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5 FIELD OF THE INVENTION

This invention relates to semiconductor memory

devices.

10 More particularly, the present invention relates to
semiconductor random access memory devices that utilize a

magnetic field.

BACKGROUND OF THE INVENTION
15
Memory devices are an extremely important component
in electronic systems. The three most important
commercial high-density memory technologies are SRAM,
DRAM, and FLASH. Each of these memory devices uses an
20 electronic charge to store information and each has its
own advantages. SRAM has fast read and write speeds, but
it is volatile and requires large cell area. DRAM has
high density, but it is also volatile and requires a
refresh of the storage capacitor every few milliseconds.
25 This requirement increases the complexity of the control

electronics.



FLASH is the major nonvolatile nenory device in use today. Typical

non-vol atil e menory devices use charges trapped in a floating oxide |ayer
to store waofroamus on. Drawbacks to FLASH i ncl ude hi gh volrcagesoeemdé r ement s
and 5 sl ow program and erase tinmes. Al so, FLASH nenory has a poor wite
endurance of 109-106 cycles before nenory failure. In addition, to

mai ntai n reasonabl e data retention, the thickness of the gate oxide has to
stay above the threshold that allows elegtron tunneling, thus 10

restricting FLASHegagfak ingntr f04Sy Ien%%ews kbRrse ggb&egn&ﬂgﬁsenew
magnetic nenory devices are being evaluated. One suc% evice iIs

magnet or esi stbMayRAMp{(BeEgl Nabhetolat enbeflehOradsaeVRAMs) usdSciyRAYEBas the
potential to have speed performance simlar to DRAM To be commercially

vi abl e, howeyebappdBRAVhMHSE10hBYAgCORRAEADLGefEREI YrEeaSEhYobRatiibhent
menory technol ogi es, be scalable for future generations, operate at |ow
vol t ages, hapealvbacRewet EDASHMphtdndeahdghavellQgeonpqtuitementeadhdrite
speeds. For an MRAM device, the stability of the nenory state, the
repeat abi |l i t ylofv phegremdAndi eeasyckémesandAlshe ABABHymehemgnhatoael enent
switching field uniformty 25 are three of the nobst inportant aspects of
its design pharawrétesendsrancaendr $05tld’ ecynlwRAMEESTROMEMARY Nt ai ned by

power, but rather by the direction of the
failure. In addition, to maintain reasonable data

retention, the thickness of the gate oxide has to stay
above the threshold that allows electron tunneling, thus

10 restricting FLASH’s scaling trends.

To overcome these shortcomings, new magnetic memory
devices are being evaluated. One such device is
magnetoresistive RAM (hereinafter referred to as “MRAM”).

15 MRAM has the potential to have speed performance similar
to DRAM. To be commercially viable, however, MRAM must
have comparable memory density to current memory
technologies, be scalable for future generations, operate
at low voltages, have low power consumption, and have

20 competitive read/write speeds.

For an MRAM device, the stability of the memory
state, the repeatability of the read/write cycles, and
the memory element-to-element switching field uniformity

25 are three of the most important aspects of its design
characteristics. A memory state in MRAM is not

maintained by power, but rather by the direction of the



WO 03/043018 PCT/ US02/ 31946 3 nmagnetic nonment vector. Storing data is
acconpl i shed by applying nagnetic fields and causing a nagnetic nateri al
in a cel lwoosmesmsgneti zed into either of two possible nPwvysissBles.
Recal ling data is acconplished by sensing 5 the electrical resistance,
which differs for the two states. The magnetic fields for programm ng are
created by passing currents through conductive lines external to the
magnetic structure or through the magnetisc structures thenselves. 10

Conventi onal ,, VRAM devir6Rent el %08t heshbti shapg i {8 a@éBﬁ?iiéﬁé@iob§0 _
create a shape anisotropy that provides the swtching field. As the bit

di mensi on shgppksinghmggnePiobkeaBa9Cceta. chuitshg hhRaghet ehi Rgtéiehd
i ncreases for 15 a given shape and filmthickness, requiring nore current

to switch. Segoadcelhetbobal maghéehiog vAtuneitBeredecedo posthBtet he
energy barrier for reversal, which is proportional to volune and sw tching
field, is alsemorgdscadesTherReasl gynhadatear isebeesmbbithedanpunensing0
energy needed to switch the magnetic nonent vector from one state to the
ot her. Fhe enkegylbatriealdeesistarse, thbidht diffeent fEon thd ewoor rate of

the MRAM devi ce and uni ntended reversals can occur due to thernal
states. The magnetic fields for programming are created

by passing currents through conductive lines external to
the magnetic structure or through the magnetic structures
themselves.

10

Conventional MRAM devices rely on the bit shape with
aspect ratio to create a shape anisotropy that provides
the switching field. As the bit dimension shrinks, three
problems occur. First, the switching field increases for

15 a given shape and film thickness, requiring more current
to switch. Second, the total switching volume is reduced
so that the energy barrier for reversal, which is
proportiocnal to volume and switching field, is also
reduced. The energy barrier refers to the amount of

20 energy needed to switch the magnetic moment vector from
one state to the other. The energy barrier determines
the data retention and error rate of the MRAM device and
unintended reversals can occur due to thermal
fluctuations if the barrier is too small. Finally,

25 because the switching field is produced by shape, the

switching field becomes more sensitive to shape



fluctuations if the barrier is too small. Finally, 25 because the sw tching
field is produced by shape, the swtching field becones nore sensitive to

shape WO W&/ B43018 PCT/ US02/ 31946 4 variations as the bitecatudonB®46n si ze.
Wth photolithography scaling becomng nore difficult at smaller

di mensi ons, MRAM devices will have difficulty naintaining tight sw tching

distributions. 5 It would be highly advantageous, therefore, to renedy the
foregoing and other deficiencies inherent;in the prior art. 10

Accor di ngl y1ngigﬁisﬂfogge%heogiehshmﬁﬁsn&n g@%gnt!wmo provide a new and

i nproved magnetoresSistive Trandom access nenory device. It is an object of

the bresent LAXEALONCLOBEOVLIE 313 BaB:AdnbDY AY8d mRgueLor esi St ve

random accesS NeENDF e scafe eeping the sw tching

filel dnear!y c8esLank, plb el Spdnoihien 6Bl eELsOlthenaresant <t pueoli on Lo 20
provi de a neW and i mproved maghet oresrstive random access menory device
l

which has a goutrollaple 1BgueL], stk hgage YBLETB,s L 15 a further object
of the present 1 nvention
5
It would be highly advantageous, therefore, to
remedy the foregoing and other deficiencies inherent in

the prior art.

10 Accordingly, it is an object of the present
invention to provide a new and improved magnetoresistive

random access memory device.

It is an object of the present invention to provide
15 a new and improved magnetoresistive random access memory
device which can be scaled while keeping the switching

field nearly constant.

It is another object of the present invention to
20 provide a new and improved magnetoresistive random access
memory device which has a controllable magnetic switching

volume.

It is a further object of the present invention to
25 provide a new and improved magnetoresistive random access
memory device which has a controllable energy barrier to

minimize the bit error rate of the device.



25 provide a new and i nproved magnet oresi stive random access nenory device
whi ch has a control |l able energy barrier to mnimze the bit error rate of
t he devi cwo 03483 043018 PCT/ US02/ 31946 5 It is an object rafi/usee3present
invention to provide a new and inproved magnet oresistive random access
menory device which can be fabricated using conventional 5

phot ol i t hography processing. It is another object of the present invention
to provide a new and inproved nagnetoresi stive random access nenory

devi ce which has a switching field that is |l ess 10 dependant on shape.
SUMVARY OF THE | NVENTI ON To achi eve the objects and advant ages specified 15

above and others, 1@ §§ahﬁbb%j€€9n8E0Eﬁ§'§£é¥8ntumﬂgbhﬁgonlHBCbk801HEWUry
(hereinafter referred to as "MRAM') device is disclosed. The MRAM devi ce

includes a guhskrahg eRpeovBHCRagnbityedsMBENeLi eahBBmOBCctessPRshbironed. An
electrically insulating material of 20 sufficient thickness to act as a

el ectron tunaekiog whaehi eani et iabrpoestedonedngncbhechiciedamagneti c regi on
and a free magnetic region is positioned on the electrically insulating
mat eri ab. Thphbixgithagnephy pregesaiadjacent to the tunneling barrier has
a resultant
It is another object of the present invention to
provide a new and improved magnetoresistive random access

memory device which has a switching field that is less

10 dependant on shape.
SUMMARY OF THE INVENTION

To achieve the objects and advantages specified

15 above and others, a scalable magnetoresistive tunneling
junction memory (hereinafter referred to as “MRAM”)
device is disclosed. The MRAM device includes a
substrate onto which a fixed magnetic region is
positioned. An electrically insulating material of

20 sufficient thickness to act as a electron tunneling
barrier is then positioned on the fixed magnetic region
and a free magnetic region is positioned on the
electrically insulating material. The fixed magnetic
region adjacent to the tunneling barrier has a resultant

25 magnetic moment vector that is fixed in a preferred

direction.



25 magnetic nonment vector that is fixed in a preferred direction. WO

03/ 043018 PCT/US02/31946 6 In the preferred enbodi nent, the free magnetic
regi on i nrwiowdes3oas synt hetic anti-ferromagnetic (hereinaf trem/uset/eroned to as
"SAF") layer material. The synthetic anti-ferromagnetic |ayer materi al
includes N5 anti-ferromagnetically coupled |ayers of a ferromagnetic
material where Nis an integer greater than or equal to twod. Further, the
N l'ayers define a nmagnetic switching volume that can be adjusted by

changing N In th?anﬁEe% ? g?@ﬁdeBBhamEHE Ntﬁér%Qg%gﬂ bh%théyers are 10
y couple e

anti-ferromagneti cal | by sandw ching an anti - rromagnetic

coupling SpagégleY§hc@§H@§eB egphnadiacgnti-rerremagnetic |ayer. In the
preferred enbodi nent, the total net nagnetic 15 nonent vector is conprised

of the vectornhsusinhrtbe eagbrNegulol axersArgnethgeRORBRErYECLE OF $heBecause
each sub- layer is anti-ferromagnetically coupled to its neighboring

| ayer, theresghehbtwhcaahtpafakrkrehagheedti dagert hatsuhallayewloaaenNs can
point in zero magnetic field. 20 The total nonment is therefore determ ned
by the 5diffenencéepkroivhgartdibdllwhepepMBdahdykrsapé bhéetrababhgaabicl ayer
nmonents in each direction, respectively. The

material where N is an integer greater than or equal to

two. Further, the N layers define a magnetic switching

volume that can be adjusted by changing N. In the

preferred embodiment, the N ferromagnetic layers are

10 anti-ferromagnetically coupled by sandwiching an anti-

ferromagnetic coupling spacer layer between each adjacent

ferromagnetic layer.

In the preferred embodiment, the total net magnetic

15 moment vector is comprised of the vector sum of the each
N sub-layer magnetic moment vectors. Because each sub-
layer is anti-ferromagnetically coupled to its

neighboring layer, there are two antiparallel directions
the sub-layer moments can point in zero magnetic field.
20 The total moment is therefore determined by the
difference of M, and M, where M, and M, are the total sub-
layer moments in each direction, respectively. The
magnetic moment vectors are usually oriented anti-
parallel by the coupling of the anti-ferromagnetic
25 coupling spacer layer. Anti-ferromagnetic coupling is
also generated by the magnetostatic fields of the layers

in the MRAM structure. Therefore, the spacer layer need



magneti c nonment vectors are usually oriented anti- parallel by the coupling
of the anti-ferromagnetic 25 coupling spacer |layer. Anti-ferronmagnetic
coupl i ng we o3akzas gener at ed by the magnetostatic fields ofPcinesob/aas s
the MRAM structure. Therefore, the spacer |ayer need WO 03/043018

PCT/ US02/ 31946 7 not necessarily provide any additional antiferronmagnetic
coupling beyond elimnating the ferromagnetic coupling between the two
magnetic |ayers. 5 The magnetic nonent vectors in the ferromagnetic |ayers

can have di fﬁsee@ltea&%@ﬁ gﬁspf&,pé@v5H§aaaddlec§laﬁaqntaﬁr@9@@£f&m5@@@@£c

vector given by AM =

a sub-Tayer magnetic nonment fractional

bal ance rati @@uMI.lﬁM2 }Mz)}orﬁM dIrin{iatind ) tMe2 febtahadhetecM &ba@bl tnM

M2 is the total 10 nonment of the N |ayers. The resultant nagnetic nonent

vector of thpeblwkapethst twetagnesitr eayktesrotate with an

in

+

appl i ed magnetic

field. In zero field the resultant magnetic nonment vector will be stable
in a direction, determned by the nagnetic anisotropy, which is either

parall e

vector Bf the fix®Henaymetettic egimment vectors in the ferromagnetic

10

15

20

25

layers can have different magnitudes to provide a
resultant magnetic moment vector given by A4AM =(M,-M;) and

a sub-layer magnetic moment fractional balance ratio,

M,-M AM
Mbrz( Z '): , wWhere Mz = My + M, is the total
M, +M,) M

total

moment of the N layers. The resultant magnetic moment
vector of the N-layer structure is free to rotate with an
applied magnetic field. In zero field the resultant
magnetic moment vector will be stable in a direction,
determined by the magnetic anisotropy, which is either
parallel or anti-parallel with respect to the resultant

magnetic moment vector of the fixed magnetic region.

The current through the MRAM device depends on the
tunneling magnetoresistance, which is governed by the
relative orientation of the magnetic moment vectors of
the free and fixed magnetic regions directly adjacent to
the tunneling barrier. If the magnetic moment vectors
are parallel, then the MRAM device resistance is low and
a voltage bias will induce a larger current through the
device. This state is defined as a “1”. TIf the magnetic

moment vectors are anti-parallel, then the MRAM device

15

or anti-parallel with respect to the resultant magnetic nonent



The current through the MRAM devi ce depends on the tunneling
magnet or esi stance, which is governed by the 20 relative orientation of the
magnet i ¢ wormsnisorectors of the free and fixed nagnetic regrarse2/dionect!|y
adjacent to the tunneling barrier. If the magnetic nonent vectors are
parallel, then the MRAM device resistance is low and a voltage bias wl|

i nduce a larger current through the 25 device. This state is defined as a
"1". If the magnetic nonent vectors are@nti-parallel, then the MRAM

devi ce WO osgggﬁgggnggw @044-;@46&&3 &85! § %ﬂci%di vaggggéhdbﬁasanpiifd

vol tage bias w I nduce a smaller current rough th évice. This state

is defined agngucl” a Idmaildr Retnder stRpdudhatntheseicdel i nididPnsc e
arbitrary and could be reversed, but are 5 used in this exanple for

illustrativeipure@sesd Tdeisa Vb~ .magnet eriasi shé vangesBeyoddaatst eiage i s
acconplished by applying magnetic fields that cause the magnetic nonent
vectors in thefMRAMi da¥i aget airid fdmntai@dcenliebeoreveirsaiar adtel asad
anti-parallel directions relative to the 10 nagnetic nonent vector in the
fi xed ref er ensedl agrethithexampiier fidrofiflerstoreegnet imitmyers. cdfhe, adp ust ed
to increase the magnetic switching volunme of the free nagnetic region. By
i ncreasi ng thegnagneeséssuvecmemgrys @i tares tohagenesgydsamdlashasubyed to
i nadvertently

applying magnetic fields that cause the magnetic moment

vectors in the MRAM device to be orientated either one of

parallel and anti-parallel directions relative to the

10 magnetic moment vector in the fixed reference layer.

The number N of ferromagnetic layers can be adjusted
to increase the magnetic switching volume of the free
magnetic region. By increasing the magnetic switching

15 volume, the energy barrier required to inadvertently
reverse the magnetic moment wvectors is increased. The
effect of the increased energy barrier is to decrease the
data retention error rate due to inadvertent reversals
caused by thermal fluctuations. Consequently, the

20 stability of the memory state is increased. The addition
of ferromagnetic layers can be such that there is no
change in the sub-layer magnetic moment balance ratio My,
and the switching field remains constant for a circular
bit shape. Hence, the total energy barrier is increased

25 since each anti-ferromagnetically coupled ferromagnetic
layer must overcome its intrinsic anisotropy to reverse,

thereby increasing the magnetic switching volume without



reverse the magnetic nonent vectors is increased. The effect of the

i ncreased energy barrier is to decrease the data retention error rate due
t o i nadvewbansio4soeyer sal s caused by thermal fluctuations. pPOavisseg@a=aé | y, the
20 stability of the nmenory state is increased. The addition of
ferromagnetic | ayers can be such that there is no change in the sub-Iayer
magneti ¢ nonent bal ance ratio Mor and the switching field remains constant
for a circular bit shape. Hence, the togﬁ energy barrier is increased 25

I
since each anhpyEgLtARRYRe! eall¥eaouphe h&ﬁgrquggﬁ%tC_Tha¥gkpga§t

overcone its intrinsiC anisotropy to reverse, t hereby increasing the

magneti c sw i 0 i u 4301 LUSO2. 6 9 increasing
t he requiredkggjgc |nggg35%2%?3 %ﬁ!%%%gég,gghgmﬁggﬁydgéfgégéan be scaled to

sl | er |2t epahendi HRASLARS (AR BRCFRONE: ¢ oMb oULNEOLUPLE RapE KeP!

constant or adjusted to a desired valu _ _ o
ant i -f erromegpaLical! ¥ coupledeherbonrangh keal QUSLs Wi haai ARl Ababni ng

constant_subjpayer nonengaﬁggance ratio. Fn the prefe eﬁggglnent, t he
VRAM deyt ce LcElEeuLBhalnos0aRe)50CbNAt LNBLE LRaAREEON! 1 EOULLOR,; 9.t e

10 switching fiel rom shapé ani nfigura

par aeter t gt ; pr ¢dRuLpant L ;SelicasuB LGB okbRkOpheahhe PRLEs!al s

i nduced magne

In the preferred embodiment, the MRAM device is
circular in shape so that there is no contribution to the

10 switching field from shape anisotropy. In this
configuration, a parameter that predominantly sets a
switching field is the material's induced magnetic
anisotropy, Hx. For typical materials such as NiFeCo, Hyx
is only about 20 Oe, which is undesirable for MRAM device

15 operation. If a SAF N-layer structure is included in the
free region, then the anisotropy and switching field, Hsy,
is amplified depending on the sub-layer magnetic moment

fractional balance ratio M, such that:

_WM,+M) . _ H,

" (MZ—MI) ¢ Mhr,
20 where M;, M, are the total sub-layer magnetic moments in
each direction of the N-layer structure, respectively.
The increase in the switching field is a result of the
smaller resultant magnetic moment vector becoming a
smaller handle for the external magnetic field to rotate

25 all of the spins in the N ferromagnetic layers. Hence,



ani sot r opy,

direction of the N-layer structure, respegtively. The increase in the

switehing fiehd k3o2erestl hadhikhfic eHRLM €ho! eoubiant Hagaetie moment

e for the external magnetic field to rotate

25 all of thecdobes Licthe Noler poragnethe Lavecs. (HENGe oND;03/ 043018

t he opposing magnetic

vector becom ng a sma

PCT/ US02/ 319

Hk. For typical materials such as NiFeCo, Hk is only about 20
Ce, which is undesirable for MRAM devi ce 15 operation. If a SAF NI ayer
struct ur ewiososionshigided in the free region, then the ani sotrocapysoan4e
switching field, Hsk" is anplified depending on the sub-layer magnetic
nmonment fractional balance ratio Mor such that: H=(M+ML)H = Hk SWk | (M
-M) Mr 20 where ML, M2 are the total sub-layer magnetic nonments in

e closer n magni tude t

each

Torent s are Lg;eaghaglBebi gt he i ghetpbhe, glLachLve; S Lehipg Tield. Thus,

t he switching
control of t :
Mor The shapgggen3|

5

10

15

20

25

an"be "adjustéd to a reason e value 't

IVIty IS decreased SInce

induced Hy and the sub-layer magnetic moment balance ratio

Mpr. The shape sensitivity is decreased since the
circular shape is not the main source of the switching
field. Also, the diminished resultant magnetic moment
vector further reduces the effect of shape variations
since the effective magnetic charges at the shape edges
are much smaller than for a single layer film of

comparable thickness.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and further and more specific objects
and advantages of the instant invention will become
readily apparent to those skilled in the art from the

following detailed description of a preferred embodiment

thereof taken in conjunction with the following drawings:

FIG. 1 is a sectional view of a magnetoresistive
random access memory device with improved scalability;

and

_ _ rough the _
ﬁskgtﬁ.u%gd aHsk.e%ggnEB?esgQ‘lhéy‘Eh{fﬁggﬁeEh‘é IBAERL: Pgkapge ratio



circular shape is not the main source of the switching field. A so, the

di m ni shed resultant magnetic nonent vector further reduces the effect of
shape varwatddmas140 since the effective nmagnetic charges @cTmise2sivape edges
are nmuch smaller than for a single layer filmof conparable thickness.

BRI EF DESCRI PTI ON OF THE DRAW NGS 15 The foregoing and further and nore
specific objects and advantages of the instant invention wll becone
readily apparent to those skilled in the;art fromthe follow ng detailed

description of a prefesred anhodbheniidlcLhetagl chakeBellsGonluggtLon with
FI G I a

the foll ow ng draw ngs: a sectional view o magnet oresi stive

randon1accesguﬂgn@ggedggggg iR apseyedhscahabkhiky; oraBde25 WO 03/ 043018
PCT/ US02/ 31946 11 FIG is agraph illustrating the coercivity of a bulk

free layer febmyprgastiBelbbeekngss REl1aper kertierBgBe{sienl aperothea
N-|l ayer structure wth the other 1layer held at a constant thickness of 40
A. 5 DETAI LEDaESCRERPH & &FcdhEt RREFERRERN ENBODE MENTA .

5

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
10
Turn now to FIG. 1, which illustrates a simplified
sectional view of a scalable magnetoresistive tunneling
junction memory cell 5 in accordance with the present
invention. The scalable magnetoresistive tunneling
15 junction memory cell 5 includes a supporting substrate 10
onto which a seed layer 20 is positioned. Supporting
substrate 10 may be, for example, a semiconductor
substrate or wafer and semiconductor control devices may
then be formed thereon. Seed layer 20 is formed on
20 supporting substrate 10 to aid in the formation and
operation of the remaining layers of material. An anti-
ferromagnetic layer 30 is then positioned on seed layer
20 and includes, for example Ni, Fe, Mn, Co or
combinations thereof. It will be understood that seed
25 layer 20 is optional and is included in this preferred
empodiment for illustrative purposes. Also, the

positioning of anti-ferromagnetic layer 30 is for



10 Turn nowto FIG 1, which illustrates a sinplified sectional view of a
scal abl e magnetoresi stive tunneling junction nenory cell 5 in accordance
wi th the woasmat018i nventi on. The scal abl e magnet or esi sti vednusieBing 15
junction nenory cell 5 includes a supporting substrate 10 onto which a
seed layer 20 is positioned. Supporting substrate 10 may be, for exanple,
a sem conductor substrate or wafer and sem conductor control devices may
then be formed thereon. Seed |ayer 20 is;jormed on 20 supporting substrate

10 to aid inchhe;Loryph QBn@theHPSr@i’cH”mQBy BencenphoiagLayers of

material. An anti- fterronagnetic [ayer 30 Is en po |t|one on seed | ayer
20 and includggsei&QraexaAp! gvNi1aFge. M1, Co or conbinations thereof. It
wi |l be understood that seed 25 layer 20 is optional and is included in
this preferred enbodinment for illustrative purposes. Al so, the positioning
of anti-ferromagnetic layer 30 is for WO 03/043018 PCT/ US02/ 31946 12
fabrication conveni enestwinhfnaaly oefeonpdbsshbléngoaf rgsnadthans avail abl e.
A first magnetic region 55 having a resultant 5 nagnetic nonent vector 57
i S posibi onedlagnethe momentfeecoonghetis payeridfedAonekbet antatly
i nsul ating | ayer
ferromagnetic layer 30. An electrically insulating layer
70 is placed on first magnetic region 55 and a second
magnetic region 135 having a resultant magnetic moment
vector 87 is positioned on electrically insulating layer
10 70. Electrically insulating layer 70 behaves as a
tunneling barrier junction. It will be understood that
electrically insulating layer 70 can include multiple
insulating layers, but is shown as one layer for
illustrative purposes.
15
Anti-ferromagnetic layer 30 pins resultant magnetic
moment vector 57 unidirectionally along a preferred
magnetic axis unless sufficient magnetic field is
supplied to overcome the pinning action of layer 30.
20 Generally, anti-ferromagnetic layer 30 is thick enough to
insure that spurious signals and normal cell writing

signals will not switch resultant magnetic moment vector

57.

25 In the preferred embodiment, fixed magnetic region
55 includes a synthetic anti-ferromagnetic layer material

which includes a tri-layer structure of an anti-



70 is placed on first magnetic region 55 and a second magnetic region 135
havi ng a resultant magnetic nonent vector 87 is positioned on electrically
i nsul ati ngoloayweso1d0 70. Electrically insulating |ayer 70 Iperasesy3mseéa
tunneling barrier junction. It will be understood that electrically
insulating layer 70 can include nmultiple insulating |ayers, but is shown
as one layer for illustrative purposes 15 Anti-ferromagnetic |ayer 30

pi ns resultant magnetic nonent vector unldlrectlonally al ong a

preferred ”%QQ?BhﬁaﬁéticugbﬁgiﬁﬁﬁfEb%g%? Egg?e%b Lhahd chdg BuRREied to

overconme the pinning action o ayer ner al anti-terromagnetic

llayer 30 is EhE%%r%RQHHQtE@ 1Lgew got Bak §p¥Ek96ﬁa§th§ES1%9@rn@b”a| cel
witing signals will "not switch resultant magneti ¢ nmonment vector 57. 25 In

the preferredogahed mat wifiixed REReEL6oHEEHhAR magnkRGkUdREidNSEAt hetic
anti-ferromagnetic Iayer material which includes a tri-layer structure of

an anti WO 0340430&8uBETAUSORALBER46 i3t if€eronhgaaki6cCouplerngaspadan | ayer
50 sandw ched between a ferromagnetic |ayer 60 and a ferronmagnetic |ayer
40. Ho®ever ptherwtchbnba tpdefdstyeedsthkattoagnehdc theguee bF a tri-
layer structure in this embodiment is for illustrative
purposes only. Further, magnetic region 55 is a fixed
ferromagnetic region, meaning that resultant magnetic
moment vector 57 is not free to rotate in the presence of

10 a moderate applied magnetic field and is used as the

reference layer.

A free magnetic region 135 includes a synthetic

anti-ferromagnetic layer material which includes N

15 ferromagnetic layers that are anti-ferromagnetically
coupled, wherein N is a integer number greater than or
equal to two. In the embodiment shown here for
simplicity, N is chosen to be equal to two so that
magnetic region includes a tri-layer structure which has

20 an anti-ferromagnetic coupling spacer layer 90 sandwiched
between a ferromagnetic layer 80 and a ferromagnetic
layer 100. Ferromagnetic layers 80 and 100 each have
thicknesses 81 and 101, respectively. Further, anti-
ferromagnetic coupling spacer layer 90 has a thickness

25 86. It will be understood that the synthetic anti-
ferromagnetic layer material in magnetic region 135 can

include other structures with a different number of



can include a synthetic anti-ferromagnetic |layer material 5 other than a
tri-layer structure and the use of a tri- layer structure in this

enbodi nenwois/okans i | | ustrative purposes only. Further, nmegmatsoz3regi on 55
is a fixed ferromagnetic region, neaning that resultant magnetic nonment
vector 57 is not free to rotate in the presence of 10 a noderate applied
magnetic field and is used as the reference |ayer. A free magnetic region
135 includes a synthetic anti-ferronagn?&ic | ayer material which includes

N 15 f err omgpeL LeabaYer s (896" endNthe! BEEOBRODCLE ALY o COUpLiedu her ei n

Nis a integer er greater than or equal to two enbodi nen

shown here fop tgiaPLhBbEYmeNti $sCRESEN1isbeatqyal phepbyRsSant hat
magnetic region includes a tri-layer structure mhlcﬁ has 20 an

anti-ferronagpet bgampUpl i ROfSPacenykbayetadl sandwrekedmabatweenlayer/
ferromagnetic layer 80 and a ferromagnetic |ayer 100. Ferromagnetic |ayers

80 and 100 eanbihagerohbyaknessesufliagdsplderr 2apeeti ¥fekyomkyhebee, anti -
ferromagnetic coupling spacer |ayer 90 has a thickness 25 86. It will be
under st bod t hayetheéasyntlfierromaghetitecoophgngt epakayeidagetdrial in
magnetic region 135 can include other structures with a different nunber
of WD 03/ 0436¢8rPaadguso2t318g6rigould be used, wherein N is equal to

three.

Generally, anti-ferromagnetic coupling spacer layers

10 50 and 90 include elements Ru, Os, Re, Cr, Rh, and Cu, or
combinations thereof. Further, ferromagnetic layers 40,

60, 80, and 100 generally include alloys of Ni, Fe, Mn,

Co, or combinations thereof. Ferromagnetic layers 80 and

100 each have a magnetic moment vector 85 and 105,

15 respectively, that are wusually held anti-parallel by
coupling of anti-ferromagnetic coupling spacer layer 90.

Also, magnetic region 135 has a resultant magnetic moment
vector 87. Resultant magnetic moment vectors 57 and 87

are oriented along an anisotropy easy-axis in a preferred

20 direction. Further, magnetic region 135 is a free
ferromagnetic region, meaning that resultant magnetic
moment vector 87 is free to rotate in the presence of an

applied magnetic field.

25 While anti-ferromagnetic coupling layers are
illustrated between the ferromagnetic layers in magnetic

regions 55 and 135, it will be undexrstood that the



ferromagnetic layers and the use of a tri-layer structure in this

enbodi nent is for illustrative purposes only. For exanple, a five-layer
stack of wofeemsmnmgnetic |ayer/ anti-ferromagnetic coupl iPeg/ispasess | ayer/
ferromagnetic 5 layer /anti-ferromagnetic coupling spacer |ayer/
ferromagnetic | ayer could be used, wherein Nis equal to three. Generally,
anti-ferromagnetic coupling spacer layers 10 50 and 90 include el enents
Ru, Gs, Re, O, Rh, and Cu, or conbinatiggs thereof. Further, ferromagnetic

layers 40, 6Q,,80a ﬁﬁgléOQaQEBQV%Bth'BE|Hﬁ%lakh9¥%m95n@kacEQ1yNh Co, or
conbi nati ons thereo? Ferromagnetic layers 80 and 100 each have a magnetic

nonent vect oko8p18AdthPeughdotaspemthysl ¥uchhak akenesdakby ibelfdelds
anti-parallel by coupling of anti-ferromagnetic coupling spacer |ayer 90.

Al so, magnet be begkenrdé3dbubas.a rezukkampleaghtbthc themasbectreeh@tio8df

Resul tant magnetic nonent vectors 57 and 87 are oriented along an

ani sotropy easyeaii $si pedupedf eor €édv20odi Leeti, onheFtfietlremagnegiet i ¢ regi on

135 is a free ferronagnetic region, neaning that resultant magnetic

nonent %ect ola8@érssakeeentd-petrafléeilncbhelpdesenmemetingtossppliced laegneti c

field. 25 Wile anti-ferromagnetic coupling layers are illustrated between
t he ferromagrépsvreayefs thigagasei canvegronegbstandspaseri tlagek| that

under stood that the _ ,
breaks the ferromagnetic exchange between layers will

suffice. However, in the preferred embodiment, the
adjacent ferromagnetic layers are anti-ferromagnetically
10 coupled by sandwiching anti-ferromagnetic coupling
material between each adjacent ferromagnetic layer. One
advantage of using a synthetic anti-ferromagnetic layer
material is that the anti-parallel coupling of the
magnetic moment vectors prevents a vortex from forming at
15 a given thickness where a vortex would be formed if using

a single layer.

Further, during fabrication of scalable

magnetoresistive tunneling junction memory cell 5, each

20 succeeding layer (i.e. 20, 30, 40, etc.) 1is deposited or
otherwise formed in sequence and each cell may be defined
by selective deposition, photolithography processing,
etching, etc. in any of the techniques known in the
semiconductor industry. During deposition of at least

25 the ferromagnetic layers 80 and 100, a magnetic field is
provided to set an easy magnetic axis for these layers

(induced anisotropy). This anisotropy axis can also be



WO 03/043018 PCT/ US02/ 31946 15 ferromagnetic |ayers could be
anti-ferromagnetically coupl ed through other neans such as nmagnetostatic
fields orwotisensofigat ures. For exanple, when the aspect ratica/uh23m4eel |l is
reduced to five or less, the ferromagnetic 5 |layers are anti-parallel
coupled frommagnetostatic flux closure. In this case, any nonmagnetic
spacer |ayer that breaks the ferromagnetic exchange between | ayers wl|l
suffice. However, in the preferred enbodigent, the adjacent ferronagnetic
¢

| ayers are agé{-égﬁg@&ﬁ?ﬂ%tEgahkﬁoéQFgng daHMe§§@g§?§Hi@ﬂe presence

anti-ferromagnetic coupling material between each acent ferromagnetic
layer. One gdvanhaggeficugiBgga synthetic anti-ferromagnetic |ayer
material is that thée anti-parallel coupling of the magnetic nonent vectors
prevents a vortex fromformng at 15 a given thickness where a vortex
woul d be formed if using a single |ayer. Further, during fabrication of
scal abl e nagnet orksi stinvert NNBE|l fBgrpmagheatcneapeyscehl freceaelhida
succeedi ng layer (i.e. 20, 30, 40, etc.) is deposited or otherw se forned
i n sequéence aklH eanhbeebBjmayelesdehi nbdt bhesmhgoeitve deposhtingn,
photol i t hography processing, etching, etc. in any of the techni ques known
in the senivohduetof EndestreygioBuilBhgrdepasist sohsohngtalégysronstant

or increases as the device is scaled laterally to smaller
dimensions. Thus, the magnetic switching volume of MRAM
device 5 can be controlled and, consequently, the bit

10 error rate can be minimized. Thicknesses 81 and 101
and/or the materials of the layers are chosen so that a
magnetic field needed to switch magnetic moments 85 and
105 remains substantially constant (the term
“substantially constant” is intended to include moderate

15 increases) as the device is scaled laterally. Because
the N ferromagnetic layers can be chosen such that there
is no change in the magnetic moment balance ratio M, , the
switching field H, remains constant for a circular plan.
The total energy barrier for magnetic moment vector

20 reversal increases since each individual ferromagnetic
layer must overcome its induced anisotropy to reverse,
thereby increasing the effective volume without
increasing H_. For a bit shape with aspect ratio greater
than one, the volume can be increased while minimizing

25 the increase in switching field by appropriate choice of

moment balance in the adjacent ferromagnetic layers.



25 the ferromagnetic |layers 80 and 100, a nmagnetic field is provided to
set an easy magnetic axis for these layers (induced anisotropy). This

ani sot r opwoasiogzoagn al so be WO 03/ 043018 PCT/ US02/ 31946 1GCcTaed2/319d6equent
to deposition by annealing in the presence of a magnetic field. The nunber
N of ferromagnetic layers in free region 5 135 can be adjusted such that
the magnetic switching volunme of free region 135 remains substantially
constant or increases as the device is ggaled |aterally to snaller

di mensi ons. Thus, Ihhsnﬁggeeyhstéwe}nsea@aeﬁel upe Rt NRAV; sdeyice 5 can be

controlled and, consequently, the bit 10 error rTate can be mnim zed.

Thi cknesses %&nﬁad;ﬁﬁ jufBdich hBforgt eehal § ahst RBghaYEES raggonkosgn so
that a nagnetic field needed to switch magnetic nonents 85 and 105

remai ns substaat 13kl yheenshant hat/beat eeAythsubatanthalby ieoastanye b$
intended to include noderate 15 increases) as the device is scal ed

| aterally. Becawse fbbheaNnbarcomeghati glhayer ¥heanthe ebpeemn suachot bat
there is no change in the magnetic nonment bal ance ratio Mir, the
swi t chi Ag fi érédeHandemakad cegsbast 186r andcbbcukalepkanhanTHiéveot al ener gy
barrier for magnetic nonent vector 20 reversal increases since each

i ndi vi dual faegoridgrempruentayertoust 8ovendodeSi iy nadoetdcamesdrnopy St o

rever se,
have a strong tendency to align anti-parallel solely from

magnetostatic fringing fields. This magnetostatic
coupling therefore allows the replacement of the anti-

10 ferromagnetic coupling layer with a spacer layer that
does not allow interlayer exchange. In the preferred
embodiment, MRAM device 5 is circular in shape (generally
in a cross-section parallel to substrate 10) so that
there is no contribution to the switching field from

15 shape anisotropy and also because it is easier to use
photolithography processing to scale the device to
smaller dimensions laterally. However, it will be
understood that MRAM device 5 can have other shapes, such
as square, rectangular, elliptical, or diamond but is

20 illustrated as being circular for simplicity.

In a circular plan, a parameter that predominantly
sets the switching field is the material's induced
magnetic anisotropy, Hx. For typical materials such as

25 NiFeCo, Hy is only about 20 Oe, which is undesirable for
MRAM device operation. If a N-layer structure is

included in the free magnetic region, then the effective



t hereby increasing the effective volunme w thout increasing HW For a bit
shape with aspect ratio greater than one, the volune can be increased

whi | e m nwoi@ioag125 the increase in switching field by apmoaprsoasm®4ehoi ce
of nonment bal ance in the adjacent ferromagnetic |ayers. WO 03/043018

PCT/ US02/ 31946 17 In an alternate enbodi nent, nmagnetoresistive tunneling
junction nmenory cell 5 has magnetic regions 55 and 135 that each have a
length/width ratio in a range of 1 to 5;for a non-circular plan. Wen the

aspect ratio Bgso§rg%§eag§ds é)ﬁ%gghgg@@dl@[ ﬁnqss%’dp?éﬁsﬁ?at han five,

magneti c nonent vect n magnetl regi on ve a strong

tendency to gl Hdgﬂéupﬁa%%II ng L 6 a%%gagtgﬁgggkgﬁkagggaﬁrlng%ggoflelds

Thi s nagnetost e ¢ i Ng t Rhere e replacenen anti -

10 ferrorragngtflghgoggfi gﬁugxeg QLEQH%ISﬁg%gktga¥%E thﬁ%aédpes not al |l ow

interlayer eXchange e preferre vice 510s

circular in shape (generally in a cross- secilon parallel to substrate 10)
so that there is no contributiopyta ﬂ field from 15 shape
o]

ani sotropy and al so because it is ‘®asiMy +M,yse photolithography processing
to scale the device to smaller dinensions laterally. However, it will be

under st god t Rat MRAM dayice % Gal havs eher Shapes maiiltic moment

vectors in ferromagnetic layers 80 and 100, respectively.

Turn now to FIG. 2 in which a graph illustrates the

effective switching field, Hg,, of a tri-layer structure
10 verses thickness 101 of ferromagnetic layer 100. The

graph of the data in FIG. 2 was generated from a bulk,

unpatterned material film, and as such it is

representative of the trend in H,, of circular bit

patterns. Hence, FIG. 2 provides direct evidence of the
15 amplification effect of an unbalanced synthetic anti-

ferromagnetic structure.

In this particular example, thickness 86 of anti-
ferromagnetic coupling spacer layer 90 is chosen to be 7
20 A and thickness 81 of ferromagnetic layer 80 is chosen to
be 40 A. Also, in this example, anti-ferromagnetic
spacer layer 90 includes Ru and ferromagnetic layers 80
and 100 include NiFeCo. As thickness 101 of
ferromagnetic layer 100 is varied from approximately 30 A

25 to 75 A, H,, varies dramatically in the range of



as square, rectangular, elliptical, or dianond but is 20 illustrated as
being circular for sinplicity. In a circular plan, a paraneter that

predom nawolog/o4maess the switching field is the material ' s POTdisoedio4eragnet i c
ani sotropy, Hk. For typical materials such as 25 Ni FeCo, Hk is only about
20 Ce, which is undesirable for MRAM device operation. If a NI|ayer
structure is included in the free nmagnetic region, then the effective WD
03/ 043018 PCT/ US02/ 31946 18 anisotropy fgd switching field, Hsk" is

anplified deQEBQngmgeeipe3§UR Layes ERONELECo EEHEQ& hahangeyhaki o of the
i ndi vi dual  ayer nmonents such that: (M85 + HS = Hk, (MBS -MLO5S)

5 where MBS, MO aLg the, g&gﬂhky@% %55%8%fﬂ%¥¥¥y‘idﬂyﬂa“réﬁ§§0rs in

ferrorragnetlc ayers 80 &n respectively. Tdrn nowto FI'G 2 in which

hill h A !
gt?trjgltourle lg%%{éraégg FRI C ﬁéégc%weofgm@ te%fé%gn:at%l tay(lglr t?‘&oga ]{Fﬁ{ge %&:ph of
the data in FILG vas . gener at Ef]lf rom Lraaegnpa&tfe{:ﬁegkgat erishbﬂ[l m
[

and as such |?rylng resen?atl ve of m H ., retl ar
patterns. Hence Fl G iopiovkﬁ ELI%%HJ?%kF%%%%aﬁlmJ%ely 225

Oersteds, which is probably too high. If thickness 101
is set at around 43 A, then Hs, will be approximately 75
Oersteds, which is a more ideal value. The important

point is that by adjusting the thicknesses, 81, 86, and

10 101, Hsy can be adjusted to a desired value.

Thus, the scalable magnetoresistive memory device
has a magnetic switching volume that can be controlled by
varying N. By adjusting N, the magnetic switching volume

15 can be increased as the MRAM device is scaled laterally
to smaller dimensions. Consequently, the bit error rate
due to thermal fluctuations is reduced. Also, H,, can be
controlled by varying the thicknesses and/or materials of
the ferromagnetic layers. By controlling H_, the

20 switching field can be adjusted to a desired value
sufficient for MRAM device operation as the device is

scaled laterally to smaller dimensions.

Various changes and modifications to the embodiments
25 herein chosen for purposes of illustration will readily

occur to those skilled in the art. To the extent that



15 anplification effect of an unbal anced synthetic anti- ferromagnetic
structure. In this particular exanple, thickness 86 of anti- ferromagnetic
coupl i ng wpaseigyer 90 is chosen to be 7 20 A and t hi ckreIaus8i/3pie
ferromagnetic layer 80 is chosen to be 40 A Also, in this exanple,
anti-ferromagnetic spacer layer 90 includes Ru and ferromagnetic | ayers 80
and 100 include N FeCo. As thickness 101 of ferromagnetic |layer 100 is
varied fromapproximtely 30 A 25 to 75 4y H,,, varies dramatically in the
range of WO 4 L / 4 0X} I 5 For
NRANggéH 048 £ PCIL Y502 %éé,ggﬁgafggﬁé abnﬁge_xeggfé EQoftocAe

opti mal evi ce operati on, e approximately 1 n the range

between 50 Cgpapd: 190 CRe HskemBNoRe $Bbyi ArthifcEAREE BY¥ b¥ak¥kbDdded
thickness 101 as illustrated. |If thickness 101 5 is set at 40 A then Hsk,

w1 be apprgxtABhetMe226opEetntedss whieh is peobabk¥ ba0yhbgha Ehir
thickness 101 is set at around 43 A then Hsk, will be approxinmately 75
Cersteds, whifiberpratdvieni deakthwakuelowhagi apatihant point is that by
adj usting the thicknesses, 81, 86, and 10 101, H,,, can be adjusted to a
desi redsval ue. Thus, the scal abl e nagnetoresi stive nmenory device has a
magnetic switching volune that can be controlled by varying N By

adj usting N, the Haghegi €udhit dhbagibefluhke invention in such clear

and concise terms as to enable those skilled in the art
to understand and practice the same, the invention

claimed is:



15 can be increased as the MRAM device is scaled laterally to smaller
di nensi ons. Consequently, the bit error rate due to thermal fluctuations
i s reducedo odlosmis H, can be controlled by varying the thipchnessyem4@nd/ or
materials of the ferromagnetic |layers. By controlling H ., the 20
switching field can be adjusted to a desired value sufficient for MRAM
devi ce operation as the device is scaled laterally to snmaller dinensions.
Vari ous changes and nodifications to the enbodi ments 25 herein chosen for
purposes of illustration will readily occur to those skilled in the art. To
the extent that WD 03/043018 PCT/ US02/ 3196 20 such nodifications and
vari ations do not depart fromthe spiridgrLzfmMg he i nvention, they are
intended to be included wthin the scope thereof which is assessed only by
a fair interpretation of the followng clainms. 5 Having fully descri bed
the invention in such clear and concise terns as to enable those skilled
inthe art to uhdershardadadlprmegnetorheistnwe thenphuwvgt joncthienned is:
WO 03/ 043018 PCT/ US02/ 31946 21 CLAI MS

memory cell comprising:

5 an electrically insulating material designed to

form a magnetoresistive tunneling barrier;

a first magnetic region positioned on one side of
the electrically insulating material, the first magnetic
region having a magnetic moment vector adjacent the

10 electrically insulating material;

a second magnetic region positioned on an opposite
side of the electrically insulating material, the second
magnetic region having a magnetic moment vector adjacent the
insulating material and oriented in a position parallel or

15 anti-parallel to the magnetic moment vector of the first
magnetic region, the electrically insulating material and the
first and second magnetic regions forming a magnetoresistive
tunneling junction device, and

at least one of the first and second magnetic

20 regions including a synthetic anti-ferromagnetic 1layer
material that has a magnetic switching volume, the synthetic
anti-ferromagnetic layer material includes N ferromagnetic
layers which are anti-ferromagnetically coupled, where N is
an integer greater than or equal to two, and the magnetic

25 switching volume is adjustable by changing N to maintain a

sufficient energy barrier to switching for nonvolatile memory



1. A scal abl e magnetoresistive tunneling junction nenory cell conprising:
5 an electrically insulating material designed to forma nagnetoresistive
t unnel i ngwioausng a first nmagnetic regi on positioned on eod/soge19%é the
electrically insulating material, the first magnetic region having a
magneti c nonent vector adjacent the 10 electrically insulating material; a
second nmagnetic region positioned on an opposite side of the electrically
insulating material, the second nmgnetic region having a magnetic nonent
vector adjacent the insulating material and oriented in a position
parallel or 15 anti-parallel to the magneig c nonent vector of the first
magnetic reghepatibe electhbCaldghdtrdAldtigaranendaly anéndme {érstaard
second magnetic regions formng a nagnetoresistive tunneling junction

devi ce, andlatete&dsy oboesmélliibe 8imshsaodssecond magnetic 20 regions
including a synthetic anti-ferromagnetic layer material that has a
magneti c switching volune, the synthetic anti-ferromagnetic |ayer materi al
includes N ferronmagnetic |ayers which are anti- f erromagnetically

coupl ed, where N2is Aan isoedgérlegr awtare tdyas vt gpial tuonewsnganduniggion
magnetic 25 switching volune is adjustable by changing Nto maintain a
suffici ént BABPEY bagtl erat o h@iMEsd ndnf of LAdHY ol atWher ko rihaNOMeINe43918

PCT/ US02/ 31946 ) ) ) ) .
switching volume is adjusted by increasing N such that the

volume remains substantially constant or increases as the
magnetoresistive memory element 1s scaled laterally to

smaller dimensions.

10

3. A scalable magnetoresistive tunneling Jjunction
memory cell as claimed in claim 1 wherein a sub-layer
- magnetic moment fractional balance ratio of the one of the
first and second magnetic regions remains constant as the
15 magnetoresistive memory element is scaled laterally to

smaller dimensions.



22 operation as the magnetoresistive nenory elenment is scaled laterally to
smal | er di nensions. 2. A scal abl e nagnetoresistive tunneling junction 5
menory cewo @s4mhai ned in claiml1l wherein the nmagnetic swipPcaiiSog3was ume i s
adj usted by increasing N such that the volunme renmains substantially
constant or increases as the nmagnetoresistive nenory elenent is scal ed
|aterally to snaller dinensions. 10 3. A scal abl e nagnet oresi stive
tunneling junction nenory cell as clained in claim1l wherein a sub-I|ayer
magneti c nonent fractional balance ratio of the one of the first and
second magnetic regions remains constant ® the 15 magnetoresistive nenory
el ement is scal ed. |mateyaldyl d madiiedd:ads i HRAS | Atthe MOP 3 LA memory

PCT/ US02/ 31946 23 4. A scal abl e nagnetoresi stive tunneling junction nmenory

5 cell conprising: @ el@sigdicaldy. i nsulating material designed to forma

magnet oresi stive tunneling barrier; a first magnetic region positioned on

one side of the el echpi calbyrinsglayi NnthoBtiLf iRy, Mdtedidst gRARRIIE to
form a magnetoresistive tunneling barrier;

5 a first magnetic region positioned on one side of
the electrically insulating material, the first magnetic
region having a magnetic moment vector adjacent the
electrically insulating material;

a second magnetic region positioned on an opposite
10 side of the electrically insulating material, the second
magnetic region having a magnetic moment vector adjacent the
insulating material and oriented in a position parallel or
anti-parallel to the magnetic moment vector of the first
magnetic region, the electrically insulating material and the
15 first and second magnetic regions forming a magnetoresistive
tunneling junction device, and
at least one of the first and second magnetic
regions including N ferromagnetic layers which are anti-
ferromagnetically coupled, where N is an integer number
20 greater than or equal to two, and has a sub-layer magnetic
moment fractional balance ratio and the switching field of at
least the one of the first and second magnetic regions is
adjusted by changing the sub-layer magnetic moment fractional

balance ratio such that the magnetoresistive memory element

25 is scalable laterally to smaller dimensions.



regi on having a magnetic nonent vector adjacent the electrically
insulating material; a second magnetic region positioned on an opposite 10
side of twemloesmigically insulating material, the second PoaEQEL/BM46egi ON
havi ng a magneti c nonent vector adjacent the insulating material and
oriented in a position parallel or anti-parallel to the magnetic nonent
vector of the first magnetic region, the electrically insulating materi al
and the 15 first and second magnetic regions form ng a nmagnetoresi stive
tunneling junction device, and at |east one of the first and second
magnetic regions including N ferromagnetig |ayers which are anti -
ferromagnetical | §.coupl edalabeeemblohetanesbtegee nunheliAg gneateont han or
equal to two, and has a sub-layer nagnetic nonent fractional balance ratio
and the sw thehbny tedldcohmpatsihgast the one of the first and second
magnetic regions is adjusted by changing the sub-layer nmagnetic nonent
fractional bal ance rat Ebrstichaghetirhecemagneherésosei vesweany abgmentc2s
is scalable laterally to smaller dinmensions. WO 03/043018 PCT/ US02/ 31946 24
5. A scal abmemgagn&estesi stixad t anal PFgieaned sh rRGr3R ckl | LRBNPPESIES: a
first magnetic region having a resultant nmagnetic nonent vector fixed in a
preferred dPfedli oRPlhethBagpethcefield;

an electrically insulating material positioned on
the first magnetic region to form a magnetoresistive
tunneling barrier; and

a second magnetic region positioned on the
10 insulating material and having a resultant magnetic moment
vector switchable between positions parallel and anti-
parallel to the resultant magnetic moment vector of the first
magnetic region, the electrically insulating material and the
first and second magnetic regions forming a magnetoresistive

15 tunneling junction device, and
at least one of the first and second magnetic regions
include N ferromagnetic layers which are anti-
ferromagnetically coupled, where N is an integer greater than
or equal to two, and the at least one of the first and second
20 magnetic regions including a sub-layer magnetic moment

fractional balance ratio designed to set a switching field.

6. A scalable magnetoresistive tunneling junction
memory cell as claimed in claim 5 wherein the N ferromagnetic
25 layers are anti-ferromagnetically coupled by sandwiching a
layer of anti-ferromagnetic coupling material between each

adjacent pair of ferromagnetic layers.



5 of an applied nmagnetic field; an electrically insulating materi al
positioned on the first nagnetic region to forma nmagnetoresistive

t unnel i ngwioems3rosag and a second magnetic regi on positi oneccavudona194d0
insulating material and having a resultant magnetic nonent vector

swi t chabl e between positions parallel and anti- parallel to the resultant
magneti c nonent vector of the first magnetic region, the electrically
insulating material and the first and second magnetic regions formng a
magnet oresi stive 15 tunneling junction device, and at | east one of the
first and second magnetic regions includgesN ferromagnetic |ayers which are
anti- ferromagnetically coupled, where Nis an integer greater than or
equal to two, and the at |east one of the first and second 20 magnetic
regions including.a sabsktayeblaagagheeoneaeBtiver aahhebahgbabaneeonati o
designed to set a swtching field. 6. A scal able nmagnetoresistive tunneling
junction meamppyyceklllassctaaimrddi incktanimb5wibeeennt ae Nehekr onagpét the25
| ayers are anti-ferromagnetically coupled by sandwi ching a |ayer of

anti - ferronfigreti endoapkbnd mapgsetat betwess basha mdpnetat pwitcbiing
ferromagnetic | ayers. WO 03/043018 PCT/ US02/31946 25 7. A scal able
nagnetoﬁésigpﬂvgetghﬁ§|rﬁgaﬁgﬁcﬁpbﬁtantially constant or 1ncreases as

the device is scaled laterally to smaller dimensions.



menory cell as clainmed in claim5 wherein at |east one of the first and
second magnetic regions has a magnetic switching 5 volune that remains
subst ant i wiolog/0esngt ant or increases as the device is scalped/usaperaély to
smal | er di mensions. WO 03/043018 PCT/ US02/ 31946 26 8. A scal able

magnet oresi stive tunneling junction nmenory cell conprising: a substrate;
an anti-ferromagnetic material supported on the 5 substrate; a fixed
magneti c region positioned on the anti- ferromagnetic material which

i ncludes a synthetic anti- ferromagnetic |layer material, having a resultant
magnetic nonent vector which is fixed img preferred direction in the 10

absence of an appliedanegnetibtef habHetahegl 86t vECalihtel NaY! 3thagibayer
positioned on the fixed magnetic region; and a free nagnetic region

posi tioned pEambhe ebett ebsprhi¥inghnsul ating layer to forma nmagnetoresistive
tunneling 15 junction device in cooperation with the electrically
insulating | ayer and &heubkxedtangnetic region, the free nmagnetic region
including a synthetic anti-ferromagnetic |ayer material that includes N
| ayers of a ferronmagnehi entiraferrahagnbeie hhtsraali atpgertadnber tieeat er
t han or equal

5 substrate;

a fixed magnetic region positioned on the anti-
ferromagnetic material which includes a synthetic anti-
ferromagnetic layer material, having a resultant magnetic
moment vector which is fixed in a preferred direction in the

10 absence of an applied magnetic field;

an electrically insulating layer positioned on the

fixed magnetic region; and
a free magnetic region positioned on the electrically
insulating layer to form a magnetoresistive tunneling
15 junction device in cooperation with the electrically
insulating layer and the fixed magnetic region, the free
magnetic region including a synthetic anti-ferromagnetic
layer material that includes N layers of a ferromagnetic
material, where N is an integer number greater than or equal
20 to two, and wherein each 1layer of the N layers of the
ferromagnetic material has a magnetic moment vector where the
magnetic moment vectors of each adjacent layer of the N
layers of the ferromagnetic material are oriented anti-
parallel such that they are anti-ferromagnetically coupled,
25 and a magnetic switching volume of the free magnetic region

that is scalable by increasing N such that the volume remains

substantially constant or increases to maintain a sufficient



20 to two, and wherein each layer of the N layers of the ferromagnetic

mat eri al has a nagnetic nonent vector where the magnetic nonent vectors of
each adj awen/okzyer of the N |ayers of the ferromagneti c poarEsoe/alosar e
oriented anti- parallel such that they are anti-ferromagnetically coupl ed,
25 and a magnetic switching volune of the free magnetic region that is
scal abl e by increasing N such that the volune remains substantially
constant or increases to maintain a sufficient WO 03/043018 PCT/ US02/ 31946
27 energy barrier to switching for nonvolatile nenory operation and a
nmonment fractional balance ratio of the free magnetic region that remains

subst anti al kjjeegpstant-ias ithe sealabiey FRYNELATESAELE L ¥emBRBRYY ople@@RAln S
scaled laterally to 5 smaller dinmensions. 10 15 9. A nethod of fabricating

a scal abl e aagnet at@sest | ¥eacttbaalli ngaljdmed | pat hendiEy wied | feeapmagmeg itche
steps of: providing a substrate defining a surface; supporting a fixed
magnetic regeghohawHyy arem@gnet iitsWdrdiialg wotoferantd alssothavise@glable
resultant nagnetic nonent vector on the substrate, wherein the resultant
magneti ¢ nomagheveetelstiveri ermety n « gueafter resd dscgtédonlaterally to

5 smaller dimensions.

9. A method of fabricating a scalable magnetoresistive
tunneling junction memory cell comprising the steps of:
providing a substrate defining a surface;

10 supporting a fixed magnetic region having a
magnetic switching volume and also having a resultant
magnetic moment vector on the substrate, wherein the
resultant magnetic moment vector is oriented in a preferred
direction;

15 positioning an electrically insulating tunneling
junction layer on the fixed magnetic region;

positioning a free magnetic region having a
resultant magnetic moment vector and a magnetic switching
volume on the electrically insulating tunneling junction

20 layer, wherein the resultant magnetic moment vector can be
oriented one of parallel and anti-parallel with respect to
the resultant magnetic moment vector of the fixed magnetic
region, the free magnetic region includes a synthetic anti-
ferromagnetic layer material which includes N ferromagnetic

25 layers that are anti-ferromagnetically coupled, where N is an
integer number greater than two and where each N

ferromagnetic layer has a magnetic moment vector and the



positioning an electrically insulating tunneling junction |layer on the

fi xed magnetic region; positioning a free magnetic region having a

resul t antwimegnetoig€ nonent vector and a nmagnetic swi tchi ng pealusoe3oae t he,
electrically insulating tunneling junction 20 |layer, wherein the resultant
magneti c nonent vector can be oriented one of parallel and anti-parallel
wWth respect to the resultant magnetic nonent vector of the fixed magnetic
region, the free magnetic region includes a synthetic anti- ferromagnetic

| ayer material which includes N ferromagnetic 25 |layers that are
anti-ferromagnetically coupled, where N iggan integer nunber greater than
two and whepggRaehcNnoh@hEOyBERBELC okak8EnhA8jacBRENRAL h6y@RMBRL Vvector and
the WO 03/043818 PCT/ US02/ 31946 28 magnetic nonment vectors of each

adj acent N kayebmafnteftonmgbetiht Hebebirabnakd ahtenpadaanti;pandl | el; and
adj usting the nunber of N ferromagnetic |ayers and their nmagnetic nonent to
optim ze the magneti cagyutehhggthevalinberasft Nefkatemabnditieningegsotnthe
devi ce are changed and a sub-layer nagnetic nonent fractional bal ance
rati o of thbefireragnghéti momegiohoi spthnsen tbepmevndeia swgnehiog
switching field so that as the device is scaled laterally to different

di nensi dns, valsnef hgi ehe énateygplbdimeasipnsl10fsthechengces arai nhanged for
nonvol ati |l e menory operation.

and a sub-layer magnetic moment fractional balance ratio of
the free magnetic region is chosen to provide a magnetic
switching field so that as the device is scaled laterally to

different dimensions, a sufficient energy barrier to

10 switching is maintained for nonvolatile memory operation.



