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is larger than the free layer.
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MAGNETIC STACK DESIGN

BACKGROUND

Fast growth of the pervasive computing and handheld/communication industry has generated
exploding demand for high capacity nonvolatile solid-state data storage devices. Current
technology like flash memory has several drawbacks such as slow access speed, limited
endurance, and the integration difficulty. Flash memory (NAND or NOR) also faces scaling
problems. Also, traditional rotating storage {e.g., disc drives) faces challenges in areal density

and in making components like reading/recording heads smaller and more reliable.

Reststive sense memortes (RSM) are promising candidates for future nounvolatile and universal
memory by storing data bits as either a high or low resistance state, One such memory,
MRAM, features non~volatility, fast writing/reading speed, almost unlimited programming
endurance and zero standby power. The basic component of MRAM is a magnetic tunncling
junction (MT]), MRAM switches the MTI resistance by using a current induced magnetic field
to switch the magnetization of MTJ. As the MTJ size shrinks, the switching magnetic field

amplitude increases and the swilching variation becomes more severe.

However, roany yield-limiting factors raust be overcome before resistive sense merory enters
the production stage. Oue challenge 1s the magnitude of the switching current in a resistive
sense memory array, In spin-torque transfer RAM (STRAM}, this 1s dependent on several
factors including characteristics of the barrier layer. Therefore, a need exists for designs that

facilitate lower switching current,

BRIEF SUMMARY

The present disclosure relates to magnetic stacks {e.o., memory cells such as magnetic tunnel
foud Dy })’ g

junction cells, and read sensors). The structures have a pinned reference layer configured for

reduced interlayer coupling between the reference layer and the free layer. With these

structures, high tunncling magnetoresistance {TMR) can be achieved,
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105}  In one particular embodiment, this disclosure describes a magnetic stack having a free layer
having a switchable magnetization oricutation, a reference layer having a pinned maguetization
orientation, and a barrier layer therebetween, each of the free layer, reference layer and barrier
layer having a center, The stack includes an annular antiferromagnetic pinning layer having a
center, with the center of the pinning layer aligned with the center of each of the free layer,
reference layer and barrier layer, the pinning layer electrically isolated from the {ree layer and

in physical contact with the refercuce layer,

[86]  Inanother particalar embodiment, this disclosure describes a magnetic stack having a free layer
having a switchable magnetization orientation, a reference layer having a pinned magnetization
ortentation, and a barrier layer therebetween. The stack includes an antiferromagnetic pinning
layer electrically isolated from the free layer and in physical contact with the reference layer.
Each of the free layer, reference layer, barrier layer and pinning layer have a center and an outer

diameter, with the reference layer having a larger outer diameter than the free layer.

{871  In vet another particular embodiment, this disclosure describes a magnetic stack having a free
layer having a switchable magnetization oricntation, a synthetic antiferromagnctic {(SAF)
coupled reference layer having a pinned magnetization orientation, and a barrier layer
therebetween. The SAF reference layer has a first ferromagnetic sublayer and a second
ferromaguetic sublayer separated by a metallic spacer, with the first sublayer different than the

second sublayer.

{68 These and various other features and advantages will be apparent from a reading of the

following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

{991  The disclosure may be more completely understood in consideration of the following detailed
description of varions embodiments of the disclosure in connection with the accompanying

drawings, in which:



WO 2011/008614 PCT/US2010/041296

118} FIG. 1A is a cross-sectional schematic diagram of an ilhustrative magnetic stack with im-plane
raguetization orientation; FIG. 1B is a cross-sectional schematic diagram of an illustrative

perpendicular anisotropy magnetic stack with out-of-plane magnetization orientation;

it FI(3. 2 is a schematic diagram of an illustrative memory unit including a memory cell and a
k fovd o fovd

semiconductor transistor;

{12} FIG. 3 1s a cross-soctional schematic diagram of an embodiment of a magnetic cell;
(131 FIGS. 4A-47 illustrate a stepwise method for forming the magnetic cell of FIG. 3;

{14} FIG. 51s a cross-sectional schematic diagram of an embodiment of a magnetic cell;
{18} FIG. 61s a cross-sectional schematic diagram of an embodiment of a magnetic cell;
{16} FIG. 7 1s a cross-sectional schematic diagram of an embodiment of a magnetic cell;
(171 FIGS. 8A-8H iHustrate a stepwise method for forming the magnetic cell of FIG. 7; and
(18] FIG. 919 a cross-sectional schematic diagranm of an embodiment of a magnetic cell.

[19]  The figures are not necessarily to scale. Like numbers used in the figures refer to like
components, However, it will be understood that the use of a nuruber to refer to a component in
a given figure 18 not fatended to limit the component in another figure labeled with the same

number.

PDETAILED DESCRIPTION

120]  This disclosure is directed to magnetic stacks {e.g., spin torque memory {STRAM} cells,
RRAM cells, and other resistive sense memory cells (RSM celis) and read sensors), The
structures have a pinned ferromagnetic reference layer, either a single layer or an SAF trilayer,
that is larger than and extends past the ferromagnetic free layer. With such a structure, the
interiayer coupling between the piuned reference layer and the free layer can be reduced,

compared to a cell structure that has the same size for the reference layer and the free layer.

-3
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Additionaily, any electrical shorting issue at the edges of the ferromagnetic layers is inhibited.
With these structures, high tunneling magnetoresistance (TMR) can be achicved., High TMR

improves readability and writeability of memory arrays incorporated these memory cells.

In some embodiments, the magnetic cells include an annular antiferromagnetic pinning layer
that s 1solated from the free layer but in physical contact with the reference layer. In other

embodiments, the magnetic cells include an asymmetric SAF trilayer.

In the following description, reference is made to the accompanying set of drawings that forms
a part hereof and in which arc shown by way of illustration several specific embodiments. tis
to be understood that other embodiments are contemplated and may be made without departing
from the scope or spirit of the present disciosure. The following detailed description, therefore,
18 not to be taken 1n a limntting sense. Any definitions and descriptions provided herein are to
facilitate understanding of certain terms used frequently herein and are not meant to limit the

scope of the present disclosure,

Unless otherwise indicated, all numbers expressing feature sizes, amouuts, and physical
properties used i the specification and claims are to be understood as being wmoditied in all
instances by the term “about.” Accordingly, unless indicated to the contrary, the numerical
parameters set forth in the specification and attached claiws are approximations that can vary
depending upon the desired properties sought to be obtained by those skilled in the art utilizing

the teachings disclosed herein.

Asused in this specification and the appended claims, the singular forrus “a”, “an”, and *“the”
encompass enbodiments having plural referents, unless the conteunt clearly dictates otherwise.
As used 1n this specification and the appended claims, the term “or” 18 generally employed in its

sense including “and/or” unless the content clearly dictates otherwise.

2% 6 b1

1t 18 noted that terms such as “top”, “bottom”, “above, “below”, cte. may be used in this
disclosure. These terms should not be construed as limiting the position or orientation of a

structure, but should be used as providing spatial relatiouship between the structares,
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While the present disclosure is not so limited, an appreciation of various aspects of the
disclosure and of the invention will be gamed through a discussion of the Figures and the

examples provided below.

FI(:. 1A is a cross-sectional schematic diagram of a magnetic cell 10A that includes a soft
ferromagnetic free layer 12A and a forromagnetic refercnce (1.e., pinned) layer 14A.
Ferromagnetic free layver 12A and ferromagnetic reference layer 14A are separated by an oxide
barrier layer 13A or non-magnetic tunnel barrier. Note that other layers, such as seed or

capping layers, are not depicted for clarity but could be wncluded as techmical need arises.

Reference layer 14A 1s larger in size than free layer 12A and extends past the edges of
ferromagnetic free layer 12A in at least one direction, often in at least two opposite directions.
For a circular or nearly circular cell, each layer (e.g., free layer 12A, reference layer 144, cte.)
has a center point and an outer diameter, In some embodiments, reference layer [4A hasa
diameter greater than the diameter of free layer 12A, so that reference layer 14A extends past

free layer 12A in all directions.

Ferromagnetic layers 124, 14A may be made of any useful ferromagopetic (FM) material such
as, for example, Fe, Co or Ni and alloys thereot, such as NiFe and CoFe. Ternary alloys, such
as CoFeB, may be particularly useful because of thewr lower moment and high polarization
ratio, which are desirable for the spin-current switch. Either or both of free layer 12A and
reference layer 14A may be etther a single ferromagnetic layer or a synthetic antiferromaguetic
{(SAF) coupled structure, 1.e., two ferromagnetic sublayers separated by a metallic spacer, such
as Ru or Cu, with the magnetization oricutations of the sublavers in oppostte directions (o
provide a net magnetization. The magnetization orientation of ferromagnetic free layer 12A1s
more readily switchable than the maguetization orientation of ferromagnetic reference layer
14A. Barrier laver 13A may be made of an electrically insulating material sach as, for example
an oxide material (e.g., AbLOs, TiO, or Mg(O). Other suitable materials may also be used.
Barrier layer 13A could optionally be patierned with free layer 12A or with reference layer

144, depending on process feasibility and device reliability.
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A first or bottom electrode 18A is in clectrical contact with ferromagnetic reference layer 14A
aund a second or top electrode 19A 1s w1 electrical contact with ferromaguetic free layer 12A.
Electrodes 18A, 19A electrically connect ferromagnetic layers 124, 14A to a control circuit

providing read and write currents through layers 124, 14A.

Radially encircling at least free layer 12A, 1s an isolation layer 16A, which s electrically
insulating. In this embodiment, isolation layer 16A encircles free layer 12A, barrier layer 13A,
and top clectrode 19A. Isolation layer 16A has a thickness of about 2-30 nm and is formed of
clectrically insulating materials such as oxide(s} and nitride(s}). Examples of suitable materials
for tsolation layer 16A mchude SislNg, 510, SiON,, S1OCN, Ta,0s, ALO;, MgO, and other low
K dielectrics. In other emvbodiments, isolation layer 16A encircles free laver 124 and top

electrode 19A.

The resistance across magnetic cell 10A s determined by the relative orientation of the
magnetization vectors or magnetization orientations of ferromagnetic layers 12A, 14A, The
magnetization direction of ferromagnetic reference layer 14A is pinned in a predetermined
direction while the magnetization direction of ferromagnetic free layer 12A is free to rotate
under the influence of spin torgue. Pinnung of ferromagnetic reference layer 14A may be
achieved through, e.g., the use of exchange bias with an antiferromagnetically ordered material

such as PtMn, IrMn, and others,

Magnetic mewmory cell 10A 18 in the low resistance state when the magnetization orientation of
free layer 12A is in the same direction {parailel} as the magnetization orientation of reference
layer 14A. Conversely, a magnctic mermory cell is in the high resistance state when the
magnetization orientation of free layer 12A is in the opposite direction {anti-paraliel} of the
magunetization orientation of reference layer 14A. Switching the resistance state and hence the
data state of magnetic cell 10A via spin~-transfer occurs wheun a current, passing through a
magnetic layer of magnetic cell 10A, becomes spin polarized and imparts a spin torque on free
layer 12ZA. Wheun a sufficient spin torgue is applied to free layer 12A, the roagoetization

orientation of free layer 12A can be switched between two opposite directions and accordingly,
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magnetic cell 10A can be switched between the low resistance state and the high resistance

state.

The magnetization orientations of free layer 12A and reference layer 14A of magnetic memory
cell 10A are in the plane of the layers, or “in-plang”. FIG. 1B illustrates an alternate
embodiment of a magnetic memory cell that has the magnctization orientations of the free layer

and the pinned layer perpendicular to the plane of the layers, or “out-of-plane”.

Similar to magnetic cell 10A of FIG. TA, wagoetic cell 10B of FIG. 1B has soft ferromagnetic
free layer 12B and a ferromagnetic reference (i.c., pinned) layer 148 separated by an oxide
bsarrier layer 13B or nou-toagnetic tunnel barrier. A fivst or bottom electrode 18B 18
electrical contact with ferromagnetic reference layer 148 and a second or top clectrode 19B is
in clectrical contact with ferromagnetic free layer 12B. Electrodes 18B, 19B clectrically
connect ferromagnetic layers 12B, 148 to a control cireuit providing read and write currents
through layers 12B, 14B. An clectrically insulating radial isolation layer 16B encircles at least
free layer 12A and top electrode 198, The various elements of cell 10B are similar to the
elements of cell 10A, described above, except that the magnetization orientations of layers 12B,

148 are oriented perpendicular to the layer extension rather than m the layer plane.

Free layer 12B and reference layer 148 each bave a magnetization orientation associated
therewith, tHlustrated in FIG. 1B, In some embodiments, magnetic cell 108 is in the low
resisiance state where the magnetization orientation of free laver 12B 18 in the same direction
{parallel} as the magnetization orientation of reference layer 14B. In other embodiments,
magnetic cell 10B is in the high resistance state where the magnetization orientation of free
layer 12B is in the opposite direction {anti-parallel} as the magnetization orientation of

reference layer 14B.

Similar to cell 10A of FIG. 1A, switching the resistance state and hence the data state of
raguetic cell 10B via spin-transter occurs wheun a carrent, passing through a maguetic layer of
magnetic coll 10B, becomes spin polarized and imparts a spin torque on free layer 12B. When

a sufficient spin torgue is applied to free layer 12B, the magnetization onientation of free layer
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128 can be switched between two opposite directions and accordingly, magnctic cell 10B can

be switched between the low resistance state and the high resistance state,

Both memory cells 10A, 10B are illustrated with undeflined magnetization orientations for free
layer 12A, 12B. As indicated above, a magnetic memory cell is in the low resistance state when
the magnetization orientation of free layer 12A, 12B 1s in the same direction as the
magnetization orientation of reference layer 14A, 148, Conversely, a magnetic memory cell is
in the high resistance statc when the magnetization orientation of free layer 12A, 12B is in the
opposile direction of the magnetization orientation of veference layer 14A, 14B. In some
embodiments, the low resistance state is the “0” data state and the high resistance state is the
“17 data state, whereas in other embodiments, the low resistance state is “17 and the high

53

resistance state i1s “0

The magnet stack of memory cells 10A, 10B of FIGS. 1A and 1B can also beused as a
magunetic read sensor in a hard dise drive with some modifications. In such uses, free layer
12A, 12B 1s influenced by a stored magnetic state on an adjacent recording media, and when a

current is passed through the stack, the magnetization orientation in the media can be detected.

FiG. 2 1s a schomatic diagram of an illustrative memory unit 20 including a memory clement 21
electrically coupled to a sermconductor transistor 22 via au electrically conducting element.
Memory clement 21 may be any of the memory cells described herein. Transistor 22 includes a
semiconductor substrate 25 having doped regions {e.g., lustrated as n-doped regionsj and a
channel region {e.g., thustrated as a p~doped channel region} between the doped regions.
Transistor 22 includes a gate 26 that s electrically coupled to a word line WL 1o allow selection
and current to flow from a source line SL to memory element 21 and bit line BL. An array of
progranumnable moctallization memory untts 20 can be formed on a semiconductor substrate with
word Hnes and bit lines utilizing semiconductor fabrication techuiques. Both memory cell 10A
of FIG. 1A and memory cell 10B of FIG. 1B are illustrated connected to a bit line BL via their
top electrode 194, 198.
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FIG. 3 llustrates a first embodiment of a memory cell having a pinned SAF trilayer reference
iayer that 1s larger than and extends past the ferromagnetic free layer. This embodiment
includes an antiferromagnetic pinning layer that is isolated from the free layer but in physical
contact with the reference layer. The antiferromagnetic pinning layer s annular 1o some
embodiments. In particular, memory cell 30 has a soft ferromagnetic free layer 32 and a SAF
trilayer reference (1.¢., pinned) layer 34 separated by a barrier layer 33, In some embodiments,
barrier layer 33 1s an oxide barier fayer, in other embodiments it can be a non-magnetic tunnel
barrier. In one embodiment, trilayer 34 is composed of two layers of ferromagnetic material
{e.g., CoFeB) separated by a layer of Ru, and barrier layer 33 is corposed of MgQ. A firstor
bottom electrode 3% is in electrical contact with trilayer 34 and a second or top electrode 39 is in
clectrical contact with ferromagnetic free layer 32, An clectrically insulating isolation layer 36
encircles free layer 32 and top electrode 39, The various elements of cell 30 are similar to the

element of cells 10A, 10B described above, except as noted.

Memory cell 30 also includes a hard mask 37 positioned above top electrode 39, In some
embodiments, hard roask 37 is electrically conducting and is integral with or replaces top
clectrode 39, Memory cell 30 also includes an antiferromagnetic pinning layer 35 radially
encirching the stack of barvier layer 33, free layer 32 and top electrode 39 and electrically
insulated therefrom by isolation layer 36. In the illustrated embodiment, a portion of isolation
layer 36 15 exposed and vot encircled by pinning layer 35, Free layer 32 s physically and
electrically tsolated from pinning laver 35, which is in physical contact with trilayer 34 at its
extended area (1.e., proximate the outer diameter of trilayer 34) and provides pinning for SAF

trilayer 34.

For memory cell 30, SAF trilayer 34 is larger than and extends past free layer 32; that ts,
triiayer 34 has a larger outer diameter than free layer 32. Trilayer 34 also is larger than and
extends past barvier layer 33, which in turp is larger than and extends past free layer 32

Trilayer 34, barrier 33 and free layer 32 are stacked with their conters aligned.

The process flow to make this memory cell stack structure is shown i FIGS 4A-4J. First, in

FIG. 4A, a stack of appropriaie matenials forming bottom electrode 48, SAF triayer 44, barrier

-9 .
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layer 43, free layer 42, and top electrode 49 is deposited. At this stage, high-temperature
thermal annecahing 18 done to induce the epitaxial formation 1o barrier layer 43 (e.g., Mg(O
barrier layer) and crystallization of ferromagnetic free layer 42 and SAF wridayer 44, In FIG.
4B, a hard mask 47 15 deposiied on to top electrode 49 and then patterned. Subsequently, via
milling and etching, free layer 42 s patterned and the etching is stopped at barrier layver 43. A
protective layer 46, ¢.g., silicon nitride, 18 deposited in FIG. 4C 1o cover the stack of FIG, 4B,
After milling and etching the structure of FIG. 40, the extended area of SATF tilayer 44 is

exposed in FIG. 4D while barrier layer 43 remains covered by protective isolation layer 46.

45} Then i FIG. 4E, an antiferromagnetic pinning layer 45 is deposited over the structure of FIG,
413 i contact with SAF trilayer 44 at the exposed arca. In some embodiments, a very thin
ferromagnetic layer may be deposited over the structure of FIG. 412 before deposition of
antiferromagnetic pinning layer 45 to increase the pinning offect. Next in FIG. 4F, milling 18
performed to trim antiferromagnetic pinning layer 45 to achieve physical, electrical and
magnetic separation between hard mask 47 and antiferromaguetic pinning layer 45, In some
embodiments, for exarple, if pioning layer 45 15 an insulator (e.g., N3}, this separation is not
necessary. However, many pinning materials are metallic and are alloys of M, thus the

separation is desired.

46} InFIG. 4G the entive stack 1s annealing at elevated temaperature 1o the presence of a strong
external in-plane magnetic field. If Mn is present in pinning layer 45, this annealing should be
within a temperature range so that Mn diffusion 1s controlled. The magnetic field will align the
magnetizations of SAF trilayer 44 in the field direction and will also induce exchange bias
{(pinning} of the top ferromagnetic layer of trilayer 44 (that 1s 1n contact with antiferromagnetic
pinning layer 45). When the field annealing 1s completed, the resulting SAF trilayer 44 is

pinned by antiferromagnetic layer 45.

471  The memory cell is finalized by deposition of diclectric material 40 in FIG. 4H to encase the
structare. This dielectric matenial 40 is polished 1o FIG. 41 to provide a planar surface, and a bit

iine BL is deposited and patterned on top electrode 49 and hard mask 47 in FIG. 41,

- 10 -
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FIG. 5 illustrates another embodiment of 2 memory cell having a pinned reference layer that is
iarger than and extends past the ferromagnetic free layer and having an anmular pinning layer.
In particular, memory cell 50 has a soft ferromagpetic free layer 52 and a single layer reference
(1.e., pinned) layer 54 separated by an oxide barrier layer 53 or non-magnetic tunnel barrier. A
first or bottom electrode 58 is in electrical contact with reference layer 54 and a second or top
clectrode 59 1s in electrical contact with ferromagnetic free layer 52. A hard mask 57 is
positioned above top electrode 59, Ap electrically insulating radial 1solation layer 56 encircles
free layer 52, hard mask 57 and top clectrode 39. An antiferromagnetic pinning layer 55
radially encircles at least a portion of wsolation faver 56 and the stack of barner layer 53, free
layer 52, top electrode 59 and hard mask 57. The various elements of cell 50 are similar to the

clement of cells 10A, 10B, 30 described above, except as noted.

In this embodiment of memory ccll 50, refercuce layer 54 1s larger than and cxtends past barrier
layer 53, which in turn s larger than and extends past free layer 52. Reference layer 54, barner

53 and free layer 52 are stacked with their centers aligned.

FiG. 6 illustrates another embodiment of a memory cell having a pinned reference layer that is
larger than and exiends past the ferromagnetic free layer and that has an asymmetric SAF
trilayer instead of a pinning layer. In particular, memory cell 60 has a soft ferromagnetic free
layer 62 and an SAF trilayer reference (Le., pinned) laver 64 separated by an oxide barrier layer
63 or non-magnetic tunnel barrier. A first or bottom electrode 68 is in clectrical contact with
irifayer 64 and a second or top clectrode 69 1s in electrical contact with ferromagnetic free layer
62. A hard mask 67 s positioned above top electrode 69. An electrically insulating radial
isolation layer 66 encircles tree layer 62, hard mask 67 and top clectrode 69. The various
clements of cell 60 are similar to the element of cells 10A, 108, 30, 50 described above, except

as noted.

Unlike memory cell 30 of FIG. 3 and cell 50 of FIG. 5, memory cell 60 has no
antiferromaguetic layer for pinning. Rather, trilayer 64 (composed of a first ferromagnetic layer
644, a metallic spacer 64B, and a second ferromagnetic layer 64C) is asymmetric in either

physical thickness or coercivity between s ferromagnetic layers, That s, ferromnagnetic layers

-11-
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64 A and 64C cither have a different physical thickness or have a different coercivity. In FIG. 6,
fayer 64A is illustrated physically thicker than layer 64C, The magnetization configuration and
orientation of trilayer 64 are defined after magnetic field setting. With no antiferromagnetic
pinning layer i cell 60, trilayer 64 1s designed in shape to induce shape anisotropy against

thermal activation.

FIG. 7 illustrates another embodiment of a memory cell having a pinned reference layer that is
iarger than and extends past the ferromagnetic free layer and having an annular pinning layer.
In particular, wwemory cell 70 has a soft ferromagnetic {ree layer 72 and an SAF trilayer
reference (i.c., pinned} layer 74 separated by an oxide barrier layer 73 or non-magnetic tunnel
barrier. A first or bottom electrode 78 1s in electrical contact with trilayer 74 and a second or
top electrode 79 1s in electrical contact with ferromagnetic free layer 72. A hard mask 77 is
positioned above top clectrode 79, An electrically msulating radial 1solation layer 76 encircles
free layer 72, hard mask 77 and top electrode 79. The various elements of cell 78 are similar to

the clement of cells 10A, 108, 30, 50, 60 described above, except as noted.

Memory cell 70 includes a pinning layer 75 positioned below the stack of free layer 72, barrier
layer 73, and trilayer 74, In this embodiment, pinmng layer 75 13 an annular ving at the outer
periphery of bottom electrode 78, in physical contact with and exchange coupled with trilayer
74. In this erbodiment, pinning layer 75 1s centered around the stack of free layer 72, barner

faver 73, and trilaver 74 and does not vertically overlap or intersect with the stack,
3 ; Y Y p

The process flow to make memory cell 70 is shown in FIGS 8A-8H. First, in FHG. 8A, a metal
layer 80 deposited, which will form the eventual bottom electrode. Metal layer 80 is masked
and patterned (¢.g., milled} to form bottom electrode 88 of FHG. 88. In FIG. 8C,
antiferromagnetic raaterial is deposited in a ring around botiom electrode 8% and then polished
to form pinning layer 85. An SAF trilayer 84, a barrier layer 83, a free layer 82 and top
electrode 89 are sequentially formed in FIG. 8D over bottom electrode S8 and pinning layer 85.
At this step, the various layers of punmning layer 85/bottom electrode 88, SAF trilayer 84, barrier

layer 83, free layer 82 and top clectrode 89 in the stack have the same diameter, In FIG. 8E,
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free layer 82 and top electrode 89 are masked with hard mask 87 and patterned, to havea

reduced size in relation to SAF trilayer 84 and barrier layer 83,

Isolation material 86 is deposited in FI1G. 8F to cover and encase the structure of FIG. SE. This
isolation material 86 is optionally milled and then covered with a diclectric material, which is
polished i FIG, 8G to provide a planar surface of hard mask 87 and isolation material 86, A

bit line BL is deposited and patterned on top electrode 89 and hard mask 87 in FIG. 8H.

An alternate to memory cell 70 of FIG. 7, with a single pinned reference layer, is shown in FIG,
9. Memory cell 80 of FIG. 9 has a soft ferromagnetic free layer 92 and a single layer reference
{i.e., piuned) layer 94 separated by an oxide barrier layer 93 or non-magnetic tunnel barrict. A
first or bottom electrode 98 is in electrical contact with layer 94 and a second or top electrode
99 1s in electrical contact with free layer 92, A hard mask 97 1s positioned above top electrode
99. An electrically insulating radial isolation layer 96 encircles {ree layer 92, hard mask 97 and
top electrode 99. An annular pinning layer 95 is positioned below the stack of free layer 92,
barrier layer 93, and layer 94. The various elements of cell 90 are similar to the element of cells

10A, 10B, 30, 50, 60, 70 described above, except as noted.

The structures of this disclosure, including any or all of the magnetic cells, may be made by thin
film techmigques such as chemical vapor deposition (CV D3}, physical vapor deposition (PVD),
and atomic layer deposition {ALD), Material removal may be by etching, including milling, ion

beam mulling, wet eiching, and the hike,

Thus, embodiments of the MAGNETIC STACK DESIGN are disclosed. The mmplementations
described above and other implementations are within the scope of the following claims. One
skilled n the art will appreciate that the present disclosure can be practiced with embodiments
other than those disclosed. The disclosed embodiments are presented for purposes of
ithustration and not limitation, and the present invention is limited only by the claims that

follow.

- 13 .
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What is claimed is;

i. A magnetic stack comprising:

a ferromagnetic free layer having a switchable magnetization orientation, a
ferromagnetic reference layer having a pinned magnetization orientation, and a barrier layer
therebetween, cach of the free layer, reforence layer and barrier layer having a center; and

an annular antiferromagnetic pinning layer having a center, with the center of the
pinning layer generally aligned with the center of cach of the free layer, reference layer and
barrier layer, the piuning layer electrically isolated from the free layer and 1o physical contact

with the reference layer,

2. The magnetic stack of claim 1 wherein the reference layer has a larger area than the free
layer.
3. The magnetic stack of claim | whercin the refercuce layer is a synthetic

antiferromaguetic (SAF) trilayer.

4. The roagoetic stack of claim 1 wherein the reference layer s a single ferromagnetic
pinned layer layer,
5. The magnetic stack of claim 1 wherein the annular pinning layer encircles at least the

free layer,

6. The magnetic stack of claim 5 further comprising an clectrically insulating 1solation

layer between the annular pinning layer and the free layer,

L

7. The roagoetic stack of claim 1 wherein the annular pioning layer s positioned on a side

of the pinned layer opposite the free layer.

- 14 -



WO 2011/008614 PCT/US2010/041296

8. The magnetic stack of claim 1 wherein the barrier layer has a larger area than the free
fayer.
9. The magnetic stack of claim | whercin the magnetic stack is a magnetic tunnel junction

memory cell.

19, A wagnetic stack comprising:

a ferromagnetic free layer having a switchable magnetization orientation, a
ferromagnetic reference layer having a pioned magnetization orientation, and a barrier layer
therebetween, and an antiferromagnetic pinning layer electrically isolated from the free layer
and 1 physical contact with the reference layer;

with each of'the free layer, reference layer, barrier layer and pinning layer having a
center and an ouler diameter, with the reference layer having a larger outer diameter than the

free layer.

1. The magoetic stack of claim 10 wherein the barnier layer has a larger outer diameter

than the free layer,

12, The magnetic stack of claim 10 wherein the reference layer is a synthetic

antiferromagnetic (SAF) trilayer,

13, The magnetic stack of claim 10 wherein the pinning layer is annular and has an inner

diameter.

14, The maguetic stack of claim 13 wherein the inner diameter of the pinning layer s larger

than the outer diameter of the free layer.

15.  The magnetic stack of claim 10 further comprising an electrically insulating isolation

iayer between the annular pinning layer and the free layer,

- 15-
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16, The magnetic stack of claim 10 wherein the annular pinning layer is positioned on a side

of the pinned layer opposite the free laver.

17, A magnetic stack comprising:

a ferromagnetic free layer having a switchable magnetization orientation, a synthetic
antiferromagnetic (SAF) coupled reference layer having a pinned magnetization oricntation,
aund a barvier layer therebetween, the SAF reference layer comprising a first ferromagnetic
sublayer and a second ferromagnetic sublayer separated by a metallic spacer, the first sublayer

different than the second sublayer.

18, The magnetic stack of claim 17 wherein the first sublayer 1s thicker than the second
sublayer.
19.  The magnetic stack of claim 17 wherein the first sublayer has a different coercivity than

the second sublayer.

28, The magnetic stack of claim 17 further comprising an electrically insulating isolation

layer encircling the free layer.

- 16 -
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