\

Magnetoresistive Random Access Memory
Dmytro Apalkov, Bernard Dieny, J. M Slaughter

» To cite this version:

Dmytro Apalkov, Bernard Dieny, J. M Slaughter. Magnetoresistive Random Access Memory. Proceedings of
the IEEE, 2016, 104, pp.1796 - 1830. <10.1109/JPROC.2016.2590142). <hal-01834195)

HAL Id: hal-01834195
https://hal.science/hal-01834195v1

Submitted on 10 Jul 2018

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Auto':izition
HAL Authorization


https://hal.science/hal-01834195v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Magnetoresistive Random Access Memory

Dmytro Apalkov?, Bernard Dieny?, J. M. Slaughter®

1. Samsung Electronics, Semiconductor R&D Center, San Jose, California, USA.
2. SPINTEC, Grenoble Alpes Univ, CEA, CNRS, CEA/Grenoble, INAC, Grenoble, FRANCE

3. Everspin Technologies, Inc., Chandler, Arizona, USA

Abstract

A review of the developments in MRAM technology over the past 20 years is presented. The various MRAM
generations are described with a particular focus on Spin-Transfer-Torque MRAM (STT-MRAM) which is
currently receiving the greatest attention. The working principles of these various MRAM generations, the
status of their developments, and demonstrations of working circuits, including already commercialized

MRAM products, are discussed.
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1. Introduction to MRAM technology

Magnetoresistive random access memory (MRAM) iascof solid-state storage circuits that stora dat
stable magnetic states of magnetoresistive devered,read data by measuring the resistance of ehiEets to
determine their magnetic states. In practice, thgmatoresistive devices are integrated with CM®&iitry to make
chips that are compatible with mass-produced samigctor electronics. Such circuits have been desigmound a
variety of magnetoresistive devices, but commdsei@oduced MRAM products, and the vast majorityMRAM
technologies being developed for future comme®IRAM technologies, are based on magnetic tunnettjan
(MTJ) devices. All of these circuits are resistimemories in terms of the read operation; it isrtteghod of writing
the magnetic state that sets apart the differgeistpf MRAM technology. Some of the heavily-stadigite methods
include Stoner-Wolfarth-type field switching, Sawnko switching (also a field-switching method)insfrque
switching, and thermally-assisted switching (hedthwield or spin torque). Two methods have so lfeen
commercialized: toggle MRAM, which uses Savtcheskdtching[1], has been in mass production sindg@6Z@]

and spin-torque switched MRAM is in the early-seagemmercial production[3].

Advances in MRAM technology have been closely Iohkéth advances in the understanding of magnetic
and magneto-transport properties of ultra-thingilincluding: tunneling magnetoresistance (TMRyQ#based MTJ
materials for giant TMR, synthetic antiferromag(®#F) structures, interfacial perpendicular magnatiisotropy
(PMA), and spin-transfer torque (STT). The applaraof scientific discovery to commercial techngysseen in this
field is striking in its breadth and speed of adtmptIn this paper we review the major developméimés are driving
accelerating interest and adoption of MRAM, keysidarations for functionality and scaling to higklensities, and

the status of the major technology types.

1.1  Magnetic Tunnd Junction Devicesfor MRAM

Figure 1 shows the most basic magnetic tunnel jomdtructure, two ferromagnetic layers separated b
dielectric spacer layer, the tunnel barrier. Witrentunnel barrier is very thin, typically < 2nnuantum mechanical
tunneling of electrons through the barrier makes MTJ behave like a resistor having a resistanae depends
exponentially on the barrier thickness and is propoal to the inverse of the in-plane barrier ar8de tunneling
current is spin-polarized, due to the asymmetriedbstructure of the ferromagnetic electrodes, givise to the
tunneling magnetoresistance as shown in Figuréhk relative orientation of the magnetizationshese two layers
determines the resistance of the MTJ device. Famtmaterials, the resistance is low when the magatons of the
two layers are parallel, because the majority baladtrons can tunnel into the majority band ondpposite side of
the barrier. When the orientation is antiparatted resistance is high since the majority bandtedas have to tunnel

into the minority band of the opposite electrode.
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Figure 1. Sketch of a magnetic tunnel junction: femomagnetic layers (in red/blue) typically made
CoFe based alloys separated by a tunnel barri@eKpmost often made of MgO about 1nm thick. Exateom of
the tunneling magnetoresistance effect: parallaeleshas good band matching and low resistance, eaker
antiparallel state has poor band matching: eithseace of available carriers of a given spin odésgacy of
available states in the receiving electrode.

The simplest possible STT-MRAM design has the fellg components:

- Free layer (FL)

- Tunnel Barrier (TB)

- Reference layer (RL)

The free layer, sometimes called recording layestorage layer, is the ferromagnetic layer retajrtime
stored information. This layer is often made of EBFmnaterial of different compositions[4]. The tuhbarrier is a
thin (around 1 nm) insulating non-magnetic laybattprovides means to switch and read the statteedfree layer
with a spin-polarized tunneling current. In thetgas years, MgO tunneling barriers have been ineavily studied
due to the giant TMR effect, though other materisleh as AlOx, and TiO have been used [5] and AfQxsed in
production toggle MRAM. The other magnetic layehe reference layer — provides a stable refereragnetization
direction for the FL reading and switching. Thigdais designed to have magnetic anisotropy mughdrtithan the

FL so that it never switches during memory operatio

Although multi-bit concepts exist, the MTJ devitleat have been demonstrated in practical MRAM diiscu
have two stable magnetic states that store onefllata as a parallel/antiparallel magnetic staté & low/high

resistance as described above. To achieve thik,asmagnetic device has a free layer engineerkédwe a uniaxial



magnetic anisotropy, so that the magnetizationgeadie along an easy axis in one or the otherction. Since the
magnetization of ordinary ferromagnetic thin filnssconstrained to be in the film plane by the tfilim shape

anisotropy, the in-plane easy axis is created maiplpatterning the free layer into a shape wiling direction (easy
axis) and short direction (hard axis). The inticGremisotropy of the material may also contribatéhte total uniaxial
anisotropy. On the other hand, devices having &Sy axis perpendicular to the film plane careh@wumber of
advantages, discussed further in the sectionddhatv. A free layer engineered to have a perpenldir easy axis
has stable states with the magnetization eithesrugown, with respect to a horizontal film planadahe in-plane
directions are hard. Such layers employ matehaisng a strong perpendicular anisotropy that carame the
thin-film shape anisotropy, also discussed bel®&or any of these devices, the stability of theesdadlata over time
and temperature is determined by the energy bdreveen the two stable magnetic states, which tarn related

to the strength of the uniaxial anisotropy andubleme of magnetic material involved in the revépacess.

To create a memory array from MTJ devices, eaclicdas typically integrated with an isolation tréster
that can be turned on to pass a current selectiebugh the MTJ devices of interest, such as dutire read
operation. For spin-torque MRAM, the same traosiit used to pass the switching current throughtéinget MTJ
devices. Since each memory cell typically hastomgsistor and one MTJ, this particular architezisrknown as the
1T-1MTJ MRAM architecture. Other architectures &édeen proposed and evaluated for various purpbaethe

1T-1MTJ cell is the most commonly used.

Half addressed junctions

Select
transistor

Fig.2: Sketch of the organization of field-writt8fRAM. Each cell comprises an MTJ connected in senih a select

transistor.

1.2  Overview of MRAM technology generations
MRAM technology can be classified by the switchimgthod employed to write data. First-generation
MRAM is generally understood to include methodsigsnagnetic fields to program the array. ToggleAWRis the
only first-generation MRAM in mass production [[], [7]. A strong advantage of field switchinguslimited write
endurance, since reversing the free-layer magrietivevith a magnetic field does not create any waareffects. A

disadvantage is the difficulty in scaling to smaltell sizes, due to several factors including rieggnitude of the



required switching currents and the somewhat comptemory cell geometry. A detailed discussion b t

technology is presented in the section on Fieldt&weid MRAM.

Second-generation MRAM uses spin-transfer torquerj3o program the array. STT switching can be
accomplished with reasonable efficiency with MTYides having either in-plane or perpendicular-te-tthane
magnetization. STT-MRAM with in-plane devices begmmmercial production in 2015 with a 64Mb prodisjt
and is expected to ramp to volume production in62@fth a 256Mb product[8]. STT-MRAM with perpendiar
MTJ devices is under intensive development at abmiraf companies around the world. A discussiotecfinology
demonstration vehicles, the fundamentals of thertelogy, and relative advantages/disadvantagesesepted in

several sections below.

A number of physical phenomena are under invesbigebr use in third generation MRAM, including:
voltage-controlled anisotropy (VCA), voltage-coried magnetism (VCM)[9]-[12], spin Hall effect (SHEnd spin-
orbit torque switching (SOT)[13]-[17]. The potexitior improved MRAM scaling and performance corfiem idea
that switching could be accomplished while passittlg or no electrical current through the MTJ dev However,
each effect has challenges to overcome for usegictipal MRAM circuits. Some examples of thoselldmyes are
as follows. VCA does not directly lead to deteristic switching between two stable states, but@senikely to be
applied in combination with another innovation f®e in an MRAM array. Reliability issues like weart and
parameter drift need to be better understood factfral VCM devices. SHE does not lend itselfffacient switching
in devices with perpendicular magnetization, andl Sfppears to require innovation in materials taéase the
magnitude of the effect for improved switching efincy. In many cases, these new devices would tede
deployed in a three-terminal cell configurationttisanot compatible with high-density memory arraj¢onetheless,
the possibility of switching with little or no chge current passing through the tunnel barrieriiswsating a growing

interest and investment due to the potential ferindow-power circuits and high-endurance appioet.

2. Major advancements that enabled MRAM and stimulated commer cial development

2.1 Tunneling M agnetoresistance

The development of magnetic tunnel junction (MTa}enial with high room-temperature magnetoresiganc
ratio, MR~10%, reported in 1995 [18], [19] offeraadnuch improved read signal for MRAM technologyhisTmajor
development in tunneling magnetoresistance (TMR) fedowed by intensive work around the world thegulted
in dramatic improvements in the techniques and rase so that record TMR values have increaseaddte most
markedly with the development of MgO tunnel basig}], [20], [21] to over 600%[22]. In addition t@ving a high
magnetoresistance, MTJ materials also provide biigyato match the resistance of the storage deticthat of the
CMOS transistors used in the circuitry. This calitsis essential to the technology since the s$istors used in the
MRAM read circuit result in a series resistancejdslly in the K2 range, that reduces the relative resistance change

at the point of sensing. The giant magnetoresist#8MR) and anisotropic magnetoresistance (AMR)ads, that



were available prior to practical MTJ devices, iateerently low resistance since they are metaltiid therefore not

well suited to integration with CMOS circuitry.

The promise of practical, high-TMR, materials mated new MRAM R&D programs around the world,
leading to the first commercial product [23], [Zproximately 11 years after the initial discovetB],[19]. These
materials also had a large positive impact on thed ldisk drive (HDD) industry where MTJs were qlyck
commercialized for improved read sensors. Althotighdetailed requirements for MTJ devices in reambssrs are
quite different from the MRAM case, there is no bbthat the huge development effort in MTJ materfat HDD
readers greatly accelerated the progress in MTémakt for MRAM.

2.2 Synthetic antiferromagnet (SAF) structures and their application to MRAM

The discovery and intense study of oscillatory nedigncoupling (RKKY-coupling) in synthetic layered
structures, in the 1980s, showed that it was plessitengineer thin film structures with separatedmagnetic layers
that are coupled either ferromagnetically or amifimagnetically to each other through a nonmagrsgtacer layer
separating them, with a coupling strength and digermined by the thickness of the spacer [25]s Thderstanding
led to the use of synthetic antiferromagnet (SAFR)ctures engineered to provide the required magpebperties
for both reference magnetic layers and free layefdTJ devices for MRAM. Almost all MTJ devices fMRAM
use a SAF for the reference layer. A SAF referdager has strong antiferromagnetic (AF) couplirggween
ferromagnetic (FM) layers of nearly equal magneta@ment, resulting in a magnetically rigid systevihen used as
a free layer, the spacer layer thickness is setviaker AF coupling to make a less rigid structilna is more

responsive to applied magnetic fields as descritter in sections that follow.

The simplest design of an MTJ is represented itBRigt exhibits tunnel magnetoresistance. Howéveas
undesired magnetostatic interactions between tharRLthe FL, which tend to bias the FL toward theparallel

(AP) state (for in-plane magnetization).

(b) In-plane MT)J (c) Perpendicular MT)J

(a) Simplest MTJ

TB—» TB—»

RL
PL

RL

Ru—» Ru—»

TB—»

Figure 3. (a) Simplest MTJ design. (b): Typicalpiane MTJ with a synthetic antiferromagnetic
reference layer pinned by an antiferromagnetic (ARNhning layer; (c) perpendicular MTJ with synihet
antiferromagnetic reference layer.



A typical in-plane MTJ with a SAF reference struetis illustrated in 3b. In this example, the gddayer
of the SAF (PL) is pinned in a specific directiop @irect contact with an underlying antiferromagogAFM)
material, and the reference layer of the SAF (Rlihicontact with the tunnel barrier providing thérence direction
for the MTJ. The SAF performs two major functioitrovides a stable magnetic reference direcsioge its low
net moment is less affected by external fields tnaimgle ferromagnetic layer, and the imbalanceagnetic moment
between the two layers can be easily adjusteddaigie a negative dipolar field that cancels theitp@sinterlayer
coupling between the reference layer and the frgerl[26]. The interlayer coupling can include Nealipling, due
to magnetic poles created by correlated roughrtehs aurfaces of the layers, [27] and an elecinedlated coupling
associated with the polarized electrons tunnelimgugh the barrier, both of which favor ferromagmatignment of
the reference and free layers. A typical MTJ wighpendicularly magnetized SAF and free layer ashin 3c. The
same principles apply in this geometry althougle thuthe extremely high anisotropies achievablé witgineered

perpendicular materials, the pinning AFM layer & necessary.

A SAF structure for the free layer serves a diffiénpurpose and has very different design requirésnen
compared to a SAF reference structure. The mainotise SAF free layer is to enable the Savtchenkibchimg

technique used in toggle MRAM, which is describedHer in the section below.

2.3 Savtchenko Switching

Writing data into a memory array requires the aptl select the storage devices to be writteniwighiarge
array of such devices, switch those target devigérsextremely high reliability, and leave all ottdevices unaffected
with extremely high reliability. For field-switcdeMRAM, this proved to be a significant challen@é] The basic
idea of field switching is to use rows and colurofsvrite lines, placed under and over the MTJ dewjchat create
magnetic fields large enough to reverse the frgerlenagnetization for the devices located at tlesspoint where
both a row and column line are energized (See Figlke fundamental problem with this approachhét &ll of the
non-target bits along the energized lines alscasfgald that, although smaller in magnitude, cawsasn-negligible

probability of switching those half-selected bithis is known as the “half-select problem.”

The half-select problem for field switching waswvaal with the invention of Savtchenko switching, Mjich
cleverly employs a SAF free layer and a sequencgridé-current pulses that creates a rotating fteldwitch it.
MRAM that uses Savtchenko switching is usuallyedlttoggle MRAM” because the switching techniqugdies
the SAF free layer from one stable state to theratking the same write pulse sequence, as oppmssihg different
fields to write the high or low state. The firgtnemercially-produced MRAM product was a 4Mb togifiRAM
which began production in 2006 by Freescale Sendigctor. That part and a family of products basedhe same
technology platform, now produced by Everspin Textbgies, account for nearly all of MRAM productiand sales

today, with the remainder being Everspin’s 64Mb SWIRAM product.

2.4 Spin-Torque Switching



The spin-transfer torque effect was theoreticatbdicted independently by J. Slonczewski and LgBem
1996 [28], [29]. When a current is passed betwaenferromagnetic layers separated by a non-magsp#cer, it
exerts a torque on the magnetization of each ofayers. If the current is high enough, this caulein switching of
the free layer. The first demonstration of STT ioell magnetization switching was done by Katind.etséng a spin
valve device made from all-metal GMR stack in 2(8]. The first STT switching demonstration whtTJ devices
was by Huai, et al. [5]in 2004 on AlOx-based telimg junctions and 2005 on MgO-based MTJ [31]-[33]

2.5 Interfacial per pendicular magnetic anisotropy

Magnetic materials can exhibit magnetic anisotrapge enough to overcome the thin-film demagnetnat
energy and to pull the magnetization of the filnt-ofiplane. Many scientific studies in the late @9&nd early 1990s
laid the foundations for rapid application of suctaterials in data storage and later in MRAM deveiept.
Perpendicular magnetization has been demonstrateduitilayered ultra-thin films and superlatticeavimg a
ferromagnetic material layered with a nonmagnetatanal, such as Au, Pt, or Pd [34], [35], [36]ddor similar
structures made from two different ferromagneti¢erials, Co and Ni [37]. This perpendicular aniepy can have
several origins associated with spin-orbit intdmacd: electronic hybridization effects, interfaciaitrain,
magnetocrystalline anisotropy etc. A comprehensiweey of experimental studies on these matereisbe found

in reference [38].

In perpendicular MTJs, both the storage layer @fiekence layer are magnetized out-of plane (FigRm)
the reference layer, synthetic antiferromagnetidtitayers have become the preferred materials duéeir strong
and tunable perpendicular anisotropy energy andpetibility with fabrication techniques normally wsér MTJ
materials. As discussed above, practical use resjai SAF reference structure in MTJ devices forAMR Such
SAF materials have been successfully and exterysilesleloped and integrated into MgO-based pMT.J riads§39]—
[41].

In addition to the SAF reference structure, pMTdarials for MRAM also require a perpendicular frager
with soft magnetic properties that enable efficigpin-torque switching between the two stable stéip and down).
Of particular importance for STT-MRAM was the digeoy that a quite strong perpendicular anisotropgte at the
interface between magnetic metal and oxides suf@@#|Ox or CoFe(B)/MgO) [42], [43]. This anisopyrg has been
shown to result from hybridization effects betw#eamtransition metal (Co,Fe) dz? orbitals and tkyggen orbitals of
the oxide tunnel barrier [44], [45]. In STT-MRAMji$ strong interfacial anisotropy provides a gduetmal stability

of the free layer magnetization together with disigitly low write current as explained in sectién

Development of CoFeB-based free layers with firet MgO interface, [43] and later two MgO interface
[46], [47], combined with the multilayer-based pemdicular SAF materials, has led to practical pM@&Vices with
the desired low switching current and high eneraggribr needed for nonvolatile memory. STT-MRAMctiits and

technology based on such pMTJ devices are in addathevelopment at a number of companies worldwide.
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3. Demonstrations of working MRAM cir cuits
The major advancements described in the previatmadave been successfully incorporated intoraber
of MRAM demonstration circuits and commercial protu Some notable demonstrations of working ciscare

described below, illustrating the rapid progresteithnology development over the past 15 years.

In 2000, Scheuerlein, et al. reported the functibnaf a field-switched MRAM circuit using AlOx-t=ed
MTJ devices and Stoner-Wolfarth-type writing citsyé8]. Basic read and write functionality wererdmstrated in
a 1 kb memory array with write pulses as short.&a2and with read operation as short as 10nsg astwin-cell

read configuration.

Durlam, et al. described the first Toggle MRAM ciitdn 2003, a fully-functional 4Mb circuit with 1IMTJ
architecture and AlOx-based MTJ devices, demoristrétte effectiveness of Savtchenko writing to edive problem
of high write error rates due to the half-selecBtoner-Wolfarth-type field switching[49]. This ciit was designed
to be a product, not simply a demonstration, witlnajue local-bitline array architecture, a ceflesbf 1.55um?,
asynchronous 16-bit SRAM interface compatibilitpydademonstrated symmetric read and write cycleginfdess
than 25ns [6]. This chip was introduced as a comialeproduct in 2006 and continues to be produceidy by

Everspin Technologies, Inc.

Significant results from several ST-MRAM demonstratcircuits, all using MgO-based MTJ devices, have
been published, beginning with a 4kb test vehiel2005 [50] followed by many others including: al2kircuit and
device data in 2007 [51], statistical data on 4irkiegrated arrays with 70x210 Arhits [52] and devices with
perpendicular magnetization [53] in 2008, arrayedgnated with 54nm CMOS technology [54], 4kb MRAMays
with perpendicular bit switching in 2010 [55].

The first ST-MRAM product, announced in 2012, B4Mb, DDR3, ST-MRAM circuit [56], [3]. Shown in
Figure 4, the chip is fabricated using in-plane M&Vices in a 1T1-MTJ cell, integrated with 90nm GSltechnology
and packaged in a JEDEC standard DDR3 BGA. Thjsishcompatible with available DDR3 memory conecs

and became commercially available from Everspirhfetogies, Inc. in 2015.
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Figure 4. Everspin 64Mb DDR3 ST-MRAM Die Photo. ol line drivers run vertically through the
center of each of eight 8Mb banks. Strips of calwincuits run horizontally, dividing each bankar& sub-arrays.

In 2014 Thomas, et al. reported performance datarfo)BMb STT-MRAM demonstration chip with high
energy barrier for data retention compatible witlioanotive applications and MTJ devices that arertoit to high
processing temperatures required for embedded nies{bi7]. Although CMOS circuitry is 90 nm techagl, MTJ
devices with diameter as small as 45nm were ussadpdstrating reliable switching with pulses as sher2ns in a
1T1MTJ cell architecture.

The continuous improvement reported in these papagsmany others, reflects significant innovatoil
progress toward the use of spin-torque switchingider range of products, including stand-alorenories and

embedded memory in a multiple applications.

4. Requirementsfor reliableread in an array

The MTJ device should have a resistance in fbeange to minimize the effect of the series reastdrom
the isolation transistor. This resistance typicddlads to a tunnel barrier thickness on the oafet nm. The
exponential thickness dependence of RA createalkeoe for producing MTJ material that is repekgtand uniform
over the area of wafers used in semiconductor mtiatu The issues of cross-wafer uniformity and evab-wafer
repeatability have largely been solved by the mactufers of MTJ productions tools that are capalblel1%
uniformity and repeatability for these ultra-thilmfs. However, array uniformity, which is a measuent of bit-to-

bit resistance variation within a memory arraya isontinuing challenge as device sizes are scakedsenaller.

During the read operation, a typical read circainpares the resistance of the bit to a referergistamce in
order to determine if the bit is in the high or Ietate. Figure 5 illustrates the effect of randesistance variations
within an array on this type of read circuit. hetlow state, bits with resistance on the high sidne distribution
will fall closer to the reference than the averbgeConversely, the bits on the low side of thetriibution in the high
resistance state will also be closer to the refarerlo have working memories with bit counts of btbmore, the
circuit must be able to correctly read the statthe§e bits in the tails of the distributions bilfs that are statistically
separated&from the mean are unreadable, there will be apprately one bad bit in 2Mb, a marginally unaccefgab

result requiring error correction.
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Figure 5. Schematic representation of Gaussiasteesie distributions for a large array of MTJ cillthe low- and
high-resistance states. A midpoint reference, spred here by (R is generated by the read circuitry to evaluagestiate of the
MTJ device by comparing the measured resistanBa-to The average change in resistance from the |dvigto state i9\AR, but
the circuit must be capable of determining thestasice change for cells in the tails of the distidns, meaning the resistance

change available to the circuitARuse

A reasonable criterion for feasibility im&eparation from the midpoint, ord 8eparation between the mean
high and low resistance states. Since the cingugt be able to correctly read the lowldits in the Rign distribution,
and the high 6 bits in the R, distribution, the useable resistance change focitltuitARscis the difference between
the midpoint reference and the &ils as illustrated in Figure 5. A larg&Rysc allows a more aggressive circuit
design with faster access time. It will make thad-out more robust, less sensitive to noise, andbe used for
higher speed operation. To account for high-speading with normal process variations in the cirgusignificantly

more than 1& is required. For example, Toggle MRAM in prodoathas demonstrated over®€eparation [49].

A number of factors can contribute to the widthhe resistance distribution. Any variation in thiearea,
e.g. due to lithography or etch variations, wilteditly cause variations in bit resistance. Procksesage or veils
created during the etch process also may contriblitewever, it has been shown that the qualitthefMTJ tunnel
barrier itself can make a significant contributimnbit-to-bit resistance variation [23]. As theesi(area) of MTJ
devices is reduced, a given variation in the MTdafisions from the patterning process will credtger relative

bit-to-bit variation in the resistance. In additi@ngiven level of inhomogeneity in the tunnel Barwill result in a
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similar increasing relative variation with decregsdevice size. As a result, maintaining a givaerel of separation
in the resistance distributions for a robust midhpoead operation requires improvements in both ghtterning

process and the quality of the tunnel barrier.

For cases when separation between the high ancekistance distributions is not sufficient for rieagdwith
a mid-point reference scheme in a 1T-1MTJ architestother methods and/or cell architectures caanty@doyed. A
twin-cell architecture, has two MTJ devices, infaZMTJ memory cell or in two adjacent 1MTJ cellgtare always
written in opposite states to effectively double ttesistance change. A circuit employing this vels used to
demonstrate high-speed MRAM read in one of the MBRAM demonstration circuits [48]. The trade-ddfr the

higher read performance is array area; twice ashravea is needed for a given memory density.

Another method for mitigating the effect of widéstdbutions is the self-referenced read [58]-[6Dere
are different techniques for self-referencing, thety all involve comparing the resistance of thed\MiTits initial state
(stored data) to its resistance after being switabrerotated to a known state. For example, thisteesce can be
measured and stored, then compared to its resestdter a known switching pulse. Since the restaf a device
is compared to the same device in a different stiaebit-to-bit resistance distribution no longéays a primary role.
In another approach, based on big differencessistence dependence on voltage in parallel angamatiel states,
two measurements are done at different voltageegadund results are compared[63]. In all the séifremced read
schemes, the trade-off for the tolerance to widéstance distributions is longer time for the repération, due to

the extra pulse and the second read access time.

5. Field-written toggle MRAM

A memory array for field-written MRAM typically ha®ws and columns of copper lines above and below

the MTJ devices that generate magnetic fields wherent pulses are passed through the lines (Re2)FiThree
key innovations that enable the successful comalézation of field-written MRAM are: Savtchenko igghing for

Toggle MRAM operation, improvements in tunnel barrquality and bit patterning fidelity for narromdh well-

behaved bit-to-bit MTJ resistance distributions] #me process for cladding of the write lines. described briefly
in section 2.3 and in more detail in the sectiorToggle MRAM below, Savtchenko switching solved badf-select
problem through the use of a SAF free layer anedimrite pulses. Another method of addressinghtidéselect
problem, by using a combination of magnetic fiehd &eat for thermal-assisted switching, is desdrihesection 7.
The importance of narrow read distributions is dbésdl in the preceding section and is importanaltdypes of
MRAM circuits.

Cladding involves the addition of permeable ferrgmetic material around three sides of a write icnfocus
the magnetic field toward the fourth side [64]. iSThroduces a stronger field at the MTJ deviceatkd near the

fourth side, above or below the line, and minimites stray fields in other directions. The effiscto significantly
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reduce currents needed for the write operationasdippress possible write errors due to straydiekperienced by

rows or columns of bits adjacent to the row or owhuwof bits to be written.

5.1. Operating principle of Toggle MRAM

The use of Savtchenko switching in MRAM arrays jaleg a number of benefits including: low write erro
rates, reduced sensitivity to external fields, arwide operating region for the write currents ttealuces sensitivity
to manufacturing process variations [7].  Iteslon the unique behavior of a synthetic antifeerpnet (SAF) free
layer, formed from two nearly identical ferromagoéayers separated by a non-magnetic couplingespager. As
shown schematically in Figures 6a and b, a sifrgke layer responds to an external field by alignivith it, while
the behavior of a SAF free layer is quite differelRbr a SAF having some net anisotréfayin each layer, there exists
a critical spin flop fieldHsy at which the two antiparallel layer magnetizationil rotate (flop) to be approximately
orthogonal to the applied field, with each layer scissoring slightly in the direatiofH [65]. For fieldsH = Hsy, the
SAF can lower its total energy by decreasing itpoldi energy with a flop and scissor, even though th
antiferromagnetic exchange energy is increasetiégame scissoring. As the applied field strergjthdreased, the
layers of the SAF will scissor further until theyeatually become parallel and aligned with thedfial the saturation
field Hsas

—_—
—_—
—
—

) Low-R State High-R State
H;+H, H.
H; T / _2>
1
MTJ (/F( @I
iy vd B
i A AN

Figure 6. (a) A single layer of ferromagnetic materesponds to an external fieldY by aligning with it, while the
behavior of a SAF is quite different. A SAF fregér (b) rotates such that the moments of the $ager nearly orthogonal tb

when the magnitude &f reaches the flop field of the SAF, with the momseganting to produce a net moment approximately

15



parallel to the field. As the field strength isiieased, the moments scissor toward each otherthegilare parallel when the SAF
is saturated. (c) Schematic of a toggle MRAM httwthe field sequence used to switch the freerléigen one state to the
other. The fieldsHz1, Hi + Hz, and H are produced by passing curremtgndiz, through the write lines.

The programming pulse sequence and resulting respafithe free layer are shown in Figure 6¢c. Tgl®
the bit from an initial ‘0’ to a final ‘1’ the cuentsi; andi> are pulsed with the timing indicated in the figusach that
the vector sum of the two magnetic fields effedfivetates through 90°. The SAF responds by oirgrominally
orthogonal to this field and rotating with it suittat, wheni; is turned off, the moments relax to their easywdke
magnetization of each layer now reversed. Bectiusd@ MR only depends on the direction of the layeat is in

contact with the tunnel barrier, the resistancedwis states each time the toggle pulse sequeapglied.

The toggle write mode requires that the memoryudifirst determine the state of the target bit] axecute
the toggle pulse sequence only if it is not indlesired state, i.e. only if the new data diffesrthe existing. If the
pre-read determines that the target bit is alréadye desired state for the new data, then thas bbiot toggled. This
approach increases the total write cycle time liregla read operation, but has benefits in limitimg overall power
consumption and improves array efficiency becahseunipolar current allows the use of smaller tistoss in the

write drivers.

The elimination of the half-select problem can hderstood by considering the energy barrier tonsalef
bits experiencing a field from a single line (*2eséd bits). For a SAF free layer, the single-fiieéd raises the
energy barrier of those bits, so that they areilstali against reversal during the field pulse.sTisiin marked contrast
to the conventional approach using a simple fergmatc layer for storage, where all of the Y2-sedddits have their

switching energy reduced and are therefore moreegtible to disturbance (thermal or external field)

5.2. Performance of Toggle MRAM
A major feature of Toggle MRAM is the essentiallylimited write endurance, since there is no wear-ou
mechanism related to switching the magnetizatiatesof the free layer with magnetic fields. Durithg read
operation, the bias applied to the MTJ is at allearebelow the breakdown voltage of the devicd, fmite bias leads
to a finite probability of eventual dielectric bkewn. For product reliability, two MTJ barrier fiaie modes must
be controlled: time dependent dielectric breakd¢WDDB) and resistance drift. Dielectric breakdoisran abrupt
drop in resistance, or shorting, of the tunnel ibarwhile resistance drift is a gradual reductminthe junction

resistance over time that can eventually leaddcegsed read error rates.

Many applications in industrial and automotive &mgilons, require consistent performance and robust
reliability over a broad operating temperature gargpically -40 °C < T < 125 °C. Rigorous réiigy analysis done
for the Everspin 4Mb MRAM product showed that ite&ds the reliability requirements of industriall amtomotive
products[66]-[68]. Extensive operational charaz#gion and accelerated stress testing validasefiilit functionality
and high reliability in this environments. Figureemonstrates that the Toggle switching opera&igmpn is maintained

at the highest temperatures with more than amptgima
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Figure 7 Toggle switching map at elevated tentpeex(T= 125 °C) showing large operating regioatugation of the
free layer SAF exchange can start to be observedeatdriven currents at the upper right in theifeg (From Ref. [68])

In the operating region, it is possible to reliatdgd data and write to the array within the 3®aslfwrite cycle
time for this part. The large region with no switcherrors is a demonstration of the ability of 8henko switching to
eliminate half-select disturbs, even when the édsl/éemperature (125C) causes some reduction @Alrecoupling

strength.

Everspin’'s commercial Toggle MRAM uses an MTJ dewdth AlOx tunnel barrier and NiFe SAF free
layer. The SRAM-like parts are specified for fujicte time of 35ns for both read and write, but steld parts have
been demonstrated to operate to <25ns. Improwtseed has been demonstrated by replacing AlxaniMgO-
based MTJ [24]. Although the relative resistanistrithutions with MgO are wider than for AlOx, witigma~1.5%
as compared to sigma~0.9% for AlOx, the higher M&vjmles more separation between the high and Isigteace
distributions, resulting in more usable signaltfae read circuit. The MRAM cells using MgO and Mi€e SAF had
double the MR compared to AlIOx-NiFe, and 42% lafg&/o, resulting in a reduction of the read cycle timanf
21 ns to a circuit-limited 17 ns. Much faster reimges are possible for circuits optimized to takeantage of the

higher read signal.

5.3 Applications of Toggle MRAM
Toggle MRAM parts are used in a variety of diffaremarkets including: data storage, transportation,

networking, and industrial automation. The comboraof nonvolatility, unlimited endurance, higlmdom access
performance, and a wide operating temperature rapgevides specific market advantages in many efeh
applications. Often the MRAM chip is replacing #rer type of memory as well as a battery or capagiroviding

a significant reliability benefit. The main facttimiting further market penetration is the limitetemory density,
with 16 Mb being the highest density in productiofhe next higher density MRAM chip currently irogduction is
the 64 Mb part using STT switching [3]. Toggle MRAs also used as an embedded memory in systenhipn-c

(SoC) applications. Embedded memories are oftechramaller density than stand-alone memories, ngakaggle
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MRAM competitive with incumbent technologies. Sirtbe MTJ layer is inserted between metal layetkerback-

end part of the process, fabricating embedded MR#&Nb different than fabricating standalone memory.

The application that consumes the largest numb&iRAM chips today is RAID data storage systems.
MRAM chips with densities usually in the 1Mb to 4Ménge are used in these systems to store metadataas
restart vectors, controller parameters, systemigorgtion data, and various tables. In case ofgrdailure, this
system information is inherently saved in the ndatil®@ memory and can be accessed quickly uporantestThis
application requires fast, unlimited reads andestittombined with nonvolatility and high reliakjlit In this and
similar applications, a Toggle MRAM part with a pkel interface often replaces some type of SRAMhbmed with

a battery or capacitor to enable data retentiomvgimsver is lost, providing higher reliability andoaver cost solution.

In transportation and industrial applications, thiele operating temperature range and impressiva dat
retention time are important factors. Toggle MRAKtays, based on 180 nm technology, have demoedtdatta
retention times over 20 years at 125 C, as wetlkable operation from -40 C to 125 C [68]. Sild€&J devices store
data with a magnetic state, rather than charge, laee advantages over charge-based memories &oe ssnd
military applications where exposure to ionizingliedion is an issue. The same MRAM arrays usednfdustrial

grade MRAM are integrated with special radiatiomeh@MOS to address those markets.

The higher densities enabled by STT switching iabéing MRAM technology to move into additional

storage applications, including caching and bufigras well as other sockets typically filled bpRAM.
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6. Spin transfer torque MRAM (STT-MRAM)

6.1. Introduction

One of the limitations of field-switched MRAM intdaced at the beginning of this review is the diffig of

maintaining low error rates and high data retentidnle reducing the size of the MTJ devices. Thstfeffect of
shrinking the device dimension is an increase esitching field distribution width, affecting wei currents and
error rates, and further shrinking results in lofs3ata retention time. Although toggle MRAM agth80nm or 130nm
technology nodes has a very large thermal stalfidityor A, maintaining a sufficiently larga for smaller free-layer
volume would eventually require a larger anisotréipld Hk that is difficult to achieve with shape anisotrophese
two scaling issues have led industry to shift frmggle switching to STT switching for technologydes of 90nm

and below.

To understand the fundamental physics behind thretsgnsfer torque effect, we can use the freeteac
model. Let us consider a structure consisting af ferromagnetic layers separated by a non-magaepticer layer
(Fig. 8). When a current goes through one ferromtigriayer, the electrons become spin-polarizedha@lthe
magnetization of this layer due to spin-dependeattsring, as shown in Figure. 8. As the spin-poéa current
enters the other ferromagnetic layer, the spimasfamitted electrons precess incoherently arouadbttal exchange
field which is along the magnetization of this layehis exchange field results from the exchanggractions between
the spin of the conduction electrons and thoseoresiple for the local magnetization. As a resulthatt, within a very
short distance of the order of 1 nm, the electnament becomes repolarized along the magnetizatidghe second
ferromagnetic layer. Due to momentum conservatibe,difference between the momentum of the inconaing
outgoing electron currents yields a torque actim¢he magnetization of the second ferromagnets-tthgue is known
asspin-transfer torque [28], [29]. Several materials can be used to sepdhe two ferromagnetic layers. When this
material is conducting, the corresponding trilsstencture (ferromagnet-conductor-ferromagnet) iileda spin-valve
(SV)[69]. Alternatively, if the material is insulag the resultant structure becomes a magneticetingnjunction
(MTJ).

Spin-polarized
current (|| Mg, )

Outgoing
Incoming Spin-polarized (|| M)
current current

] 1%

o] —

19



Figure 8. Free-electron model for spin transfeque. The electrons get spin-polarized in the first
ferromagnetic layer (polarizer or RL — referengeetq with spin aligned parallel to magnetizatiorttug polarizer
MrL. As the electrons transverse the free layer (figiy spin is repolarized towards the magnetizatibtine FL.
Due to the momentum conservation, the differenda®incoming and outgoing spin-polarized currénegrise

to STT torque.

Magnetoresistance and spin-transfer torque caridveed as closely-related effecta magnetoresistance,
the magnetic structure (parallel or antiparallééatation of magnetizations) affects the electripaperties of the
stack, notably resistance (see Fig. 1). In STTcgffeis the electric current being passed throomgignetic structure
that can change its magnetic state. In both cHse$undamental origin lies in the exchange intéoas between the

spin of conduction electrons (determining electrpraperties) and the localized spins (respondifniéhe magnetic

properties).

6.2. Fundamentalsof STT-MRAM

The application of spin-transfer torque writinghtRAM allowed a large reduction of switching currerst
compared to field-switched MRAM (Fig. 9). As thé becomes smaller, the writing current decreasegqstionally
to the MTJ area down to a minimum value dependenthe cell thermal stability factor and other pagsens

characteristic of the material used for the stotager.

(a) Conventional MRAM cell (b) STT-RAM Céll
20-30 F2
Landing =MTJ
Pad
Source Drai Source Drai
Si substrate Si substrate

WriteWérd Line

Figure 9. Structure of conventional field-switcHd®AM cell as compared to STT-MRAM cell.

In addition to that, STT-MRAM has a simpler georydffig. 9), eliminating landing pad, word and bypas
lines that allows scaling down to cell size of 46Kkhere F is the semiconductor feature size. Fauaiag the cell
size even further, it is possible to introduce iipldtMTJ elements in one STT-MRAM cell [70]. Such.®I (Multiple-

Level Cell) designs will pose more challenges tue the writing/reading margins and will likelydree speed of

operation.
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6.2.1 STT-MRAM trilemma
Any memory including STT-MRAM has to provide thdldeving basic functionalities: writing the data,
retaining the written data for a predefined penbtime (retention) and reading the recorded infation. This section

describes challenges of achieving these three giep¢ogether.

6.2.1.1 Information recording: STT writing
In order to discuss details of the STT-MRAM opearafiit is necessary to introduce how the spin-fiems
torque results in switching. The magnetization dyita of any magnetic layer can be described byl tredau-
Lifshitz-Gilbert (LLG) equation [71]:

dm

—=r__+TI

dt prec damp ’ (1)
lﬂpre{::_J410ran; lﬂdz-).rnp =—a;4u0m><(m><H);

where M El\/l/l\/lsis the normalized vector along the magnetizatdnof the magnetic layer with
saturation magnetizatioMS, H is the total effective magnetic field (includingisotropy and applied fieldsy, is
Gilbert dampingy the gyromagnetic ratio ang the vacuum permeability. The first terlﬁprec in (1) describes the

precessional motion of magnetization around thecsffe fieldH while the second terrfdamp describes the gradual
damping of the magnetization precessional motiavatds the effective magnetic field, hence reducing its total

energy.

When spin-transfer torque acts on a magnetic Isiyeh as the storage layer in STT-MRAM, two addgion

terms appear in the LLG equation[28]:
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wherelJ is the current density,is the thickness of the free layer; the electron chargej is the Planck
constanty; is the spin transfer efficiency (directly relatedthe current spin-polarizationl?f;_r is the torque lying
in the plane defined by the two vectdi® andm ., and hence often called in-plane torque, or damfpkegtorque
(since it has the same form as the Gilbert damipingan change sign depending on the current @ireahd therefore
can behave as an antidamping torque) or Slonczewskie. The second torqtl'égrr lies perpendicular to this plane

and hence is often called perpendicular spin torguéeld-like torque. Concerning the magnetizatidynamics

induced by STT, in the most relevant case of asyaimetry whenm, ||H , the perpendicular STT has the same
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effect as the precessional torque term i.e. itmmaéect is to change the frequency of the magattia precession.
In contrast, the in-plane STT can either enhanaeduce the damping torque, as depicted in Fig\ligen the in-
plane STT opposes the damping torque and overciimesiagnitude, the amplitude of the precessiamaases to a
point where magnetization switching can occur asstitated in Fig. 10b. The current at which thippens is

commonly referred to agitical switching current Jeo.

This action of in-plane STT is often described &segative damping” or an “anti-damping” [72], [73jor
switching consideration, usually the in-plane t@dgmost important. However the perpendiculardergan become
relevant in certain specific problems [74]. An exdenof the switching trajectory for the case ofnsporque
overcoming damping torque is shown in Fig.10b. iHital orientation of the magnetization is along a&xis. The
notable change in precession chiralityr@srosses zero (counterclockwise to clockwise logkdownwards on XY
plane) is a signature of spin torque switching sndue to the change of sign of the anisotropylfledtween upper

and lower hemispheres (pointing along +Zrfer0 and —Z fom, < 0).

(a) H4 (b)

10 -1.0

Figure 10. Spin-transfer torques acting on thermetigation (a) and resulting switching trajectdsy. (

By solving the LLG equation, the following expresss for the critical switching current of in-plafie) and

perpendicular to plane (PP) magnetized storage (agspectively case of Figure 3b and 3c) werevadr{75]:

H
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wheref] is the spin transfer efficiency, ang t, HK, HDeff are respectively the magnetic damping

constant, thickness, in-plane anisotropy field anttof-plane demagnetizing field of the FL, respeagy. At this
value of the current, effective damping is equatéoo and any infinitesimal precession of magngtmsbecomes
unstable. However, the switching time strongly defseon the actual value of the current density wedpect to the
value ofJe. As a rule of thumb, if the measurements are @bife=300 K Jw is close to the average switching current
density for pulse widthyt10-20 ns. For longer pulse width, the averagechivig current density reduces due to
thermal fluctuations, which help the magnetizationovercome the energy barrier. Two regimesldft,) are

commonly observed, as shown in Figure 11:

- For very short pulses,&10ns), the switching current density is largentia and during switching, details
of individual magnetization precession are impdrtathis is commonly referred as “precessionalailigtic regime”.
In this precessional regime at T = OK, switchingrent for a given pulse Widtﬁp is given by the following

expression [76]:

Jr=3r 1+ Lin L , (4)
t, 26,

-1
where T:(CY%HK) is the characteristic relaxation timeﬂo is the initial angle between the

magnetization and the easy axis when the currdsepisiturned on.

From expression (3), it is clearly seen that fghaen damping, spin torque efficiency and memotgmgon
(the latter being directly related to STT-MRAM with perpendicular anisotropy shouldeoate with lower
switching current density. This and other reas@scdbed below explain why most of the R&D in STRRM is

focused on cells based on out-of-plane magnetiZ€dsMf the switching is performed at non-zero temapure, there

will be two important effects due to random therrflattuations. First, the initial angl&o will be distributed

according to Maxwell-Boltzmann distribution [73htioducing distribution of switching current forgiven pulse
width. This effect is most important for short pulsidth, typically for §<20-50 ns —see Figure.11. Second, thermal

fluctuations will affect the switching process lfse

-For longer pulse width values, usually fg¥30-100 ns — this switching regime is called thdlyractivated
regime (Fig.11). In this case, STT effect startply a secondary role by increasing effective terafure of the
magnetization, thus increasing thermal fluctuatiamsich in turn, help the magnetization to overcaime energy

barrier. The boundary between the two regimes ivexy well defined and depends on the FL propgiigt usually
this boundary corresponds to switching current rimdrless thanJco. Based on thermal activation model, the

following expression has been derived for STT-MRAMhermally-activated regime:[76]—[78]
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1ot )VE 1for IP FL
J. =0, 1-| =In=| |, &= (5)
A 2for PPFL

Z-O
whereA is the thermal stability factor (ratio of energgrber for switching in stand-bi,= tMsH\V/2
divided by the thermal activatidgT, V being the volumeks the Boltzmann constant,the temperature)l, is an

intrinsic attempt time of the order of 1ns and plaeameteré is equal to 1 or 2 for respectively in-plane ant-afu

plane magnetized FL [78], [79], [77]. This depentkeis often used to experimentally determigeandA for IP FL
by measuring mediad at different pulse width spanning a few decaded, fating J. as a function ofog(t,) and
extrapolating to 1 ns: the slope yields the therstability A and the extrapolated (1 ns) givesko. This approach

(with & =1) has also been used for PP FL. However it was Bliowive inaccurate results unless fitting wéth= 2

is used [78].

Precessional Thermal activation

regirge regime (a) (b)

2.0

Jc/ Jc(l ;

10°° 1077 107° 0.001 0.1 3 4567840 20 30 4050 704QQ 200 300
Pulse width (s)
Pulse width (ns)

Figure 11. Dependence of switching current deritgurrent pulse width: precessional and thermally
activated regimes by modeling (a) and typical expent (b). Behavior of the STT-MRAM cells with edua0
but different thermal stability factdris shown in thermally activated regime (a). Theadairrespond to in-plane
magnetized FL. Perpendicular FL exhibit qualitdtiva@milar behavior.

6.2.1.2. Information storing
Similar to field-switched MRAM discussed earlier tinis review, the information retention capabilisy
determined by the energy barrigs that the free layer magnetization has to overctor®vitch to opposite state in

stand-by divided by the thermal activation eneriggha operation temperature [80]:

KeT

This expression holds for both in-plane and permemar STT-MRAM free layer. For small dimensiongan
high density, perpendicular STT-MRAM is preferrad,will be discussed later.
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Typically, A > 60-80 is needed to guarantee reliable datatietefor 10 years. For IP free layer, the energy

barrier is provided by shape anisotropy (thus méagielongated shapes) and is given by the follgvarpression:

AIP - Eb :/'IOHKMSV
KT 2Kk,T

(7)

For in-plane free layer with elliptical cross seatiwith short axis of dimensiom one can derive a simplified

expression for the effective anisotropy field:

H P =pMsUAR) StvS:E_l) ®

Where AR is the in-plane aspect ratio: length diddby width. Thus, the thermal stability becomes:

AP = /UOIT(M st)ZW(AR_l)

8k, T

(9)

From this expression, we can see that the stability-plane magnetized cells is proportional te fiyuare
of the moment per unit surfacM4) and width of the cellMd is a quantity that can easily be measured by VSM
magnetometry. This expression, which is derivecedasn assumption that the free layer magnetizatigitches
uniformly (macrospin approximation) is in good agreent with experimental observations, provided ARitis not

excessively large (<2.5-3) and macrospin approxonds valid.

For FL with perpendicular magnetization, a genergiression for the anisotropy energy density can be
written as follows:
PP
o 1 2 _ MoH Mg

KP=zKP+I-ZyM2=L0"K TS 10
b T 2/10 s > (10)

where J; is the perpendicular surface anisotropy per umitase taking into account the two interfaces @f B,

KbPP is the bulk anisotropy (per unit volume). The tefif? uoM¢2 is the demagnetizing energy which tends to bring

back the magnetization in-plane.

Two classes of PMA materials are often distinguisbased on the dominant origin of anisotropy [81]:

- B-PMA (bulk perpendicular magnetic anisotropy)

- |-PMA (interfacial perpendicular magnetic anisotypp

The former usually involves materials, which hawgstalline anisotropy due to reduced crystalline
symmetry, making in-plane and out-of-plane direwiinequivalent. Examples of such materials are Be& CoPt
alloys or multilayers. In most of these materigisary or ternary alloys are used and at leastonstituent material

has high atomic (Z) number, which provides highmspibit coupling and correlatively large dampinghM strong
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anisotropy is beneficial for perpendicular STT-MRAMe layer, large damping is not desired sincéchiig current

is proportional to damping (Equation 3).

The latter, I-PMA anisotropy is related to intefantbetween the ferromagnetic film and the adjatayer.
An important class of I-PMA materials are basedhmninterface between a metallic ferromagnet anoéoe, which
was demonstrated in 2002 using Pt/CoFe/AlOx stresfd4], [82], [83]. Since the presence of Pt idasirable due
to an increase in damping from the spin-pumpingaffthe same I-PMA at magnetic metal/oxide intafaas later
demonstrated in Pt-free structures suitable for -$1RAM, namely Ta/CoFeB/MgO structures [41], [43]hi$
material has several important advantages as cemiparB-PMA materials: very good lattice matchinighwMgO,
low damping combined with large interfacial anisply and high spin-polarization yielding a large TMRplitude.
However, one challenge when using I-PMA materigl®iobtain a sufficiently high thermal stabiliggpecially at
small (sub-20nm) dimensions. In B-PMA material,reasing the FL thickness while keeping everythitsg ¢he

same provides an easy and effective way to incrisasthermal stability of the FL.:
_ D%t
APPE = KPP_&MZ mt (11)
v 2 7% )akT
where “B” stands for B-PMA, QU stands for quasifonin approximation (i.e. assuming that the

magnetization of the FL switches uniformly) abds the diameter of the free layer.

In contrast, for I-PMA, assuming that the interédcnisotropy is a property of the interface andsidnot
change as the thickness of the ferromagnetic liageeases, the thermal stability decreases wittkitess according

to:

D? D?
=K. ,
a4k T 4k, T

(12)

%! =[0i —%Métj

where we have introducexl, = g, — Ho M ét as the perpendicular magnetic anisotropy perarsd. This

parameter plays a very important role in PMA fragel. It directly determines how small a given flager can be
made while still being stable, as will be discuskser in the text., The expressionsfoin the two equations above
were derived assuming coherent macrospin switabfitioe free layer, which works well at very smallldimensions
(typically below 30nm in diameter) For both I-PMAdB-PMA materials but has significant discrepasaciéth
experimental data at larger dimensions (See Fig&84)) Indeed, at large dimensions, the evolutib\ wersus the
cell dimension observed experimentally is differfoin the D2 quadratic behavior predicted by ed.) @nd (12).

Rather, it exhibits a saturation for D>40nm, assilfated in Figurel2 below.

The two main approaches to increasinfpr I-PMA free layers include increasing and reducindl s-A

useful approache for obtaining more interfaciakatiopy energy includes the use of two MgO intexfa®ne on
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each surface of the FL [46][85]. This enables thpraximate doubling interfacial anisotropy acting the FL

magnetization.
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Figure 12. Experimental dependence of thermalligtal on the junction size (reprinted from [47] with
permission). These data exhibit saturation aft larger diameters indicating nonuniform magragion reversal.

This change of behavior in the evolutionofersus diameter between small and large dimensaetated
to a change in switching mode from coherent rotatd small dimensions to nucleation/propagatiorerss of
magnetization at larger dimensions [86]. As a mattéact, at dimensions above 40nm, much lessggrisrrequired
to reverse the FL magnetization by nucleating ansd domain in the FL and propagating a domaih-acabss the
FL than to switch the magnetization coherentlysidan be demonstrated by a Nudged Elastic Band YNi&ilation
[87]. This method consists in constructing a sesiamagnetic states of the free layer connectiregrtitial and final
states (e.g. magnetization “up” and magnetizatibmwh”). Then, each image is moved along local engrgdient
while keeping the images equidistant. This procedsirepeated until convergence is found. The t@sukeries of
images corresponds to a switching path that hadmuim energy barrier. This procedure was appliedato
perpendicular FL with typical parameters and it i@asnd that even for relatively small dimension§-@D nm),
switching by a quasi-uniform rotation results imach larger energy barrier than switching by donveét formation
and propagation [46], [86] (see Fig.13). Thus, ¢éigua (11) and (12) must be replaced by the follmnapproximate

expression that describes the energy needed tte@aemain wall across the diameter of the frgerla

APP _~ IVA\E(KPPDt
pw ~T T [+

, 13
kT (13)

whereA« is the exchange stiffness in the free layer. i\ éxpressionK™ is given by expression (10).
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As the diameter of the free layer changes, theggnercreate a domain wall reduces linearly withnaeter,
whereas the energy for coherent rotation scaléBeasquare of the diameter. Thus, at some crititaénsion, the
two energies cross each other yielding the observagsover in switching behavior. For small sizesdw ~30nm
diameter), quasi-uniform rotation results in smatleergy barrier and thus becomes the primary kimitcmechanism
(see Figure 13 below 30nm). The critical dimensiorresponding to the change of switching modes mt#pen the

material parameters, e.g. increasird ghifts it to smaller sizes.

In experiments, thermal stability often showed sattan at larger dimensions, as shown in Fig. 1@vab
~30nm [47], [57]. This observation is contrary tdat is expected from either single-domain modelN&B
simulations (Fig. 13). A number of explanations evproposed over the years in order to improve tbdeito better
match experimental observations, such as effestib@olume nucleation mechanism [88], edge nucleatiode [89]

and others.

In another direction, researchers investigated dretxperimental measurement\®0] was accurate. For
a typical thermal stability (above 60), direct m@gasnent of retention (e.g. by measuring probabdityhermally-
activated switching of a chip at room temperatisginpossible and some acceleration techniques twake used.
Usually, they involve either modifying the energariier (by applying external magnetic field, spimejue or both)
or varying the temperature (chip baking at tempeeasignificantly higher than room temperature)alihcases, a
model is needed to quantify the dependencg off the field, current or temperature. Until re¢égrthe researchers

have been using models which have two importantraptons:

- Uniform switching (or macrospin-like switching)
- Energy barrier dependent on current with exponénf=d (see eq. 5) [78] for both in-plane and
perpendicular designs.

Both assumptions are not generally well justified gerpendicular MTJs. On the contrary, modelingvehthat the
thermally-activated switching occurs by domain-wabpagation (Fig. 13) and that the dependencemf the field
is more complicated than what was derived assumiagrospin behavior[91], see eq. (11) in [84]. Egten of A
(H) model to domain-wall-mitigated switching wasfpemed recently (eq. (2) in [92])) and evaluatiohA using
this model showed that indeed thermal stabilityw¢seasing linearly with increasing dimensions ewatl above 40
nm with excellent agreement with NEB simulationgl aip data retention measurements at higher teahyper
without external field [92], solving the long-stang paradox of inconsistent behavior of thermabity at larger

dimensions.
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Figure 13. Nudged Elastic Band (NEB) simulation f@nimum energy barrier: comparison of quasi-
uniform switching (black) to domain-wall (DW) switing (red) (a). Dependence of thermal stabilitysire:
smaller dimension — quadratic behavior, larger disiens — linear (b). Crossover between quadraticlimear
behavior moves to smaller dimensions at largerotmopy. The short dimension of MTJ cell is 20 nhickness
of free layer is 0.85nm[86].

6.2.1.3. Simultaneous achievement of writability, readability
and retention: STT-MRAM trilemma

A key challenge for STT-MRAM is the simultaneouhi@avement of low switching current, high thermal
stability and large TMR. For reading, some minimlR is needed to have a sufficient signal for deieation of
the resistance state by the read circuit. Thesh@MR needed is dependent on the details of thé seheme and the
bit-to-bit resistance distributions, but a commequirements for minimum TMR in MRAM arrays are beem 150
% and 300%, sometimes more. For STT writing, therdd case is to have a switching current thag¢gs than the
saturation current of a minimum-sized transistdhatspecified technology node. For storing therimiation, a typical
requirement is to have thermal stability factor 80 for 1Gbit memory array. The issue of engimggdevices to
meet all three of the above requirements is sonestitalled the “STT-MRAM trilemma” (Figure 14), siit is often
possible to improve one or two of the propertiesatthe expense of another. For example, foram@ISTT-MRAM,
increasing the thickness of the FL provides an e@sy to improve TMR and thermal stability, but thitching
current increases as well. In the next sectionwillediscuss some approaches towards overcomingpohb@daries of

the trilemma using special designs.
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Figure 14. An example STT-MRAM Trilemma. Simultansly three properties have to be satisfied:
reading, writing and storing. In this example i€essary to have TMR > 200 % for reliable readingtching
current less than that supplied by a small tramistst small cell size, and thermal stability facto> 80 to meet
a desired data retention goal.

6.2.2. Breaking STT-MRAM trilemma

6.2.2.1. Material improvements: damping and STT efficiency

One important approach to improve STT-MRAM charasties involve development of better materials for
MTJ structure. From eq. (3), reducing damping helps increasing STT efficiency and polarizatioroasentributes
to reducingJw. Historically, for these reasons, CoFeB matenwth various compositions have been used. They
provide low damping constant of 0.005-0.015, gopith polarization and high TMR. At this moment, thighest
TMR achieved at room temperature is 604 % for CdMg®/CoFeB structure [22]. Damping has been shawmet
strongly dependent on film thickness, increasireaty for the thinnest films due to a spin-pumpdogtribution that
can be mitigated by using an insulating cappingennet[93].

In addition to CoFeB, there has been significantweom developing alternative materials to reducmjpiag
and increase polarization. The most famous exammglade half-metallic materials, which at Fermi emg have
energy gap in one of the sub-bands (e.g. for spimr) and thus not only should provide 100 % pokian, which
translates to infinite TMR (at OK) but also shoglde very low intrinsic damping. Very high valuesTiMR (>2000
%) were indeed achieved at low temperatures (4i§yvéver, at room temperature, the half-metallic male have
failed to exceed or even reach the TMR provide@blfeB alloys. There are a few fundamental diffieglwith half-
metallic materials that have to be overcome. Mdsthese materials are predicted or demonstratdthte half-
metallicity in bulk form. However, once these métksr are made as thin films (compatible with STT-MR FL
requirements) and incorporated next to MgO, or larotunneling barrier, half-metallicity can be laste to lattice
modifications and electronic density of state cteangln addition, the majority of half-metallic ragtls are cubic
and do not possess perpendicular magnetic anigotliofiting their potential use to in-plane STT-MRA There
have been a few approaches to address this, eugifny interfacial anisotropy [43] or creating gedattice of two
alternating distinct half-metallic materials [94].
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6.2.2.2. Design improvements

6.2.2.2.aln-plane (IP) STT-MRAM with PPMA
One interesting approach to go beyond the bourglayfeSTT-MRAM trilemma consists in partially

balancing the demagnetizing energy of the in-plaagnetized storage layer by a perpendicular avigptvhich has

to be smaller than the demagnetizing energy. dhisotropy is often called partial perpendiculasatiopy (PPMA).
If we look at Eq. (3) fodw of the in-plane FL, the term in the parenthesi®ives H 4 . This is the field which is
needed to saturate the FL magnetization in thetiline perpendicular to the plane. Without any PPNs field is

equal to,UOMS. If PPMA with effective anisotropy field'|KEI is introduced, it becomes:

S

H
H e =MS_HKD=MS(1_ MKDszs(l_hKD) (14)

where we have introduced dimensionless PPMA effedield hKD as the perpendicular anisotropy field

normalized by the demagnetizing field:

H
hy, = —XO (15)
M S
For increasing PPMA, the switching current Jc0 lbameduced:
12u,ae 1-h
Jio :_L(Mst)Ms( ZKD +hKJ (16)

H
where dimensionless in-plane (shape) anisotrowlﬂ@ =—K was introduced. As can be seen from eq.
S

(16) effectiveness of PPMA to reduggis larger for smaller in-planexitalue, thus for larger dimensions. For smaller

dimensions, we need largek td maintain stability and PPMA effectiveness idueed.

An important advantage of PPMA is that it can beoduced without change in thermal stability or TMR
and can fundamentally change the boundaries of @REM trilemma. One efficient way to introduce PPM#to
an existing FL is by using different capping makrThis has been experimentally demonstrated [@5], where
PPMA level was varied from 10 % to to 80 % by mamdifions of the cap material and thickness. PPMdeisreasing
as the thickness of the FL is reducing (Figure 1&&)ch suggests its interfacial origin. Figure Ig#monstrates that

device switching critical curremdto follows the trend of PPMA.
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Figure 15. Experimental demonstration of PPMA ttudifferent capping materials used (a). Reduction
of Xo by different capping materials (b).

Despite the fact, that PPMA was shown to be vefgréfe to break STT-MRAM trilemma and reduge
without changes to thermal stability or TMR, it Fagew limitations. One of the limitation is thdtlarge PPMA (

hKD > 085 for short axis of 50-60 nm), thermal stabilityrssato degrade. This is due to reduced demagnatizin

field at edges of the FL that results in small ofsplane tilting of the magnetization that respeely reduces in-plane
component and shape anisotropy. In addition tq thagn though large PPMA reducksandJ. at long pulses quite
significantly, it becomes less effective in theqagsional regime fop & 20 ns. This is due to a reduction of critical
relaxation time7 that determines the switching dynamics in the msiomal regime. Hence, effectiveness of PPMA
depends heavily on target application of the STTAWRproduct, including cell dimensions, switchingng and

retention requirements and will likely be most aqgdble to dimensions above 40 nm.

6.2.2.2.b Perpendicular MTJ design (P-STT-MRAM)

In the previous section, we have been focusingneplane MTJ designs with equilibrium magnetization
states in the plane of the free layer film. Howeigreasing PMA until it exceeds the thin-film dagmetizing energy
results in a free layer magnetization with an esady perpendicular to the film plane, providing gidtal benefits.
First, the switching current can be reduced, coregar in-plane magnetized free layers, for the séumenal stability
(see eq. 3). Second, elongated bit shapes areeaded since the perpendicular anisotropy is aimsitrproperty of
the free layer material. This not only alleviatedterning and size control requirements but aldpshi reduce the
memory cell size, increasing the achievable areysdy in an STT-MRAM circuit. . Such devices amagtical
because interfacial perpendicular anisotropy ab Afgg2 mJ/m2 has been demonstrated, enough toarsikble free
layer with sub-10 nm dimensions. These benefitsengependicular STT-MRAM most desirable for higmsigy
(e.g. DRAM) applications.
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The first observation of STT switching in perpendic MTJ was achieved independently by Tohoku
University and HGST in 2006 on GMR structures [99B], using Co/Ni, Co/Pt or FePt materials. Madbiwith
high Z number, such as Pt or Pd introduce high-segiit interactions which increase the perpendicatssotropy
but also increase the free layer damping, whidhighly undesirable. Even though the perpendicutenfiguration
was expected to improve current density compaceith4{plane devices, the high damping of these qaer
perpendicular materials seems to have offset thengal improvement. In addition to high dampinigese PMA
materials usually have 3-fold in-plane lattice syetim, for example from FCC (111) textured film gtbwwhich is
not inherently compatible with the 4-fold symmetifythe (001) oriented MgO tunnel barrier neededhigh TMR
and high spin torque efficiency. The interfaciaitapy problem can be mitigated by including amomph&oFeB
alloy in the free layer, separated from the polgtailine layers by inserting another material, sashrla, to break
crystallographic coherence between the bulk-PMAemt and CoFeB, but with a penalty in complexityda

limitations on the free layer design.

The demonstration in 2010 of fully-perpendicularF&B-based free layers employing only the interfacia
anisotropy at the magnetic metal/oxide interfac phowed it was possible to combine large aniggtrwith weak
damping and good symmetry matching. Beginning whik demonstration in a simple structure with Mg®ane
side (Ta/CoFeB/MgO), [43], [55] this approach wagHer developed and widely adopted for perpendic8ITT-
MRAM development by researchers in industry andlan@a. Achieving a stable free layer in this systequired
the use of very thin CoFeB layers, which resultea isignificant damping increase compared to thitkgers. In
addition, the achievable anisotropy strength ohduee layers was found to be insufficient to pdevadequata for
small (<30 nm) device dimensions. Both of thesdlams were solved by using free layers with dolbd® barriers
(e.g. MgO/CoFeB/MgO), which was demonstrated by Sarg [46] and Tohoku University [99]. This resultaca
doubling of theA and more than a twofold decrease of the damping €d spin-pumping suppression). Higher
anisotropy enables the scaling of pMTJ devicesntaller diameters while maintainiig needed for stable data
storage. The switching efficiency figure of meot p-STT-MRAM, defined as the rat&vlco , has been shown to
increase with reducing dimensions, probably duautiple factors including reduced effective danpjd7] and an
increasingly coherent reversal process for sméier layer diameter. The latter trend can be erplhiby different
scalability oflo (~D?) andA(~D), thus the figure of merifi/lo should increase at smaller dimensions as ~1/D with
saturation below transition to quasi-uniform regifdescribed above). Similar behaviors of the figoirenerit were
reported in [57], [100]. STT switching has been destrated in devices with diameter as small asri147] — the
smallest dimension demonstrated to date (see Fig.A611 nm dimension, the demonstrated thermabibty is
A=20, which is too small for practical applicationg demonstrates the potential for improved scalvigre work is

needed to enhance the interfacial anisotropy tatera stable MTJ cell at sub-20 nm dimensions.
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Figure 16. Critical switching current (a) and figwof merit {/Ic0) (b) as a function of MTJ diameter.
(Reprinted with permission from [47]).

Much work has been carried out, and much more [gagress, to increase the stability of I-PMA-tymEe
layers by increasing the effective perpendiculésatropy. Values of; as high as 1.9 mJfrhave been demonstrated
to date [101].

At sub-40 nm dimensions, process damage can pbrgratic role on MTJ behavior, as was shown by

Samsung [102] with MTJ dimensions between 15 andrB0An improved process with reduced side-wall dgen

allowed the improvement & to 40 at 15 nm diameter.

Achieving high TMR with I-PMA-based FL is more cladging than for in-plane FL because, as previously
mentioned, the effective anisotropy in I-PMA FL desses with the FL thickness, setting an uppett lior the
thickness of this layer at about 1.4nm for a sindO interface and 2.0-2.8nm for double MgO inteefs. At this
moment, TMR values above 350 % were achieved omwfpkane magnetized MTJ, Figure 17, [101].
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Figure 17. TMR of improved p-MTJ stack, from[101].

6.2.2.2.c MTJ structurewith two MgO barriers:. DMTJ
Another approach to increase STT efficiency isnttnoduce in the MTJ stack, on the interface of Fhe
opposite to the MgO barrier, a second MgO bardgether with a second reference layer magnetizgpaaallel to

the first reference layer, as shown in Figure 18s Ereates a dual MTJ structure or DMTJ.

To explain the working principle of DMTJ, we carsase that the spin-transport across the DMTJ can be
viewed as the transport across two single MTJ efésn@econd MTJ element has inverted FL/RL ordét) shared
free layer, Figure. 18. When a current goes thrabgHirst reference layer, the electrons beconregplarized (SP)

along the magnetization of this layer due to smpahdent scattering. As this SP current enter&lthehe spin of
transmitted electrons becomes repolarized alongnémgnetization of the FL. This results in spin-tfan torquel_1

acting on the magnetization of the FL. So far,gioture is the same as for a single MTJ structdosvever, the spin-
polarized current exiting the FL travels to th&r2ference layer. Some of the electrons with spiction antiparallel

to magnetization of RL2 will get reflected towattie FL. As they enter the FL, these reflected ebest produce an

additional spin transfer torqdé2 acting on the magnetization of the FL and add:inb_lt thereby increasing the total
STT acting on the FL magnetization. If the two Rererin parallel configuratiori,_2 would have opposite sign with

respect tol_1 so that there would be a reductioneohtit STT. Higher spin-torque is desirable for iaweid switching

efficiency in MRAM, making the configuration withvd antiparallel RL very interesting.

In similarity to PPMA effect, DMTJ does not charthermal stability of the free layer, thus addreggime
write/store part of the STT-MRAM trilemma. Howevevith regards to reading the state of the memdwre is a
difference between the two approaches since inllp $ymmetric DMTJ structure there is no changedavice
resistance as the free layer is switched. Thisiéstd the FL being parallel to one reference Iglgav resistance) and
antiparallel to the other reference layer (highstesce) regardless of the direction of the FL nedigation. This

obviously makes it impossible to read the statédhefdevice. To solve this issue, one of the jumstis made to have
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higher resistance (RA) than the other, so the tatsistance is dominated by the state of that sipgiction. This

makes it possible to achieve almost the same tHVEMR in DMTJ structure as compared to the singleJ [103].

Spin-polarized (SP) Reflected SP Current (spin

current (|| Mgy,) opposite to Mg, ,)

Outgoing
Incoming SP (|| Mgz.)
current current

[ m—

5 5%

[0 —

Y {
Single MTJ 1 ]
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Figure 18: Schematic diagram showing how the tio sansfer torque contributions add in a dual MTJ
design.

Another attractive attribute of the DMTJ designtss compatibility with [-PMA free layer designsAs
described above, the presence of two MgO layeth®mwo FL surfaces can create a high level of Plrayiding
additional energy barrier in p-MTJ FLs and a retlucbf spin torque switching current in PPMA FL43], [104],
[105].

Experimentally, the first DMTJ structure with ingple FL/RL was demonstrated in 2007 [106] and showed
very low J values of 1 MA/crAon thermally-stable FL. It showed very symmetrigtshing currents between the
two switching directions (AP to P and P to AP)¢amtrast to single MgO structures, which typicaliyw asymmetry
(ratio of P to AP current to AP to P current) 082DbMTJ with perpendicular magnetization of freel aaference
layers was demonstrated by Samsung in 2014 [1QF]BM in 2015[108].

6.3. STT-MRAM: remaining challenges

6.3.1 Patter ning process
One of the remaining challenges for STT-MRAM mautidiaing is the patterning process. The fabrication
of nanopillars of a certain size (down to less tBBmm) with well-controlled dimensions, verticalewalls (> 80
degrees) and tight distributions is especially clicaped since the MTJ involves a number of différeraterials:
insulators, magnetic metals, non-magnetic metads Aecommon approach to define the array of ndferpiinvolves

deposition of a special hard-mask material and tearoval of the material not covered by the hardkrta define a
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two-dimensional array of MTJ cells. Two commonlgdsnethods involve RIE (Reactive lon Etching) aBH [lon
Beam Etching) with both having its own advantages ehallenges. For example, IBE etching method,monty
used for MTJ-reader fabrication in the hard drimdustry, involves physical bombardment by ions had the
advantages of good control over the angles ofdhébeam, low reactivity with the film and comparabetch rates
across a wide range of materials. This method wquiki® well for larger dimensions and pitch betw&€RJ pillars
but, for higher density arrays and high aspecobrgifiars, there is a limitation of the angles daoehe shadowing
effect (MTJ pillar being shadowed by its neighboifid)e RIE methods involve both a chemical compoteiteate
volatile compounds from the etched material anchgsigal sputtering component. In principle, RIE hwats are
better suited to higher density arrays, but careélgction of the chemistry and process detailsiaegled to equally
remove all the different materials used in MTJapillivhile minimizing edge damage. Combination oftthe methods
also is used in a constant quest to improve thieiregctechnique. As a recent example, a promisingageh to
improve the RIE patterning uniformity and edge foogss was proposed by using plasma ribbon beanmgtch
(PRBE) [109]. In this method, a specially desigagérture is used to form a ribbon ion beam thatstiarough the
300 mm wafer with rotation of the wafer between sleans. The direction of the ions in the beam maareular
distribution tailored to clean the sidewall or tthes between the pillars. This process was showawe promising

results for good size control (from 100 nm to 20) mmd small edge damage[109].

It has been demonstrated that improving the STT-WMR#&brication process is important for reduced
damage and improved cell properties, especiallyvny small dimensions. This is shown in Figure Wich
compares an improved MTJ process (process A) amdiatd process (process B). Not only the normall2dg& can
be affected but also the dependence of thermalistdlctor A or switching voltage on dimensions can be dralgica
changed by the process. Hekayas obtained by fitting the Hc distribution, aswin in the inset of 19d. The improved

process results in much tighter distribution ofsesices and better size control, as well, Figlre 2
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Figure 19. Comparison of various properties versels size between improved Process A versus
conventional Process B (from [101]) (a) coercivaddi (b) TMR amplitude in patterned sample norneiby
TMR amplitude before patterning; (c) Switching egje; (d) Thermal stability factor.
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Figure 20. Improved Process A resulted in narrdW&d cell resistance distribution (from [101]).
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6.3.2. Switching probability: writeand read error rates

In the discussion so far, when we were discussigiaswitching current density at a given pulsetiigve
implied average switching current density, corresfog to 50% of switching probability. For a sucsfes memory
product, this is clearly not enough: the entire mmgnarray has to be repeatedly written with vemy farobability of
error. For STT-MRAM, reliable writing and readingshbeen demonstrated a number of times. A goodtregample
of very low BER for writing on fully-perpendiculTT-MRAM is shown in Figure 21 on a single MTJ cafid on
a set of 256 randomly selected cells (Fig. 21b)[1T8e test did not show any errors at the largettage applied
(marked by star on Figure 21a — calculated as s®vef number of applied pulses). This result wéseaed for both
directions of the switching (positive and negatreitages).
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Fig. 21. (a) - Demonstration of ultra-low write @rrate (BER) for 10 ns (red, square) and 50 nsngrpulses.
Horizontal axis is voltage on MTJ (TJ) cell, exdhuglvoltage drop on the transistor. (Reprinted ya¢inmission from[110]. (b) -
Normal quantile plot of bit error rate for 256 ramady selected cells. Each of the electrically fuming cells (3 cells were
defective and excluded) is shown to reach the itqdeerror floor of 1e-7 (limited by test time) tmoth reading (NQ~5) and
writing (NQ ~ -5).

6.3.3. Read disturb
In addition to being able to switch reliably, anatimportant characteristic of STT-MRAM is beindeato
read without disturbing (accidentally switchinggtstate of the free layer. For a read curtegtone can derive the

following expression for the probability of switclg a cell in STT-MRAM chip [81]:
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whereg =1 (in-plane magnetized MTJ) afé2 (out-of-plane magnetized MTJ) [78], [84], [1 1N eadis the

number of cells which are read in parallel in omegle read operation (e.g. 16kbits for DRAM-compkhi

I:)RD (I read ) =1- eXF

specifications [112]) angbtis the total duration of all read operations dgriine specified chip operating time (up to
10 years for nonvolatile memory applications). Rezpiread disturb level (eq. (17) depends on aiipepplication
and is of the order of f0before ECC correction and 10for applications without ECC correction, whicheditly
translates into minimum thermal stability for agyivread pulse and read current. Characterizatiosaof disturb and
write error rates can be conveniently done on glsigraph by plotting normal quantile of BER. Thresad disturb
corresponds to positive normal quantile (probabditswitching < 50 %) and write error rate corr@sgs to negative

normal quantile (probability > 50 %), Figure 21b.

6.3.4. Long-term dataretention
Another important characteristic of any memory inlthg STT-MRAM is how long the data can be retained
after it is written (retention). STT-MRAM is a noohatile memory (i.e. it can keep the informatiorthwiut being
electrically powered) and the retention time carabdarge as 10 years. Expression 17 can be camtbnused to

calculate the probability of thermally-activatedalkbss after time t by setting read current t@zer

_t
=1- - 18
P, =1 eXF{roex[ )J (18)

From this expression, we can see that data reteptioperties are determined dominantly by the tla¢rm
stability factor. One convenient characteristiaahemory chip related to data retention is theireduspecification

on maximum number of Failures in Time (FIT):
Pn = (19)

where N is the total number of bits in the chip. From #i®mve expressions, a requirement is set on the
thermal stability factor measured at room tempeeatis a function of retention time (t), number @$ §Ns) and

maximum number of Failures in Time (FIT) ( see [€ah):

A=-Ln {—TO Ln ( —F'Tﬂ (20)
t N,
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Capacity 1000FIT @ O1FIT O1lFIT@
80C @80C 160C
16 Mb 70 81 99
256 Mb 73 84 10c
1Gb 75 86 10t
4Gb 76 87 107
8Gb 77 88 10¢

Table 1. Required room-temperature values of thiestadility for 10 year data retention at differeqterating

temperatures. Bit to bit distribution is not taketo account.

For practical considerations, of 70-90 is usually quoted as typical minimum that stability for 10-year
data retention. This depends on cell-to-cell distibn, operation temperature, sensitivity of Flogerties to
temperature, etc. Existing I-PMA-based perpendicfike layer materials provide level of anisotrdasge enough
for A=100 at 14 nm diameter of the free layer. Experitalgn values as high as 120 were demonstrated in
perpendicular MTJ cell at 30 nm diameter, Figure@@&ing down below 10 nm may require using B-PMAtenal
and special development to mitigate damping ineraasially associated with B-PMA materials. Fundaailbn
thermally stable bits down to 5-7 nm (size of thaig) are achievable using B-PMA as used in magmagdia in

hard disk drive technology.
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Figure 22. STT efficiency (a, ¢) and thermal digbfactor A (b,d) as a function of diameter for
perpendicular MTJ cell. Several designs are conasiiestack A (high Figure of MerY/I. stack), stack B (high
design). Reprinted with permission from [57].
6.3.5. MTJ endurance and breakdown
Another important characteristic of a memory ieitslurance — the number of times a particular mgelt can
be read or written before irreversible degradatiocurs. It can vary widely between different typésemories from
virtually infinite number of cycles (for DRAM, SRAMo 1G-1( for a flash memory. The simplest measurement of
the bit endurance is typically done at increasdthge and projected to operating voltage. For emyivoltage, a cell
is constantly written and read until it breaks doWhen, this procedure is repeated on the nextacellso on until
enough statistical data are obtained. Then, thedast is repeated at increasing voltage as showigure 23. The
projection to operating switching voltage gives éx@ected single-bit median cycling endurance edeit to 16°.

This means that after Acycles, half of the bits in the memory chip arersid.

The cycling endurance of an MRAM product dependtherallowable error rate from shorted bits, whickld
be in the 16 to 108 range depending on many factors. In additionwttiee voltage in a circuit must be set far above
the mean switching voltage to ensure a low writererate. These practical considerations make thdigtion of
endurance in a product quite complicated, but désrly many orders of magnitude less than themtieae-to-fail

of the devices.

Electron trapping/detrapping mechanism in the tubagier was shown to play a key role in the ebriyakdown

of MTJs and a correlation between endurance aneldcfrical noise of MTJs has been demonstrate8][1114].
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Figure 23. a) Number of write pulses to breakdofvan MTJ as a function of the pulse amplitude lEac
point represents the number of pulses (cyclesjitore of a single MTJ. The within-array distriburtiis evident
in the histogram plots shown in the three paneltherright. b) Median cycles to fail extrapolated.e20 cycles
atVsw, meaning that half of the bits fail at the switaioltage. ¢) Normalized TMR as a function of wiicles
showing negligible degradation over a wide randerpio eventual breakdown. [81].
6.4. STT-MRAM chip demonstrations
STT-MRAM chip development and demonstrations hadeaaced significantly in the recent years. Two
important cases are worth noting for both in-plamel perpendicular STT-MRAM. Everspin Technologi8$ [

demonstrated a 64Mbit chip based on 90 nm CMOShtdohy with in-plane magnetization. The size of KeJ bits
was 80-90 nm with aspect ratio of 2-3. MgO barmvigh RA of 5-10Q*um? and TMR above 110 % was used. The

distribution of switching voltage (@) was shown to be < 10 % with separation betweettbakdown and switching
voltage of more than 2& Sequential data rate was 1.6 GT/s, correspondiBdpR3-1600 specifications. Error-free
writing of the whole chip was achieved for 5%1§cles (limited by testing time). Operation witliange from €C to

70°C was shown without significant changes.

For perpendicular STT-MRAM 8Mbit chip for embeddagplication was demonstrated by TDK/Headway
[115] using 90 nm CMOS technology and 1T-1MTJ deggingle transistor per MTJ). The free layer wd&sMA-
based: MgO/CoFeB-based FL/MgO to increase theliyadithe FL by having interfacial anisotropy both surfaces
of the free layer. The cell size was 50Fith diameter of the STT-MRAM nanopillar of 50 nif@oth writing and
reading times were shown to be below 5 ns with detiention at 12% up to 10 years. Number of defected cells
(mostly partial-shorts) was shown to be less tHapdm (parts per million), which is low enough ® d¢orrected by
redundancy. Reliable reading (up td pQlses) was shown in the worst-case scenarioe@argad current at 145).
For embedded memory, STT-MRAM chip has to sustd&®©B temperature of 400°C for 30-90 mins. This i$ no
trivial and involves optimization of the materialst only for the free layer [116] but also for nefiece layer[117] to
prevent degradation of MTJ properties by interdiffun. This STT-MRAM chip was shown to sustain 4066€Cup

to 90 min without degradation, which satisfies tieiguirement (Fig. 24).

43



(a) 160 (b)

i I ;
120 : 8
< ; g —30 min
o 1 .
x 80 | § 6 —60 min
4 ' 2 —90 min
54_ Thermal budget for 3
40 ! embedded applications x 4
0 : 2
0 30 50 %0 120 -4000  -2000 0 2000 4000
400°C anneal time (min) Field (Oe)
C
() (@)
1 n A E+00 £
09 .‘\ i —ans ¢
3 3ns 1.E-01
08 1A
t +—4ns
o i1 ]
® el i ~+-5ns w LED2
[ ¥ [ 4
» 06 | ==10ns =
5 4 g
& 05 1 = LE03
04 T
53 il 1.E-04
9 T LE-05
*; i +
0.1 i  :
0 e LE-06
-500 -250 0 250 500 500 -250 0 250 500
Current (uA) Current (uA)

Figure 24: Data from TDK/Headway 8Mbit STT-MRAM gh{a) TMR ratio as a function of anneal
time at 400C. Data points show the median value of more thhdevices with a median diameter of 80 nm. (b)
Hysteresis loop after various anneal times. (Bitlerror rate as a function of current for a 45-dimmeter device
for switching pulse from 2 ns up to 10 ns. Repdrfrem [57] with permission.

These two demonstrations are very important fosibglity of STT-MRAM chips but some important
guestions remain. One of them is the reliabilitywiting and reading down to very small (less tiad) error rates.
These ultra-low read and write error rates werevshim a 4kbit chip with perpendicular MTJ by IBMegs Fig.21)
[110]. Very thin I-PMA (Ta/CoFeB/MgO) free layer waised, which provides better switching propeffiesast
(<20 ns) switching. For both directions of writirigwas shown that WER and RER are smaller thatt fid¥ both 10

and 50 ns pulse width. The writing voltage at WER¥Mwas 0.5 V for 10 ns, which is in a range of voltag typical
CMOS transistor can provide, (Fig.21a,b).

One remaining challenge is achieving very fast aviitg speed (ideally < 1 ns) using spin transfeque
switching in perpendicular MTJ. From Fig. 24, ora see that there is a significant increase ofgriturrent as
pulse width is reduced from 10 ns to 2 ns. Theselde®en a number of solutions proposed to alletiase most of

them are related to increasing the initial valu¢hef spin transfer torque and prevent long builddtiplow increase
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of precession amplitude: orthogonal spin torquégig$18], [119], free layer with easy-cone anispy$120]-[124],
spin Hall effect (SHE) and spin-orbit torque switch(SOT)[13]-[17].

6.5 STT-MRAM: conclusions and outlook

In recent years, several important discoveries Hz@n made that are enabling the creation of a new
generation of magnetoresistive memory. These d&tew include prediction and demonstration of gpansfer
torque, demonstration of high TMR with MgO-basedgnmetic tunnel junctions, and the demonstration ighh
interfacial perpendicular anisotropy at the CoFegnterface. The first makes it possible to hawvery efficient
and fast writing scheme, the second enables fastediable reading, and the third opens up theipihiég to scale
down the size of the MTJ storage devices to vellsdimensions. The STT-MRAM memory based on theftation
established by these effects has been shown tofhatveead/write functionality, high density, anighreliability.
The feasibility of PMA-based STT-MRAM technology @0 nm dimension is summarized in table 2, based on
available published data. Even though it was detnatesl by multiple groups that all the importantgraeters can
be improved to achieve required values, more werieieded to demonstrate all of them on the sanpe €ce that
is achieved, it will allow STT-MRAM production to eane from serving specialty markets to high-volumasm
production serving broad markets. Thanks to itgattaristics of high speed, non-volatility, and thigndurance,
STT-MRAM opens up unigue possibilities for implertagion in completely new applications not envisidhefore,

possibly creating new markets.

Parameter Typical requirements | Demonstrated References
MTJ diameter (nm) <30 <30 [57]
Delta > 85 75-120 [57]

Jc0 (MA/cm2) <20 2.1-51 [57]
TMR (%) > 200 > 300 [101]
WER <1le-9 <1le-10 [110]
TDDB (cycles to median | > 1e15 (chip) > 1e16 (single-bit) [81]

fail)

Post-annealing (BEOL) 400C, >30 min 400C, >30 min | [57]

Table 2. Summary of key parameters that indiceasibility of PMA-based STT-MRAM at advanced tedogy
nodes.
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7) Thermally-Assisted MRAM (TA-MRAM)

7.1. Dilemma between retention and writability / benefit from ther mally-assisted
writing

Any memory can be viewed as a two-state systenraiguhby an energy barri@E. The retention of the
memory is directly determined by the barrier hefgat(expression 18). The high&E the more stable the information
i.e. the longer the memory retention. However, @atively, the higheAE, the more difficult it is to switch from one

state to the other i.e. to write the memory staltere is therefore a classical dilemma in memarinielogy between

retention and writability.

Thermal assistance during write allows circumventthis dilemma. The general concept of thermally
assisted writing consists in storing the informat& a standby temperature at which the bafMieis quite high, then
temporarily increasing the temperature of the gi@rlement during each write event to reduce théebdeight and
ease the switching between the two memory statiést gwitching, the memory element cools down awbvers its

high stability to thermal reversal.

In MRAM, this concept can be easily implementedsjnn magnetic materials, the magnetic anisotropy
which provides the thermal stability of the magration decreases with temperature so that theebdreight for

switching AE) decreases with temperature.
7.2. Heating in MTJ dueto tunneling current

In MRAM, the heating of the storage layer can bedpiced in a simple way by taking advantage of thae]
dissipation around the tunnel barrier. In an MM, lteating is due to the inelastic relaxation nhaling hot electrons

which takes place when the tunneling hot electtoses their excess energy while penetrating thevicpelectrode.
The heating power per unit areaf3= jV wherej is the current density flowing through the tunbatrier and V

the bias voltage across the barrier. This powezlesased in the first nanometer of the magnetieivéty electrode in
contact with the tunnel barrier. In MTJs havingReh product of the order of 30.[Am2, with heating current density

of the order of 1DA/cm?2, a rise in temperatureTl of the order of 200 °C within 5 ns is typicallyraeved [125]

7.3. In-plane TA-MRAM

7.3.1. Write selectivity achieved by a combination of heating and field

For low density memory applications such as micno@slers, requiring high thermal stability, in-pla

magnetized MTJ with an exchange biased storage tayebe used (Fig.25.a,b). Exchange bias is a mhaegin the
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magnetization of a ferromagnetic layer (F) by cingpit to an adjacent antiferromagnetic layer (A&3.long as the
temperature is below the so-called blocking tempeesof the antiferromagnet, the magnetizatiorhefferromagnet
is frozen in a fixed direction. Upon heating abdke AF blocking temperature, the magnetizationhef [ layer
becomes unblocked which enables its switching &ithulse of magnetic field. The write procedure theguires
heating above the AF blocking temperature (typjcadl5 to 10ns) and cooling in the presence of gmetc field
(cooling rate of the order of 7 to 20ns, dependinghe heating pulse duration and exact composdfathe MTJ
stack). In TA-MRAM, both the reference and the atr layer are exchange biased with antiferromagtastéers but
those have quite different blocking temperaturggidally PtMn with blocking temperature of 350°Cused in the
reference layer whereas the storage layer antifexgmet is chosen with a blocking temperature inrdnge 180°C-
250°C depending on the requirements on the deyieeating temperature range (Fig.25.b). The mairaathges of
this write scheme combining heating and field psilge: (1) the use of a single field selection iirgead of two, as
for toggle writing, (2) an important reduction imiteé power consumption due to low writing field atte possibility
of sharing the field pulses between numerousdstsvill be explained later, (3) the realizationcefls with high

thermal stability, i.e., much improved retentioreda the exchange pinning of the storage layer.

A bit write sequence starts from a given initideotation of the magnetization of the exchangeduatorage
layer, for instance representing a low resistata® $0". In this initial state, the correspondstgrage layer loop is
then shifted around a negative field, as seengnZs d in the hysteresis cycle before the heatuige is applied (red
curve). The reversal of the storage layer biasléexed by heating the AF layer above its blockemperature with
a current pulse (Fig.25c¢) and applying simultanboais external magnetic fieldsilarger than the coercive field of
the storage layer at this elevated temperaturefighiis applied in the direction parallel or g#rallel to the reference
layer magnetization depending whether a “0” or’'aHds to be written. In the example of Fig. 25d14ais written.
The heating current pulse is then stopped so ltgastorage layer cools in the applied magnetid fi€his maintains
the storage layer magnetization in the field-caplfirection during its freezing. This results ire treversal of the
pinning orientation of the storage layer magneitiwaaind correlatively a bit state change to a heglistance "1". As

a result the storage layer loop is now shifted tolsgositive values as shown in Fig. 25d (blue eurv

47



Etch stop layer

NiFe(2) ST Storage

CoFe(2) —l = — —
MgO (L1) [ [ t—
CoFeB (2)
Ru (0.8)
CoFe(2)

Reference

Buffer layer

=
o
S—

—e— 044MA/cm?| J
—o— 11 MAlem? [
—s— 1.8 MA/cm?|

state

*
!
I
i | Initial
4
|

Resistance change

0 5 0 5 10 15
Applied Mag Field (mT)

Applied Mag Field (mT)

Figure 25: TA-MRAM: a) cross-sectional transmissielectron microscopy images of the MTJs used in TA
MRAM. b) Typical composition of the stack. ¢c) Evoln of the hysteresis loops of the storage lagea function

of heating current density showing the decreasthénpinning as the heating current increases. Athilghest
heating current density, the loop is centered, inegiiiat the exchange bias has vanished and lddsf@ a few
millitesla are then sufficient to switch the stagdgyer magnetization. d) Example of switching fraffl” state to

a “0” state: the storage layer loop shift measwaestandby temperature is inverted between thestates. Note
that in standby, thanks to the loop shift, only stete is stable at remanence (i.e. at zero fieldyh means that
even if the cell is exposed to a perturbation fiédvill come back to its original state once therturbation
disappears. €) Fully functional 1Mbit TA-MRAM densirators produced by Crocus Technology in collatama
with Tower Jazz. f) detail of the patterned MTJsc{dar shape) connected by a strap to the viaggngefrom

the CMOS wafers (130nm technology).

Several demonstrations of TA-MRAM were realizedtfim micrometer-size junctions (2 pm % 2 pm) unbé&r
currents [126] then on submicrometer cells usingtihg pulses down to 10 ns [127]. The company Gsocu
Technology in collaboration with TowerJazz has pict fully functional 1 Mbit demonstrators usingtfechnology

(Fig.25.e-f).

7.3.2. Reduced power consumption thanks to low write field and field

sharing
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In conventional TA-MRAM, the write selectivity ixhieved by a combination of temporary heating ef $torage
layer which lowers its magnetic pinning energy,etibgr with the application of a pulse of magnetadf The
excellent selectivity achieved by this write scheimeéllustrated in Fig. 26. Repeated successfutimgican be

achieved only when heating and field pulse are ¢oetb

1. Only magnetic pulses 2. Magnetic pulses + heating pulses (5ns)
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Figure 26: lllustration of the write selectivity PA-MRAM resulting from the combination of heatipglse and
application of a magnetic field. Left: Applicatiofipulses of magnetic field alone (no writing). Rigcombination
of heating pulse (5ns long) and alternating putsemagnetic field (repeatable writing of P and APand 1)
magnetic states).

Another advantage of this write scheme is the ptimte against field erasure in standby. As seeRign 25d in
standby, only one state of the storage layer islestat zero field. This means that even if the TRAM chip is
exposed to a perturbation field, this field may pemary switch the magnetic configuration of the meyrbut the
latter will spontaneously return back to its orgjistate once the perturbation disappears. Thiehemwould not be
true during write. If a perturbation field repreieg a significant fraction of the write field ipplied during write, a
write error may occur. A read-after-write schemeyra used to verify that no such error has occudtethg write

or correct it if needed.

Field writing combined with thermal assistancelsajuite advantageous in terms of power consumptidRAM
chips by offering the possibility to share the putdé magnetic field among numerous bits. Indeed, RAM, the bits
are usually written and read word by word and ribpér bit. Each word may contain 32 or 64 bits.Wiite a full
word in TA-MRAM, only two pulses of magnetic fielte required. The scheme for writing a word isstitated in

Fig. 27. In a first step (Fig.27a), all bits in terd which have to be written to “0” are heatechdianeously by
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sending a heating current through the corresponiliiigs. The “0” field is then applied, the heatingrrents are
switched-off, so that the heated cells cool dowthe“0” magnetic field and freeze in the “0” capiiration. The cells
which are not heated do not switch so that theyaierm their original state. In a second stepp#é# which have to
be written to “1” are heated simultaneously and“tianagnetic field is applied (Fig. 27b). The heatcurrents are
then stopped while the “1” field is still on so thhe heated cells now freeze in the “1” configiamrat At the end, the
whole word has been written with 32 pulses of megatiurrent (assuming a 32-bit word) --- the coroesjing energy

is ~0.7pJ per dot at 90nm technology --- plus twis@s of magnetic field (each pulse requiring ~30bith represents
only 0.5pJ per bit for 64bits words).

1) Data set field pulse “0” 2) Data set field pulse “1”

32 bits

Figure 27: lllustration of write scheme with fiedtiaring in TA-MRAM. A whole word can be written Wibnly two
pulses of magnetic fields.

Furthermore, in TA-MRAM, since the thermal stalilibf the storage layer magnetization in
standby is provided by exchange coupling to ancadjgantiferromagnetic layer, the cell can haviecular
shape. As a result, once the writing is enabletidgting the cell above the blocking temperaturthef
antiferromagnetic layer, only a low field of a femilliTesla (3 to 5 mT) is sufficient to switch tiséorage
layer magnetization since the cell has no shamoaopy.

7.4. TA-MRAM with soft reference: Magnetic logic unit (ML U)

In a second possible implementation of TA-MRAM, teéerence layer is no longer pinned but is made of

soft magnetic material with easily switchable magation [128] The storage layer is exchange bidsean adjacent
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antiferromagnetic layer as in standard TA-MRAM (&ég28). The writing of the storage layer is a#big similarly
to the previous case by the simultaneous applicatfcan external field and a heating pulse thatvasl the storage
layer to be switched and then pinned as the systats down below the antiferromagnetic blocking penature. In
contrast, the magnetization of the soft refereager (SR) switches as soon as the field is apjpiédpendently of
the fact that the cell is heated or not. This impatation allows a self-referenced reading proceks: readout is
performed in two steps: the SR magnetization isirset first predetermined direction, and the MTdis&nce is
measured. The SR magnetization is then switchéldetopposite direction and the new resistance ssored. The
resistance variation between the two measurembotgsahe determination of the magnetic orientatbthe storage
layer. In this approach, the read cycle is long&0(ns) but the tolerance to process variatiomdatty enhanced since
each bit is self-referenced. Indeed, in the stahdaading scheme, the two resistance state distitsihave to be
well separated in order to avoid read errors. Téglires narrow distributions in dots size and shép contrast, for
the self-referenced reading scheme, the differeficesistance between the two states is used tbtheajunction,
and is thus not sensitive to dot to dot variahilitiiis is particularly useful for advanced techigidal nodes where it

becomes increasingly difficult to control accurgtitle resistance distributions.
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Figure 28: a) Schematic representation of a reéfrenced MRAM with thermally assisted write. byrhhalizec
resistance response as a function of the exterldlfbr a self-referenced MRAM at standtgmperature in state ‘0’ (blL
and ‘1’ (red). The upward or downward resistaneedition at low field is associated with the swighof the soft referere

layer magnetization and is used to readout the ptagstate of the storage layer (from Crocus-Teldmg.

Besides its MRAM application, this self-referenceall can be used to perform logic operations wiltipularly
interesting applications in security. Indeed, thaeséces combine memory and logic (XOR) functidfa. this reason,
they are called Magnetic Logic Units (MLU™)[128h &addition to being storage devices, self-referdMdRAM
intrinsically allows performing logic comparisonnittions. Considering the orientations of the steragd self-
reference layer magnetization as two inputs, thegmetic stack outputs the exclusive OR functiotheke logic
inputs through its resistance value. Both inpugssat using pulses of magnetic field, with firg ftorage layer being
written with a combined heating pulse and thenSRelayer switched at room temperature. By usingtatself-

referenced MRAM cells connected in series to forldAND chain, a Match-In-Place @ngine can be createdis
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illustrated in Fig. 29, wherein a pattern appliedte SR layers is compared to the written patitored in the storage
layers. Any mismatch between the two patterns syatieally results in a higher resistance than fpedect match.
The expected advantages of this architecture are:
e The stored patterns are never read, and never expogotential hackers.
e The matching cycles are very quick and could bemwrdf magnitude faster than existing methods
and use less power.

* Match-In-Place engines could act as a hardwardexater, and simplify the overall chip.

The basic Match-In-Place architecture can be huilbree levels: The single cell for direct mahchat the bit level,
NAND chains that combine multiple individual cells series for linear Match-In-Place engines assiflated in
Fig.29, and a matrix that combine multiple NAND ictsain parallel to match one input pattern to &lstaf stored

patterns. In this last case, Content Addressablmddies (CAM) can be realized based on this pricipl

Figure 29: Example of a Match-In-Place™ engine niayléhe serial connection of 4 MLU in a NAND chain.
The input binary pattern ‘0010’ is compared to #@red binary pattern ‘0010’. Since this correspohdre to a perfect
match, all resistances are at their minimum vatué¢hat the chain is at its minimum resistance vavhé&h indicates a
perfect match. If one or several inputs do notespond to the stored data, the chain resistan@tdépm this minimum

value indicating a mismatth

7.5. TA-MRAM with soft reference: Multilevel storage

A nice feature of the TA-MRAM approach with in-pEmexchange biased storage layer is that it all@atizing

multilevel storage using cylindrical MTJ cells. betl, the pinning of the storage layer magnetizationbe achieved
in any in-plane direction provided the write fiadn itself be applied in any in-plane directionidgrthe cooling of
the cell. This can be achieved with two orthogdigdl lines as in toggle MRAM. The read-out is thgrformed by
applying a rotating field with the same two currimés (Fig.30). The associated rotation of the metigation of the
self-reference layer then generates an oscillaifaesistance since in MTJ, the conductance vasethe cosine of

the angle between the magnetizations of the twonetéglayers sandwiching the tunnel barrier. Thenoe cell
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output is then given by the phase of the resistasc#lation. Fig.29b illustrates the storing of diferent states per

cell representing 4 bits per cell in an MTJ of dier 110nm [129]
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Figure 30: lllustration of the multilevel storagenciple in TA-MRAM with soft reference layer. aketch of the
storage layer and soft reference layer. The arafwiéfferent colors represent the magnetizatiothefstorage layer pinned in
different directions (16 here) to achieve 4 bits gl storage. The self-reference layer magnétinatan easily rotate in-plane
by applying a rotating field. b) Oscillatory volegneasured across the MTJ under the rotatingdiglohg readout. The different
curves correspond to the different in-plane origois of the storage layer pinned magnetizatioh wérresponding colors
between Fig.30.a and b.

This multilevel approach offers an interesting agwh to increase the storage density when it besomoee difficult

to reduce the memory dots size.

7.6 Thermally assisted STT-MRAM

So far in section 7, MRAM using a write scheme blase thermal assistance combined with pulses of
magnetic field has been described. Alternativédigrinal assistance can also be used in combinatthrspin transfer
torque to reduce the write current in STT-MRAM aallvas to extend their downsize scalability. Teigkplained in

the following section in the case of out-of-planagnetized MTJs.

In STT writing, the write current which produceg tépin-transfer-torque on the storage layer mazgitéiin
traverses the tunnel barrier. For RA product ofttivnel barrier around 10 to ZDum?2, this STT write current also
produces a significant heating of the MTJ. Whendimeent is switched on, the temperature starisgim the MTJ
and at typical current density of 2526cm? used in STT-MRAM, can reach ~200°C in abouto510ns. This
temperature rise can be advantageously used t& #ssiswitching of the storage layer magnetizatiamnks to the
phenomenon of thermally induced anisotropy reoaion (TIAR) [130], [131] Indeed, the magnetizatiohan out-

of-plane magnetized layer at room temperature earient in the thin film plane when heated duehi® different
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temperature dependence of the out-of-plane anpptand demagnetizing energy [132]. TIAR assistedching
allows decreasing the STT critical current thanksah optimization of the temperature dependencth@fMTJ

magnetic properties while keeping a satisfyingniadrstability under standby conditions.

Figure 31 describes this writing scheme[131]: thEIMxhibits a large thermal stability factor inrathy
over the whole operating temperature window (fstance -20°C-85°C). During write, a current pusssdnt through
the junction. Heating occurs leading to a decréasiee PMA. As a result, the free layer magnetmafialls into the
thin film plane while the reference layer is engiresl so as to keep its out-of-plane magnetizafibis. latter electrode
polarizes the current in the out-of-plane directi®he STT, due to this spin-polarized current, ptile free-layer
magnetization in the upper or lower hemispheregdéing on the current direction and induces larggeaout-of-
plane precessions[133]. In such a configuratioe, $TT effect is highest since the spin polarizat®ralmost
perpendicular to the magnetization. It results mae reliable switching since no thermal fluctaas are required
to initiate the reversal. The injected currenthiert gradually decreased so that the junction ceble STT is still
effective. The free layer recovers its PMA, andriggnetization gets reoriented out-of-plane, indinection defined

by the hemisphere into which it was previously edlinto by STT.

(a) lR O

Storage Stand-by

MgO temperature

Hard Ref
H
1 R
(b)

_ ——p—— Writing
Write “ temperature
current | oo

b H
R
(c) @)
Stand-by
)\ temperature

H

Figure 31: Principle of TIAR assisted switchi@)} The junction exhibits a large PMA at stand-dayperature.
(b) A current is sent through the junction. Theage layer magnetization undergoes a TIAR dueddtating. The STT induces
a large angle precessional motion of the storaggr lmagnetization and pulls it upwards or downwatelsending on the current
direction. (c) The storage layer recovers its PMéimy the cooling when the current is gradually rdesed to zero. Its

magnetization rotates out-of-plane in the directiorresponding to the hemisphere in which it watedun by STT.
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This switching approach reduces the write conswnpdis soon as the required current to heat thdigunc
to the anisotropy reorientation temperatugasiiower than the critical switching current istandard MTJ (typically
a few 16 A/cn?). This condition is fulfilled in most common casés addition, the heating current density can be
further reduced by adding in-stack thermal barrgrshe various sides of the MTJ.

In this particular writing scheme, the voltage riegg to switch the junction is mainly determined thg
anisotropy reorientation temperature, Which sets the lower limit of the writing windowx can be estimated
theoretically by calculating ¥ as a function of temperature. For a cubic or ualaanisotropy, it can be written to

first order as:

M. (T)
M (0)

K(T):KD(O)( j ~(Npap = Nyr) 22 M (T)° (21)

where Ki(0) is the perpendicular magnetic anisotropy cariséd 0 K, M(T) the free layer magnetization, and

to

-(N verp N plan) > M S(T)Zthe demagnetizing energypdyand Nian being the demagnetizing factors of the pillar.

The exponent m depends on the origin of the PMA.&Fsingle ion anisotropy, m = i(i + 1)/2, wherddnotes the
anisotropy constant order, equal to 2 to first oidehe most common case of a uniaxial anisotrapyhat m = 3.
From this equation, the®€sign changes beyond;Twhere T is the temperature wheré'K= 0. In that situation, the
in-plane anisotropy induced by the demagnetizingrgy becomes larger than the PMA, so that the ffager
magnetization falls into the thin film plane. Inder to tune i, Eqg. (21) shows that the evolution ofM&s a function

of T has to be controlled. This can be achievetubing the Curie temperature ©f the magnetic material. (Co/NM)
multilayers, where NM is a non-magnetic metal, jleva wide range of I and exhibit PMA at room temperature
when NM is a noble metal such as Pt, Pd or Auhésé systems, thecTan be easily tuned by changing the Co or
NM thickness, or by doping Co with Ni or non-madgoeiements [134]-[136]

However such multilayers cannot be used alone gaeti electrodes in MTJ for MRAM applications wic
require relatively high TMR ratio. Indeed, (Co/Nkultilayers present an fcc (111) texture which doatsmatch the
bce (001) MgO texture [136]. This problem can blved by inserting a thin CoFeB layer at the MgCeifdce: the
(Co/NM) multilayer together with the interfacialiaatropy at the CoFeB/MgO interface provides aisigitly large
PMA to pull the CoFeB magnetization out-of-planeiletihe CoFeB layer provides the appropriate botute
required to obtain large TMR ratio [137]. In sudiustures, TIAR can still be obtained by tuning {{@o/NM)

multilayer properties.

Figure 32 illustrates the TIAR phenomenon in a itayler of MgO / CoFeB1.5 /Ta0.2/ (Pd1.2 / Co0.33 x
(thickness in nanometers). In Fig.32a, hysteresipd were measured on a full sheet sample by pagneto-optical
Kerr effect as a function of temperature, with art-of-plane applied field. At room temperature, theps have
square-shape indicating out-of-plane anisotropyekltihhe temperature increases, the coercivity deeseahile the
signal amplitude decreases due to the decreasagrietization. At 150 °C, perpendicular domains appeading
to a loop with no remanence. The anisotropy retatésn occurs at around 175 (x20) °C. Above thisgerature, the

loops exhibit a reversible linear behavior indingtin-plane anisotropy. When the sample is cootedrd the loops
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recover their squareness and coercivity, indicatiag the TIAR phenomenon is reversible. Concertfiegreference
layer, a perpendicular SAF can be designed satthanisotropy remains always perpendicular ovthele operating
temperature range. Fig.32b illustrates the drantcrease in coercivity of the storage layer magagbn resulting
from the temporary heating of the cell due to 3l@mng voltage pulse of various amplitudes. The deg@ycvanishes
when the anisotropy reorientation takes place.RAgroduct was here of 23.um?2 allowing to safely apply voltage
pulses of larger amplitude than in conventional $ARAM cells. Since the STT switching current scalgth the
anisotropy, the thermally induced drop of anisoyrafearly helps the STT induced switching. Durihg tcooling
phase, the current must be gradually decreasdwhsthe STT is still active to overcome the therfhadtuations and

force the storage layer to remain in the same hamei®.
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Figure 32a — a) Hysteresis loops of sheet film€oFeB 1.5 /Ta0.2/(Pd 1.2 / Co 0.3) x 3/ Pd 2 fifflecent
measurement temperatures with out-of-plane appfiel showing the temperature induced anisotropy
reorientation. b) lllustration of the drop of coeity in patterned perpendicular MTJs for differamitage pulse

apmplitude (pulse 30ns long) due to the resultiegting of the cellfrom Ref [101]).

The TIAR approach allows circumventing the cladsdilemma in memory technology between retention

(state stability) and write energy. As a resulthattime of these experiments, this approach &tbte obtain

record values in terms of figure of metitic [131].

7.7 Remaining challenges and conclusion regarding Thermally Assisted MRAM
In conclusion, the thermal assistance in TA-MRANSecircumventing the classical dilemma of storsghnology
between writability and retention. In field writtdiA-MRAM, the thermal assistance allows signifidgnmeducing

the power consumption as compared to toggle MRAMIs to the use of low write field provided by tiecular

shape of the dots and the possibility of field siabetween numerous bits. The very good thernadlilgty of the
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storage layer magnetization provided by the exchdrgs with suitably chosen antiferromagnetic lagem allow
using this type of memory at elevated operatingoEnature such as required for automotive applinatigVhen using
soft-reference layer, a new logic XOR functionalgyadded at the cell level on top of the memomcfion. This

opens new applications such as Match-in-Place ilmmatteresting for security applications (smaurdsafor instance)
as well as for Content Addressable Memories. Ia ththnology, the remaining problems remain thetdaiot

variability and still too large write error ratéoth phenomena seem to be associated with magretiostissues in
the cells combined with non-uniform stress in thdgrned array of MRAM cells. These issues shoalddivable by

careful adjustment of the stack composition to mime magnetostriction.

When combined with STT, the thermal assistancehedym reducing the write current by breaking thepprtional
relationship between thermal stability factor andtevcurrent. As in hard disk drive (HDD) industihere heat
assisted magnetic recording is being developedrtbdr extend the areal density on HDD, thermadlyisted STT
may help to extend the downsize scalability of SMRAM at sub-16nm nodes. This work is still in pregs. In this
technology, besides the variability issues alsooentered in conventional p-STT-MRAM at sub-20nm emd
additional difficulties remain. A first one is réda to the reduced heating efficiency at smallscdiameter due to
heat leakage through the lateral edges of the Milldgs. To improve the heating efficiency, encdping the MTJ
after etching within a low conductivity insulatoraterial would be useful. Another difficulty is to@d write errors
during the cooling of the cells. Indeed as longhesscell is at elevated temperature, the anisotispgduced and
thermal activation is enhanced so that the wristake can be more easily lost. Here different seseran be applied
to reduce this effect. One is to slow down the entrdecrease following the switching of the magmatitbn so as to
maintain a significant STT (proportional to curréntvhile the temperature decreases (proportionall{?) [136].
Another approach is to reduce the temperaturediisi@g write to maintain a long enough retentiothat maximum
temperature to avoid back switching of the magaé&tn during the cooling phase. However, this it easy to

implement in chips supposed to be functional cargd range of operating temperature (0°C-80°Crfstance).

8. Conclusion

MRAM is a high-speed nonvolatile memory that caomite unique solutions which improve overall system
performance in a variety of areas including dataagfe, industrial controls, networking, and othésseries of
scientific discoveries and innovations have stitedgorogress in MRAM technology, and commerciakstment,
worldwide since the late 1990s. It is the methbdiriting the magnetic state of the storage dettad distinguishes
one technology generation from another. Each naevemgion offers the potential for much higher meynmensity

and lower power operation.

Toggle MRAM is a field-switched MRAM, generally csidered the first generation, that is in mass

production in densities up to 16Mb. These prodactgenerally either SRAM-like (parallel interface)serial. They
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find uses in a wide range of commercial productenglihe unique combination of speed, nonvolatitityd unlimited

endurance provide a better system solution thaer sttemory technologies.

The second MRAM generation employs magnetic swilgliy spin-transfer-torque, enabling smaller MTJ
devices for higher density. A 64Mb DDR3 (DRAM-lik8) T-MRAM product, based on spin-torque switchifigne
plane MTJ devices, is currently in production atEpin Technologies. Spin-transfer-torque switchiigMTJ
devices with magnetization perpendicular to tha fillane will further extend the density of ST-MRARhd reduce
the write energy, to enable Gb-class memoriesém#ar future. The age of commercial spin-torqiAMI (second
generation) is just beginning, with intensive prctdievelopment underway by large and small compaaewell as

institutions, around the world.

The use of thermal assist can be complimentary wiitmer field switching or STT switching. Multiple
methods for employing heat in MTJ memory arraysehaeen demonstrated. In some cases heat actalssalect
method, replacing magnetic field for example, andther cases it can be used to enable uniquealegabilities,

such as an MLU. As a result, this continues torbacive area of research and development.

Challenges in developing commercially viable STT-MR include achieving certain key MTJ device
parameters simultaneously, as well as a detaildénstanding and control of bit-to-bit distributioimsthe memory
array. Examples include: scaling the critical eatrfor switching (Ic) while maintaining energy bar to thermal
reversal (Eb) in ever smaller devices, controlling switching for high Eb and tight distributiossd separation of
the critical voltage (Vc) distribution from the latelown voltage (Vbd) distribution. Meanwhile, ragghers continue
discovering new effects that can be used to swittehmagnetic state of MTJ devices in hopes of dgfithe third

generation of MRAM.
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