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Magnetoresistive random access memory (MRAM) and particularly spin-transfer-torque

MRAM is a nonvolatile memory with very high endurance and scalability. It is

based on an array of magnetic tunnel junctions with magnetoresistive readout of

the state of device and uses spin-transfer torque to efficiently rewrite the memory.

By Dmytro Apalkov, Bernard Dieny, Fellow IEEE, and J. M. Slaughter

ABSTRACT | In this paper, 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 cur-

rently receiving the greatest attention. The working principles

of these various MRAM generations, the status of their devel-

opments, and demonstrations of working circuits, including

already commercialized MRAM products, are discussed.
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I . INTRODUCTION TO MRAM
TECHNOLOGY

Magnetoresistive random access memory (MRAM) is a class

of solid-state storage circuits that store data as stable

magnetic states of magnetoresistive devices, and read data

by measuring the resistance of the devices to determine

their magnetic states. In practice, the magnetoresistive

devices are integrated with complementary metal–oxide–
semiconductor (CMOS) circuitry to make chips that are

compatible with mass-produced semiconductor electronics.

Such circuits have been designed around a variety of magne-

toresistive devices, but commercially-produced MRAM

products, and the vast majority of MRAM technologies be-

ing developed for future commercial MRAM technologies,

are based on magnetic tunnel junction (MTJ) devices. All of

these circuits are resistive memories in terms of the read op-

eration; it is the method of writing the magnetic state that

sets apart the different types of MRAM technology. Some of

the heavily studied write methods include Stoner–Wolfarth-
type field switching, Savtchenko switching (also a field-

switching method), spin-torque switching, and thermally as-

sisted switching (heat with field or spin torque). Two

methods have so far been commercialized: toggle MRAM,

which uses Savtchenko switching [1], has been in mass pro-

duction since 2006, [2] and spin-torque switched MRAM is

in the early stages commercial production [3].

Advances in MRAM technology have been closely
linked with advances in the understanding of magnetic and

magnetotransport properties of ultrathin films, including:

tunneling magnetoresistance (TMR), MgO-based MTJ ma-

terials for giant TMR, synthetic antiferromagnet (SAF)

structures, interfacial perpendicular magnetic anisotropy

(PMA), and spin-transfer torque (STT). The application of

scientific discovery to commercial technology seen in this

field is striking in its breadth and speed of adoption. In
this paper, we review the major developments that are

driving accelerating interest and adoption of MRAM, key

considerations for functionality and scaling to higher densi-

ties, and the status of the major technology types.

A. MTJ Devices for MRAM
Fig. 1 shows the most basic MTJ structure, two ferro-

magnetic layers separated by a dielectric spacer layer, the

tunnel barrier. When the tunnel barrier is very thin, typi-

cally G 2 nm, quantum mechanical tunneling of electrons

through the barrier makes the MTJ behave like a resistor
having a resistance that depends exponentially on the

barrier thickness and is proportional to the inverse of the

in-plane barrier area. The tunneling current is spin
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polarized, due to the asymmetric band structure of the
ferromagnetic electrodes, giving rise to the TMR as

shown in Fig. 1. The relative orientation of the magneti-

zations in these two layers determines the resistance of

the MTJ device. For most materials, the resistance is low

when the magnetizations of the two layers are parallel,

because the majority band electrons can tunnel into the

majority band on the opposite side of the barrier. When

the orientation is antiparallel, the resistance is high since
the majority band electrons have to tunnel into the mi-

nority band of the opposite electrode.

The simplest possible STT-MRAM design has the

following components:

— free layer (FL);

— tunnel barrier (TB);

— reference layer (RL).

The free layer, sometimes called the recording layer
or the storage layer, is the ferromagnetic layer retaining

the stored information. This layer is often made of

CoFeB material of different compositions [4]. The tunnel

barrier is a thin (around 1 nm) insulating nonmagnetic

layer that provides means to switch and read the state of

the free layer with a spin-polarized tunneling current. In

the past ten years, MgO tunneling barriers have been

most heavily studied due to the giant TMR effect, though
other materials, such as AlOx, and TiO, have been used

[5] and AlOx is used in production toggle MRAM. The

other magnetic layer—the reference layer—provides a

stable reference magnetization direction for the FL read-

ing and switching. This layer is designed to have mag-

netic anisotropy much higher than the FL so that it

never switches during memory operation.

Although multibit concepts exist, the MTJ devices

that have been demonstrated in practical MRAM circuits

have two stable magnetic states that store one bit of data

as a parallel/antiparallel magnetic state with a low/high

resistance as described above. To achieve this, such a

magnetic device has a free layer engineered to have a uni-

axial magnetic anisotropy, so that the magnetization

tends to lie along an easy axis in one or the other direc-
tion. Since the magnetization of ordinary ferromagnetic

thin films is constrained to be in the film plane by the

thin-film shape anisotropy, the in-plane easy axis is cre-

ated mainly by patterning the free layer into a shape with

a long direction (easy axis) and a short direction (hard

axis). The intrinsic anisotropy of the material may also

contribute to the total uniaxial anisotropy. On the other

hand, devices having their easy axis perpendicular to the
film plane can have a number of advantages, discussed

further in the sections that follow. A free layer engi-

neered to have a perpendicular easy axis has stable states

with the magnetization either up or down, with respect

to a horizontal film plane, and the in-plane directions are

hard. Such layers employ materials having a strong per-

pendicular anisotropy that can overcome the thin-film

shape anisotropy, also discussed below. For any of these
devices, the stability of the stored data over time and

temperature is determined by the energy barrier between

the two stable magnetic states, which is in turn related to

the strength of the uniaxial anisotropy and the volume of

magnetic material involved in the reversal process.

To create a memory array from MTJ devices, each de-

vice is typically integrated with an isolation transistor

(see Fig. 2) that can be turned on to pass a current selec-
tively through the MTJ devices of interest, such as during

the read operation. For spin-torque MRAM, the same

transistor is used to pass the switching current through

the target MTJ devices. Since each memory cell typically

has one transistor and one MTJ, this particular architec-

ture is known as the 1T-1MTJ MRAM architecture.

Other architectures have been proposed and evaluated

for various purposes, but the 1T-1MTJ cell is the most
commonly used.

Fig. 1. Sketch of a MTJ: two ferromagnetic layers (in red/blue)

typically made of CoFe-based alloys separated by a tunnel

barrier (black) most often made of MgO about 1 nm thick.

Explanation of the TMR effect: parallel state has good band

matching and low resistance, whereas antiparallel state has

poor band matching: either absence of available carriers

of a given spin or inadequacy of available states in the

receiving electrode.

Fig. 2. Sketch of the organization of field-written MRAM. Each cell

comprises an MTJ connected in series with a select transistor.

Vol. 104, No. 10, October 2016 | Proceedings of the IEEE 1797

Apalkov et al. : Magnetoresistive Random Access Memory

CuuDuongThanCong.com https://fb.com/tailieudientucntt

cu
u d

uo
ng

 th
an

 co
ng

 . c
om

http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt


B. Overview of MRAM Technology Generations
MRAM technology can be classified by the switching

method employed to write data. First-generation MRAM

is generally understood to include methods using mag-

netic fields to program the array. Toggle MRAM is the

only first-generation MRAM in mass production [2], [6],

[7]. A strong advantage of field switching is unlimited

write endurance, since reversing the free-layer magneti-

zation with a magnetic field does not create any wear-
out effects. A disadvantage is the difficulty in scaling to

smaller cell sizes, due to several factors including the

magnitude of the required switching currents and the

somewhat complex memory cell geometry. A detailed

discussion of this technology is presented in the section

on field-switched MRAM.

Second-generation MRAM uses STT to program the

array. STT switching can be accomplished with reason-
able efficiency with MTJ devices having either in-plane

or perpendicular-to-the-plane magnetization. STT-

MRAM with in-plane devices began commercial produc-

tion in 2015 with a 64-Mb product [3] and is expected to

ramp to volume production in 2016 with a 256-Mb prod-

uct [8]. STT-MRAM with perpendicular MTJ devices is

under intensive development at a number of companies

around the world. A discussion of technology demonstra-
tion vehicles, the fundamentals of the technology, and

relative advantages/disadvantages is presented in several

sections below.

A number of physical phenomena are under investi-

gation for use in third-generation MRAM, including:

voltage-controlled anisotropy (VCA), voltage-controlled

magnetism (VCM) [9]–[12], spin Hall effect (SHE), and

spin-orbit torque switching (SOT) [13]–[17]. The poten-
tial for improved MRAM scaling and performance

comes from idea that switching could be accomplished

while passing little or no electrical current through the

MTJ device. However, each effect has challenges to

overcome for use in practical MRAM circuits. Some ex-

amples of those challenges are as follows. VCA does not

directly lead to deterministic switching between two

stable states, but is more likely to be applied in combi-
nation with another innovation for use in an MRAM ar-

ray. Reliability issues like wear-out and parameter drift

need to be better understood for practical VCM devices.

SHE does not lend itself to efficient switching in de-

vices with perpendicular magnetization, and SOT ap-

pears to require innovation in materials to increase the

magnitude of the effect for improved switching effi-

ciency. In many cases, these new devices would need
to be deployed in a three-terminal cell configuration

that is not compatible with high-density memory ar-

rays. Nonetheless, the possibility of switching with lit-

tle or no charge current passing through the tunnel

barrier is stimulating a growing interest and investment

due to the potential for use in low-power circuits and

high-endurance applications.

II . MAJOR ADVANCEMENTS THAT
ENABLED MRAM AND STIMULATED
COMMERCIAL DEVELOPMENT

A. Tunneling Magnetoresistance
The development of MTJ material with high room-

temperature magnetoresistance ratio MR � 10%, re-

ported in 1995 [18], [19] offered a much improved read

signal for MRAM technology. This major development in
TMR was followed by intensive work around the world

that resulted in dramatic improvements in the tech-

niques and materials, so that record TMR values have in-

creased steadily, most markedly with the development of

MgO tunnel barriers [4], [20], [21] to over 600% [22].

In addition to having a high magnetoresistance, MTJ ma-

terials also provide the ability to match the resistance of

the storage device to that of the CMOS transistors used
in the circuitry. This capability is essential to the tech-

nology since the transistors used in the MRAM read cir-

cuit result in a series resistance, typically in the k�
range, that reduces the relative resistance change at the

point of sensing. The giant magnetoresistance (GMR)

and anisotropic magnetoresistance (AMR) devices, which

were available prior to practical MTJ devices, are inher-

ently low resistance since they are metallic and therefore
not well suited to integration with CMOS circuitry.

The promise of practical, high-TMR, materials moti-

vated new MRAM R&D programs around the world,

leading to the first commercial product [2], [23] approxi-

mately 11 years after the initial discovery [18], [19].

These materials also had a large positive impact on the

hard disk drive (HDD) industry where MTJs were

quickly commercialized for improved read sensors. Al-
though the detailed requirements for MTJ devices in

read sensors are quite different from the MRAM case,

there is no doubt that the huge development effort in

MTJ materials for HDD readers greatly accelerated the

progress in MTJ materials for MRAM.

B. Synthetic Antiferromagnet (SAF) Structures and
Their Application to MRAM

The discovery and intense study of oscillatory mag-

netic coupling (RKKY coupling) in synthetic layered

structures, in the 1980s, showed that it was possible to

engineer thin-film structures with separate ferromagnetic

layers that are coupled either ferromagnetically or anti-

ferromagnetically to each other through a nonmagnetic

spacer layer separating them, with a coupling strength

and sign determined by the thickness of the spacer [25].
This understanding led to the use of synthetic antiferro-

magnet (SAF) structures engineered to provide the re-

quired magnetic properties for both reference magnetic

layers and free layers in MTJ devices for MRAM. Almost

all MTJ devices for MRAM use a SAF for the reference

layer. A SAF reference layer has strong antiferromagnetic

(AF) coupling between ferromagnetic (FM) layers of
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nearly equal magnetic moment, resulting in a magneti-

cally rigid system. When used as a free layer, the spacer

layer thickness is set for weaker AF coupling to make a

less rigid structure that is more responsive to applied
magnetic fields as described further in sections that

follow.

The simplest design of an MTJ is represented in

Fig. 3(a). It exhibits tunnel magnetoresistance. However

it has undesired magnetostatic interactions between the

RL and the FL, which tend to bias the FL toward the

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

A typical in-plane MTJ with a SAF reference struc-
ture is illustrated in Fig. 3(b). In this example, the

pinned layer of the SAF (PL) is pinned in a specific di-

rection by direct contact with an underlying antiferro-

magnetic (AFM) material, and the reference layer of

the SAF (RL) is in contact with the tunnel barrier pro-

viding the reference direction for the MTJ. The SAF

performs two major functions: it provides a stable mag-

netic reference direction since its low net moment is
less affected by external fields than a single ferromag-

netic layer, and the imbalance of magnetic moment be-

tween the two layers can be easily adjusted to provide

a negative dipolar field that cancels the positive inter-

layer coupling between the reference layer and the

free layer [26]. The interlayer coupling can include

Neel coupling, due to magnetic poles created by corre-

lated roughness at the surfaces of the layers [27], and
an electron-mediated coupling associated with the po-

larized electrons tunneling through the barrier, both of

which favor ferromagnetic alignment of the reference

and free layers. A typical MTJ with perpendicularly

magnetized SAF and free layer is shown in Fig. 3(c).

The same principles apply in this geometry although,

due to the extremely high anisotropies achievable with

engineered perpendicular materials, the pinning AFM
layer is not necessary.

A SAF structure for the free layer serves a different

purpose and has very different design requirements com-

pared to a SAF reference structure. The main use of a

SAF free layer is to enable the Savtchenko switching

technique used in toggle MRAM, which is described fur-

ther in the section below.

C. Savtchenko Switching
Writing data into a memory array requires the ability

to select the storage devices to be written within a large

array of such devices, switch those target devices with
extremely high reliability, and leave all other devices

unaffected with extremely high reliability. For field-

switched MRAM, this proved to be a significant chal-

lenge [26]. The basic idea of field switching is to use

rows and columns of write lines, placed under and over

the MTJ devices, that create magnetic fields large enough

to reverse the free layer magnetization for the devices lo-

cated at the cross point where both a row and column
line are energized (see Fig. 2). The fundamental problem

with this approach is that all of the nontarget bits along

the energized lines also see a field that, although smaller

in magnitude, causes a nonnegligible probability of

switching those half-selected bits. This is known as the

“half-select problem.”

The half-select problem for field switching was solved

with the invention of Savtchenko switching [1], which
cleverly employs a SAF free layer and a sequence of

write-current pulses that creates a rotating field to switch

it. MRAM that uses Savtchenko switching is usually

called “toggle MRAM” because the switching technique

toggles the SAF free layer from one stable state to the

other using the same write pulse sequence, as opposed to

using different fields to write the high or low state. The

first commercially produced MRAM product was a 4-Mb
toggle MRAM which began production in 2006 by Free-

scale Semiconductor. That part and a family of products

based on the same technology platform, now produced

by Everspin Technologies, account for nearly all of

MRAM production and sales today, with the remainder

being Everspin’s 64-Mb STT-MRAM product.

D. Spin-Torque Switching
The STT effect was theoretically predicted indepen-

dently by Slonczewski [28] and Berger [29] in 1996.

When a current is passed between two ferromagnetic

layers separated by a nonmagnetic spacer, it exerts a tor-

que on the magnetization of each of the layers. If the

current is high enough, this can result in switching of

the free layer. The first demonstration of STT-induced

Fig. 3. (a) Simplest MTJ design. (b) Typical in-plane MTJ with a synthetic antiferromagnetic reference layer pinned by an

antiferromagnetic (AFM) pinning layer. (c) Perpendicular MTJ with synthetic antiferromagnetic reference layer.
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magnetization switching was done by Katine et al. using
a spin valve device made from all-metal GMR stack in

2000 [30]. The first STT switching demonstration with

MTJ devices was by Huai, et al. [5] in 2004 on AlOx-

based tunneling junctions and 2005 on MgO-based MTJ

[31]–[33].

E. Interfacial Perpendicular Magnetic Anisotropy
Magnetic materials can exhibit magnetic anisotropy

large enough to overcome the thin-film demagnetization

energy and to pull the magnetization of the film out of

plane. Many scientific studies in the late 1980s and early

1990s laid the foundations for rapid application of such

materials in data storage and later in MRAM develop-

ment. Perpendicular magnetization has been demon-

strated in multilayered ultrathin films and superlattices

having a ferromagnetic material layered with a nonmag-
netic material, such as Au, Pt, or Pd [34]–[36], and for

similar structures made from two different ferromagnetic

materials, Co and Ni [37]. This perpendicular anisotropy

can have several origins associated with spin-orbit inter-

actions: electronic hybridization effects, interfacial

strain, magnetocrystalline anisotropy, etc. A comprehen-

sive survey of experimental studies on these materials

can be found in reference [38].
In perpendicular MTJs, both the storage layer and the

reference layer are magnetized out of plane [Fig. 3(c)].

For the reference layer, synthetic antiferromagnetic mul-

tilayers have become the preferred materials due to their

strong and tunable perpendicular anisotropy energy and

compatibility with fabrication techniques normally used

for MTJ materials. As discussed above, practical use re-

quires a SAF reference structure in MTJ devices for
MRAM. Such SAF materials have been successfully and

extensively developed and integrated into MgO-based

pMTJ materials [39]–[41].

In addition to the SAF reference structure, pMTJ ma-

terials for MRAM also require a perpendicular free layer

with soft magnetic properties that enable efficient spin-

torque switching between the two stable states (up and

down). Of particular importance for STT-MRAM was the
discovery that a quite strong perpendicular anisotropy ex-

ists at the interface between magnetic metal and oxides

such as (Co/AlOx or CoFe(B)/MgO) [42], [43]. This an-

isotropy has been shown to result from hybridization ef-

fects between the transition metal (Co, Fe) dz2 orbitals

and the oxygen orbitals of the oxide tunnel barrier [44],

[45]. In STT-MRAM, this strong interfacial anisotropy

provides a good thermal stability of the free layer magne-
tization together with a sufficiently low write current as

explained in Section VI.

Development of CoFeB-based free layers with first

one MgO interface [43] and later two MgO interfaces

[46], [47], combined with the multilayer-based perpen-

dicular SAF materials, has led to practical pMTJ devices

with the desired low switching current and high energy

barrier needed for nonvolatile memory. STT-MRAM cir-
cuits and technology based on such pMTJ devices are in

advanced development at a number of companies

worldwide.

III . DEMONSTRATIONS Of WORKING
MRAM CIRCUITS

The major advancements described in the previous sec-
tion have been successfully incorporated into a number

of MRAM demonstration circuits and commercial prod-

ucts. Some notable demonstrations of working circuits

are described below, illustrating the rapid progress in

technology development over the past 15 years.

In 2000, Scheuerlein et al. reported the functionality

of a field-switched MRAM circuit using AlOx-based MTJ

devices and Stoner–Wolfarth-type writing circuits [48].
Basic read and write functionality were demonstrated in

a 1-kb memory array with write pulses as short as 2.5 ns

and with read operation as short as 10 ns, using a twin-

cell read configuration.

Durlam et al. described the first Toggle MRAM cir-

cuit in 2003, a fully functional 4-Mb circuit with

1T1MTJ architecture and AlOx-based MTJ devices, dem-

onstrating the effectiveness of Savtchenko writing to
solve the problem of high write error rates due to the

half-select in Stoner–Wolfarth-type field switching [49].

This circuit was designed to be a product, not simply a

demonstration, with a unique local-bitline array architec-

ture, a cell size of 1.55 �m2, asynchronous 16-b SRAM

interface compatibility, and demonstrated symmetric

read and write cycle times of less than 25 ns [6]. This

chip was introduced as a commercial product in 2006
and continues to be produced today by Everspin Technol-

ogies, Inc.

Significant results from several STT-MRAM demon-

stration circuits, all using MgO-based MTJ devices, have

been published, beginning with a 4-kb test vehicle in

2005 [50] followed by many others including: a 2-Mb

circuit and device data in 2007 [51], statistical data on

4-kb integrated arrays with 70� 210 nm2 b [52] and
devices with perpendicular magnetization [53] in 2008,

arrays integrated with 54-nm CMOS technology [54],

4-kb MRAM arrays with perpendicular bit switching in

2010 [55].

The first STT-MRAM product, announced in 2012, is

a 64-Mb, DDR3, STT-MRAM circuit [3], [56]. Shown in

Fig. 4, the chip is fabricated using in-plane MTJ devices

in a 1T-1MTJ cell, integrated with 90-nm CMOS technol-
ogy and packaged in a JEDEC standard DDR3 BGA. This

chip is compatible with available DDR3 memory control-

lers and became commercially available from Everspin

Technologies, Inc. in 2015.

In 2014, Thomas et al. reported performance data for

an 8-Mb STT-MRAM demonstration chip with high en-

ergy barrier for data retention compatible with
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automotive applications and MTJ devices that are toler-

ant to high processing temperatures required for embed-

ded memories [57]. Although CMOS circuitry is 90-nm

technology, MTJ devices with diameter as small as

45 nm were used, demonstrating reliable switching with

pulses as short as 2 ns in a 1T-1MTJ cell architecture.

The continuous improvement reported in these pa-

pers, and many others, reflects significant innovation
and progress toward the use of spin-torque switching in

a wider range of products, including standalone memo-

ries and embedded memory in a multiple applications.

IV. REQUIREMENTS FOR RELIABLE
READ IN AN ARRAY

The MTJ device should have a resistance in the k� range
to minimize the effect of the series resistance from the

isolation transistor. This resistance typically leads to a

tunnel barrier thickness on the order of 1 nm. The expo-

nential thickness dependence of RA creates a challenge

for producing MTJ material that is repeatable and

uniform over the area of wafers used in semiconductor

production. The issues of cross-wafer uniformity and

wafer-to-wafer repeatability have largely been solved by
the manufacturers of MTJ productions tools that are

capable of G 1% uniformity and repeatability for these

ultrathin films. However, array uniformity, which is a

measurement of bit-to-bit resistance variation within a

memory array, is a continuing challenge as device sizes

are scaled ever smaller.

During the read operation, a typical read circuit com-

pares the resistance of the bit to a reference resistance
in order to determine if the bit is in the high or low

state. Fig. 5 illustrates the effect of random resistance

variations within an array on this type of read circuit. In

the low state, bits with resistance on the high side of the

distribution will fall closer to the reference than the av-

erage bit. Conversely, the bits on the low side of the dis-

tribution in the high resistance state will also be closer

to the reference. To have working memories with bit

counts of megabit or more, the circuit must be able to

correctly read the state of these bits in the tails of the
distributions. If bits that are statistically separated 5�
from the mean are unreadable, there will be approxi-

mately one bad bit in 2 Mb, a marginally unacceptable

result requiring error correction.

A reasonable criterion for feasibility is 6� separation

from the midpoint, or 12� separation between the mean

high and low resistance states. Since the circuit must be

able to correctly read the low 6� bits in the Rhigh distri-
bution, and the high 6� bits in the Rlow distribution, the

usable resistance change for the circuit �Ruse is the dif-

ference between the midpoint reference and the 6� tails

as illustrated in Fig. 5. A larger �Ruse allows a more ag-

gressive circuit design with faster access time. It will

make the read-out more robust, less sensitive to noise,

and can be used for higher speed operation. To account

for high-speed reading with normal process variations in
the circuitry, significantly more than 12� is required. For

example, toggle MRAM in production has demonstrated

over 20� separation [49].

A number of factors can contribute to the width of

the resistance distribution. Any variation in the bit area,

e.g., due to lithography or etch variations, will directly

cause variations in bit resistance. Process damage or veils

created during the etch process also may contribute.
However, it has been shown that the quality of the MTJ

tunnel barrier itself can make a significant contribution

to bit-to-bit resistance variation [23]. As the size (area)

of MTJ devices is reduced, a given variation in the MTJ

dimensions from the patterning process will create a

larger relative bit-to-bit variation in the resistance. In ad-

dition, a given level of inhomogeneity in the tunnel

Fig. 5. Schematic representation of Gaussian resistance

distributions for a large array of MTJ cells in the low- and

high-resistance states. A midpoint reference, represented here

by Rref , is generated by the read circuitry to evaluate the state

of the MTJ device by comparing the measured resistance to Rref .

The average change in resistance from the low to high state is

�R, but the circuit must be capable of determining the resistance

change for cells in the tails of the distributions, meaning the

resistance change available to the circuit is �Ruse.

Fig. 4. Everspin Technologies’ 64-Mb DDR3 STT-MRAM Die Photo.

Word line drivers run vertically through the center of each of

eight 8-Mb banks. Strips of column circuits run horizontally,

dividing each bank into eight subarrays.
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barrier will result in a similar increasing relative varia-
tion with decreasing device size. As a result, maintaining

a given level of separation in the resistance distributions

for a robust midpoint read operation requires improve-

ments in both the patterning process and the quality of

the tunnel barrier.

For cases when separation between the high and low

resistance distributions is not sufficient for reading with a

midpoint reference scheme in a 1T-1MTJ architecture,
other methods and/or cell architectures can be employed.

A twin-cell architecture has two MTJ devices, in a

2T-2MTJ memory cell or in two adjacent 1MTJ cells, that

are always written in opposite states to effectively double

the resistance change. A circuit employing this cell was

used to demonstrate high-speed MRAM read in one of

the first MRAM demonstration circuits [48]. The tradeoff

for the higher read performance is array area; twice as
much area is needed for a given memory density.

Another method for mitigating the effect of wider

distributions is the self-referenced read [58]–[62]. There

are different techniques for self-referencing, but they all

involve comparing the resistance of the MTJ in its initial

state (stored data) to its resistance after being switched

or rotated to a known state. For example, the resistance

can be measured and stored, then compared to its resis-
tance after a known switching pulse. Since the resistance

of a device is compared to the same device in a different

state, the bit-to-bit resistance distribution no longer plays

a primary role. In another approach, based on big differ-

ences in resistance dependence on voltage in parallel

and antiparallel states, two measurements are done at

different voltage values and results are compared [63]. In

all the self-referenced read schemes, the tradeoff for the
tolerance to wide resistance distributions is longer time

for the read operation, due to the extra pulse and the

second read access time.

V. FIELD-WRITTEN TOGGLE MRAM

A memory array for field-written MRAM typically has

rows and columns of copper lines above and below the
MTJ devices that generate magnetic fields when current

pulses are passed through the lines (see Fig. 2). Three

key innovations that enable the successful commerciali-

zation of field-written MRAM are: Savtchenko switching

for toggle MRAM operation, improvements in tunnel

barrier quality and bit patterning fidelity for narrow and

well-behaved bit-to-bit MTJ resistance distributions, and

the process for cladding of the write lines. As described
briefly in Section II-C and in more detail in the section

on toggle MRAM below, Savtchenko switching solved

the half-select problem through the use of a SAF free

layer and timed write pulses. Another method of address-

ing the half-select problem, by using a combination of

magnetic field and heat for thermal-assisted switching, is

described in Section VII. The importance of narrow read

distributions is described in the preceding section and is
important to all types of MRAM circuits.

Cladding involves the addition of permeable ferro-

magnetic material around three sides of a write line to

focus the magnetic field toward the fourth side [64].

This produces a stronger field at the MTJ devices located

near the fourth side, above or below the line, and mini-

mizes the stray fields in other directions. The effect is to

significantly reduce currents needed for the write opera-
tion and to suppress possible write errors due to stray

fields experienced by rows or columns of bits adjacent to

the row or column of bits to be written.

A. Operating Principle of Toggle MRAM
The use of Savtchenko switching in MRAM arrays

provides a number of benefits including: low write error

rates, reduced sensitivity to external fields, and a wide
operating region for the write currents that reduces sen-

sitivity to manufacturing process variations [7]. It relies

on the unique behavior of a synthetic antiferromagnet

(SAF) free layer, formed from two nearly identical ferro-

magnetic layers separated by a nonmagnetic coupling

spacer layer. As shown schematically in Fig. 6(a) and (b),

a single free layer responds to an external field by align-

ing with it, while the behavior of a SAF free layer is
quite different. For a SAF having some net anisotropy Hk

in each layer, there exists a critical spin flop field Hsw at

which the two antiparallel layer magnetizations will ro-

tate (flop) to be approximately orthogonal to the applied

field H, with each layer scissoring slightly in the direc-

tion of H [65]. For fields H � Hsw, the SAF can lower its

total energy by decreasing its dipole energy with a flop

and scissor, even though the antiferromagnetic exchange
energy is increased by the same scissoring. As the ap-

plied field strength is increased, the layers of the SAF

will scissor further until they eventually become parallel

and aligned with the field at the saturation field Hsat.

The programming pulse sequence and resulting re-

sponse of the free layer are shown in Fig. 6(c). To toggle

the bit from an initial “0” to a final “1,” the currents i1
and i2 are pulsed with the timing indicated in the figure,
such that the vector sum of the two magnetic fields

effectively rotates through 90˚. The SAF responds by

orienting nominally orthogonal to this field and rotating

with it such that, when i2 is turned off, the moments

relax to their easy axis the magnetization of each layer

now reversed. Because the TMR only depends on the

direction of the layer that is in contact with the tunnel

barrier, the resistance switches states each time the tog-
gle pulse sequence is applied.

The toggle write mode requires that the memory

circuit first determine the state of the target bit, and

execute the toggle pulse sequence only if it is not in the

desired state, i.e., only if the new data differ from the ex-

isting. If the preread determines that the target bit is al-

ready in the desired state for the new data, then that bit
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is not toggled. This approach increases the total write cy-

cle time by adding a read operation, but has benefits in

limiting the overall power consumption and improves ar-

ray efficiency because the unipolar current allows the

use of smaller transistors in the write drivers.
The elimination of the half-select problem can be un-

derstood by considering the energy barrier to reversal of

bits experiencing a field from a single line (1/2-selected

bits). For a SAF free layer, the single-line field raises

the energy barrier of those bits, so that they are stabi-

lized against reversal during the field pulse. This is in

marked contrast to the conventional approach using a

simple ferromagnetic layer for storage, where all of the
1/2-selected bits have their switching energy reduced and

are therefore more susceptible to disturbance (thermal

or external field).

B. Performance of Toggle MRAM
A major feature of toggle MRAM is the essentially

unlimited write endurance, since there is no wear-out

mechanism related to switching the magnetization state

of the free layer with magnetic fields. During the read

operation, the bias applied to the MTJ is at a level far be-

low the breakdown voltage of the device, but finite bias

leads to a finite probability of eventual dielectric break-
down. For product reliability, two MTJ barrier failure

modes must be controlled: time-dependent dielectric

breakdown (TDDB) and resistance drift. Dielectric

breakdown is an abrupt drop in resistance, or shorting,

of the tunnel barrier, while resistance drift is a gradual

reduction of the junction resistance over time that can

eventually lead to increased read error rates.

Many applications in industrial and automotive appli-
cations require consistent performance and robust reli-

ability over a broad operating temperature range,

typically �40 �C G T G 125 �C. Rigorous reliability anal-

ysis done for the Everspin 4Mb MRAM product showed

that it exceeds the reliability requirements of industrial

and automotive products [66]–[68]. Extensive opera-

tional characterization and accelerated stress testing vali-

dated its full functionality and high reliability in this
environments. Fig. 7 demonstrates that the toggle

switching operating region is maintained at the highest

temperatures with more than ample margin.

In the operating region, it is possible to reliably read

data and write to the array within the 35-ns read/write

cycle time for this part. The large region with no switch-

ing errors is a demonstration of the ability of Savtchenko

switching to eliminate half-select disturbs, even when
the elevated temperature (125 ˚C) causes some reduc-

tion of the SAF coupling strength.

Everspin’s commercial toggle MRAM uses an MTJ de-

vice with AlOx tunnel barrier and NiFe SAF free layer.

The SRAM-like parts are specified for full cycle time of

35 ns for both read and write, but selected parts have

been demonstrated to operate to G 25 ns. Improved read

Fig. 7. Toggle switching map at elevated temperature ðT ¼ 125 �CÞ
showing large operating region. Saturation of the free layer SAF

exchange can start to be observed at over driven currents at the

upper right in the figure. (From [68].)

Fig. 6. (a) A single layer of ferromagnetic material responds to

an external field ðHÞ by aligning with it, while the behavior of

a SAF is quite different. A SAF free layer (b) rotates such that

the moments of the layers are nearly orthogonal to H when

the magnitude of H reaches the flop field of the SAF, with the

moments canting to produce a net moment approximately

parallel to the field. As the field strength is increased, the

moments scissor toward each other until they are parallel when

the SAF is saturated. (c) Schematic of a toggle MRAM bit with

the field sequence used to switch the free layer from one state

to the other. The fields H1, H1 þ H2, and H2 are produced by

passing currents i1 and i2, through the write lines.
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speed has been demonstrated by replacing AlOx with an
MgO-based MTJ [24]. Although the relative resistance

distributions with MgO are wider than for AlOx, with

sigma È1.5% as compared to sigma È0.9% for AlOx, the

higher MR provides more separation between the high

and low resistance distributions, resulting in more usable

signal for the read circuit. The MRAM cells using MgO

and the NiFe SAF had double the MR compared to

AlOx-NiFe, and 42% larger MR=�, resulting in a reduc-
tion of the read cycle time from 21 ns to a circuit-limited

17 ns. Much faster read times are possible for circuits op-

timized to take advantage of the higher read signal.

C. Applications of Toggle MRAM
Toggle MRAM parts are used in a variety of different

markets including: data storage, transportation, network-

ing, and industrial automation. The combination of non-
volatility, unlimited endurance, high random access

performance, and a wide operating temperature range

provides specific market advantages in many of these ap-

plications. Often the MRAM chip is replacing another

type of memory as well as a battery or capacitor, provid-

ing a significant reliability benefit. The main factor limit-

ing further market penetration is the limited memory

density, with 16 Mb being the highest density in produc-
tion. The next higher density MRAM chip currently in

production is the 64-Mb part using STT switching [3].

Toggle MRAM is also used as an embedded memory in

system-on-chip (SoC) applications. Embedded memories

are often much smaller density than standalone memo-

ries, making toggle MRAM competitive with incumbent

technologies. Since the MTJ layer is inserted between

metal layers in the back-end part of the process, fabricat-
ing embedded MRAM is no different than fabricating

standalone memory.

The application that consumes the largest number of

MRAM chips today is RAID data storage systems.

MRAM chips with densities usually in the 1–4-Mb range

are used in these systems to store metadata, such as re-

start vectors, controller parameters, system configuration

data, and various tables. In case of power failure, this
system information is inherently saved in the nonvolatile

memory and can be accessed quickly upon restart. This

application requires fast, unlimited reads and writes,

combined with nonvolatility and high reliability. In this

and similar applications, a toggle MRAM part with a par-

allel interface often replaces some type of SRAM com-

bined with a battery or capacitor to enable data retention

when power is lost, providing higher reliability and a
lower cost solution.

In transportation and industrial applications, the

wide operating temperature range and impressive data

retention time are important factors. Toggle MRAM ar-

rays, based on 180-nm technology, have demonstrated

data retention times over 20 years at 125 ˚C, as well as

reliable operation from 40 ˚C to 125 ˚C [68]. Since MTJ

devices store data with a magnetic state, rather than

charge, they have advantages over charge-based memo-

ries for space and military applications where exposure

to ionizing radiation is an issue. The same MRAM arrays

used for industrial grade MRAM are integrated with spe-

cial radiation-hard CMOS to address those markets.

The higher densities enabled by STT switching are
enabling MRAM technology to move into additional stor-

age applications, including caching and buffering, as well

as other sockets typically filled by a DRAM.

VI. SPIN-TRANSFER TORQUE MRAM
(STT-MRAM)

A. Introduction
One of the limitations of field-switched MRAM in-

troduced at the beginning of this review is the diffi-

culty of maintaining low error rates and high data

retention while reducing the size of the MTJ devices.

The first effect of shrinking the device dimension is

an increase in the switching field distribution width,

affecting write currents and error rates, and further
shrinking results in loss of data retention time. Al-

though toggle MRAM at the 180- or 130-nm technol-

ogy nodes has a very large thermal stability factor �,

maintaining a sufficiently large � for smaller free-layer

volume would eventually require a larger anisotropy field

HK that is difficult to achieve with shape anisotropy.

These two scaling issues have led industry to shift from

toggle switching to STT switching for technology nodes
of 90 nm and below.

To understand the fundamental physics behind the

STT effect, we can use the free-electron model. Let us

consider a structure consisting of two ferromagnetic

layers separated by a non-magnetic spacer layer (Fig. 8).

When a current goes through one ferromagnetic layer,

the electrons become spin-polarized along the

Fig. 8. Free-electron model for spin transfer torque. The electrons

get spin polarized in the first ferromagnetic layer [polarizer or RL

(reference layer)] with spin aligned parallel to magnetization of

the polarizer MRL. As the electrons transverse the free layer (FL),

their spin is repolarized toward the magnetization of the FL. Due

to the momentum conservation, the difference of the incoming

and outgoing spin-polarized current gives rise to STT torque.
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magnetization of this layer due to spin-dependent scat-

tering, as shown in Fig. 8. As the spin-polarized current
enters the other ferromagnetic layer, the spin of trans-

mitted electrons precesses incoherently around the local

exchange field which is along the magnetization of this

layer. This exchange field results from the exchange in-

teractions between the spin of the conduction electrons

and those responsible for the local magnetization. As a

result of that, within a very short distance of the order of

1 nm, the electron current becomes repolarized along
the magnetization of the second ferromagnetic layer.

Due to momentum conservation, the difference between

the momentum of the incoming and outgoing electron

currents yields a torque acting on the magnetization of

the second ferromagnet—this torque is known as spin-
transfer torque [28], [29]. Several materials can be used

to separate the two ferromagnetic layers. When this ma-

terial is conducting, the corresponding trilayer structure
(ferromagnet–conductor–ferromagnet) is called a spin

valve (SV) [69]. Alternatively, if the material is insulat-

ing the resultant structure becomes an MTJ.

Magnetoresistance and STT can be viewed as closely

related effects. In magnetoresistance, the magnetic struc-

ture (parallel or antiparallel orientation of magnetiza-

tions) affects the electrical properties of the stack,

notably resistance (see Fig. 1). In STT effect, it is the
electric current being passed through magnetic structure

that can change its magnetic state. In both cases, the

fundamental origin lies in the exchange interactions be-

tween the spin of conduction electrons (determining

electrical properties) and the localized spins (responsible

for the magnetic properties).

B. Fundamentals of STT-MRAM
The application of STT writing in MRAM allowed a

large reduction of switching current as compared to

field-switched MRAM (Fig. 9). As the bit becomes

smaller, the writing current decreases proportionally to

the MTJ area down to a minimum value dependent on

the cell thermal stability factor and other parameters

characteristic of the material used for the storage layer.

In addition to that, STT-MRAM has a simpler geome-

try (Fig. 9), eliminating landing pad, word and bypass
lines that allows scaling down to cell size of 4–6F2,

where F is the semiconductor feature size. For reducing

the cell size even further, it is possible to introduce mul-

tiple MTJ elements in one STT-MRAM cell [70]. Such

multiple-level cell (MLC) designs will pose more chal-

lenges to reduce the writing/reading margins and will

likely reduce speed of operation.

1) STT-MRAM Trilemma: Any memory including STT-

MRAM has to provide the following basic functionalities:

writing the data, retaining the written data for a prede-

fined period of time (retention), and reading the re-

corded information. This section describes challenges of

achieving these three properties together.

a) Information recording—STT writing: In order to

discuss details of the STT-MRAM operation, it is necessary
to introduce how the STT results in switching. The magne-

tization dynamics of any magnetic layer can be described

by the Landau–Lifshitz–Gilbert (LLG) equation [71]

dm

dt
¼�prec þ �damp

�prec ¼���0m�H

�damp ¼����0m� ðm� HÞ (1)

where m � M=MS is the normalized vector along the

magnetization M of the magnetic layer with saturation

magnetization MS, H is the total effective magnetic field

(including anisotropy and applied fields), � is Gilbert
damping, � is the gyromagnetic ratio, and �0 is the vac-

uum permeability. The first term �prec in (1) describes the

precessional motion of magnetization around the effective

field H while the second term �damp describes the gradual

damping of the magnetization precessional motion toward

the effective magnetic field H, hence reducing its total

energy.

Fig. 9. Structure of conventional field-switched MRAM cell as compared to STT-MRAM cell. (a) Conventional MRAM cell. (b) STT-RAM cell.
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When STT acts on a magnetic layer such as the stor-

age layer in STT-MRAM, two additional terms appear in

the LLG equation [28]

dm

dt
¼�prec þ �damp þ �STT

IP þ �STT
P

�IP
STT ¼��0�

�h

2

J

e

1

MSt
m� ðm�mRLÞ

�P
STT ¼��0�

0 �h
2

J

e

1

MSt
m�mRL (2)

where J is the current density, t is the thickness of the

free layer, e is the electron charge, �h is the Planck con-
stant, and � is the spin-transfer efficiency (directly re-

lated to the current spin polarization). �IP
STT is the torque

lying in the plane defined by the two vectors m and mRL

and hence often called in-plane torque, or damping-like

torque (since it has the same form as the Gilbert damp-

ing but can change sign depending on the current direc-

tion and therefore can behave as an antidamping torque)

or Slonczewski torque. The second torque �P
STT lies per-

pendicular to this plane and hence is often called per-

pendicular spin torque or field-like torque. Concerning

the magnetization dynamics induced by STT, in the most

relevant case of axial symmetry when mRLkH, the per-

pendicular STT has the same effect as the precessional

torque term, i.e., its main effect is to change the fre-

quency of the magnetization precession. In contrast, the

in-plane STT can either enhance or reduce the damping
torque, as depicted in Fig. 10. When the in-plane STT

opposes the damping torque and overcomes it in magni-

tude, the amplitude of the precession increases to a point

where magnetization switching can occur as illustrated

in Fig. 10(b). The current at which this happens is com-

monly referred to as critical switching current Jc0.
This action of in-plane STT is often described as a

“negative damping” or an “antidamping” [72], [73]. For

switching consideration, usually the in-plane torque is
most important. However, the perpendicular torque can

become relevant in certain specific problems [74]. An ex-

ample of the switching trajectory for the case of spin tor-

que overcoming damping torque is shown in Fig. 10(b).

The initial orientation of the magnetization is along the

þZ-axis. The notable change in precession chirality as mz

crosses zero (counterclockwise to clockwise looking

downwards on the XY-plane) is a signature of spin-torque
switching and is due to the change of sign of the anisot-

ropy field between upper and lower hemispheres (point-

ing along þZ for mz 9 0 and �Z for mz G 0).

By solving the LLG equation, the following expres-

sions for the critical switching current of in-plane (IP)

and perpendicular to plane (PP) magnetized storage

layer [respectively, the case of Fig. 3(b) and (c)] were

derived [75]:

JIPc0 ¼
1

�

2�e�0

�h
ðMstÞ H?eff

2
þ HK

� �

JPPc0 ¼ 1

�

2�e�0

�h
ðMstÞðHKÞ (3)

where � is the spin-transfer efficiency, and �, t, HK , and

H?eff are, respectively, the magnetic damping constant,

thickness, in-plane anisotropy field, and out-of-plane de-

magnetizing field of the FL, respectively. At this value of

the current, effective damping is equal to zero and any

infinitesimal precession of magnetization becomes unsta-

ble. However, the switching time strongly depends on

Fig. 10. (a) STTs acting on the magnetization. (b) Resulting switching trajectory.
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the actual value of the current density with respect to

the value of Jc0. As a rule of thumb, if the measurements

are done at T ¼ 300 K, Jc0 is close to the average switch-

ing current density for pulse width tp � 10–20 ns. For

longer pulse width, the average switching current density

reduces due to thermal fluctuations, which help the mag-

netization to overcome the energy barrier. Two regimes

in JcðtpÞ are commonly observed, as shown in Fig. 11.
— For very short pulses ðtp G 10 nsÞ, the switching

current density is larger than Jc0 and during

switching, details of individual magnetization pre-

cession are important—this is commonly referred

as “precessional or ballistic regime.” In this pre-

cessional regime at T ¼ 0 K, switching current

for a given pulse width tp is given by [76]

JPPc ¼ JPPc0 1þ �

tp
ln

�

2	0

 !
(4)

where � ¼ ð���0HKÞ�1
is the characteristic re-

laxation time, and 	0 is the initial angle between

the magnetization and the easy axis when the cur-
rent pulse is turned on.

From (3), it is clearly seen that for a given

damping, spin-torque efficiency and memory re-

tention (the latter being directly related to Hk),

STT-MRAM with perpendicular anisotropy should

operate with lower switching current density.

This and other reasons described below explain

why most of the R&D in STT-MRAM is focused
on cells based on out-of-plane magnetized MTJs.

If the switching is performed at nonzero tem-

perature, there will be two important effects

due to random thermal fluctuations. First, the

initial angle 	0 will be distributed according to

Maxwell–Boltzmann distribution [73], introduc-

ing distribution of switching current for a given

pulse width. This effect is most important for

short pulse width, typically for tp G 20–50 ns;

see Fig. 11. Second, thermal fluctuations will af-

fect the switching process itself.

— For longer pulse width values, usually for tp 9
50–100 ns, this switching regime is called ther-

mally activated regime (Fig. 11). In this case,

STT effect starts to play a secondary role by in-
creasing effective temperature of the magnetiza-

tion, thus increasing thermal fluctuations, which

in turn, help the magnetization to overcome the

energy barrier. The boundary between the two

regimes is not very well defined and depends on

the FL properties but usually this boundary cor-

responds to switching current near but less than

Jc0. Based on thermal activation model, the fol-
lowing expression has been derived for STT-

MRAM in thermally activated regime: [76]–[78]

Jc ¼ Jc0 1� 1

�
ln
tpw

�0

� �1



 !


 ¼ 1 for IP FL

2 for PP FL

�
(5)

where � is the thermal stability factor (ratio of

energy barrier for switching in standby Eb ¼
�0MsHkV=2 divided by the thermal activation

kBT, V being the volume, kB the Boltzmann con-

stant, and T the temperature), �0 is an intrinsic

attempt time of the order of 1 ns and the param-
eter 
 is equal to 1 or 2 for respectively in-plane

and out-of-plane magnetized FL [77]–[79]. This

dependence is often used to experimentally de-

termine Jc0 and � for IP FL by measuring me-

dian Jc at different pulse width spanning a few

decades, and fitting Jc as a function of logðtpÞ
and extrapolating to 1 ns: the slope yields the

Fig. 11. (a) Dependence of switching current density on current pulse width: precessional and thermally activated regimes by modeling

and (b) typical experiment. Behavior of the STT-MRAM cells with equal Jc0 but different thermal stability factor � is shown in thermally

activated regime (a). The data correspond to in-plane magnetized FL. Perpendicular FL exhibit qualitatively similar behavior.

Vol. 104, No. 10, October 2016 | Proceedings of the IEEE 1807

Apalkov et al. : Magnetoresistive Random Access Memory

CuuDuongThanCong.com https://fb.com/tailieudientucntt

cu
u d

uo
ng

 th
an

 co
ng

 . c
om

http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt


thermal stability � and the extrapolated Jc (1
ns) gives Jc0. This approach (with 
 ¼ 1) has

also been used for PP FL. However, it was

shown to give inaccurate results unless fitting

with 
 ¼ 2 is used [78].

b) Information storing: Similar to field-switched

MRAM discussed earlier in this review, the information

retention capability is determined by the energy barrier

Eb that the free layer magnetization has to overcome to
switch to opposite state in standby divided by the ther-

mal activation energy at the operation temperature [80]

� ¼ Eb
kBT

: (6)

This expression holds for both in-plane and perpen-

dicular STT-MRAM free layers. For small dimensions

and high density, perpendicular STT-MRAM is preferred,
as will be discussed later.

Typically, � 9 60–80 is needed to guarantee reliable

data retention for ten years. For IP free layer, the energy

barrier is provided by shape anisotropy (thus requiring

elongated shapes) and is given by

�IP ¼ Eb
kBT

¼ �0HKMSV

2kBT
: (7)

For in-plane free layer with elliptical cross section
with short axis of dimension w, one can derive a simpli-

fied expression for the effective anisotropy field

HIP
K ¼ 2

MStðAR� 1Þ
wAR

(8)

where AR is the in-plane aspect ratio: length divided by

width. Thus, the thermal stability becomes

�IP ¼ �0�ðMStÞ2wðAR� 1Þ
8kBT

: (9)

From this expression, we can see that the stability of

in-plane magnetized cells is proportional to the square of

the moment per unit surface ðMstÞ and width of the cell.
Mst is a quantity that can easily be measured by VSM

magnetometry. This expression, which is derived based

on assumption that the free layer magnetization switches

uniformly (macrospin approximation) is in good agree-

ment with experimental observations, provided that AR

is not excessively large (G 2.5–3) and macrospin approxi-

mation is valid.

For FL with perpendicular magnetization, a general
expression for the anisotropy energy density can be writ-

ten as follows:

KPP ¼ KPP
b þ �i

t
� 1

2
�0M

2
S ¼

�0H
PP
K MS

2
(10)

where �i is the perpendicular surface anisotropy per unit

surface taking into account the two interfaces of the FL,

and KPP
b is the bulk anisotropy (per unit volume). The

term �1=2 �0Ms
2 is the demagnetizing energy which

tends to bring back the magnetization in-plane.

Two classes of PMA materials are often distinguished

based on the dominant origin of anisotropy [81]:

— bulk perpendicular magnetic anisotropy (B-PMA);

— interfacial perpendicular magnetic anisotropy

(I-PMA).

The former usually involves materials, which have
crystalline anisotropy due to reduced crystalline symme-

try, making in-plane and out-of-plane directions not

equivalent. Examples of such materials are FePt and

CoPt alloys or multilayers. In most of these materials, bi-

nary or ternary alloys are used and at least one constitu-

ent material has high atomic (Z) number, which

provides high spin-orbit coupling and correlatively large

damping. While strong anisotropy is beneficial for per-
pendicular STT-MRAM free layer, large damping is not

desired since switching current is proportional to

damping (3).

The latter, I-PMA anisotropy, is related to interaction

between the ferromagnetic film and the adjacent layer.

An important class of I-PMA materials are based on the

interface between a metallic ferromagnet and an oxide,

which was demonstrated in 2002 using Pt/CoFe/AlOx
structures [44], [82], [83]. Since the presence of Pt is un-

desirable due to an increase in damping from the spin-

pumping effect, the same I-PMA at magnetic metal/oxide

interface was later demonstrated in Pt-free structures suit-

able for STT-MRAM, namely Ta/CoFeB/MgO structures

[41], [43]. This material has several important advantages

as compared to B-PMA materials: very good lattice match-

ing with MgO, low damping combined with large interfa-
cial anisotropy, and high spin-polarization yielding a large

TMR amplitude. However, one challenge when using

I-PMA materials is to obtain a sufficiently high thermal

stability, especially at small (sub-20-nm) dimensions. In

B-PMA material, increasing the FL thickness while keep-

ing everything else the same provides an easy and

effective way to increase the thermal stability of the FL

�PP�B
QU ¼ KPP

b � �0

2
M2

S

� �
�D2t

4kBT
(11)
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where B stands for B-PMA, QU stands for quasi-uniform

approximation (i.e., assuming that the magnetization of
the FL switches uniformly), and D is the diameter of the

free layer.

In contrast, for I-PMA, assuming that the interfacial an-

isotropy is a property of the interface and does not change

as the thickness of the ferromagnetic layer increases, the

thermal stability decreases with thickness according to

�PP�I
QU ¼ �i � �0

2
M2

St

� �
�D2

4kBT
¼ �i

�D2

4kBT
(12)

where we have introduced �i ¼ �i � ð�0=2ÞM2
St as the per-

pendicular magnetic anisotropy per unit area. This parame-

ter plays a very important role in PMA free layer. It directly

determines how small a given free layer can be made while
still being stable, as will be discussed later in the text. The

expressions of � in the two equations above were derived

assuming coherent macrospin switching of the free layer,

which works well at very small cell dimensions (typically

below 30 nm in diameter). Both I-PMA and B-PMA mate-

rials have significant discrepancies with experimental data

at larger dimensions (see Fig. 12) [84]. Indeed, at large di-

mensions, the evolution of � versus the cell dimension ob-
served experimentally is different from the D2 quadratic

behavior predicted by (11) and (12). Rather, it exhibits a sat-

uration for D 9 40 nm, as illustrated in Fig. 12.

The two main approaches to increasing � for I-PMA

free layers include increasing �i and reducing MS. A useful

approach for obtaining more interfacial anisotropy energy

includes the use of two MgO interfaces, one on each surface

of the FL [46], [85]. This enables the approximate doubling
interfacial anisotropy acting on the FL magnetization.

This change of behavior in the evolution of� versus the

diameter between small and large dimensions is related to a

change in switching mode from coherent rotation at small

dimensions to nucleation/propagation reversal of magneti-

zation at larger dimensions [86]. As a matter of fact, at di-

mensions above 40 nm, much less energy is required to

reverse the FL magnetization by nucleating a reversed
domain in the FL and propagating a domain wall (DW)

across the FL than to switch the magnetization coherently.

This can be demonstrated by a nudged elastic band (NEB)

simulation [87]. This method consists in constructing a

series of magnetic states of the free layer connecting the ini-

tial and final states (e.g., magnetization “up” and magneti-

zation “down”). Then, each image is moved along local

energy gradient while keeping the images equidistant. This
procedure is repeated until convergence is found. The resul-

tant series of images corresponds to a switching path that

has minimum energy barrier. This procedure was applied to

a perpendicular FL with typical parameters and it was found

that even for relatively small dimensions (20–30 nm),

switching by a quasi-uniform rotation results in a much

larger energy barrier than switching by DW formation and

propagation [46], [86] (see Fig. 13). Thus, equations (11)
and (12) must be replaced by the following approximate

expression that describes the energy needed to create a

DW across the diameter of the free layer:

�PP
DW � 4

ffiffiffiffiffiffiffiffiffiffiffiffiffi
AexKPP

p
Dt

kBT
(13)

where Aex is the exchange stiffness in the free layer. In this

expression, KPP is given by (10).

As the diameter of the free layer changes, the energy to

create a DW reduces linearly with the diameter, whereas

the energy for coherent rotation scales as the square of the

diameter. Thus, at some critical dimension, the two ener-

gies cross each other yielding the observed crossover in
switching behavior. For small sizes (below 30-nm diame-

ter), quasi-uniform rotation results in smaller energy barrier

and thus becomes the primary switching mechanism (see

Fig. 13 below 30 nm). The critical dimension corresponding

to the change of switching modes depends on the material

parameters, e.g., increasing KPP shifts it to smaller sizes.

In experiments, thermal stability often showed satu-

ration at larger dimensions, as shown in Fig. 12 above
30 nm [47], [57]. This observation is contrary to what is

expected from either single-domain model or NEB simu-

lations (Fig. 13). A number of explanations were pro-

posed over the years in order to improve the model to

better match experimental observations, such as effective

subvolume nucleation mechanism [88], edge nucleation

mode [89], and others.

Fig. 12. Experimental dependence of thermal stability � on the

junction size (reprinted from [47] with permission). These data

exhibit saturation of � at larger diameters indicating

nonuniform magnetization reversal.
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In another direction, researchers investigated

whether experimental measurement of � [90] was accu-

rate. For a typical thermal stability (above 60), direct

measurement of retention (e.g., by measuring probability
of thermally activated switching of a chip at room tem-

perature) is impossible and some acceleration techniques

have to be used. Usually, they involve either modifying

the energy barrier (by applying external magnetic field,

spin torque, or both) or varying the temperature (chip

baking at temperature significantly higher than room

temperature). In all cases, a model is needed to quantify

the dependence of � on the field, current, or tempera-
ture. Until recently, the researchers have been using

models which have two important assumptions:

— uniform switching (or macrospin-like switching);

— energy barrier dependent on current with expo-

nent of 
 ¼ 1 [see (5)] [78] for both in-plane

and perpendicular designs.

Both assumptions are not generally well justified for per-

pendicular MTJs. On the contrary, modeling shows that
the thermally activated switching occurs by DW propaga-

tion (Fig. 13) and that the dependence of � on the field is

more complicated than what was derived assuming macro-

spin behavior [91], [84, eq. (11)]. Extension of the � ðHÞ
model to DW-mitigated switching was performed recently

[92, eq. (2)] and evaluation of � using this model showed

that indeed thermal stability is increasing linearly with in-

creasing dimensions even well above 40 nm with excel-
lent agreement with NEB simulations and chip data

retention measurements at higher temperature without ex-

ternal field [92], solving the long-standing paradox of in-

consistent behavior of thermal stability at larger

dimensions.

c) Simultaneous achievement of writability, readability,
and retention—STT-MRAM trilemma: A key challenge for

STT-MRAM is the simultaneous achievement of low

switching current, high thermal stability, and large

TMR. For reading, some minimum TMR is needed to

have a sufficient signal for determination of the resis-
tance state by the read circuit. The actual TMR needed

is dependent on the details of the read scheme and the

bit-to-bit resistance distributions, but a common require-

ments for minimum TMR in MRAM arrays are between

150% and 300%, sometimes more. For STT writing, the

desired case is to have a switching current that is less

than the saturation current of a minimum-sized transis-

tor at the specified technology node. For storing the in-
formation, a typical requirement is to have thermal

stability factor � 9 80 for 1-Gb memory array. The issue

of engineering devices to meet all three of the above re-

quirements is sometimes called the “STT-MRAM trilem-

ma” (Fig. 14), since it is often possible to improve one or

two of the properties but at the expense of another. For

example, for in-plane STT-MRAM, increasing the thick-

ness of the FL provides an easy way to improve TMR
and thermal stability, but the switching current increases

as well. In the next section, we will discuss some ap-

proaches toward overcoming the boundaries of the tri-

lemma using special designs.

2) Breaking STT-MRAM Trilemma
a) Material improvements—Damping and STT effi-

ciency: One important approach to improve STT-MRAM
characteristics involves development of better materials

for MTJ structure. From (3), reducing damping helps

and increasing STT efficiency and polarization also con-

tributes to reducing Jc0. Historically, for these reasons,

CoFeB materials with various compositions have been

used. They provide low damping constant of 0.005–

0.015, good spin polarization, and high TMR. At this

Fig. 13. (a) NEB simulation for minimum energy barrier: comparison of quasi-uniform switching (black) to DW switching (red).

(b) Dependence of thermal stability on size: smaller dimension—quadratic behavior, larger dimensions—linear. Crossover between

quadratic and linear behavior moves to smaller dimensions at larger anisotropy. The short dimension of MTJ cell is 20 nm, and

thickness of the free layer is 0.85 nm [86].
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moment, the highest TMR achieved at room temperature

is 604% for CoFeB/MgO/CoFeB structure [22]. Damping

has been shown to be strongly dependent on film thick-

ness, increasing greatly for the thinnest films due to a

spin-pumping contribution that can be mitigated by
using an insulating capping material [93].

In addition to CoFeB, there has been significant work

on developing alternative materials to reduce damping

and increase polarization. The most famous example in-

clude half-metallic materials, which, at Fermi energy,

have energy gap in one of the sub-bands (e.g., for spin-

down) and thus not only should provide 100% polariza-

tion, which translates to infinite TMR (at 0 K), but also
should give very low intrinsic damping. Very high values

of TMR (9 2000%) were indeed achieved at low temper-

atures (4 K). However, at room temperature, the half-

metallic materials have failed to exceed or even reach

the TMR provided by CoFeB alloys. There are a few fun-

damental difficulties with half-metallic materials that

have to be overcome. Most of these materials are pre-

dicted or demonstrated to have half-metallicity in bulk
form. However, once these materials are made as thin

films (compatible with STT-MRAM FL requirements)

and incorporated next to MgO, or another tunneling bar-

rier, half-metallicity can be lost due to lattice modifica-

tions and electronic density of state changes. In addition,

the majority of half-metallic materials are cubic and do

not possess perpendicular magnetic anisotropy, limiting

their potential use to in-plane STT-MRAM. There have
been a few approaches to address this, e.g., by using in-

terfacial anisotropy [43] or creating a superlattice of two

alternating distinct half-metallic materials [94].

b) Design improvements
In-plane (IP) STT-MRAM with PPMA: One interesting

approach to go beyond the boundaries of STT-MRAM tri-

lemma consists in partially balancing the demagnetizing

energy of the in-plane magnetized storage layer by a per-
pendicular anisotropy which has to be smaller than the

demagnetizing energy. This anisotropy is often called

partial perpendicular anisotropy (PPMA). If we look at

(3) for Jc0 of the in-plane FL, the term in the parenthesis

involves H?eff . This is the field which is needed to satu-

rate the FL magnetization in the direction perpendicular

to the plane. Without any PPMA, this field is equal to

�0MS. If PPMA with effective anisotropy field HK? is in-
troduced, it becomes

H?eff ¼ MS � HK?¼ MS 1� HK?
MS

� �
¼ MSð1� hK?Þ (14)

where we have introduced dimensionless PPMA effective

field hK? as the perpendicular anisotropy field normal-
ized by the demagnetizing field

hK? ¼ HK?
MS

: (15)

For increasing PPMA, the switching current Jc0 can

be reduced

JIPc0 ¼
1

�

2�0�e

�h
ðMstÞMS

1� hK?
2

þ hK

� �
(16)

where dimensionless in-plane (shape) anisotropy field
hK ¼ HK=MS was introduced. As can be seen from (16),

effectiveness of PPMA to reduce Jc0 is larger for smaller

in-plane HK value, thus for larger dimensions. For

smaller dimensions, we need larger HK to maintain sta-

bility and PPMA effectiveness is reduced.

An important advantage of PPMA is that it can be in-

troduced without change in thermal stability or TMR and

can fundamentally change the boundaries of STT-MRAM
trilemma. One efficient way to introduce PPMA into an

existing FL is by using different capping material. This

has been experimentally demonstrated [95], [96], where

PPMA level was varied from 10% to 80% by modifica-

tions of the cap material and thickness. PPMA is decreas-

ing as the thickness of the FL is reducing [Fig. 15(a)],

which suggests its interfacial origin. Fig. 15(b) demon-

strates that device switching critical current Jc0 follows
the trend of PPMA.

Despite the fact that PPMA was shown to be very ef-

fective to break STT-MRAM trilemma and reduce Jc0
without changes to thermal stability or TMR, it has a

few limitations. One of the limitations is that at large

PPMA ðhK? 9 0:85 for short axis of 50–60 nm), thermal

stability starts to degrade. This is due to reduced

Fig. 14. An example STT-MRAM trilemma. Simultaneously three

properties have to be satisfied: reading, writing, and storing.

In this example, it is necessary to have TMR 9 200% for reliable

reading, switching current less than that supplied by a small

transistor for small cell size, and thermal stability factor

� 9 80 to meet a desired data retention goal.
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demagnetizing field at edges of the FL that results in

small out-of-plane tilting of the magnetization that, re-

spectively, reduces in-plane component and shape anisot-

ropy. In addition to that, even though large PPMA

reduces Jc0 and Jc at long pulses quite significantly, it be-

comes less effective in the precessional regime for
tp G 20 ns. This is due to a reduction of critical relaxa-

tion time � that determines the switching dynamics in

the precessional regime. Hence, effectiveness of PPMA

depends heavily on target application of the STT-MRAM

product, including cell dimensions, switching time, and

retention requirements, and will likely be most applica-

ble to dimensions above 40 nm.

Perpendicular MTJ design (P-STT-MRAM): In the
previous section, we have been focusing on in-plane MTJ

designs with equilibrium magnetization states in the

plane of the free layer film. However, increasing PMA

until it exceeds the thin-film demagnetizing energy re-

sults in a free layer magnetization with an easy axis per-

pendicular to the film plane, providing additional

benefits. First, the switching current can be reduced,

compared to in-plane magnetized free layers, for the
same thermal stability [see (3)]. Second, elongated bit

shapes are not needed since the perpendicular anisotropy

is an intrinsic property of the free layer material. This

not only alleviates patterning and size control require-

ments but also helps to reduce the memory cell size, in-

creasing the achievable array density in an STT-MRAM

circuit. Such devices are practical because interfacial

perpendicular anisotropy as high as 2 mJ/m2 has been
demonstrated, enough to make a stable free layer with

sub-10-nm dimensions. These benefits make perpendicu-

lar STT-MRAM most desirable for high-density (e.g.,

DRAM) applications.

The first observation of STT switching in perpendicu-

lar MTJ was achieved independently by Tohoku Univer-

sity and HGST in 2006 on GMR structures [97], [98],

using Co/Ni, Co/Pt, or FePt materials. Materials with

high Z number, such as Pt or Pd, introduce high spin-

orbit interactions which increase the perpendicular an-

isotropy but also increase the free layer damping, which

is highly undesirable. Even though the perpendicular

configuration was expected to improve current density
compared to in-plane devices, the high damping of these

particular perpendicular materials seems to have offset

the potential improvement. In addition to high damping,

these PMA materials usually have threefold in-plane lat-

tice symmetry, for example, from FCC (111) textured

film growth, which is not inherently compatible with the

fourfold symmetry of the (001) oriented MgO tunnel

barrier needed for high TMR and high spin-torque effi-
ciency. The interfacial epitaxy problem can be mitigated

by including amorphous CoFeB alloy in the free layer,

separated from the polycrystalline layers by inserting an-

other material, such as Ta, to break crystallographic co-

herence between the bulk-PMA material and CoFeB, but

with a penalty in complexity and limitations on the free

layer design.

The demonstration in 2010 of fully perpendicular
CoFeB-based free layers employing only the interfacial

anisotropy at the magnetic metal/oxide interface [42]

showed it was possible to combine large anisotropy with

weak damping and good symmetry matching. Beginning

with this demonstration in a simple structure with MgO

on one side (Ta/CoFeB/MgO), [43], [55], this approach

was further developed and widely adopted for perpen-

dicular STT-MRAM development by researchers in in-
dustry and academia. Achieving a stable free layer in

this system required the use of very thin CoFeB layers,

which resulted in a significant damping increase com-

pared to thicker layers. In addition, the achievable an-

isotropy strength of such free layers was found to be

insufficient to provide adequate � for small (G 30 nm)

device dimensions. Both of these problems were solved

Fig. 15. (a) Experimental demonstration of PPMA due to different capping materials used. (b) Reduction of Jc0 by different capping

materials.
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by using free layers with double MgO barriers (e.g.,

MgO/CoFeB/MgO), which was demonstrated by

Samsung [46] and Tohoku University [99]. This resulted
in a doubling of � and more than a twofold decrease of

the damping (due to spin-pumping suppression). Higher

anisotropy enables the scaling of pMTJ devices to smaller

diameters while maintaining � needed for stable data

storage. The switching efficiency figure of merit for

p-STT-MRAM, defined as the ratio �=Ic0, has been

shown to increase with reducing dimensions, probably

due to multiple factors including reduced effective damp-
ing [47] and an increasingly coherent reversal process

for smaller free layer diameter. The latter trend can

be explained by different scalability of Ic0ð�D2Þ and

�ð�DÞ, thus the figure of merit �=Ic0 should increase

at smaller dimensions as �1=D with saturation below

transition to quasi-uniform regime (described above).

Similar behaviors of the figure of merit were reported

in [57] and [100]. STT switching has been demonstrated
in devices with diameter as small as 11 nm [47]—the

smallest dimension demonstrated to date (see Fig. 16).

At 11-nm dimension, the demonstrated thermal stability

is � � 20, which is too small for practical applications

but demonstrates the potential for improved scaling. More

work is needed to enhance the interfacial anisotropy to

create a stable MTJ cell at sub-20-nm dimensions.

Much work has been carried out, and much more is
in progress, to increase the stability of I-PMA-type free

layers by increasing the effective perpendicular anisot-

ropy. Values of �i as high as 1.9 mJ/m2 have been dem-

onstrated to date [101].

At sub-40-nm dimensions, process damage can play a

dramatic role on MTJ behavior, as was shown by

Samsung [102] with MTJ dimensions between 15 and

50 nm. An improved process with reduced side-wall

damage allowed the improvement of � to 40 at 15-nm

diameter.
Achieving high TMR with I-PMA-based FL is more

challenging than for in-plane FL because, as previously

mentioned, the effective anisotropy in I-PMA FL de-

creases with the FL thickness, setting an upper limit for

the thickness of this layer at about 1.4 nm for a single

MgO interface and 2.0–2.8 nm for double MgO inter-

faces. At this moment, TMR values above 350% were

achieved on out-of-plane magnetized MTJ Fig. 17, [101].
MTJ structure with two MgO barriers—DMTJ: An-

other approach to increase STT efficiency is to introduce

in the MTJ stack, on the interface of the FL opposite to

the MgO barrier, a second MgO barrier together with a

second reference layer magnetized antiparallel to the

first reference layer, as shown in Fig. 18. This creates a

dual MTJ structure or DMTJ.

To explain the working principle of DMTJ, we can as-
sume that the spin-transport across the DMTJ can be

viewed as the transport across two single MTJ elements

(second MTJ element has inverted FL/RL order) with

shared free layer (Fig. 18). When a current goes through

the first reference layer, the electrons become spin

Fig. 16. Critical switching current (a) and figure of merit ð�=Ic0Þ
(b) as a function of MTJ diameter. (Reprinted with permission

from [47].)

Fig. 17. TMR of improved p-MTJ stack, from [101].

Fig. 18. Schematic diagram showing how the two spin-transfer

torque contributions add in a dual MTJ design.
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polarized (SP) along the magnetization of this layer due to
spin-dependent scattering. As this SP current enters the

FL, the spin of transmitted electrons becomes repolarized

along the magnetization of the FL. This results in STT �1

acting on the magnetization of the FL. So far, the picture

is the same as for a single MTJ structure. However, the

spin-polarized current exiting the FL travels to the second

reference layer. Some of the electrons with spin direction

antiparallel to magnetization of RL2 will get reflected to-
ward the FL. As they enter the FL, these reflected elec-

trons produce an additional STT �2 acting on the

magnetization of the FL and adding to �1, thereby increas-

ing the total STT acting on the FL magnetization. If the

two RL were in parallel configuration, �2 would have op-

posite sign with respect to �1 so that there would be a re-

duction of the net STT. Higher spin torque is desirable for

improved switching efficiency in MRAM, making the con-
figuration with two antiparallel RL very interesting.

In similarity to PPMA effect, DMTJ does not change

thermal stability of the free layer, thus addressing the

write/store part of the STT-MRAM trilemma. However,

with regards to reading the state of the memory, there is

a difference between the two approaches since in a fully

symmetric DMTJ structure there is no change in device

resistance as the free layer is switched. This is due to the
FL being parallel to one reference layer (low resistance)

and antiparallel to the other reference layer (high resis-

tance) regardless of the direction of the FL magnetiza-

tion. This obviously makes it impossible to read the state

of the device. To solve this issue, one of the junctions is

made to have higher resistance (RA) than the other, so

the total resistance is dominated by the state of that sin-

gle junction. This makes it possible to achieve almost the
same level of TMR in DMTJ structure as compared to

the single MTJ [103].

Another attractive attribute of the DMTJ design is its

compatibility with I-PMA free layer designs. As described

above, the presence of two MgO layers on the two FL sur-

faces can create a high level of PMA, providing additional

energy barrier in p-MTJ FLs and a reduction of spin tor-

que switching current in PPMA FLs. [43], [104], [105].
Experimentally, the first DMTJ structure with in-

plane FL/RL was demonstrated in 2007 [106] and

showed very low Jc0 values of 1 MA/cm2 on thermally

stable FL. It showed very symmetric switching currents

between the two switching directions (AP to P and P to

AP), in contrast to single MgO structures, which typi-

cally show asymmetry (ratio of P to AP current to AP to

P current) of 2 and 3. DMTJ with perpendicular magneti-
zation of free and reference layers was demonstrated by

Samsung in 2014 [107] and IBM in 2015 [108].

C. STT-MRAM: Remaining Challenges

1) Patterning Process: One of the remaining challenges

for STT-MRAM manufacturing is the patterning process.

The fabrication of nanopillars of a certain size (down to
less than 20 nm) with well-controlled dimensions, verti-

cal sidewalls (> 80 -) and tight distributions is especially

complicated since the MTJ involves a number of differ-

ent materials: insulators, magnetic metals, nonmagnetic

metals, etc. A common approach to define the array of

nanopillars involves deposition of a special hard-mask

material and then removal of the material not covered by

the hard mask to define a 2-D array of MTJ cells. Two
commonly used methods involve reactive ion etching

(RIE) and ion beam etching (IBE) with both having its

own advantages and challenges. For example, IBE etch-

ing method, commonly used for MTJ-reader fabrication

in the hard drive industry, involves physical bombard-

ment by ions and has the advantages of good control

over the angles of the ion beam, low reactivity with the

film, and comparable etch rates across a wide range of
materials. This method works quite well for larger di-

mensions and pitch between MTJ pillars but, for higher

density arrays and high aspect ratio pillars, there is a lim-

itation of the angles due to the shadowing effect (MTJ

pillar being shadowed by its neighbors). The RIE

methods involve both a chemical component to create

volatile compounds from the etched material and a phys-

ical sputtering component. In principle, RIE methods are
better suited to higher density arrays, but careful selec-

tion of the chemistry and process details are needed to

equally remove all the different materials used in MTJ

pillar while minimizing edge damage. Combination of

the two methods also is used in a constant quest to im-

prove the etching technique. As a recent example, a

promising approach to improve the RIE patterning

Fig. 19. Comparison of various properties versus cell size

between improved process A versus conventional process B

(from [101]) (a) coercive field. (b) TMR amplitude in patterned

sample normalized by TMR amplitude before patterning.

(c) Switching voltage. (d) Thermal stability factor.
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uniformity and edge roughness was proposed by using

plasma ribbon beam etching (PRBE) [109]. In this
method, a specially designed aperture is used to form a

ribbon ion beam that scans through the 300-mm wafer

with rotation of the wafer between the scans. The direc-

tion of the ions in the beam has an angular distribution

tailored to clean the sidewall or trenches between the

pillars. This process was shown to have promising results

for good size control (from 100 to 20 nm) and small

edge damage [109].
It has been demonstrated that improving the STT-

MRAM fabrication process is important for reduced

damage and improved cell properties, especially for very

small dimensions. This is shown in Fig. 19, which com-

pares an improved MTJ process (process A) and stan-

dard process (process B). Not only the normalized TMR

can be affected but also the dependence of thermal

stability factor � or switching voltage on dimensions
can be drastically changed by the process. Here, �
was obtained by fitting the Hc distribution, as shown

in the inset of 19(d). The improved process results in

much tighter distribution of resistances and better size

control, as well, Fig. 20.

2) Switching Probability—Write and Read Error Rates:
In the discussion so far, when we were discussing about
switching current density at a given pulse width, we im-

plied average switching current density, corresponding

to 50% of switching probability. For a successful mem-

ory product, this is clearly not enough: the entire mem-

ory array has to be repeatedly written with very low

probability of error. For STT-MRAM, reliable writing

and reading has been demonstrated a number of times.

A good recent example of very low BER for writing on
fully perpendicular STT-MRAM is shown in Fig. 21 on

a single MTJ cell and on a set of 256 randomly selected

cells [Fig. 21(b)] [110]. The test did not show any errors

at the largest voltage applied [marked by a star on

Fig. 21(a)—calculated as inverse of the number of ap-

plied pulses]. This result was achieved for both direc-

tions of the switching (positive and negative voltages).

3) Read Disturb: In addition to being able to switch re-

liably, another important characteristic of STT-MRAM is
being able to read without disturbing (accidentally

Fig. 20. Improved process A resulted in narrower MTJ cell resistance distribution (from [101]).

Fig. 21. (a) Demonstration of ultralow write error rate (BER)

for 10-ns (red, square) and 50-ns writing pulses. Horizontal axis

is voltage on the MTJ (TJ) cell, excluding voltage drop on the

transistor. (Reprinted with permission from [110].) (b) Normal

quantile plot of bit error rate for 256 randomly selected cells.

Each of the electrically functioning cells (three cells were

defective and excluded) is shown to reach the requested error

floor of 1e-7 (limited by test time) for both reading ðNQ � 5Þ
and writing ðNQ � �5Þ.
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switching) the state of the free layer. For a read current
Iread one can derive the following expression for the

probability of switching a cell in STT-MRAM chip [81]:

PRDðIreadÞ ¼ 1� exp
�Nreadttot

�0 exp � 1� Iread
Ic0

� �
� �
0
BBB@

1
CCCA (17)

where 
 ¼ 1 (in-plane magnetized MTJ) and 
 ¼ 2 (out-
of-plane magnetized MTJ) [78], [84], [111], Nread is the

number of cells which are read in parallel in one single

read operation (e.g., 16 kb for DRAM-compatible specifi-

cations [112]) and ttot is the total duration of all read op-

erations during the specified chip operating time (up to

10 years for nonvolatile memory applications). Required

read disturb level [see (17)] depends on a specific appli-

cation and is of the order of 109 before ECC correction
and 1018 for applications without ECC correction, which

directly translates into minimum thermal stability for a

given read pulse and read current. Characterization of

read disturb and write error rates can be conveniently

done on a single graph by plotting normal quantile of

BER. Thus, read disturb corresponds to positive normal

quantile (probability of switching G 50%) and write error

rate corresponds to negative normal quantile (probability
> 50%) [see Fig. 21(b)].

4) Long-Term Data Retention: Another important char-

acteristic of any memory including STT-MRAM is how

long the data can be retained after it is written (reten-

tion). STT-MRAM is a nonvolatile memory (i.e., it can

keep the information without being electrically powered)

and the retention time can be as large as ten years. Ex-
pression (17) can be conveniently used to calculate the

probability of thermally activated data loss after time t by
setting read current to zero

Pth ¼ 1� exp
�t

�0 expð�Þ
� �

: (18)

From this expression, we can see that data retention

properties are determined dominantly by the thermal sta-

bility factor. One convenient characteristic of a memory

chip related to data retention is the required specifica-

tion on the maximum number of failures in time (FIT)

Pth ¼ FIT

NB
(19)

where NB is the total number of bits in the chip. From

the above expressions, a requirement is set on the

thermal stability factor measured at room temperature as

a function of retention time ðtÞ, the number of bits ðNBÞ,
and the maximum number of FIT (see Table 1)

� ¼ �Ln � �0
t
Ln 1� FIT

NB

� �" #
: (20)

For practical considerations, � of 70–90 is usually

quoted as typical minimum thermal stability for ten-year
data retention. This depends on cell-to-cell distribution,

operation temperature, sensitivity of FL properties to

Table 1 Required Room-Temperature Values of Thermal Stability for

Ten Year Data Retention at Different Operating Temperatures. Bit-to-Bit

Distribution is not Taken Into Account

Fig. 22. STT efficiency (a) and (c) and thermal stability factor �

(b) and (d) as a function of diameter for perpendicular MTJ cell.

Several designs are considered: stack A (high figure of merit

�=Ic stack), stack B (high � design). Reprinted with permission

from [57].
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temperature, etc. Existing I-PMA-based perpendicular

free layer materials provide level of anisotropy large en-

ough for � ¼ 100 at 14-nm diameter of the free layer.
Experimentally, values as high as 120 were demonstrated

in perpendicular MTJ cell at 30-nm diameter (Fig. 22).

Going down below 10 nm may require using B-PMA ma-

terial and special development to mitigate damping in-

crease usually associated with B-PMA materials.

Fundamentally, thermally stable bits down to 5–7 nm

(size of the grain) are achievable using B-PMA as used in

magnetic media in hard disk drive technology.

5) MTJ Endurance and Breakdown: Another important

characteristic of a memory is its endurance—the number

of times a particular memory cell can be read or written

before irreversible degradation occurs. It can vary widely

between different types of memories from a virtually in-

finite number of cycles (for DRAM, SRAM) to 103–105

for a flash memory. The simplest measurement of the bit
endurance is typically done at increased voltage and pro-

jected to operating voltage. For a given voltage, a cell is

constantly written and read until it breaks down. Then,

this procedure is repeated on the next cell and so on un-

til enough statistical data are obtained. Then, the same

test is repeated at increasing voltage as shown in Fig. 23.

The projection to operating switching voltage gives the

expected single-bit median cycling endurance equivalent

to 1020. This means that after 1020 cycles, half of the bits

in the memory chip are shorted.
The cycling endurance of an MRAM product depends

on the allowable error rate from shorted bits, which

could be in the 106 to 1018 range depending on many

factors. In addition, the write voltage in a circuit must

be set far above the mean switching voltage to ensure a

low write error rate. These practical considerations make

the prediction of endurance in a product quite compli-

cated, but it is clearly many orders of magnitude less
than the mean time-to-fail of the devices.

Electron trapping/detrapping mechanism in the tun-

nel barrier was shown to play a key role in the early

breakdown of MTJs and a correlation between endurance

and 1/f electrical noise of MTJs has been demonstrated

[113], [114].

D. STT-MRAM Chip Demonstrations
STT-MRAM chip development and demonstrations

have advanced significantly in the recent years. Two im-

portant cases are worth noting for both in-plane and per-

pendicular STT-MRAM. Everspin Technologies [3]

demonstrated a 64-Mb chip based on 90-nm CMOS tech-

nology with in-plane magnetization. The size of the MTJ

bits was 80–90 nm with aspect ratio of 2 and 3. MgO

Fig. 23. (a) Number of write pulses to breakdown an MTJ as a function of the pulse amplitude. Each point represents the number of

pulses (cycles) to failure of a single MTJ. The within-array distribution is evident in the histogram plots shown in the three panels on

the right. (b) Median cycles to fail extrapolated to 1e20 cycles at Vsw, meaning that half of the bits fail at the switching voltage.

(c) Normalized TMR as a function of write cycles showing negligible degradation over a wide range prior to eventual breakdown. [81].
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barrier with RA of 5–10 � 	 �m2 and TMR above 110%

was used. The distribution of switching voltage ð1�Þ was
shown to be G 10% with separation between the break-

down and switching voltage of more than 25�. Sequen-
tial data rate was 1.6 GT/s, corresponding to DDR3-1600
specifications. Error-free writing of the whole chip was

achieved for 5� 105 cycles (limited by testing time).

Operation within range from 0 -C to 70 -C was shown

without significant changes.

For perpendicular STT-MRAM 8-Mb chip for embed-

ded application was demonstrated by TDK/Headway

[115] using 90-nm CMOS technology and 1T-1MTJ de-

sign (single transistor per MTJ). The free layer was
I-PMA-based: MgO/CoFeB-based FL/MgO to increase

the stability of the FL by having interfacial anisotropy on

both surfaces of the free layer. The cell size was 50F2

with diameter of the STT-MRAM nanopillar of 50 nm.

Both writing and reading times were shown to be below

5 ns with data retention at 125 ˚C up to ten years. The

number of defected cells (mostly partial shorts) was

shown to be less than 10 ppm (parts per million), which

is low enough to be corrected by redundancy. Reliable

reading (up to 104 pulses) was shown in the worst case

scenario (largest read current at 125 ˚C). For embedded

memory, STT-MRAM chip has to sustain BEOL tempera-
ture of 400 ˚C for 30–90 min. This is not trivial and in-

volves optimization of the materials not only for the free

layer [116] but also for the reference layer [117] to pre-

vent degradation of MTJ properties by interdiffusion.

This STT-MRAM chip was shown to sustain 400 ˚C for

up to 90 min without degradation, which satisfies this

requirement (Fig. 24).

These two demonstrations are very important for fea-
sibility of STT-MRAM chips but some important ques-

tions remain. One of them is the reliability of writing

and reading down to very small (less than 109) error

rates. These ultralow read and write error rates were

shown in a 4-kb chip with perpendicular MTJ by IBM

(see Fig. 21) [110]. Very thin I-PMA (Ta/CoFeB/MgO)

free layer was used, which provides better switching

Fig. 24. Data from TDK/Headway 8-Mb STT-MRAM chip. (a) TMR ratio as a function of anneal time at 400 ˚C. Data points show

the median value of more than 140 devices with a median diameter of 80 nm. (b) Hysteresis loop after various anneal times.

(c) and (d) Bit error rate as a function of current for a 45-nm diameter device for switching pulse from 2 ns up to 10 ns.

Reprinted from [57] with permission.
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properties for fast (G 20 ns) switching. For both direc-

tions of writing, it was shown that WER and RER are
smaller than 10-11 for both 10- and 50-ns pulse width.

The writing voltage at WER ¼ 10�11 was 0.5 V for 10 ns,

which is in a range of voltages a typical CMOS transistor

can provide [Fig. 21(a) and (b)].

One remaining challenge is achieving very fast

switching speed (ideally G 1 ns) using STT switching in

perpendicular MTJ. From Fig. 24, one can see that there

is a significant increase of writing current as pulse width
is reduced from 10 to 2 ns. There has been a number of

solutions proposed to alleviate this; most of them are re-

lated to increasing the initial value of the STT and pre-

vent long buildup of slow increase of precession

amplitude: orthogonal spin-torque design [118], [119],

free layer with easy-cone anisotropy [120]–[124], spin

Hall effect (SHE), and spin-orbit torque switching (SOT)

[13]–[17].

E. STT-MRAM: Conclusion and Outlook
In recent years, several important discoveries have

been made that are enabling the creation of a new gener-

ation of magnetoresistive memory. These discoveries

include prediction and demonstration of STT, demon-

stration of high TMR with MgO-based MTJs, and the

demonstration of high interfacial perpendicular anisot-
ropy at the CoFeB/MgO interface. The first makes it

possible to have a very efficient and fast writing scheme,

the second enables fast and reliable reading, and the

third opens up the possibility to scale down the size of

the MTJ storage devices to very small dimensions. The

STT-MRAM memory based on the foundation established

by these effects has been shown to have fast read/write

functionality, high density, and high reliability. The feasi-
bility of PMA-based STT-MRAM technology at 30-nm di-

mension is summarized in Table 2, based on available

published data. Even though it was demonstrated by mul-

tiple groups that all the important parameters can be im-

proved to achieve required values, more work is needed

to demonstrate all of them on the same chip. Once that

is achieved, it will allow STT-MRAM production to move

from serving specialty markets to high-volume mass pro-

duction serving broad markets. Thanks to its characteris-
tics of high speed, nonvolatility, and high endurance,

STT-MRAM opens up unique possibilities for implemen-

tation in completely new applications not envisioned be-

fore, possibly creating new markets.

VII. THERMALLY ASSISTED MRAM
(TA-MRAM)

A. Dilemma Between Retention and Writability/
Benefit From Thermally Assisted Writing

Any memory can be viewed as a two-state system sep-

arated by an energy barrier �E. The retention of the

memory is directly determined by the barrier height �E
[see (18)]. The higher �E, the more stable the informa-
tion is, i.e., the longer the memory retention. However,

correlatively, the higher �E, the more difficult it is to

switch from one state to the other, i.e., to write the

memory state. There is therefore a classical dilemma in

memory technology between retention and writability.

Thermal assistance during write allows circumventing

this dilemma. The general concept of thermally assisted

writing consists in storing the information at a standby
temperature at which the barrier �E is quite high, then

temporarily increasing the temperature of the storage el-

ement during each write event to reduce the barrier

height and ease the switching between the two memory

states. After switching, the memory element cools down

and recovers its high stability to thermal reversal.

In MRAM, this concept can be easily implemented

since, in magnetic materials, the magnetic anisotropy
which provides the thermal stability of the magnetization

decreases with temperature so that the barrier height for

switching ð�EÞ decreases with temperature.

B. Heating in MTJ Due to Tunneling Current
In MRAM, the heating of the storage layer can be

produced in a simple way by taking advantage of the

Joule dissipation around the tunnel barrier. In an MTJ,

Table 2 Summary of Key Parameters That Indicate Feasibility of PMA-Based STT-MRAM at Advanced Technology Nodes
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the heating is due to the inelastic relaxation of tunneling

hot electrons which takes place when the tunneling hot

electrons lose their excess energy while penetrating the

receiving electrode. The heating power per unit area is
P ¼ jV where j is the current density flowing through the

tunnel barrier and V is the bias voltage across the bar-

rier. This power is released in the first nanometer of the

magnetic receiving electrode in contact with the tunnel

barrier. In MTJs having an RA product of the order of

30 � 
 �m2, with heating current density of the order

of 106 A/cm2, a rise in temperature �T of the order

of 200 ˚C within 5 ns is typically achieved [125]

C. In-Plane TA-MRAM

1) Write Selectivity Achieved by a Combination of Heating
and Field: For low density memory applications such as

microcontrollers, requiring high thermal stability, in-

plane magnetized MTJ with an exchange biased storage

layer can be used [Fig. 25(a) and (b)]. Exchange bias is a

mean to pin the magnetization of a ferromagnetic layer

ðFÞ by coupling it to an adjacent antiferromagnetic layer

(AF). As long as the temperature is below the so-called
blocking temperature of the antiferromagnet, the magne-

tization of the ferromagnet is frozen in a fixed direction.

Upon heating above the AF blocking temperature, the

magnetization of the F layer becomes unblocked which

enables its switching with a pulse of magnetic field. The

write procedure thus requires heating above the AF

blocking temperature (typically in 5–10 ns) and cooling

in the presence of a magnetic field (cooling rate of
the order of 7–20 ns, depending on the heating pulse

duration and exact composition of the MTJ stack). In

TA-MRAM, both the reference and the storage layer are

exchange biased with antiferromagnetic layers but those

have quite different blocking temperatures. Typically

PtMn with blocking temperature of 350 ˚C is used

in the reference layer whereas the storage layer

Fig. 25. TA-MRAM: (a) Cross-sectional transmission electron microscopy images of the MTJs used in TA-MRAM. (b) Typical

composition of the stack. (c) Evolution of the hysteresis loops of the storage layer as a function of heating current density

showing the decrease in the pinning as the heating current increases. At the highest heating current density, the loop is centered,

meaning that the exchange bias has vanished and low fields of a few millitesla are then sufficient to switch the storage layer

magnetization. (d) Example of switching from a “1” state to a “0” state: the storage layer loop shift measured at standby temperature

is inverted between the two states. Note that in standby, thanks to the loop shift, only one state is stable at remanence (i.e., at

zero field) which means that even if the cell is exposed to a perturbation field, it will come back to its original state once the

perturbation disappears. (e) Fully functional 1-Mb TA-MRAM demonstrators produced by Crocus Technology in collaboration with

Tower Jazz. (f) Detail of the patterned MTJs (circular shape) connected by a strap to the vias emerging from the CMOS wafers

(130-nm technology).
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antiferromagnet is chosen with a blocking temperature

in the range 180 ˚C–250 ˚C depending on the re-
quirements on the device operating temperature range

[Fig. 25(b)]. The main advantages of this write scheme

combining heating and field pulses are: 1) the use of a

single field selection line instead of two, as for toggle

writing; 2) an important reduction in write power con-

sumption due to low writing field and the possibility

of sharing the field pulses between numerous bits as

will be explained later; and 3) the realization of cells
with high thermal stability, i.e., much improved reten-

tion due to the exchange pinning of the storage layer.

A bit write sequence starts from a given initial orien-

tation of the magnetization of the exchange biased stor-

age layer, for instance, representing a low resistance

state “0.” In this initial state, the corresponding storage

layer loop is then shifted around a negative field, as seen

in Fig. 25(d) in the hysteresis cycle before the heating
pulse is applied (red curve). The reversal of the storage

layer bias is achieved by heating the AF layer above its

blocking temperature with a current pulse [Fig. 25(c)]

and applying simultaneously an external magnetic field

Hsw larger than the coercive field of the storage layer at

this elevated temperature. The field is applied in the di-

rection parallel or antiparallel to the reference layer

magnetization depending on whether a “0” or a “1” has
to be written. In the example of Fig. 25(d), a “1” is writ-

ten. The heating current pulse is then stopped so that

the storage layer cools in the applied magnetic field.

This maintains the storage layer magnetization in the

field-cooling direction during its freezing. This results

in the reversal of the pinning orientation of the storage

layer magnetization and correlatively a bit state change

to a high resistance “1.” As a result, the storage layer

loop is now shifted toward positive values as shown in
Fig. 25(d) (blue curve).

Several demonstrations of TA-MRAM were realized

first in micrometer-size junctions ð2 �m� 2 �mÞ under

direct current (dc) [126] then on submicrometer cells

using heating pulses down to 10 ns [127]. The company

Crocus Technology in collaboration with TowerJazz has

produced fully functional 1-Mb demonstrators using this

technology [Fig. 25(e) and (f)].

2) Reduced Power Consumption Thanks to Low Write
Field and Field Sharing: In conventional TA-MRAM, the

write selectivity is achieved by a combination of tempo-

rary heating of the storage layer which lowers its mag-

netic pinning energy, together with the application of a

pulse of magnetic field. The excellent selectivity achieved

by this write scheme is illustrated in Fig. 26. Repeated
successful writing can be achieved only when heating

and field pulse are combined.

Another advantage of this write scheme is the pro-

tection against field erasure in standby. As seen in

Fig. 25(d) in standby, only one state of the storage layer

is stable at zero field. This means that even if the

TA-MRAM chip is exposed to a perturbation field, this

field may temporarily switch the magnetic configuration of
the memory but the latter will spontaneously return back

to its original state once the perturbation disappears. This

however would not be true during write. If a perturbation

field representing a significant fraction of the write field

is applied during write, a write error may occur. A read-

after-write scheme may be used to verify that no such

error has occurred during write or correct it if needed.

Fig. 26. Illustration of the write selectivity in TA-MRAM resulting from the combination of heating pulse and application of a magnetic

field. Left: Application of pulses of magnetic field alone (no writing). Right: combination of heating pulse (5 ns long) and alternating

pulses of magnetic field [repeatable writing of P and AP (0 and 1) magnetic states].
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Field writing combined with thermal assistance is also

quite advantageous in terms of power consumption in

MRAM chips by offering the possibility to share the pulse

of magnetic field among numerous bits. Indeed, in a

RAM, the bits are usually written and read word by word

and not bit per bit. Each word may contain 32 or 64 b. To

write a full word in TA-MRAM, only two pulses of mag-
netic field are required. The scheme for writing a word is

illustrated in Fig. 27. In the first step [Fig. 27(a)], all bits

in the word which have to be written to “0” are heated si-

multaneously by sending a heating current through the

corresponding MTJs. The “0” field is then applied and

the heating currents are switched-off, so that the heated

cells cool down in the “0” magnetic field and freeze in

the “0” configuration. The cells which are not heated do
not switch so that they remain in their original state. In

the second step, all bits which have to be written to “1”

are heated simultaneously and the “1” magnetic field is

applied [Fig. 27(b)]. The heating currents are then

stopped while the “1” field is still on so that the heated
cells now freeze in the “1” configuration. At the end, the

whole word has been written with 32 pulses of heating

current (assuming a 32-b word)—the corresponding en-

ergy is È0.7 pJ per dot at 90-nm technology—plus two

pulses of magnetic field (each pulse requiring È30 pJ

which represents only 0.5 pJ per bit for 64-b words).

Furthermore, in TA-MRAM, since the thermal sta-

bility of the storage layer magnetization in standby is
provided by exchange coupling to an adjacent antifer-

romagnetic layer, the cell can have a circular shape.

As a result, once the writing is enabled by heating

the cell above the blocking temperature of the antifer-

romagnetic layer, only a low field of a few millitesla

(3–5 mT) is sufficient to switch the storage layer magne-

tization since the cell has no shape anisotropy.

D. TA-MRAM With Soft Reference: Magnetic
Logic Unit (MLU)

In the second possible implementation of TA-MRAM,

the reference layer is no longer pinned but is made of a

soft magnetic material with easily switchable magnetiza-

tion [128] The storage layer is exchange biased by an ad-

jacent antiferromagnetic layer as in standard TA-MRAM

(see Fig. 28). The writing of the storage layer is achieved
similarly to the previous case by the simultaneous appli-

cation of an external field and a heating pulse that allows

the storage layer to be switched and then pinned as the

system cools down below the antiferromagnetic blocking

temperature. In contrast, the magnetization of the soft

reference layer (SR) switches as soon as the field is ap-

plied independently of the fact whether the cell is heated

or not. This implementation allows a self-referenced
reading process: The readout is performed in two steps:

the SR magnetization is set in a first predetermined di-

rection, and the MTJ resistance is measured. The SR

magnetization is then switched to the opposite direction

Fig. 27. Illustration of write scheme with field sharing in TA-MRAM.

A whole word can be written with only two pulses of magnetic

fields.

Fig. 28. (a) Schematic representation of a self-referenced MRAM with thermally assisted write. (b) Normalized resistance response as

a function of the external field for a self-referenced MRAM at standby temperature in state “0” (blue) and “1” (red). The upward or

downward resistance transition at low field is associated with the switching of the soft reference layer magnetization and is used to

readout the magnetic state of the storage layer (from Crocus Technology).
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and the new resistance is measured. The resistance varia-
tion between the two measurements allows the determi-

nation of the magnetic orientation of the storage layer.

In this approach, the read cycle is longer (È50 ns) but

the tolerance to process variation is greatly enhanced

since each bit is self-referenced. Indeed, in the standard

reading scheme, the two resistance state distributions

have to be well separated in order to avoid read errors.

This requires narrow distributions in dots size and shape.
In contrast, for the self-referenced reading scheme, the

difference of resistance between the two states is used to

read the junction, and is thus not sensitive to dot-to-dot

variability. This is particularly useful for advanced tech-

nological nodes where it becomes increasingly difficult

to control accurately the resistance distributions.

Besides its MRAM application, this self-referenced

cell can be used to perform logic operations with partic-
ularly interesting applications in security. Indeed, these

devices combine memory and logic (XOR) functions. For

this reason, they are called magnetic logic units (MLUs)

[128]. In addition to being storage devices, self-

referenced MRAM intrinsically allows performing logic

comparison functions. Considering the orientations of

the storage and self-reference layer magnetization as two

inputs, this magnetic stack outputs the exclusive OR func-
tion of these logic inputs through its resistance value.

Both inputs are set using pulses of magnetic field, with

first the storage layer being written with a combined

heating pulse and then the SR layer switched at room

temperature. By using a set of self-referenced MRAM

cells connected in series to form a NAND chain, a

Match-In-Place engine can be created4, as illustrated in

Fig. 29, wherein a pattern applied to the SR layers is
compared to the written pattern stored in the storage

layers. Any mismatch between the two patterns systemat-

ically results in a higher resistance than for a perfect

match. The expected advantages of this architecture are

as follows:

• the stored patterns are never read, and never

exposed to potential hackers;

• the matching cycles are very quick and could be
orders of magnitude faster than existing methods

and use less power;

• Match-In-Place engines could act as a hardware

accelerator, and simplify the overall chip.

The basic Match-In-Place architecture can be built at

three levels: The single cell for direct matching at the

bit level, NAND chains that combine multiple individual

cells in series for linear Match-In-Place engines as illus-
trated in Fig. 29, and a matrix that combines multiple

NAND chains in parallel to match one input pattern to

a stack of stored patterns. In this last case, content-

addressable memories (CAMs) can be realized based on

this principle.

E. TA-MRAM With Soft Reference: Multilevel
Storage

A nice feature of the TA-MRAM approach with in-

plane exchange biased storage layer is that it allows re-
alizing multilevel storage using cylindrical MTJ cells.

Indeed, the pinning of the storage layer magnetization

can be achieved in any in-plane direction provided the

write field can itself be applied in any in-plane direction

during the cooling of the cell. This can be achieved with

two orthogonal field lines as in toggle MRAM. The read-

out is then performed by applying a rotating field with

the same two current lines (Fig. 30). The associated rota-
tion of the magnetization of the self-reference layer then

generates an oscillation of resistance since in MTJ, and

the conductance varies as the cosine of the angle be-

tween the magnetizations of the two magnetic layers

sandwiching the tunnel barrier. The memory cell output

is then given by the phase of the resistance oscillation.

Fig. 30(b) illustrates the storing of 16 different states

per cell representing 4 b per cell in an MTJ of diameter
110 nm [129]

This multilevel approach offers an interesting ap-

proach to increase the storage density when it becomes

more difficult to reduce the memory dots size.

Fig. 29. Example of a Match-In-Place engine made by the serial connection of four MLUs in a NAND chain. The input binary pattern

“0010” is compared to the stored binary pattern “0010.” Since this corresponds here to a perfect match, all resistances are at their

minimum value so that the chain is at its minimum resistance value which indicates a perfect match. If one or several inputs do not

correspond to the stored data, the chain resistance departs from this minimum value indicating a mismatch4.
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F. Thermally Assisted STT-MRAM
So far in Section VII, MRAM using a write scheme

based on thermal assistance combined with pulses of

magnetic field has been described. Alternatively, thermal

assistance can also be used in combination with STT

to reduce the write current in STT-MRAM as well as

to extend their downsize scalability. This is explained in

the following section in the case of out-of-plane magne-

tized MTJs.
In STT writing, the write current which produces the

STT on the storage layer magnetization traverses the tun-

nel barrier. For RA product of the tunnel barrier around

10–20 � 
 �m2, this STT write current also produces a

significant heating of the MTJ. When the current is

switched on, the temperature starts rising in the MTJ

and at typical current density of 2:106 A/cm2 used in

STT-MRAM, can reach �200 �C in about 5–10 ns. This
temperature rise can be advantageously used to assist

the switching of the storage layer magnetization thanks

to the phenomenon of thermally induced anisotropy

reorientation (TIAR) [130], [131] Indeed, the magnetiza-

tion of an out-of-plane magnetized layer at room tem-

perature can reorient in the thin-film plane when

heated due to the different temperature dependence of

the out-of-plane anisotropy and demagnetizing energy
[132]. TIAR assisted switching allows decreasing the

STT critical current thanks to an optimization of the

temperature dependence of the MTJ magnetic proper-

ties while keeping a satisfying thermal stability under

standby conditions.

Fig. 31 describes this writing scheme [131]: the MTJ

exhibits a large thermal stability factor in standby over

the whole operating temperature window (for instance
�20 �C� 85 �C). During write, a current pulse is sent

through the junction. Heating occurs leading to a de-

crease in the PMA. As a result, the free layer

Fig. 30. Illustration of the multilevel storage principle in TA-MRAM with soft reference layer. (a) sketch of the storage layer and soft

reference layer. The arrows of different colors represent the magnetization of the storage layer pinned in different directions (16 here)

to achieve 4 b per cell storage. The self-reference layer magnetization can easily rotate in-plane by applying a rotating field.

(b) Oscillatory voltage measured across the MTJ under the rotating field during readout. The different curves correspond to the

different in-plane orientations of the storage layer pinned magnetization with corresponding colors between (a) and (b).

Fig. 31. Principle of TIAR assisted switching. (a) The junction

exhibits a large PMA at stand-by temperature. (b) A current is

sent through the junction. The storage layer magnetization

undergoes a TIAR due to the heating. The STT induces a large

angle precessional motion of the storage layer magnetization

and pulls it upwards or downwards depending on the current

direction. (c) The storage layer recovers its PMA during the

cooling when the current is gradually decreased to zero.

Its magnetization rotates out-of-plane in the direction

corresponding to the hemisphere in which it was pulled in

by STT.
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magnetization falls into the thin-film plane while the ref-
erence layer is engineered so as to keep its out-of-plane

magnetization. This latter electrode polarizes the current

in the out-of-plane direction. The STT, due to this spin-

polarized current, pulls the free-layer magnetization in

the upper or lower hemispheres depending on the cur-

rent direction and induces large angle out-of-plane pre-

cessions [133]. In such a configuration, the STT effect is

highest since the spin polarization is almost perpendicu-
lar to the magnetization. It results in a more reliable

switching since no thermal fluctuations are required to

initiate the reversal. The injected current is then gradu-

ally decreased so that the junction cools while STT is still

effective. The free layer recovers its PMA, and its magne-

tization gets reoriented out-of-plane, in the direction de-

fined by the hemisphere into which it was previously

pulled into by STT.
This switching approach reduces the write consump-

tion as soon as the required current to heat the junction

to the anisotropy reorientation temperature TK is lower

than the critical switching current in a standard MTJ

(typically a few 106 A/cm2). This condition is fulfilled in

most common cases. In addition, the heating current

density can be further reduced by adding in-stack ther-

mal barriers on the various sides of the MTJ.
In this particular writing scheme, the voltage re-

quired to switch the junction is mainly determined by

the anisotropy reorientation temperature TK , which sets

the lower limit of the writing window. TK can be esti-

mated theoretically by calculating Keff as a function of

temperature. For a cubic or uniaxial anisotropy, it can be

written to first order as

KðTÞ¼K?ð0Þ MsðTÞ
Msð0Þ
� �m

�ðNperp�NplanÞ�0

2
MsðTÞ2 (21)

where K?ð0Þ is the perpendicular magnetic anisotropy

constant at 0 K, MSðTÞ is the free layer magnetization,

and �ðNperp � NplanÞð�0=2ÞMsðTÞ2 is the demagnetizing
energy, Nperp and Nplan being the demagnetizing factors

of the pillar. The exponent m depends on the origin of

the PMA. For a single ion anisotropy, m ¼ iðiþ 1Þ=2,
where i denotes the anisotropy constant order, equal to 2

to first order in the most common case of a uniaxial an-

isotropy so that m ¼ 3. From this equation, the Keff sign

changes beyond TK , where TK is the temperature where

Keff ¼ 0. In that situation, the in-plane anisotropy in-
duced by the demagnetizing energy becomes larger than

the PMA, so that the free layer magnetization falls into

the thin-film plane. In order to tune TK , (21) shows

that the evolution of MS as a function of T has to be

controlled. This can be achieved by tuning the Curie tem-

perature TC of the magnetic material. (Co/NM) multi-

layers, where NM is a nonmagnetic metal, provide a wide

range of TC, and exhibit PMA at room temperature when
NM is a noble metal such as Pt, Pd, or Au. In those sys-

tems, TC can be easily tuned by changing the Co or NM

thickness, or by doping Co with Ni or nonmagnetic ele-

ments [134]–[136]

However, such multilayers cannot be used alone as

magnetic electrodes in MTJ for MRAM applications

which require relatively high TMR ratio. Indeed, (Co/

NM) multilayers present an fcc (111) texture which
does not match the bcc (001) MgO texture [136].

This problem can be solved by inserting a thin CoFeB

layer at the MgO interface: the (Co/NM) multilayer

together with the interfacial anisotropy at the CoFeB/

MgO interface provides a sufficiently large PMA to pull

the CoFeB magnetization out-of-plane while the CoFeB

layer provides the appropriate bcc texture required to

obtain large TMR ratio [137]. In such structures, TIAR
can still be obtained by tuning the (Co/NM) multilayer

properties.

Fig. 32 illustrates the TIAR phenomenon in a

multilayer of MgO/CoFeB1.5/Ta0.2/(Pd1.2/Co0.3) � 3

(thickness in nanometers). In Fig. 32(a), hysteresis loops

were measured on a full sheet sample by polar magneto-

optical Kerr effect as a function of temperature, with an

out-of-plane applied field. At room temperature, the
loops have square shape indicating out-of-plane anisot-

ropy. When the temperature increases, the coercivity de-

creases while the signal amplitude decreases due to the

decrease of magnetization. At 150 ˚C, perpendicular do-

mains appear, leading to a loop with no remanence. The

anisotropy reorientation occurs at around 175 (20) ˚C.

Above this temperature, the loops exhibit a reversible

linear behavior indicating in-plane anisotropy. When the
sample is cooled down, the loops recover their square-

ness and coercivity, indicating that the TIAR phenome-

non is reversible. Concerning the reference layer, a

perpendicular SAF can be designed so that its anisot-

ropy remains always perpendicular on the whole oper-

ating temperature range. Fig. 32(b) illustrates the

dramatic decrease in coercivity of the storage layer

magnetization resulting from the temporary heating
of the cell due to 30-ns-long voltage pulse of various

amplitudes. The coercivity vanishes when the anisotropy

reorientation takes place. The RA product was here of

25 � 
 �m2 allowing to safely apply voltage pulses of

larger amplitude than in conventional STT-MRAM

cells. Since the STT switching current scales with an-

isotropy, the thermally induced drop of anisotropy

clearly helps the STT induced switching. During the
cooling phase, the current must be gradually decreased

so that the STT is still active to overcome the thermal

fluctuations and force the storage layer to remain in

the same hemisphere.

The TIAR approach allows circumventing the classi-

cal dilemma in memory technology between retention

(state stability) and write energy. As a result, at the time
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of these experiments, this approach allowed to obtain re-

cord values in terms of figure of merit �=Ic [131].

G. Remaining Challenges and Conclusion Regarding
Thermally Assisted MRAM

The thermal assistance in TA-MRAM helps circumvent-
ing the classical dilemma of storage technology between

writability and retention. In field written TA-MRAM, the

thermal assistance allows significantly reducing the power

consumption as compared to toggle MRAM thanks to the

use of low write field provided by the circular shape of the

dots and the possibility of field sharing between numerous

bits. The very good thermal stability of the storage layer

magnetization provided by the exchange bias with suitably
chosen antiferromagnetic layer can allow using this type of

memory at elevated operating temperature such as re-

quired for automotive applications. When using soft-refer-

ence layer, a new logic XOR functionality is added at the

cell level on top of the memory function. This makes new

applications such as the Match-in-Place function interest-

ing for security applications (smart cards for instance) as

well as for CAMs. In this technology, the remaining prob-
lems remain the dot-to-dot variability and still too large

write error rates. Both phenomena seem to be associated

with magnetostriction issues in the cells combined with

nonuniform stress in the patterned array of MRAM cells.

These issues should be solvable by careful adjustment of

the stack composition to minimize magnetostriction.

When combined with STT, the thermal assistance can

help reducing the write current by breaking the propor-
tional relationship between thermal stability factor and

write current. As in hard disk drive (HDD) industry

where heat assisted magnetic recording is being devel-

oped to further extend the areal density on HDD, ther-

mally assisted STT may help to extend the downsize

scalability of STT-MRAM at sub-16-nm nodes. This

work is still in progress. In this technology, besides the

variability issues also encountered in conventional

p-STT-MRAM at sub-20-nm nodes, additional difficulties

remain. The first one is related to the reduced heating

efficiency at small cells diameter due to heat leakage

through the lateral edges of the MTJs pillars. To improve

the heating efficiency, encapsulating the MTJ after etch-
ing within a low conductivity insulator material would

be useful. Another difficulty is to avoid write errors dur-

ing the cooling of the cells. Indeed as long as the cell is

at elevated temperature, the anisotropy is reduced and

thermal activation is enhanced so that the written state

can be more easily lost. Here different schemes can be

applied to reduce this effect. One is to slow down the

current decrease following the switching of the magneti-
zation so as to maintain a significant STT (proportional

to current I) while the temperature decreases (propor-

tionally to I2) [136]. Another approach is to reduce the

temperature rise during write to maintain a long enough

retention at the maximum temperature to avoid back

switching of the magnetization during the cooling phase.

However, this is not easy to implement in chips sup-

posed to be functional on a large range of the operating
temperature (0 ˚C–80 ˚C for instance).

VIII . CONCLUSION

MRAM is a high-speed nonvolatile memory that can pro-

vide unique solutions which improve overall system per-

formance in a variety of areas including data storage,

industrial controls, networking, and others. A series of
scientific discoveries and innovations have stimulated

progress in MRAM technology, and commercial invest-

ment, worldwide since the late 1990s. It is the method

of writing the magnetic state of the storage device that

distinguishes one technology generation from another.

Each new generation offers the potential for much high-

er memory density and lower power operation.

Fig. 32. (a) Hysteresis loops of sheet films of CoFeB 1.5/Ta0.2/(Pd 1.2/Co 0.3) � 3/Pd 2 for different measurement temperatures with

out-of-plane applied field showing the temperature induced anisotropy reorientation. (b) Illustration of the drop of coercivity in

patterned perpendicular MTJs for different voltage pulse apmplitude (30-ns-long pulse) due to the resulting heating of the cell

(from [101]).
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Toggle MRAM is a field-switched MRAM, generally
considered the first generation, that is in mass produc-

tion in densities up to 16 Mb. These products are gener-

ally either SRAM-like (parallel interface) or serial. They

find uses in a wide range of commercial products where

the unique combination of speed, nonvolatility, and un-

limited endurance provide a better system solution than

other memory technologies.

The second MRAM generation employs magnetic
switching by STT, enabling smaller MTJ devices for high-

er density. A 64-Mb DDR3 (DRAM-like) STT-MRAM

product, based on spin-torque switching of in-plane MTJ

devices, is currently in production at Everspin Technolo-

gies, and they recently announced sampling of a 256-Mb

DDR3 STT-MRAM product with pMTJ devices. STT

switching of MTJ devices with magnetization perpendicu-

lar to the film plane will further extend the density of
STT-MRAM, and reduce the write energy, to enable Gb-

class memories in the near future. The age of commercial

spin-torque MRAM (second generation) is just beginning,

with intensive product development underway by large

and small companies, as well as institutions, around the

world.

The use of thermal assist can be complimentary with
either field switching or STT switching. Multiple

methods for employing heat in MTJ memory arrays

have been demonstrated. In some cases heat acts as a

half-select method, replacing magnetic field for exam-

ple, and in other cases, it can be used to enable unique

device capabilities, such as an MLU. As a result, this

continues to be an active area of research and

development.
Challenges in developing STT-MRAM for advancing

technology nodes include achieving certain key MTJ

device parameters simultaneously, as well as a detailed

understanding and control of bit-to-bit distributions in

the memory array. Examples include: scaling the critical

current for switching (Ic) while maintaining energy bar-

rier to thermal reversal (Eb) in ever smaller devices,

controlling the switching for high Eb and tight distribu-
tions, and separation of the critical voltage (Vc) distri-

bution from the breakdown voltage (Vbd) distribution.

Meanwhile, researchers continue discovering new ef-

fects that can be used to switch the magnetic state of

MTJ devices in hopes of defining the third generation

of MRAM. h
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