzmann constant aidd is the bandwidth in Hertz.

Equation (IV-1)shows that thermal noise is proportional to theoalie temperature and it
approaches zero when the temperature approachesTier power spectral density PSD of
thermal noise is also independent of frequency.nalse sources which are independent of
frequency are calledhite noisesources. This is because all different frequenarespresent
with the same weight.

IV.2.2.b Shot noise

Shot noise is a statistical noise associated todtrext current flowing across a potential

barrier; it is a non-equilibrium form of noise. $hwoise is caused by the random barrier
crossings by electrons and is related to the disarature of the electronic charge: electrons
which are randomly emitted from the cathode and tio the anode under the influence of the
electric field generate a current which fluctuasesund a mean level. The fluctuations are
caused by the random and discrete nature of thar@teéc emission. The noise increases
proportionally to the current flowing through thetential barrier. The mean square value of
the current associated to the shot noise is:

i2 = 2qIAf IN-2)

where q is the electronic charge. Shot noise is indepenaiefiequency (white noise) and of

temperature. It should be distinguished from therrtal fluctuations at equilibrium, which
are present even when no voltage (or current)psiexpto the device.
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IV.2.2.c 1/f noise

The commonly called /£ noise” refers to fluctuations of a physical varablith a PSD
following a 1 f“ law, where the exponentis equal or close to 1.

This noise is also called “flicker” or “excess” Bei “excess” actually means in excess
compared with the thermal noise level. Its firstu@cterization goes back to Johnson’s
experiments on current fluctuations of the eledtramission in the thermionic tube (1925)
[IV.9]. In addition to the shot noise, Johnson measuueckmt noise whose spectral density
increases with decreasing frequericYhe striking aspect of theflnoise which motivates a
vast amount of research activity is its univerdahracter. It is observed in a tremendous
variety of systems, far beyond the borders of sstide physics.

Restricting the description of théflnoise to electrical noise measurements in condensed
matter, we point out that/fifluctuations have been observed on the voltagegsrai a vast
number of different materials, like semiconductongtallic and magnetic films, spin glasses,
heterogeneous conductors, superconductors in thmahstate, tunnel junctions, electronic
devices, magnetic sensofs/(10]- [IV.18]) (based on AMR, CMR or TMR) and also in half
metallic ferromagnetgV.19].

In all materials and devices mentioned above, thdldctuations are related to resistance
fluctuationsoR(t). These are measured by applying a curteartd deducing the resistance
fluctuations from the voltage fluctuation¥ (t) = | JR(t) at the terminal probes. The applied
current does not create the fluctuations but jeseals them, above the white noise. This
intrinsic nature of X noise was clearly demonstrated in a major expetirperformed by
Voss and Clarke in 197BV.20]: in zero current, fluctuations of the variance @& ttohnson
noise exhibit a £ power spectrum. This rules out any contributiorthegf driving current to
the resistance fluctuations.

In the case of our MTJ, the fluctuators at the iarigf the 1/f electrical noise can be
predominantly the trapping sites in the barrier ahican be charged or discharged.
Depending on the traps electrical state, the @eactunneling probability locally varies
thereby creating current fluctuations. Some recestlts[IV.21],[IV.22] show a correlation
between the low frequency noise characterizingMig® based MTJs and the presence of
defects and dislocations within the barrier. D.rdez et al had presented a comparative study
of low frequency nois@V.21] in Fe .V / MgO / Fe and Fe / MgO / Eg/x magnetic tunnel
junctions revealing that V doping of the bottomcélede reduces in nearly two orders of
magnitude (se€igurelV-1) the normalized nonmagnetic and magnetic 1/f ndisealloying

Fe electrodes with V, through reduced FeV/MgO faise mismatch in epitaxial magnetic
tunnel junctions with MgO barriers, the suppressbriL/f noise was attributed to strongly
reduced misfit and dislocation densjty.21]. Indeed, when used as the supporting bottom
electrode, Fe-V alloys reduce the dislocations itheasd therefore the strain of the barrier
and its roughness.

Furthermore, Kwang-Seok Kim et &lV.22], had measured voltage fluctuations of the
junctions with the constant voltage stress. It veasd that low frequency 1/f noise power
spectral density Sfollows 1/f noise characteristics. Figure 2 shdhet the 1/f noise power
spectrum changes with the stress time. The 1/enoisver increases with the stress time and
the noise looses its 1/f character after breakdown.

Low frequency 1/f noise in studied MTJs is belietedome from fluctuations in the barrier
associated with charge trapping/detrapping proaesbe barrier or near the interface. Its
power spectral density increases with the dengitdetects in the barrier and interface quality
between ferromagnet electrode and insulating |dié22]
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Figure V-2 - [IV.21] Voltage noise power spectral density times areasmed on the junctions
with undoped, bottom doped or top doped elec-tradés bias of 200 mV in the P state. The inset
expands up to 2000 Hz the power spectral densityhio junction with bottom doped electrode. The
green horizontal line marks the noise power tinres &xpected level of Fe92V08 / MgO / Fe with
resistance of 16Q and direct electron tunneling processes.
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A General Formula to Quantify the 1/f Noise

The 1f resistance fluctuations are customarily quantifigda phenomenological equation
given by Hooge in 1964d1V.23], [IV.24]) which can be expressed as follows:

V2
f)=a,—— (-3
S, (f) =ay N7 \(-3)
Here,V is the applied voltage between the prolésis the number of charge carriers in the
noisy volume andy is a dimensionless constant for 1, which is called Hooge’s constant
and refers to the noise level once the PSD is nareth by the volume and the applied
voltage. Over the years, Hooge's constant was faarm equal to & 102 in very different
materials[IV.25], which was quite exciting in the search for a ensal theory. Hooge’s
expression also implies that the noise level igpahdent of the temperature. However, since
the eighties, strong experimental evidence has lbeand that Hooge’'s constant actually
ranges from 10to 10 and is temperature dependent. The 20 % value seems to be more a
contact noise characteristic related to the samgbenetry than a real estimate of fluctuations
in bulk materials[IV.26]. Besides, the normalization by the number of chargeiers is
strongly questionable because it would imply trethemobile carrier individually carries the
noise. This property is inconsistent with thé law: we cannot assume fluctuations due to
individual charge carriers which last longer thhe tluration of the mobile charges within the
sampl¢lV.27]. Despite the above arguments against a physicalinggahHooge’s equation,
it remains a very convenient way to normalize tbesa level between different systems and
to provide an estimate of how noisy a device isoain temperature. The loweat values
have been obtained for bismuth and semiconductitswery clean surfaces. 191072 are
the “standard” Hooge’s constants for well crystati metallic films and semiconductors.
And the noise level is usually between 4 and 6 rerdad magnitude higher in magnetic
materials, oxides and nanocomposites. This nois#ués to fluctuations of energy around
equilibrium. It can be seen as a weighted sum oflavel fluctuators.

A general empirical Hooge formu&/.28] describes its power density:

R?I?
Af

Sy (V*Hz)=a I-4)

wherea is the Hooge-like parametey,is the exponent of the 1/f noise, R and A are the
junction resistance and area, respectively, asdHe bias current.

1/f Electrical Noise in Magnetic Materials:

As mentioned in the introduction of this chaptasise in MTJ can have a magnetic origin in
addition to a purely electrical origin. This magoenoise comes from the magnetization
fluctuations which are thermally activated and ambvnto electrical noise due to the TMR
effect if a current flow through the MTSince in this study, we wanted to focus on eleakric
noise, we performed the noise measurements onigmsceéxhibiting a large shift of the soft
layer hysteresis loop so that during the noise oreasent in zero field (well defined
antiparallel configuration, sekigure IV-5, we could assume that the magnetic noise was
much smaller than the noise of electrical origin.
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The 1/f noise in Magnetic Tunnel Junctions is usudéscribed using the empirical Hooge
formula[lV.30] (Equation [V-4)) where the Hooge-like parameteris expressed ipmz2.
In the following, all our measurements are analywét this last formulgIV-4).

IV.3  Experimental procedure

IV.3.1 Experimental setup:

Noise measurements were performed with a SR780trapecanalyzer at low frequency
(0-102.4 kHz) on MTJdefore applying any electrical pulse to test the MTJ eadue.
The sample bias current was delivered by a battedythe sample signal was amplified by a
low noise preamplifier (LI-75A). The experimentatgp is shown schematically ifi§ure
IV-4 a,b). Noise measurements were performed at bias cu86t pA in the antiparallel
state of the junction.

e Spectrum
L) j—— Analyzer
- ot I N i
(a) = "X Gap—| —
) ' _|- ‘ '/ £ 701 1\
I/ L bl d |
Amplifier
\_’__’d
CURRENT PREAMPLIFIER SPECTRUM
GENERATOR : SAMPLE : ANALYZER
¢ ® i
2 . .
€, Py | _ amp Pt et
L V| L EQ}W i igy
v | . Vou: H Vmas

FigurelV-4 - (a) Schematics of the noise measurement setupsdiele is placed within a pair of
rectangular coils fed by an external power souficflhe sample is biased with a dc current source
(battery-plus a variable resistor), and its acaige amplified by a low noise preamplifier (LI-7A
and then measured with a real time spectrum ana{§&780).
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IV.3.2 Adopted experimental procedure:

IV.3.2.a Suppression of magnetic noise:

As mentioned previously, to get rid of the magnabtse, we performed the measurements on
junctions exhibiting a large shift of the soft layeysteresis loop so that during the noise

measurement in zero field (s€gurelV-5) we could assume that the magnetic noise was
much smaller than the noise of purely electricadior The experimental procedure consisted

in repeating the noise measurement for a set o6®@nctions on the same wafer at room

temperature. In order to ensure consistency inréperted noise and breakdown tests, only
junctions with similar resistance (1200 + 5%) and similar magnetic properties were

selected.

Ammdi Al Eral-l LI VAN
f'\!JIJIIC\.-I <IN T ] “UG,,
-1000 -800 a 500 1000
T T
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E—ﬁﬂﬁﬁ - j -
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800 | -
600 F . .
1 1

FigurelV-5 - Example of studied MTJ magnetoresistance loop.efb magnetic field, the MTJ is in
antiparallel state, far from magnetic reversal.

IV.3.2.b Set-up Noise and background distribution

The junction noise was corrected from the backgdodistribution measured at zero bias
current that contains the sample Johnson nois¢haenset-up noise.

The set-up noise is related to the noise of thevbidt analyzer and of the preamplifier.
FigurelV-6 shows the different noise sources in the seBagph apparatus have their own
noise (seeFigure IV-6). All noises of different sources are presentednesasured ie.
amplified. The preamplifier multiplies the voltagalue by ~ 100. V2/Hz is then amplified by
10", The measured noise at zero current correspondsdkground distribution plus the
set-up noise.

- 116 -



Chapter IV- Characterizatiaof electrical 1/f noise and correlation with wréedurance

10 AL | LAY | LAY | LELRALLL | LAY | LAY | T
10° Measured Noise (Amplified) }
. 1
10° 1
X
-7E 3
. 10 MTJ @ 15 pA T
N 3
L 3 1
T ; '
> X L
~ E 3
> i ¥
% 1 E
4 Preamplifier :
r P 1
10" 4 i e ¥
] Network Analyser 3
10_19 !- o aaanul raaanul raaauul raaauul raaauul raaauul PR nnul

10* 10° 10* 10° 10®° 10° 10° 10°

Frequency(Hz)
Figure IV-6 - Low-frequency (0-102.4 kHz) noise spectra for anCMgased MTJs of 200nm
nominal diameter at antiparallel state either @AL%r @ OpPA bias current. Measured Network
analyser and Preamplifier noise spectra.

If we calculate the difference between the MTJ @dmeasured at antiparallel state andALS
bias current) and the background distribution geethe corrected noise value.
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Figure IV-7 - Low-frequency (0-102.4 kHz) amplified noise spectraf an MgO based MTJ of
200nm nominal diameter at antiparallel state coebby substracting noise measured at zero bias.

We performed these different measurements to efirtiee background distribution and
subtract this value to get the net MTJ low freqyenoise spectrum. We noted that the
background distribution represents a negligibleusatompared to the MTJ noise, so we
conclude that it is not necessary to subtract tisection each time. The junction noise
shown inFigurelV-7 was corrected from the background distribution raess at zero bias
current that contains the sample Johnson noisetladet-up noise. The measured noise
spectrum is then devided by the amplifier gaifif1® obtain the proper noise valugeé
FigurelV-8).
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Figure IV-8 —Net low-frequency (0-102.4 kHz) noise spectrum mfMgO based MTJs of 200nm
nominal diameter after eliminating the set-up nasd background distribution and corrected from
amplification.
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FigurelV-9 - Low-frequency (0.1Hz-102 kHz) noise spectrum of glvbarrier MTJ with 200nm
nominal diameter at 30 A dc bias current. The bottmrve corresponds to the noise measured at
zero bias.

To summarize, we have controlled the backgrounet-p contribution and we corrected the

measured noise by this value. As showrrigure V-9, the two noise spectra measured and
corrected are superposed because the correctnagligible.
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In all the rest, the noise spectrum are presensetheasured and only corrected from the
amplifier gain.

IV.3.2.c The bias current effect

Noise measurements from dc to 102 kHz and for figasurrents ranging from|0A to 30pA

are shown irFigure 1V-10.

At the higher measured frequencies (102 kHz) an@doo bias current, the noise approaches
the thermal background. The evolution of noise flaibns with bias current is given in

Figure 1V-10 The measurements clearly indicate a 1 / f dorathatgime that increases with
current. This is due to the increased number daftdlators excited by the current and thus
taking part in the measured noise. The spectrursenoormalized by the square of the sense
current exhibit comparable values (See insetFmfurelV-9. This noise is therefore a
resistance noise.
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Figure IV-10 —Noise fluctuations at room temperature and at zetd &xpressed in V2/Hz as a

function of frequency for bias currents rangingnir® to 3QA. The higher the bias current, the more
important is the 1/f noise.

1V.3.2.d Size Effect

In a rough approach, it is normally assumed thatrthise level is inversely proportional to
the volume of the sample between the propp¥s/], [IV.31]. This dependence originates
from the fact that if one assumes that the fluciisatire uniformely distributed in the volume
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of the system, then the number of fluctuators N tive considered volume varies
proportionally to the volume. As in a random wakle amplitude fluctuations of the overall
signal are then expected to vary a¥2NThe power of fluctuations is then expected tdesaa

1/N i.e. as the inverse of the volume.

Noise measurements from dc to 102 kHz were perfdrome junctions of different sizes
ranging from fm in diameter down to Oun diameter (seeFigure IV-11) The
measurements were performed on MTJs from the saafer we. having the same R.A. They
were carried out for the same current of30

The measurements clearly indicate a 1 / f domingggune.

At the higher measured frequencies (102 kHz) an@doo bias current, the noise approaches
the thermal background.

It is clear fromFigure IV-11that for junctions of reduced lateral sizes thesediehaves
similarly but its level increases by 4 orders ofgmiéudes when the diameter was reduced by
a factor 5. There are two contributions to thi§ ib@rease in noise.

-A first contribution is the increased bias voltageed during the measurements. Indeed, by
reducing the MTJ diameter by a factor 5, theirgsice was increased by a factor 25. Since
the measurements were performed with the same sensat of 3QuA, this means that the
bias voltage was increased by a factor 25 so thaguare was increased by a factor 625.The
second contribution is the 1l/volume dependenceiquely mentioned. A reduction by a
factor 5 of the MTJ diameter means an increaseflagtar 25 of the intrinsic noise level.

If we combine these two contributions, we expectimerease of the noise by a factor
625*25=15625~1.5 TObetween the im diameter and Oln diameter MTJs. This is good
agreement with the observationfogure 1V-11
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Figure 1V-11 —Noise fluctuations expressed in V2/Hz as a funatibfiequency at room temperature
at zero magnetic field different sizes. The biaseniris 30uA, except for the lower curve for which it
is 0 A.

- 120 -



Chapter IV- Characterizatiaof electrical 1/f noise and correlation with wréedurance

212

Expression (IV-4) S, (V*/Hz)=a AFY

different junction dimensions of the same wafer fRénstant) the spectrum noise is
proportional to R?/A.ie, S0 (RA)2AZ*A, as RA is constant so,8 1/A2*A = S, 0 1/A3,

This means that we can expect thab8 proportional to 1/ bwhere D is the MTJ diameter.
Therefore we have to plot,SD° to normalize the spectrum noise by MTJs diamefEns.
spectrum noise times °Dshows a constant value (see insetFiafure 1V-11). The small
remaining differences between the various curvdbeninset of Fig IV-10 can be ascribed to
the unaccuracy in dimension of the patterned gillar

shows that at constant bias current and for

1V.3.2.e MTJs Noise spectra:

We have tested a whole set of junctions which elbig to the same wafer. As shown in
Figure IV-12, nominally identical junctions mayJeasignificantly different noise spectra.
The noise amplitude strongly varies from junctionjunction. This first result outlines that
noise test could be a good tool to differentiatevieen them. Thus, we plot noise spectra of a
certain set of MTJs and perform breakdown testtapndo see if we can find a correlation
between the two experiments. Our motivation tofitngding a correlation between 1/f noise
and endurance was based on the combination ofdeasi i) In microelectronics, the quality
of CMOS oxides is often characterized by 1/f eleatrnoise measurements because these
measurements are known to reflect the density wiecarapping sites in the oxide. ii) Since
our model of endurance was explaining the enduramaerms of trapping/detrapping of
electrons, we could expect some correlation betwlgenoise and endurance. Furthermore,
an earlier studylV.21] has correlated the density of dislocations inM@gO barrier (which
can act as electron trapping sites) with the ¥tteical noise in MgO based MTJ with FeV
electrodes. All these combined elements motivatedtau carry out this investigation of
possible correlation between 1/f noise and enderanc

10-11 i
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Figure IV-12 —Low-frequency (0.1 kHz —12.8 kHz) noise spectra doset of 10 different MgO
based MTJs of 200nm nominal diameter dimension.of\lthe tested junctions are from the same
wafer and therefore have the same nominal charstater(ie. same RA, same dimensions). They are
tested under the same conditions (AP states amél Blas current).
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Figure IV-13 —Low-frequency (0.1 kHz —12.8 kHz) noise spectrumgdvgO barrier MTJ sensor
with 10° nm2 at 3QIA dc bias currents. Notice the different low fregag Noise for different MTJs.
The noise level is linked to the endurangedf the MTJ reported on the graph.

A first brief test of some jonctions shown kgure IV-15had encouraged us to further
investigate in this direction since this test se@rtee indicate that the expected correlation
between 1/f noise amplitude and endurance (measbred) parameter in Weibull
distribution) does exist . This investigation wié presented in details in sectidbh4.2 but
we now present the low frequency noise evolutionaoMTJ while applying pulses till
breakdown.

IV.3.3 Low frequency noise of MTJ during breakdown test

The experimental procedure of breakdown test, @xgdain more details in chapter Ill,
consisted in applying successive pulses of 30 ris wonstant amplitude (1.73 V) at zero
magnetic field (corresponding to well-defined antgtlal alignment) until barrier breakdown
occurs. As shown in previous chapter Ill, no gradigggradation of the barrier resistance was
observed. The breakdown occurs abruptly as showkigare 1V-14and corresponds to a

sharp drop of the junction resistance accompanyealdegradation of the TMR response.
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Figure IV-14- Evolution of R, and R« vs number of pulses. An abrupt drop gfiRand R is
observed after 6.53*1bpulses when the breakdown occurred. The timeviatend voltage used here
were 70 ns and +1.73 V. RA=3Rum2.
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We start by measuring the low-frequency noise spetifor our junctionsefore applying
pulses. After that we alternate between breakd@snand noise measurement. We repeat the
low-frequency noise measuremeaftter each seriesf applied pulses (sdegure 1V-19.

We observe that the 1/f noise is stable as lonyp@as1TJ is not broken. After breakdown, an
abrupt change in noise spectrum is observed asrshmowgure 1V-15

The noise level versus the number of applied pulsdsetter represented Figure 1V-16.
After breakdown, the sharp drop of the junctionistesice and degradation of the TMR
response is associated with a drop in junctionenieigel.
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Figure IV-15.Noise spectrum plot after some series of appliddgsu(The pulse duration, the time
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This observation is consistent with our previouslgtof Magnetic Tunnel Junction endurance
presented in chapter 3.

We can confirm that there are no structural phemant@ppening during applying this series
of pulses. If pinholes or structural defects wereated inside of the barrier, electric noise
could increase. But in our case, electric Noisg/sststable until breakdown occurs. Our
interpretation is that there are pre-existing dsfédislocations, vacancies, traps at BO/MgO
interfaces) that trap charges. The trapped changiese mechanical stress in the barrier due
to electrostatic forces favoring atomic mobility dapinhole formation until breakdown
occurs.

To conclude, in chapter 3 we have developed a ehamagpping-detrapping model to explain
breakdown in MgO based MTJs. In this section, weerghown that the 1/f noise level does
not vary during applying pulses. This result is sietent with an assumption of an abrupt
junction degradation at breakdown.

IV.4 Correlation between Write Endurance and Electrical
1/f noise

In this section we will discuss the correlation vieetn the noise level and the junction
endurance of each MTJ. As shownFhigure IV-17 we can note that nominally identical

junctions may have significantly different noiseespa: the noise amplitude varies by three
orders of magnitude from junction to junction, hbe y parameter remains similar. The

Hooge parametex, representing the noise leyed systematically extracted from the data and
varies between ¥ pm2 and 10 pmz2.

In a second step, we performed the breakdown testhése measured junctions under the
same breakdown conditions .73V, zero magnetic field=30ns and\t=70 ns).
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Figure 1V-17-Low-frequency (0-102.4 kHz) noise spectra for aoé&0 different MgO based MTJs
of 200nm nominal diameter dimension. All testedcjions are from the the same wafer and therefore
have the same nominal characteristics (ie. same dafe dimensions). They are tested under the
same conditions (AP states angiB(ias current).
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Let us stress that the low-frequency noise measemesnwere performed before any pulse
was applied to the MTJ. The breakdown tests wergechout afterwards. lirigure 1V-18

the junctions endurance is plotted as a functiothefcorresponding Hooge parameter

We observe a rough correlation between MTJ enderand 1/ f noise amplitude ie. Hooge
parameter in MgO tunnel junctions: We notice tlhat junctions showing the largest 1/f noise
power before starting the write endurance test lhgdowest endurance. Reciprocally, the
junctions exhibiting a low 1/f noise before beingeized tend to be those having the largest
endurance. This observation suggests that endyrandel/f noise, are both sensitive to the
amount of electron trapping sites present in theiddflV.7]. However, we note that the
dispersion in lifetime between the 60 tested jumdi(approximately 9 orders of magnitude)
is much broader than the dispersion in Hooge patem(é orders of magnitude). This can be
explained by the fact that the different defectsspnt in each junction contribute differently
to the noise and to the electrical breakdown. bt, fthe voltage applied during endurance
tests €1.73V) is much larger than the voltage applied forse measurements(Q.036V).
Therefore a much larger number of trapping sites ararged during endurance tests by
contrast to noise measurements. Supposing that aldéects play a dominant role in oxide
breakdown and that their activation energy is lathey may not be detected by a noise
experiment at low voltage. Indeed, from the noisggspective, each defect acts like a
telegraphic fluctuator with a certain charactecisdiwell time. The random distribution of
these dwell times yields the observed 1/f noisecdntrast, from an endurance perspective,
one of these fluctuators may dominate because atomability may be more enhanced
around this fluctuator than around others. Pinli@imation is likely to take place first at this
dominant fluctuator location. Therefore all fluctoi® contribute to the 1/f noise whereas a
dominant fluctuator may be responsible for eleatrireakdown. This difference may explain
why the correlation shown iaigure 1V-18is only a rough one.
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Figure 1IV-18 MTJs’ endurance (defined as the number of voltagees of 1.73V after which the
MTJ has experienced breakdown) versus Hooge Pasamefor the same set of 60 nominally
identical junctions as used iRigure 1V-17 The ellipse is a guide for the eye to underline the
correlation between endurance and 1/f noise anagitu
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In our earlier study[(V.34], [IV.35]) we clearly demonstrated the key role played bytedac
trapping sites in the tunnel barrier on the endceawt MTJs. These traps can be dislocations
resulting from the crystallographic mismatch betwe@oFe and MgO (about 4.3%), or
vacancies (O or Mg), or local changes in dieleginarisability at BO/MgO interface if such
interface forms during annealing of the MTJ.

The observed correlation between endurance andhdige reported in the present study
suggests that measurements of 1/f noise in uneeetdTJs could be used as a predictive
approach to estimate the endurance of MTJs, uslikiirance tests which are destructive. At
chip level, this could be a very interesting wayidentify weak bits susceptible of early

failure and discard these bits to reduce the neeretlundancy.

One could think that this dependence of enduramcelaoge parameter is simply related to
the resistance variation and is a simple corralati@tween Hooge parameter and the
corresponding MTJ resistance.

About this point, let us notice that the rangeeasistances for the used samples is 1200 Ohm
+-4%. Moreover the plot of the Hooge parameter neresistance shows that no correlation

is observed (see followingigure IV-19 contrary to endurance versus Hooge parametes Thu
the correlation between endurance and Hooge pasancahnot be ascribed to resistance

variations between the studied MTJs.
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Figure 1V-19 Hooge Parameter) variation versus correspondant resistance of tinee sested
jonctions plotted ifFigure 1V-17

Besides, in our noise experiments, we have usexhstant voltage battery. So for the small
resistance variations (£ 500hm), the current idact varying from one MTJ to the other,
representing = 1.5 pA. This current variation erysmall and cannot account for the
variations observed ifrigure 1V-18as can also be seen kigure IV-2Q Indeed, we have
measured the variation of with current. A 3uA current variation gives a cparof alpha of
10** unf, which is negligible and cannot account for theariation ofFigure 1V-18.
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Figure 1V-20.Two low frequency noise spectra of a MTJ under bias currents of A and 6uA
to determine the Hooge parameter variation.

The main experimental finding of this noise stuslyhis correlation between MTJ endurance
and the 1/ f noise amplitude. Such result allowsarssidering the low frequency noise test of
MTJs as a predective tool of MTJ quality and religh

To extend this study, it will be interesting to cheterize the 1/f noise amplitude as well as
the endurance in MTJs in which the number of ebectrapping sites has been reduced. This
requires optimization of the condition of depositiof the MgO barrier, minimization of the
lattice mismatch between magnetic electrodes an® Marrier, and good control of the B
diffusion away from the MgO barrier during the Minltial annealing. In such junctions,
extremely large endurance whatever the delay betweltage pulses associated with very
low 1/f noise should be observed.

IV.5 Conclusion

Our study shows a correlation between endurancel#ndoise level in magnetic tunnel
junctions. This observation is explained by thet that both phenomena are related to the
presence of trapping sites in the barrier. As etqueche highest endurance is observed in low
noise junction. This property could lead to a nestductive test of junction endurance by
choosing a maximum acceptable value for the Hoagarpeter of the MTJs. However the
observed data variability is more important for @rahce than for noise. In order to perform a
more sensitive noise test, it may be useful to mmeathe 1/f noise closer to the operating
voltage of the tunnel junction. Finally this obsaien suggests that 1/f noise characterization
could be used as a predictive tool for determinihg barrier electrical reliability and
therefore the write endurance of STT-RAM or TA-MRAdMIIs.
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Conclusions and perspectives

This thesis aimed at studying the Magnetic Tunnatflon reliability and cyclability to better
understand the barrier breakdown mechanisms. Tite wndurance in MTJs has already
been studied by several groups by time-to-dieledireakdown experiments. Different
breakdown phenomena have been observed dependimxida layer thickness, junction
resistance area product (RA), and junction areaveier, the mechanism and main cause of
barrier breakdown in MTJ systems was not yet wedlarstood, especially when the thickness
of the oxide tunnel barrier gets in the range ahih4nm. During my thesis, we focused on
studying MgO based MTJ breakdown mechanism unddseguconditions to better
understand the phenomena of barrier breakdown iddMWe have chosen to work under
pulsed conditions with shorter constant pulse-widtd=30 ns which is close to working
conditions in contrast to the classical time dependlielectric breakdown method carried out
under static DC voltage stress.

An investigation of barrier endurance till elecalibreakdown in MgO-based magnetic tunnel
junctions (MTJs) was presented. Samples were testelbr pulsed electrical stress. By
studying the effect of delay between successivegsilan optimum endurance of MTJs was
observed for an intermediate value of delay betwgalses corresponding to an optimum
trade-off between the average density of chargead in the barrier and the amplitude of its
time-modulation at each voltage pulse.

We have measured the effect of delay between puldamipolar versus alternative pulses
and of the voltage amplitude of these pulses. Teginmes were observed as a function of
delay between voltage pulses:

(1) a regime at short delays (<100 ns) where the aroetains a high density of trapped
charges,

(i) a regime at long delays (>100 ns) where the timédutation of the density of trapped
charges is large. Both regimes are characterizea fegluced endurance. In between
these two regimes, a dramatic increase in the andaris observed for pulses of
unipolar polarity. This peak behavior disappearsafternative pulses.

We have interpreted these results in terms of ehtmapping—detrapping of electrons in the
defects of the barrier. We have developed a chaagping—detrapping model to explain the
endurance in MgO-based MTJs. Our model allows ediimg the endurance variations in the
MTJs for different pulsed conditions. It reproduéaisly well the experimental trends. Under
normal working conditions, i.e. relatively long dglbetween pulses and low voltage, the
endurance is predicted to be high. However, if stlelays between pulses or high voltage are
needed for other applications, e.g. to increasentiking frequency of the device, the low
endurance may become problematic. It would themdmessary to decrease the number of
defects within the barrier that act as trappingssfor electrons during tunneling.

The study emphasizes the role of electron trapgetgdpping mechanisms on the tunnel
barrier reliability. It also shows that extremebny endurance could be obtained in MTJs by
reducing the density of electron trapping sitethantunnel barrier.

In oxides used in CMOS microelectronics, 1/f norseasurements are often used to
characterize the presence of traps. Each trap atsea telegraph noise with its own duty
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cycle. The averaging over a large number of tef@grdluctuators having a random
distribution of duty cycles yields a 1/f electricadise. Since our earlier study demonstrated
the key role played by electrical traps on the Mhdurance, we decided to characterize the
low frequency 1/f noise of electrical origin in HeeMTJs.

Our study had shown a correlation between endurandel/f noise level in magnetic tunnel
junctions. This observation was explained by tre that both phenomena are related to the
presence of trapping sites in the barrier. As etqabdhe highest endurance is observed in low
noise junction. This property could lead to a nestductive test of junction endurance by
choosing a maximum acceptable value for the Hoagarpeter of the MTJs. However the
observed data variability is more important for @rahce than for noise. In order to perform a
more sensitive noise test, it would be useful t@snee the 1/f noise closer to the operating
voltage of the tunnel junction. Finally this obsaiion suggests that 1/f noise characterization
could be used as a predictive tool for determinihg barrier electrical reliability and
therefore the write endurance of STT-RAM or TA-MRAMIIs.

This study clearly demonstrates the key role playgdalectron trapping sites in the tunnel
barrier. These traps can be dislocations, vacan@i®sor Mg) or local variation of
polarizability for instance if some BO as formedti® the MgO barrier.

If the density of these trapping sites can be reduthen the endurance could reach the
extremely high values that we observed in the ammaelay conditions over the whole delay
range.

Finally, the main perspectives of this thesis weodncern the improvement of the MTJ
structure to try reducing the amount of trappintessiin the barrier. This could allow
dramatically increasing the endurance of MTJ. Timplies reducing the mismatch between
electrodes and barrier (for instance by V additidv.21]), optimizing the oxidation
conditions during the barrier formation to avoie ttormation of vacancies , control the B
diffusion away from the barrier to avoid the format of a BO/MgO interface. Additional
measurements could be completed of three samplese@MgO/CoFeB, CoFeB/Mg
IMgO/Mg/CoFeB and CoFeB/CoFe /MgO /CoFe/CoFeB) auithand with insert of a thin
layer of Mg or CoFe between barrier and the twotebeles to see if it affects the reliability of
these three samples. A comparative study of theB#&sMndurance could be carried out using
the same breakdown test under pulsed conditionhiave used during this thesis. Results
could be interpreted as the inserted layer couhit ihe B diffusion away from the barrier to
avoid the formation of a BO/MgO interface. It woué of course useful to investigate the
reliability in MTJs of smaller dimensions to evakidhe impact of edge defects due to the
etching process on the reliability. The quantimtbharge trapping/detrapping model adopted
in chapter 3 could be extended by taking in acctlmtself heating effect within the barrier
for the shortest delays between pulses ie, by gdtlie breakdown probabilityrRlue to
intrinsic thermal effect. An investigation of dutycle effect on MTJ endurance could also be
carried out by studying the delay between pulséscefor different pulse widths such as
0=0.1 ns, 1ns and 10ns. For low frequency noiseitesbuld be beneficial to repeat the same
study but by applying larger voltage for noise neesents (> 0.036V applied in our
presented test in chapter 4). Thus, we could imptbe dispersion in Hooge parameter.
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French Introduction

Fiabilité et Cyclabilité des jonctions Tunnel
magnetiques

Ce sujet de thése s'inscrit dans le projet ERC nobtgar Bernard DIENY.

Il se rattache directement au workpackage 1 de rogetpqui concerne Il'amélioration
des performances des matériaux spintroniques gtadrculier la fiabilité et la cyclabilité
des jonctions tunnels magnétiques. Les jonctionsndls magnétiques constituent un
elément de base des dispositifs d’électronique mia. SCes jonctions sont constituées
d’'une barriere extrémement fine (~1 a 2nm) de MgOdolumine insérée entre deux
électrodes magnétiques. Elles sont au centre d&rehts dispositifs, comme les
mémoires magnétiques MRAM et les oscillateurs a queéce accordable.
Dans ces dispositifs, on utilise I'action du codrpolarisé en spin sur I'aimantation d’'une
des couches magnétigues pour changer la confignranagnétigue des électrodes
magnétiques, permettant soit de générer des mouNsmee preécession entretenue
d’aimantation (oscillateur RF) ou sa commutatiorllide mémoire). Ces phénomenes
se produisent typiquement & des densités de couwlaentl'ordre de 1-810°A/cm?
correspondant a des tensions a travers la barugmeel proches des limites de claquage
électrigue de cette derniére. Le claquage se proghiguement lorsque le champ électrique
dans l'oxyde devient de l'ordre de 10MV/cm (1V/nnbes mécanismes de claquage et
vieillissement des oxydes sont bien connus enrélgicue traditionnelle (CMOS, SiO2) mais
pas du tout avec les oxydes et les épaisseurséaislidans ces jonctions tunnels. L’objectif de
cette thése est de caractériser et ensuite augnieriiabilité électrique des barrieres tunnel
utilisées dans des cellules MRAM et oscillateurgs Gpplications correspondent a des
régimes de courant continu dans le cas des oscitkatet impulsionel pour les cellules
mémoire. Des cellules avec barriere tunnel MgO été évaluées pour déterminer
leur tension de claquage et les paramétres desbdigins de Weibull caractéristiques du
temps de vie. L’étude a porté sur l'influence denge de repos entre deux impulsions
successives, l'influence de la durée, amplitudeodarité des impulsions appliquées, et aussi
la température induite au sein de la barriere suit@pplication des impulsions. Les différents
types de défauts seront identifiés et corrélésdiffisrents modes de préparation des jonctions
tunnels (points chauds, inhomogénéité d’oxyde,uditin interfaciale...). On a cherché
également a comprendre le role des défauts intlies(existants dans le matériau de départ)
et ceux générés par le procédé de lithographiaediggavmis en oeuvre dans la
nanostructuration de la jonction tunnel.

Le but sera ensuite de réduire ces défauts poumextgr la résistance des jonctions au stress
électrique et donc leur longévité dans les disgespintroniques.

Une étude de l'effet de délais entre impulsionséaétudié. On a eu un nouveau résultat qui
présente un pic de maximum de durée de vie comesm a un délai entre pulses optimum
de 100ns. On a expliqué un tel phénoméne par leepsois de charge et décharge des
électrons piégés dans la barriére tunnel. Ca nodsnamé une idée sur la possibilité de
présence des défauts intrinséques et extrinsequesia de la barriere qui représentent des
pieges pour les électrons injectés dans la barriere
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Pour bien dominer le résultat et son explicatiom,aodéveloppé un modele qui modélise
I'effet de délais entre les pulses sur la duréeieleles jonctions tunnel magnétiques.

A ce stade, on a eu l'idée de mesurer le bruigtéjghique a faible fréquence et voir si ca
peut étre lié a la durée de vie des jonctions Tumagnétiques et si on peut prévoir par cette
meéthode si une telle jonction est « bonne ou maevaisans passer par le test de claguage.
Les plaques étudiées viennent de la start up CRO&hkS que des plaques que je prépare a
la salle blanche PTA a notre laboratoire SPINTEC.

Pour finir, aprés I'étude de tout ce phénoménelaguages des jonctions Tunnel magnétique
on propose en perspectives de thése d’optimisbatdére en ajoutant du Vanadium a sa
composition pour diminuer le mismatch et éliminartigllement les défauts dans la barriére
et par la suite avoir une durée de vie meilleure.
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L’endurance de barriere tunnel a base de MgO aétetdiée par la méthode d’étude du
claguage du diélectrique dépendant du temps (COD[TPn appliqgue une série de pulses
électriques successifs a durée constante de 3@utsen variant 'amplitude et I'écartit)
entre deux pulses successifs. Cette série de pessdsen appliquée jusqu’au claquage de la
jonction Tunnel magnétique.

Les jonctions étudiées sont de la composition sué&/aPtMn 20 / CoFe 2 / Ru 0.8 / CoFeB 2
/ Mg 1.1 plasma ox/ CoFeB 2/ NiFe 3 (épaisseurrapprésentant un produit RA= 3Rum?2

et une TMR=130%O0On applique jusqu’a claquage des séries d'impussiélectriques de
durée constante de 30 ns mais tout en variant guehfmis I'écartAt entre deux impulsions
successive$On répete le méme mode d’application d'impulsioasrpifférentedit de 1ns a
10 us et pour différentes amplitudes V=1.0V a V=2.0\ésLdonnées obtenues sont bien
décrites par la distribution de Weibull [2] F(t) erest le nombre des impulsions au bout
duquel 63% des jonctions ont claqugBete parameétre de forme (taux de panne) qui derit |
régime de claquage.

)
F()=1-exp - —j
7]

En premier lieu, on a suivi I'évolution des cychis R(H) aprés chaque paquet d’impulsions
appligué. Cette étude de claguage dépendant desteoys a montré qu'on a un régime de
claquage plutdét brusque que graduel. On a tras®liéon de R, et de R.ax au cours
d’application d’impulsion. On a observé un comportat de Ri, et RnaxStable au cours de
temps sans aucune dégradation graduelle maisdaada se fait brusquement par une chute
de niveau de résistance. Comme notre étude d’emckirast sensée étre statistique, ces
mesures ont été faites a chaque fois pour unetagai de 30-40 jonctions claquées. Ce que
nous a permis de tracer les distributions de Wejmur chaque tension appliquée.

Par la suite, on a tracé la durée de giele 63% des jonctions Tunnel Magnétiques en
fonction de lI'amplitude des impulsions appligué&@n a extrapolé aprés les données
expérimentales par le modele en E [3] pour dédiairdurée de vie des JTMs dans les
conditions normales d’applications de 0.8V. Ca nau®nné une endurance supérieure a 10
ans, ca nous permet de dire qu'on dispose de JENb®ne fiabilité.

Dans une deuxiéme direction d’étude, on a décideodd’effet de variation de délais entre
les impulsions successives sur I'endurance des Jmds tout en gardant une durée
d’'impulsion constante. On a joué sur le paramétrgui représente I'écart (le temps de pause)
entre deux impulsions successives .On détermi@que amplitude la durée de vie de 63%
des jonctions claquées podt variant de 1ns a 1Qs. On a observé deux régimes
d’endurance : Poult de 1ns a 100ns, le paramegraugmente alors que pofit =100ns a

10 ps la durée de vie des jonctions diminue. Ce picaertours de 100ns a été observé que
ce soit pour des impulsions positives ou négatinas il disparait si on applique une polarité
alternative.

Pour interpréter ce résultat, on a associé ce cdempent a un mécanisme de
charge/décharge au niveau de la barriere MgO. Rsumpulsions assez serré&s100ns,
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on vient d’injecter des charges dans la barrietm&’maniere continue.Les charges viennent
se piéger dans des défauts, des pieges, des idpded dislocations qui existent déja dans la
barriére,sans avoir le temps de se décharger.ck finsérrer des charges dans la barriere ca
augmante le niveau de charge dans la barriere @hitavite par faire claquer la jonction.
Dans le deuxieme régime des impulsions bien espat&&00ns, on donne a la barriére le
temps pour se décharger et faire sortir touteschesges piégées, mais cette fois-ci on a
appligué un stress puissant sur la barriere amsdaemodulation temporelle de charge assez
importante soulignée par un passage sec d’'un nikeatide charge a un niveau bas. Ca se
traduit par une diminution de temps de vie des tjons Tunnel magnétiques. Cette
interprétation est bien cohérente avec le résglian a eu pour les impulsions alternatives
qui exercent elles aussi une modulation de chang#aaitres termes un stress sur la barriere.
On n'oublie pas que les charges piégées dans leeteaMgO seront écrantées par des
charges images positives dans ['électrode ce @sulte une trés forte interaction
électrostatique qui fragilise la barriere de plnghis jusqu’au claquage brusque.

Pour mieux comprendre le mécanisme de claquagelli&pparition de ce pic, nous avons

développé un modéle en terme de piégeage / dépegdea charge basé sur des

représentations qualitatives de la population destréns piégés dans la barriere en cours du
temps. A chaque impulsion, une partie des électtangel se retrouvent piégés dans la
barriére sur les sites de piégeage. Puis, entre depulsions, les électrons piégés peuvent
échapper de leurs pieges avec un temps caract@assi(C1100 ns dans nos expériences).

Les trois régimes sont alors interprétés commepguwit les impulsions unipolaires:

(1) Le premier régime observé correspontk &< 1. A chaque impulsion, la barriére est de
plus en plus chargée jusqu’a atteindre un réginmenpitique caractérisé par une forte
densité d'électrons piégés. Le retard entre leslsigns ne permet pas a I'électron d'échapper.
La barriere est par conséquent soumise a un gteegskui la rend de plus en plus fragile.
Par conséquent, sa durée de vie est réduite pesdussvaleur basse deobservée a coufit.

(2) Dans la limite opposést >> 1o, une partie des électrons tunnel se retrouvergépié
chaque impulsion, mais ils ont assez de temps pohapper de leur pieges entre deux
impulsions consécutives. En conséquence, la gaeatgicharges piégées dans la barriére reste
faible en moyenne, mais présente une forte modulan fonction du temps. Ceci génére une
contrainte alternée sur la barriére d'oxyde quida@négalement a une courte durée de vie.
Cette contrainte alternée favorise la mobilité atpra a travers la barriére, donc la formation
d’'un chemin de percolation qui peut causer le dggu

(3) La situation intermédiaire d&t 1, est la plus favorable en termes de durée de vie. La
montée moyenne des électrons piégés dans la leaesémodérée ainsi que la modulation en
fonction du temps de cette montée, ce qui entraire durée de vie importante. Puisque
l'amplitude de la modulation de charge est proporelle a la tension appliquée, le pic
d'environ 100 ns est donc prévu de diminuer endgranpour les grandes tensions, ce qui est
effectivement observé. Cette vue d'ensemble esdrente avec I'absence de pic lorsque on
appligue des impulsions de polarité alternée stités.

En effet, dans ce cas, les électrons sont piégéspaégés a chaque impulsion alternative quel
gue soit le retardt entre les impulsions. On obtient ainsi une fontdulation en fonction du
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temps de la densité des électrons piégés condulsanta un comportement similaire a celui
observé pour des impulsions de méme polarité lerAge> 1.

Pour l'intermédiairédt (100 ns), un compromis optimal régime est aiflgeoue lorsque la
barriére est ni soumis a une grande densité dgebhaiegees, ni a une forte modulation du
temps de ces charges donnant ainsi lieu a une dergie optimale.

Cette interprétation semble expliquer la préserceedpic prononcé d’endurance pour le cas
d’application des impulsions unipolaires. Pour tlssions négatives, les électrons circulent
dans le sens opposé et les mécanismes de chakgehdrge des électrons piégés restent
similaires. Si les piéges de la barriere sont umfament répartis symétriquement ou dans
I'épaisseur de la barriere, la variation d’endueaec fonction de délais entre les impulsions
devrait donc rester la méme pour les deux polar@ésne serait plus le cas si les pieges se
trouvent d’'un seul coté de la barriere en raisotadaéthode de préparation. Dans notre cas,
la symétrie entre les impulsions positives et riggat indique soit une uniformité de
répartition des pieges au sein de la barrierelepipieges sont symétriquement répartis dans
la barriere. Pour la polarité alternative, nousrsvoonstaté que ce pic disparait.

Cette vue d'ensemble explique également le casndaglsions de polarités alternées, la
modulation de charge est toujours grande, et ffopt de I'endurance par rappAttn'est pas
observée. Seule une faible endurance est obtenakgqge soit le délai entre les impulsions.
Dans la partie suivante de modélisation, nous o@peins plus en détail cette interprétation
de piégeage-dépiégeage de charge pour mieux codnpréas mécanismes de dégradation
dans JTM a base de MgO et aider a I'optimisatiola tharriere et par conséquent sa fiabilite.
Dans le cadre de ce modéle, on définit trois pridibéd de claquage en fonction de I'écart
entre les impulsions. Aux faibles écafis entre les impulsionat << 1y ie. les impulsions
assez serrées, on associe la probabilité de claglisma la valeur moyenne de charge piégée
au sein de la barriere Pc qu’'on calcule et on ttaceariation de cette probabilité Pc en
fonction deAt. Aux larges écarts entre les impulsidkis>> 15, on associe la probabilité de
claquage due a la modulation de charge Pm aws amtemps. Pareil, on a calculé et tracé
cette probabilité en fonction dg. Et la troisieme probabilité de claquage estauelaquage
direct qui a été également observé en SiO2. Ceuatpy direct peut se produire
indépendamment des défauts a l'intérieur de ladparen fonction de la valeur de la tension
appliguée ie le champ électrique induit. On a délatette probabilité et on a tracé sa
dépendance efit. Par la suite, on a combiné ces trois probabili@ur déterminer et tracer la
variation de la probabilité de claquage totale encfion de At. On retrouve le pic
d’endurance &t 01, (0100 ns dans nos expériences).

En derniere partie, on a étudié le bruit 1 / f desdes fréquences. En oxydes utilisés en
microélectronique CMOS, les mesures de bruit $drft souvent utilisés pour caractériser la
présence de pieges et de défauts dans I'oxyde.uehgiege génére un bruit télégraphique
avec son cycle propre. Le calcul de la moyenneusugrand nombre de défauts et leurs
attributions télégraphiques ayant une distributedéatoire de cycles de fonctionnement
produit un bruit 1 / f électrique. D’aprés notreid précédente, on a montré le réle clé joué
par les pieges électrigues sur l'endurance MTJstCi®urquoi nous avons décidé de
caractériser les bruits 1/f basses fréquences gitieri électrique dans ces MTJ.
Dans ce chapitre, nous avons montré une corrélatitre I'amplitude du bruit 1 / f de MTJ
non exercées (avant toute contrainte électriquéca@e) et I'endurance MTJ (claguage aprés
application d'un grand nombre dimpulsions éleag&). Cela confirme I'espoir qu'un plus
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grand nombre de défauts, induisant plus tét claguegit correspondre a une plus grande
quantité de défauts contribuant a une plus gramgj#itude de bruit 1 / f.

En conclusion, le phénomene de piégeage / dépiégdagharges semble jouer un réle tres
important dans le vieillissement et la dégradati@s JTM a base de MgO. L'endurance
maximale assez pertinente observée pour les telmpstard intermédiaire indique que la
durée de vie des MTJ peut étre augmentée indépendantes délais entre les impulsions en
réduisant la quantité de sites de piégeage. Cerrgivétre réalisé en évitant la formation de
'oxyde de bore a l'interface de la barriere Mg geitant la présence de lacunes d'oxygene
dans la barriére, et I'obtention d'un meilleur adate maille entre les électrodes magnétiques
et la barriere MgO pour éliminer les dislocations gsquent de se former. Enfin, cette
derniere observation de corrélation entre le bdeitfaibles fréquences et I'endurance des
JTMs propose que la caractérisation bruit 1 / ft@xe utilisé comme un outil prédictif pour
déterminer la fiabilité de la barriére électriguelenc I'endurance d'écriture des cellules STT-
RAM ou TA-MRAM.
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Cette thése vise a étudier la fiabilité des Junstiminnel magnétiques et leur cyclabilité pour
mieux comprendre les mécanismes de dégradatioa blartiere. L'endurance d'écriture dans
les JTM a déja été étudiée par plusieurs groupgrénts phénomeénes de claquage ont été
observés en fonction d'épaisseur de la couche dkoxgn fonction du produit résistance
surface (RA) des JTMs et la surface de jonctioapehdant, le mécanisme et la cause
principale de claguage de la barriere des JTMaihjgas encore bien comprise, en particulier
lorsque I'épaisseur de la barriére d'oxyde tunsiedle I'ordre de 1 nm-1.4nm. Au cours de ma
these, nous nous sommes concentrés sur I'étudeéctnimme de claguage des JTMs avec la
barriere MgO, en régime impulsionnel afin de mieoxnprendre les phénomeénes de rupture
de barriere. Nous avons choisi de travailler daes cbnditions pulsées avec une largeur
d’'impulsion de d= 30ns qui est proche des conditions de fonctisaatin des JTMs,
contrairement a la méthode classique réaliséesmigainte de tension statique DC.

Une étude de I'endurance de la barriére a basegd® ddns les jonctions tunnel magnétiques
(JTM) jusqu'au claguage électrique a été présertés. échantillons ont été testés sous
contrainte électrique pulsé. Par I'étude de l'effetretard entre des impulsions successives,
une durée de vie optimale de MTJ a été observée yoa valeur intermédiaire de délai
(repos) entre les impulsions correspondant a urpoamis optimal entre la densité moyenne
de charge piégée dans la barriere et 'amplitudsadaodulation au cours du temps a chaque
impulsion de tension. Nous avons mesuré l'effetedard entre les impulsions, I'effet des
polaritées des impulsions unipolaire et bipolairgsiaque I'amplitude de ces impulsions de
tension. Deux régimes ont été observées en fondtiaretard entre les impulsions de tension:

() & un régime de retards courts (<100 ns), lsidr@ contient une forte densité de charges
piégées,

(i) & un régime de longs retards (> 100 ns), otielaps de modulation de la densité de
charges piégées est grand.

Les deux régimes se caractérisent par une enduradoéte. Entre ces deux régimes, une
augmentation spectaculaire de la résistance esnass pour des impulsions de polarité
unipolaire. Ce comportement de pointe disparait pes impulsions alternatives.

Nous avons interprété ces résultats en termes égeaqje-dépiégeage de charge (des
électrons) dans les défauts de la barriere. Noossadéveloppé un modele quantitatif de
piégeage-dépiégeage de charge pour expliquer fande des JTMs a base de MgO. Notre
modele permet d'estimer les variations d'endurdaos les JTM pour différentes conditions
pulsées. Il reproduit assez bien les tendancesriexgrdtales. Dans des conditions normales
de travail, a savoir délai relativement long eré® impulsions et basse tension, I'endurance
est prévu pour étre élevé. Toutefois, si des caléfais entre impulsions ou haute tension sont
nécessaires pour d'autres applications, par exemplegmenter la fréquence de travail du
dispositif, la faible endurance peut devenir protdéque. Il serait alors nécessaire de réduire
le nombre de défauts dans la barriere qui agissenine sites de pieégeage pour les électrons.
L'étude met l'accent sur le réle des défauts ptésmnsein de la barriere dans le mécanisme
piégeage / dépiégeage de charge et par par comséxrela fiabilité barriere tunnel. Elle
montre aussi que l'endurance extrémement longuegibétre obtenue dans les JTMs en
réduisant la densité des sites de piégeage dhsatians la barriere tunnel.
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French Summary

Dans un second temps, nous avons étudié le bresebdréquences dans les jonctions Tunnel
Magnétiques.

En oxydes utilisés en microélectroniqgue CMOS, lesumes de bruit 1 / f sont souvent utilisés
pour caractériser la présence de pieges. Chagge gé&nére un bruit télégraphique avec son
cycle propre. Le calcul de la moyenne sur un graochbre de fluctuators télégraphiques
ayant une distribution aléatoire de cycles de foncement produit un bruit 1/f électrique.
Depuis notre étude antérieure on a montré le rldejaué par les pieges électriques sur
I'endurance MTJ, nous avons décidé par la suiteadactériser le bruit 1 / f les basses
fréequences d'origine électrique dans ces JTMs.eNétinde a montré une corrélation entre
'endurance et le niveau de bruit 1/f dans les tjons tunnel magnétiques. Ce constat
s'explique par le fait que les deux phénomenes Iggs@a la présence de sites de piégeage
dans la barriere. Comme prévu, la plus haute endarast observée dans la jonction a faible
bruit. Cependant, la variabilité des données olés=nest plus importante pour I'endurance
gue pour le bruit. Pour effectuer un test de lpluis sensible, il serait utile de mesurer le bruit
en 1/f proche de la tension de fonctionnement derletion tunnel. Enfin, cette observation
suggere que la caractérisation bruit 1/f peut étikssé comme un outil prédictif pour
déterminer la fiabilité de la barriere et donc derance d'écriture de STT-RAM ou TA-
MRAM cellules.

Cette étude montre clairement le role clé jouélearsites de piégeage d'électrons dans la
barriere tunnel. Ces piéges peuvent étre dislatsititacunes (O ou Mg) ou une variation
locale de la polarisabilité par exemple si cert@@s ainsi formé pres de la barriere de MgO.
Si la densité de ces sites de piégeage peut &uiegalors la résistance peut atteindre des
valeurs tres élevées que I'on observe dans lestimmsdoptimales de retard.

Enfin, les principales perspectives de ce travaitltese sont concernent I'amélioration de la
structure des JTMs : essayer de réduire la quateitd§ites de piégeage dans la barriére. Cela
pourrait permettre d’augmente considérablemendlieance de MTJs. Cela implique la
réduction de I'écart atomique entre les électradda barriere (par exemple par addition du
Vanadium), l'optimisation des conditions d'oxydatau cours de la formation de la barriere
pour éviter la formation de lacunes, de contr@etiffusion du Bore de la barriere pour éviter
la formation d’oxyde de Bore a linterface avec lgd Il serait bien sir utile aussi d'étudier
la fiabilité des JTMs de plus petites dimensionsrpavaluer I'impact des défauts de bord en
raison du processus de gravure sur la fiabilité.
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Abstract

ABSTRACT

The thesis objective is to study the Magnetic Tuirhunction reliability and cyclability to
more understand the barrier breakdown mechanismsanyestigation of barrier endurance
till electrical breakdown in MgO-based magnetic rteh junctions (MTJs) is presented.
Samples were tested under pulsed electrical stBysstudying the effect of delay between
successive pulses, an optimum endurance of MTdbgerved for an intermediate value of
delay between pulses corresponding to an optimadetoff between the average density of
charge trapped in the barrier and the amplitudiésaime-modulation at each voltage pulse.
Furthermore, a charge trapping/detrapping model waseloped which support this
interpretation. The study emphasizes the role eftedn trapping/detrapping mechanisms on
the tunnel barrier reliability. It also shows tlextremely long endurance could be obtained in
MTJs by reducing the density of electron trappingssin the tunnel barrier. Then the write
endurance and the 1/f noise of electrical origimrenveharacterized in CoFeB/MgO/CoFeB
MTJ for STT-MRAM or TA-MRAM. A correlation was obseed and explained by the
presence of electron trapping sites in the MgO idarand the role of electron
trapping/detrapping phenomena in both the MTJ béitg and its 1/f electrical noise power.
These results suggest that 1/f noise could be asedpredictive characterization of the MTJ
endurance. Finally, as thesis perspectives, sonmplement measurements were proposed to
further investigate this model and an optimizaiwdMgO barrier which could be carried out
to reduce the density of these trapping sites wesgnted to ameliorate the MTJs reliability.

Keywords: Time Dependent Dielectric Breakdown; Magnetic Tunnk Jonctions; Endurance; Charge
Trapping-Detrapping; low frequency noise.

RESUME

L'objectif de cette these est d'étudier la fiadilgét la cyclabilité des jonctions Tunnel
magnétique pour mieux comprendre les mécanismedédeadation et de claquage de la
barriere. Une étude de I'endurance de la barrieg® Nusqu'au claquage électrique est
présentée. Les échantillons ont été testés sonsode impulsionnel. Par I'étude de I'effet de
retard entre des impulsions successives, une derge optimale des JTM est observée pour
une valeur intermédiaire de retard entre les impugscorrespondant a un compromis optimal
entre la densité moyenne de charge piégée danaridigre et la modulation temporelle de
charge. En outre, un modéle de piégeage / dépiégdagharge a été développé qui appuie
cette interprétation. L'étude souligne le role geges de charges dans le mécanisme de
claquage de la barriere tunnel. Elle montre aussilgndurance extrémement longue pourrait
étre obtenue en réduisant la densité des sitegdegpe d'électrons dans la barriére tunnel.
Puis, une étude de l'endurance et du bruit bagsgidnce a été établie dans les jonctions
CoFeB/MgO/CoFeB pour STT-MRAM ou TA-MRAM. Une colagon a été observée et
expliquée par la présence de sites de piégeagetidiis dans la barriere de MgO et le role
des phénoménes de charge/ décharge a la fois dafiabllité et la puissance du bruit
électrigue en 1/ f. Ces résultats prouvent quededu bruit basse fréquence peut étre utilisé
comme une caractérisation prédictive de I'endurance

Enfin, en perspectives, des mesures complémentaitesté proposées pour développer plus
le modele de charge/décharge, une optimisatioma tb@rdriere pourrait ainsi étre réalisée pour
réduire le nombre des pieges de charge au seia dartiere et par conséquent améliorer la
fiabilité des jonctions Tunnel.

Mots-clés: Claquage du diélectrique dépendant du temps; Jonain Tunnel Magnétique; Endurance ;
Piégeage-Dépiégeage de charge ; Bruit basse fréqouen
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