WD 01/ 71734 PCT/ US01/08987 1 MULTI - LAYER TUNNELI NG DEVI CE W TH A GRADED
STA CHI QVETRY | NSULATI NG LAYER 5 Field of the Invention The present

i nventi owoel/at7es to a nulti-layer thin filmdevice incl uBCTVgS@Insss7
insulating layer, and nore particularly to the inclusion of a

graded-stoi chionetry insulating |ayer. 10 Background of the Invention
Typically, a magnetic el enment, such as ajmagnetic nmenory el enent, includes
15 a multi-layer thin filmstructure including ferromagnetic | ayers
separated by a non- m@@ﬁE&EAYT%WEM¥DM§ﬂBEhBE®@®Eﬂﬁfﬁﬂ@e@RﬂdﬂﬁE an

insul ating tunnel barrier, or barrier Information is stored in the
magnetic layers as directi Sﬁ@I%IW@E&YB%ﬁUMTW@tMXER Magnetic vectors
in one nmagnetic |ayer, for instance, are magnetically fixed or pinned,
while the magnetization direction of the other magnetic layer is free to
switch 20 in an applied field between the sane and opposite directions that

are called "parallel” and "antiparallel" states, respectively. In response
to parall el and antiparall el stat§§ e M8 netlc menory el ement
represenFs two different resistan ance has m ni num and

maxi mum val ues when t he nagnetizatlon vectors of the two magnetic |ayers
point in substantially the same and opposite directions, respectively. 25

Accordingly, a defl?ec feQbht Bvéiﬂ N981akdd &eéhﬁlﬁ@g&%n tlhoﬁﬁa By irﬁﬁld}@lgﬂ as

an MRAM devi ce, rovi e In orrratlon store e magnetic ne

el ement . Theiny@a% Také8 4%adCGHHSR R 8R8Y tozth¢ inclusion of a graded-stoichiometry

insulating layer.

10

Background of the Invention

Typically, a magnetic element, such as a magnetic memory element, includes

15  a multi-layer thin film structure including ferromagnetic layers separated by a non-
magnetic layer, hereinafter referred to as an insulating tunnel barrier, or barrier, layer.
Information is stored in the magnetic layers as directions of magnetization vectors.
Magnetic vectors in one magnetic layer, for instance, are magnetically fixed or
pinned, while the magnetization direction of the other magnetic layer is free to switch

20  in an applied field between the same and opposite directions that are called “parallel”
and “antiparallel” states, respectively. In response to parallel and antiparallel states,

the magnetic memory element represents two different resistances. The resistance has
minimum and maximum values when the magnetization vectors of the two magnetic
layers point in substantially the same and opposite directions, respectively.

25  Accordingly, a detection of change in resistance allows a device, such as an MRAM

device, to provide information stored in the magnetic memory element. The



di fference between the m ni nrum and maxi mum resi stance val ues, divided by
the mninmmresistance is known as the magnetoresi stance ratio (MR). Thin
filmstrwoorew3of this type, nore particularly magnetic POTVI&01/G8E8TCt i ON

el enments, structurally include very thin |ayers, some of which are tens of
angstronms 5 thick. O present concern is the fabrication of the insulating
tunnel barrier, or barrier, |ayer fornedjetween the ferromagnetic |ayers.
The junction resistance varies approximtely exponentially with the
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it very difficult to produce devices with nearly the sanme resistance over
typi cal subsmpdmamsiesisignessie §npyn as Hefrmegngroresstance ratie@dRare currently four
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nat ural oxi I on. ayer of netal, suc m num

deposi t ed OrdeBndedks oh tAREnYR ! hidkek St 98y SOy BESHBAuRURSided ivith A&RIyHHEM num

is exposed to oxygen or 20 air for a period of tinme, typically a nunber of

hours. Thi s @xRAsHEEndeLVRKKEHRIAL SibsBhle sERN S ih ARmaldfirigm t o oxi di ze and
forman al um num oxi de | ayer. Subsequently the tunnel junction structure

is conpheted by fTDiigre nge wurieay ofout emnisU hadihody foayftminge insuRKiBg Nufige]
el ectrode, ferromagnetic |ayers, or the |ike, dependent upon the type of
devi ce bei nghdroemiegers 2mdOné apmabivanxidate) eatusd sxidatibn pfi alsntiyywe (Af) detal;ce i s
that the in tE)i u%‘lragice){é?%{/i) ngsis?efd oxidation of aluminum (Al) metal; ¢) plasma oxidation of
aluminum (Al) metal; and d) reactive sputtering of aluminum oxide. It should be
understood that while aluminum oxide is disclosed as forming the insulative tunnel
15  barrier, other materials which include insulative properties are anticipated by this
disclosure, including, aluminum nitride, tantalum oxide, tantalum nitride, or the like.
The oldest method of forming an insulating tunnel barrier layer is through
natural oxidation. Initially a layer of metal, such as aluminum (Al), is deposited on an
electrode which is on some type of substrate. The aluminum is exposed to oxygen or
20  air for a period of time, typically a number of hours. This exposure to oxygen or air
causes the aluminum to oxidize and form an aluminum oxide layer. Subsequently the
tunnel junction structure is completed by forming on top of the insulating layer the
remaining electrode, ferromagnetic layers, or the like, dependent upon the type of
device being formed.

25 One problem that exists with this type of device is that the initial depositing of

the metal, here aluminum (Al), is non-uniform in thickness, and accordingly resultant



the metal, here alum num (Al'), is non-uniformin thickness, and accordingly
resul tant WO 01/ 71734 PCT/ US01/08987 3 differences in tunneling resistance
across tweobayes4 occur. In addition, this method has beerCT/oendsPsy be very
slow and there is limted flexibility in controlling the resistance of the
formed insulating layer. As a result the resistance tends to be very | ow.
Nat ural oxidation assisted by exposure t0 ultraviolet light is faster and
potentially nore 5 controllable. An alternative nethod for form ng an

i nsul ati ng tdiffasincesan timelingyesistanse acions e dayien gcduay &r addikon, lthis oygithgsl Iss na
oxidation. During this process, alumnumis dggosited onto a substrate and

i s subsequenkdey foiddohsdreny slawosnggbere ps hmited flexibHity in cantiphing-the xsaigancgl ow

di scharge, simlar tq neon plasma in a neon ljght. In general, 10 this type
of techni que°hit e frrmsd gl ing laveraha 2 asull thotesisRRebtonds G weriah NeReds
thus resistance, across, the substrate due tq.the |ack of contr.ol exhibited
over the. oxyguirion SSRIGEY APPUithdp; BURyole Jigt g Rsip Suhapoksiinte Hare
utilized_to OoXir%Q%@et he al umi num This method provides for the control of
resi st ance d@é? ‘de range and typically high magneto-resi stance val ues
are achi eved. Thi - 1.S rall b ar. LeVi
descri bed net hod uti %egﬁ?éga}eamgﬁggng&d%g@]% é@,lnéﬁ?ﬁ%}@gigrﬁ%}r&%ﬁ? cg%r’
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deposi ted, uddpokitddehtb daibbtYRe afd ikt %Eéq%%tl;@&ii@iz@d SHISENBER phldihaGRhiA an
oxygen at nosphere. The alum numreacts 20 with the oxygen encl osed within
the vacuum chedier oxtygeh @low aiseharpeli@NbeRd. neoh)ithstiad dnya né@B HEHtS Thefderan
exhi bit high resistance and the end product is not uniformin thickness
across tive sthisstypabftechaiduan s Hand wacoradol amd dogs Hoe sdnsitnsm amiféray tickness, thus

or
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resistance, across the substrate due to the lack of controi exhibited over the oxygen
discharge. Alternatively, an oxygen plasma source is utilized to oxidize the aluminum.
This method provides for the control of resistance over a wide range and typically
high magneto-resistance values are achieved. This method is generally similar to the

15  previously described method utilizing a plasma discharge, yet more control can be
exercised.

Yet another alternative method for forming an insulating tunnel barrier layer is
reactive sputtering. During this process, aluminum is deposited, utilizing reactive
sputtering, onto a substrate surface in an oxygen atmosphere. The aluminum reacts

20  with the oxygen enclosed within the vacuum chamber to form aluminum oxide.
Typically, results tend to exhibit high resistance and the end product is not uniform in
thickness across the substrate leading to variations in resistance levels.

Other, less common, methods of producing insulating layers have been
reported. A method similar to the plasma oxidation method is the oxygen beam

25  method, deposition of an aluminum layer followed by exposure to an oxygen beam.

The beam can be, for example, a low-energy oxygen ion beam or a low-energy atomic



O her, |ess comon, nethods of producing insulating |ayers have been
reported. A nethod simlar to the plasnma oxidation nethod is the oxygen
beam 25webvhoud34 deposition of an al um num | ayer foll owedPOy/USKpIB8Tre t 0 an
oxygen beam The beam can be, for exanple, a | owenergy oxygen ion beam or
a lowenergy atomc WO 01/71734 PCT/ US01/ 08987 4 oxygen beam A technique
simlar to reactjve sputtering is sputtery deposition froma conpound
target. This can be used with or without the addition of extra oxygen into
t he sputterioxygambéamt A tachiiqoe sipiilah buteagtiveosppifenng srepatien deposiiamiroor awi t h
or without an extra oxidation step after deposition. 5 Generally, while
these four rReIHeYBd kaget bds C%bmﬂsefidmﬁboﬁﬁé’ég‘mt the pdditien of eita) PR HItRf
tunnel barrier-insulati rﬁ | ayers, uniformty of jun,ct{)on resi stance over
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di anmeter, .has not been denonstrated. The resistance of the MIJ material,
usual |y exprid<ddg e é‘ﬁlf)ﬂétepégtlers‘a%% O%r ea product (RA), has been shown to
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t hi ckness which is conpensated for by a variation in t he conposi tion of

t he nat eri althpr@widRs-aker pradudli(Ra) Madeay sovih® Biire 8xpddknBal BUHEL bathethe
Accordingly, it is an object of the present invention to provide for a
mul ti- liayermetal layér thicksiessuaidioxdditivmt ddsa dbtutécknass andsddsatviahgs Ithey @rodwawi ng
graded stoichionetry
high MR. For example, a variation in aluminum thickness of only 5% can result in a
variation in RA of over 30%. This strong dependence on the thickness and oxidation
dose makes it very difficult to obtain high uniformity of RA. However, by adjusting
the aluminum thickness profile and oxidation profile to offset each other, a resultant
15  Dbarrier layer with a small variation in thickness which is compensated for by a
variation in the composition of the material provides for a uniform RA over the area
of a substrate.
Accordingly, it is an object of the present invention to provide for a multi-
layer thin film structure that includes an insulating layer having graded stoichiometry
20  to compensate for the thickness profile and produce a uniform tunneling resistance
across the insulating layer, more particularly, across the entire wafer structure as
fabricated.
It is another object of the present invention to provide for a graded-
stoichiometry insulating layer and method of fabricating the layer, for use in multi-

25  layer thin film structures.

It is yet another purpose of the present invention to provide for a graded-



20 to conpensate for the thickness profile and produce a uniformtunneling
resi stance across the insulating |ayer, nore particularly, across the
entire wa¥@eonyst7sucture as fabricated. It is another objerCTORo1(8e87pr esent
invention to provide for a graded- stoichionetry insulating | ayer and
nmet hod of fabricating the layer, for use in nulti- 25 layer thin film
structures. It is yet another purpose of gthe present invention to provide
for a graded WO 01/71734 PCT/ US01/08987 5 stoichionetry insulating |ayer
and met hod oftoichiometat insglating lpyey eandt methadnef deleicatipg abé deyasothet ancladest he
stoichionetry of the resultant |ayer, thus uniformty of device resistance
across the sl@iﬁ%lﬁ‘? gergd raf ghe ﬁ@lqhsora%t plthegaspisntlayer, tthilés wHEsaEy afdesieei on
to provide for raded- 5 oi chionmetry insulating | ayer and nmet hod of
fabrlcatlnglieﬁ‘@ai1 °$HQTm%FBWF35§ f or unlfornlty of the resistance- area
product in tunnel junction nateria .anot her ? rﬁfse of .t

S
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allv-

present invention provi at er ed st oI ¢hi onet ry

i v a1 mbeR g e o g s
others are syubshRfetd! inyuliilg 1ayEOMENI R & @ABrieftind thYll4fer that includes the
control of the lateral profile of the oxidation process, thus resistance of the resultant
10 insulating tunnel barrier layer.
It is still a further purpose of the present invention to provide for a laterally-

graded-stoichiometry insulating layer and method of fabricating the layer that is

amenable to high throughput manufacturing.

15

Summary of the Invention

These needs and others are substantially met through provision of a multi-

layer thin film structure including a graded-stoichiometry insulating layer and a

20 method of fabricating a multi-layer thin film structure including a graded-
stoichiometry insulating layer. The structure includes a substrate, a first electrode, a
second electrode, and a graded-stoichiometry insulating, or barrier, layer formed
between the first electrode and the second electrode. The insulating layer includes
laterally graded stoichiometry to compensate for its thickness profile and thereby

25  produce uniform tunneling barrier resistance across the structure. Iﬂ addition,

disclosed is a method of fabricating a multi-layer thin film structure including a



| ayer thin filmstructure including a graded-stoichionetry insulating |ayer
and a 20 nethod of fabricating a multi-layer thin film structure including
a graded wooi/ctisonmetry insulating | ayer. The structure i NPCTAIS&1/@8987
substrate, a first electrode, a second electrode, and a

graded-stoi chionetry insulating, or barrier, |layer forned between the
first electrode and the second el ectrodeg The insulating |ayer includes
laterally graded stoichionmetry to conpensate for its thickness profile and
t her eby 25 gradhdesioighiomsty insHaiéng tayehanaluding rthe istepa red epra¢idingsa tshbstrate,
structure. In addition, disclosed is a nmethod of fabricating a multi-I|ayer
thin film stéepesiting ajfHel elestrpgepmibe oebsters depestiingss medddayer g a surface of

graded-stoichionmetry insulating_layer |ncluding the steps of, providing a
substrat e, tE% B GEIF%&’%S: FRISE P dRERbICH P TR L faT aﬂ%s;u?%i@,go@mri wgga
netal |ayer on.a face of the fjrst el rod causi the.netal |ayer
to react to PUIFRRIA b ratiie 419 Spiehiopiery STiF PSRRI QIERERRE § eeond

st oi chi ogetr f the netal |ayver,..and depositing a second 5 electrode on
t he uni fg?m%f%cgmdggpﬁ%elll%éoél?l}x%lrliﬁé%gqf)‘éésjrt:ri ption of the Drawings 10 FIG 1
illustrates a cross-sectional view of a first enbodi nent of a conplete
multi-layer thin filmstructure formed according to the nmethod of the
present invention; FIG 2 illustrates an enlarged cross-sectional view of
a graded-stoichionetry barrier |ayer, formed according to the present
invention; 15 FIG 3 illustralRefdRs@iidhdEhonRsansectional view of a
graded-stoichionetry barrier Tayer, forned according to the present
invention; FIG 4 illustrates an enlarged cross-sectional view of a

graded- stoi chionetry barrier |ayer, formed according to the present
inventiae; and  FIG. 1 illustrates a cross-sectional view of a first embodiment of a complete

multi-layer thin film structure formed according to the method of the present
invention;

FIG. 2 illustrates an enlarged cross-sectional view of a graded-stoichiometry
barrier layer, formed according to the present invention;

15 FIG. 3 illustrates an enlarged cross-sectional view of a graded-stoichiometry

barrier layer, formed according to the present invention;

FIG. 4 illustrates an enlarged cross-sectional view of a graded-stoichiometry
barrier layer, formed according to the present invention; and ‘

FIG. 5 illustrates in a flow chart diagram, the method of forming a graded-

20  stoichiometry insulating layer according to the present invention.

Detailed Description of the Preferred Embodiments

25 During the course of this description, like numbers are used to identify like

elements according to the different figures that illustrate the invention. Accordingly,



FIG 5 illustrates in a flow chart diagram the method of form ng a graded-
20 stoichionetry insulating | ayer according to the present invention.

Det ai | ed viDesori7pt i on of the Preferred Enbodi nents 25 Duri pQrAR& /e’ se of
this description, like nunbers are used to identify like elenents
according to the different figures that illustrate the invention.
Accordingly, WO 01/71734 PCT/US01/08987 7/ FIG 1 illustrates in
cross-sectional view a first enbodinment of a nulti-layer thin film
structure, nioiGe lpdostrated iardrgssaccigakbyicw fisstrembodimenteia andtotayenthin filmhe
met hod of the present invention. Mre specifically, illustrated in FIG 1,
is a fully pircaraedorenpayhetiady elr@a@nﬁcgm,lﬁo@ecﬁmr@ngw thef medded 10.
Structure 10 _ includes a substrate 5 12, a base electrode nultilayer stack
14, an i nsul &einvgseapapeptionr Mayer snseificalfyr illusigateq je Fifdilnds @xdully A@gterned
alum num and a top.electrode multilayer stack 18. Base el ectrode

mul tilayer sPaghetipslemet tswt%qee%qwélay rﬁIﬂ‘?‘I"F"iQ/QT g%?%‘&‘ﬁ? gmelydes gyanbstrate

S OmORELl by | B e 5 LR S e B T B O
I de | a .14 j.ncl fi I 10..20 i I
e et 00e I aea b o EL M) SSFA abRaRL IBPRE! G T
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coupled with't yi ng an I'C’ pinning structure

Ferromagnet i Iayeﬂs?mése?e@eéu%dé’%}ﬁé D% hrd@%orhdeiCh aGhetRl RAEor ddhtdchdhyel ! £3,

magneti c noneht 1s prevented romrotation in the presence of an applied

magneti c fi elyHicHRs fRmRd ©@rd fibbtraté N1eNWake clboir&RS 1 AFR YN eidIEdd ANRE sed lhger
typically formed of alloys of one or nore of the following: nickel (N),

iron (Fa) ap@l &pbsitdd (Caetandad NGl udempdaté 0yes P2f aclayerTopatifetbmagietist ack
18 includes a free ferronmagnetic |ayer 28 and a protective |ayer 30. The
magneti ¢ nopieningafinctuee 2Aeend er fixnafpneimagnétiy tye2 86 ifernmat ofi iaxnd dexchange
pi nned, by exchange
coupled with the underlying antiferromagnetic pinning structure 24. Ferromagnetic
layer 26 is described as fixed, or pinned, in that its magnetic moment is prevented
from rotation in the presence of an applied magnetic field up to a certain strength.
15  Ferromagnetic layer 26 is typically formed of alloys of one or more of the following:
nickel (Ni), iron (Fe), and cobalt (Co) and includes a top surface. Top electrode stack
18 includes a free ferromagnetic layer 28 and a protective layer 30. The magnetic
moment of the free ferromagnetic layer 28 is not fixed, or pinned, by exchange
coupling, and is free to rotate in the presence of a sufficient applied magnetic field.
20  Free ferromagnetic layer 28 is typically formed of alloys of one or more of the
following: nickel (Ni), iron (Fe), and cobalt (Co). It should be understood that a
| reversed, or flipped, structure is anticipated by this disclosure. More particularly, it is
anticipated that the magnetic element formed by the method disclosed herein can
include a top fixed, or pinned layer, and thus described as a resultant top pinned

25 structure.

Referring now to FIGs. 2-4, illustrated in enlarged cross-sectional views are



coupling, and is free to rotate in the presence of a sufficient applied
magnetic field. 20 Free ferromagnetic layer 28 is typically forned of
al | oys ofwoene7184 nore of the follow ng: nickel (N), ironC(/B8)1/08987d cobal t
(Co). It should be understood that a reversed, or flipped, structure is
anticipated by this disclosure. Mrre particularly, it is anticipated that
the magnetic el enent forned by the nethog disclosed herein can include a
top fixed, or pinned |ayer, and thus described as a resultant top pinned
25 st ruct ur éhreReé¢rebodimgnisoshovong[tiss fomationi df issulating cbarmerekilyar jéd More
cross-sectional views are WO 01/71734 PCT/US01/ 08987 8 three enbodi nents
showi ng t he Hastigrariso nlluﬁtraiq@sml eaeh depvag i3 eportiopert degicenidr &t shoakt benotad y,
illustrated in each drawing_ is a portion of device 10. It should be noted
that all coﬁb@tn@lhsgmapnqmt@f ’fl@hbtthaaraée SiHardp coBPeBFRIbABMSTESS. b AP Gs.
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flrst enbodi nmen ayer forme aving a

central aspegdscdted Mtltl Regard &NFIA! 1, thik GID&ER inBludélOs BRY elcbBo@PPPSL RGeS
referenced 17°, with edge thi cknesses of de which is |esser than thickness

dc. As di scl gs@ebdeils bhd sn Rl dtiad| ki Thag I NIn thafifst @mbbai@int, Ihownl i
formed by depositing a | ayer of alum num (A) (not shown) onto first

el ectrode® 1l4insulatihy bargiet BgerdBP danteddiavingecengal dspectl 18y with hagntraiahickiasksa
variation in thickness across 15 the wafer. As illustrated in FIG 2, the

llayer of al ugg dl‘cuéﬂd‘% Bppdies AgSS rafafeh@ldl PN with edge thicknesses of de. which is

lesser than thickness d.. As disclosed, in this particular embodiment, barrier layer 16'

is formed by depositing a layer of aluminum (Al) (not shown) onto first electrode 14'.
During the deposition process, the layer has included a variation in thickness across
15  the wafer. As illustrated in FIG. 2, the layer of aluminum has a thickness variation
whereby the central most aspect 15' of the wafer is thicker in relation to the outer
edges 17'. An axially symmetric thickness profile of this kind is typical of films
deposited onto a rotating substrate. This difference in thickness, results in a variance
in resistance across the wafer, once the layer is oxidized to form resultant oxidized

20 layer 16"
Referring now to FIG. 3, illustrated is a portion 11" of a device, generally

similar to the embodiment described with reference to FIG. 2, except in this particular

embodiment a central most aspect 15" of oxidized layer 16", having a thickness of d_,,

is the thinnest and the outer edges 17"of layer 16", having a thickness d,, are the



whereby the central nost aspect 15 of the wafer is thicker in relation to
the outer edges 17'. An axially symetric thickness profile of this kind
is typi cavoof/7f784 ns deposited onto a rotating substrate. POhUSodishg7er ence
in thickness, results in a variance in resistance across the wafer, once
the layer is oxidized to formresultant oxidized 20 |ayer 16'. Referring
now to FIG 3, illustrated is a portion 31" of a device, generally simlar
to the enbodi ment described with reference to FIG 2, except in this
particul ar thickerdi Asmredoudntstaitd, rthistditierses inl Brickofesoxeslilisad 4 sgrance 61,
having a thickness of dc, is the thinnest and the outer edges 17"of |ayer
16", havi ng rasistAncelaseass thpswatgr engeribe Yepositedrmetal laperris gsphzaggodrm wsuligntker .
As previously stated, this difference in thickness, results in a variance
in resista ized18% ke wafer once the deposited netal |ayer is oxidized
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where shutter notion osition 10 produces a Ss varration

across the vgfge War@edae hkies é%?&@%ff%}%@g%"‘%'s’* for¥ed AT BVoIsdY edleai R d,

this difference in thickness, results in'a variance in resi stance across

the wafer, ornge tigeeotl epprhi@d igipadally apedd wherxitdittee thdtonf diringr @spdkitiont
oxidized layer As illustrated in FIG 5, by flow chart diagram the nethod

of fabr noat i prgduckd a dieivknss Lridtionl asetas tlichwafst &pm algedOaviogpogd 48gs2hsAsat e
12, and depositing 42 on an
previously stated, this difference in thickness, results in a variance in resistance across
the wafer, once the deposited metal layer is oxidized to form resultant oxidized layer
16",
As illustrated in FIG. 5, by flow chart diagram, the method of fabricating
15  device 10 includes the steps of providing 40 substrate 12, and depositing 42 on an
uppermost surface of substrate 12, metal lead 13. Metal lead 13 is deposited utilizing
standard deposition techniques well known in the art. Next, first electrode 14 is
formed by depositing 44 seed layer 20, template layer 22, antiferromagnetic pinning
structure layer 24, and fixed ferromagnetic layer 26 on an uppermost surface of metal
20  lead 13 utilizing standard deposition techniques well known in the art. Next, a layer of
metal 21 is deposited 46 on first electrode 14 utilizing sputtering techniques well
known in the art. Next, it must be determined 48 if metal layer 21 is axially symmetric
over the wafer area, as illustrated in FIGs. 2 and 3, or non-axially symmetric over the
wafer area, as illustrated in FIG. 4. If axial symmetry exists, then layer 21 is oxidized

25  utilizing an axially symmetric method, such as by using an axial symmetric flux

profile 50, a rotating wafer technique 52, or a rotating shutter technique 54 to form



uppernost surface of substrate 12, netal lead 13. Metal lead 13 is
deposited utilizing standard deposition techniques well known in the art.
Next, fimeooetwsetrode 14 is formed by depositing 44 seedPCHYS61/(BO37

tenpl ate layer 22, antiferronmagnetic pinning structure |ayer 24, and fixed
ferromagnetic | ayer 26 on an uppernost surface of netal 20 | ead 13
utilizing standard deposition techniquesiwell known in the art. Next, a

| ayer of metal 21 is deposited 46 on first electrode 14 utili zing
sputtering tecdinedjinsslatieg layeklown in the art. Next, it nust be determni ned
48 if netal layer 21 is axially symetric over the wafer area, as
illustrated i n Fllog. sputspy typically npreduss abgagnss yriftet aielloveimmeisc @ument
area, as ill ;;%ated in FIG 4, If axial symetry exists, then |layer 21 is
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central nost aspect, as illustrated in Fl , then the grids are chosen to

al low for a pgbpas %or@Qﬁ@”F@rUEi‘bﬁ%iﬂ@%{&ée{sﬁlgt YRS Got dd@RASRS for thettRickness
i nstance, the oxidized film beconmes nore oxygen rich with increasing

radi us to covmplisat dheoksiln & bhelcaessre %ﬁﬁétﬂ&ﬂl}o oxidiR€ lepguld, with & shallri er,
nore particularly oxidized |layer- 16, with a small 10 variation in thickness
whi ch i 9 oconpeiatiah édtHickneky whichids campeansated fohky a oarisisirnt inothe composition, or
stoi chionmetry, of the oxidized alum num 16, or other oxidized netal, to
provi de for sioichioifetnyof thsioxidizasiealamennp | ¢.chrether loxidipasuhdtab do pridvedesooad
that a variation to o
uniform resistance-area product. It should be understood that a variation to
compensate for a greater thickness toward the edges 17", as illustrated in FIG. 3, is
anticipated by this disclosure. In this instance, grid choice would allow for a greater
15 beam current in the central most aspect 15", thereby causing the central aspect 15" to
become more oxygen rich than the edges 17", and thus compensating for the thickness
variation. During ion beam exposure, layer of metal 21, deposited on the first
electrode is exposed to a low energy oxygen ion beam (<200 eV) and oxidized. This
oxidation of layer 21 provides for the formation of a thin insulating tunneling layer 16
20  of aluminum oxide. It should be understood that insulating layer 16 can be formed by
exposing the metal to a nitrogen beam, thereby forming, for example, aluminum
nitride. During operation, the ion beam voltage and current determine the oxidation
rate. The profile of the ion beam can be adjusted to achieve the desired uniformity of
oxidation of metal layer 21. As previously stated, the uniformity of the resultant layer

25 16 can be fine-tuned by adjusting the profile of the beam with the series of grids,

dependent upon grid design. A larger diameter hole or a higher density of holes can



conpensate for a greater thickness toward the edges 17", as illustrated in
FIG 3, is anticipated by this disclosure. In this instance, grid choice
woul d al Ivoovof/on73e greater 15 beamcurrent in the central POBUS@ESe’t 15",

t hereby causing the central aspect 15" to beconme nore oxygen rich than the
edges 17", and thus conpensating for the thickness wvariation. During ion
beam exposure, |ayer of netal 21, deposiifd on the first electrode is
exposed to a | ow energy oxygen ion beam (<200 eV) and oxidi zed. This

oxi dat i on ofbd esgdito Ireasethedesmfcyrrentdentity imparearasolesized e grivdsarafarmgd
tunneling layer 16 20 of alum num oxide. It shoul d be understood that
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grids are formed AhOuRiAtie ieHods YRERRRL M0 MRIIBLALabANE! Pt Bilipess

vari ations. For exanple, the grids can be forne ow for greate

oxi dati on ofsyha¥&fic 2knRRRL s t WL ARAdRRIRIdatioher en thR [Rtekaess hendifas.
This provides for a greater flux ‘'of oxygen, thus greater 5 oxidation of

thi s peri metifckasReabfiRNshduplaéns WehityoprofiRs st AfGedawr 6Fst ttheh o@s! rast
insulating layer 16. An alternative nmethod to address the thickness

vari ati an i neesuit &xa datrier, sty myelating tatneling layer,i withviat smedl earimioaxindhickasss | n
this instance, the alum num thickness profile and plasma density profile
are adj ust edwhich of ¢mepensateth fathyer varifitien in the composition of the oxidized aluminum
to provide for a uniform resistance-area product. During plasma oxidation, the
plasma geometry is adjusted to allow for higher plasma density across the thinnest
aspect of metal layer 21. The plasma geometry can be adjusted in several ways,

15  including; (a) arrangement of the electrodes or coils that excite the plasma, (b)
placement of baffles or slits between the plasma and the substrate, or (c) electrodes
that direct the jons in the plasma.

Accordingly, for a device structure similar to that illustrated in FIG. 2, having
the thickest aspect in a central portion 15", the plasma density is adjusted to allow for

20  a higher plasma density about the edges 17", thus edge heavy oxidation. Where the
thickest aspect of the metal layer is about the edges 17", the plasma density is adjusted
to allow for a higher plasma density at a central aspect 15", thus center heavy
oxidation. This adjustment of the plasma density provides for a resultant change in
the stoichiometry of oxidized layer 16", without a physical correction in layer

25  thickness.

Other techniques with axial symmetry, such as UV assisted oxidation with



10 result is a barrier, or insulating tunneling layer, with a small
variation in thickness which is conpensated for by a variation in the
conposi t ivodoof178he oxi di zed al um num to provide for a unP€DUR1/08987

resi stance-area product. During plasma oxidation, the plasnma geonetry is
adjusted to allow for higher plasnma density across the thinnest aspect of
netal |ayer 21. The plasnma geonetry can pg adjusted in several ways, 15

i ncluding; (a) arrangenent of the electrodes or coils that excite the

pl asma, (b) opticadkatamedwst dpaddidllyssymmetrictligh éntmesity privfleplakiorman siedusetigo
substrate, or (c) electrodes that direct the ions in the plasna.
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having the thickest aspect in_a central tion 15", the plasma density is
adj ust ed t o Efimaque dree ppical ke Pespfrrswaci) dé%élpwr%fﬁswﬁ%w@eig%mwc t hus

d h d hi ck f I b
?hgeedSZny’xiht%%é% ot e 1 &S&{wa@giﬁf a@fﬁrﬁfé {5 WHPE RO OF R EER %51 aom
density (%ntral ect 5" t hus c eq atlo Th|

2 ust wedt or i o et Bt puich AR AL BY YauBE bR BiesbUeh ang e
Lol ohi oot e Qfaf@r e B YEE o Cprial hRMYic ARRSIE BhouFORAEThE Welede aver

25 t hi ckness. ques w t mret'r assi

oxi dati on W&ﬁdé@@n%éﬁla@éxl ?’éﬁéﬁ;&gS%? 12 optics that produce an

axially symetric | inte profile, also can be used to produce the

necessary graded Fﬁn@l‘lf RiRITBhLM] spfiink@y WBEehEQIxG, ﬁéieds%kb@i@alﬁy 18/ 21 has
techni que, three typi cal technidues are used: the flux profile may be axi al

symetric Wohte Slickhtdsh@tliehBan@ss Hodhatv@bdhl fnhbey, dshihstakal int . vaf er
may be rotated with or 5 without an axial symmetric source, or a shutter

may be naot atmetabkiyee?hid hddized xdth @ncbposdibsiwatke motibh I56ahatvprbdmet adongexi al
symmetric source to ensure that the average
exposure for the thinner areas of layer 21, or a substrate sweeping motion 58 thereby
achieving a resultant graded stoichiometry across oxidized layer 16, and uniform
resistance. Once proper oxidation of layer 21, with resultant oxidized layer 16, a
second electrode 18 is formed 60 on oxidized layer 16.

15 During fabrication of insulating layer 16, sputtering of a metal material onto
first electrode 14 is typically done within a chamber. The chamber is of the type
typically used in the art and is under a vacuum pressure. The vacuum chamber has
located within, a sputtering tool for deposition of the plurality of thin film layers.
During fabrication of device 10, substrate 12, having formed thereon first electrode 14

20  1is positioned within the chamber to allow for the sputtering of a metal film 21 upon
the surface of substrate 12, more particularly first electrode 14. Metal layer 21 is
typically formed between 5-15A thick. Once the sputtering of metal film 21 is
complete, the substrate 12 having formed thereon the plurality of thin films, is
positioned to allow for the exposing of metal film 21 to achieve oxidation, dependent

25 upon the existence of axial, or.non-axial, symmetry. It should be understood that

while this method of fabricating a thin, uniform insulating layer 16 is described with



oxidation profile is axially symetric. Finally, where axial symetry does
not exist, nore specifically, layer 21 has sone thickness gradient that
does not wave7&34 al symmetry, as illustrated in FIG 4, RrOT/WwSA8987ayer 21
is oxidized with an opposed shutter notion 56 that produces a | onger
exposure for the thinner areas of |ayer 21, or a substrate sweeping notion
58 thereby achieving a resultant graded;gtoichionetry across oxidized

| ayer 16, and uniform resistance. Once proper oxidation of layer 21, with
resul tant oxiethirened to dheefabtigaticn oz omgdeted elemend 0, 1i8 iy @t'fcmamﬂdthaoit ®an be

oxi di zed layer 16. 15 During fabrication of insulating |ayer sputtering
of a metal migedrinall Batapcest where the dalricstien of 4 thin ypsudaingy amn‘eﬂthmnfpﬁna
chanber. The chanber jis of. the type pically used in the art and is under
a vacuum pr e¥epgraes W%Slye&’dﬁﬁrﬁlﬁlﬁalﬁ%ﬂhlﬁégm fiokB¥ed within, a sputterl ng
tool for depositign of the plurali in.film ers.. .
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dependent 25,dip@vell Gﬁnﬁ% tiRt faps&tioh RXRAM Bfis ﬂﬁﬁmﬁéﬁe%'c fiehy 888415 ¥s id harghoul d
be understood that e this nethod of fabricating a thin, uniform

insul ating |@yehed®. i1 R&N, Bedtethitifud\ QD bé Gzt Mﬂgﬁ@lﬂa&&&%n of3ny
reference to the fabrication of a magnetic el enment 10, is anticipated

that it i@an elti-lagadthim fdi strursiranekish ihdudest thén ﬁmutatmgtlapms gficlaat hhave
insulating layer with uniform properties is desired in a nulti-layer thin
film structufoand in x-ray of EUV mirrors. Accordingly, such instances are intended to be

covered by this disclosure



Thus, an insulating tunneling |ayer, having a graded stoichionetry across
the 5 layer and thus uniformresistance across the | ayer and a nethod of
fabricatiwgot/g34 | ayer is described that provides for a npewUsasbsrct ur abl e
devi ce and process of naking the device, while remaining cost effective.
As disclosed, this technique can be utilized during the fabrication of
MRAM bits and magnetic field sensors as ip hard disk heads. In addition,
the technique can be utilized during the fabrication of any 10 nulti-Iayer
thin film structuWaatwickiimedés: udes thin insulating |ayers such as those
found in x-ray of EUV mrrors. Accordingly, such instances are intended to
be covered by this disclosure WO 01/71734 PCT/US01/08987 14 \What is
claimed is: 1. Amlti-layer thin fil mdevice conprising: a substrate
havi ng a surface;-SAémﬁﬂg%Xméh%HﬂFU%ﬁ“deﬁﬁﬁm6ﬁ‘the surface of the
substrate; a graded-stai hionetéé?insulating tunnel -barrier |layer formed on

a surface of the* TYoPuRte fpyiog asygfac

8% he graded- st oi chi onetry insul ating
tunnel -barrier |aygr.incl udi ni f,ormgun in esi stance across the
| ayer and a | at er%ﬁrséglﬁ%%%cfetﬁagﬂeds?% CEht eoé}e[%%ﬂ%’éﬁ%%te for an initial
mat eri al thicknes riadi g . K i r-f ace
of the graded- st o? g%dggﬁé@%m?lﬂgt&f gil%' P%gt;l ﬁg '? ‘%ﬁ%&ﬁé la% ;a&g{rsf%rg{?gﬁg ggghr%cg o

mul ti-layer tthl%'ifﬁstfélédﬁ‘oﬁ@,\’{h%egchlfed%téEEHi%ﬂwrr? iﬁétﬁét{ﬂglvunimgj’aﬁjié? lé)tk?liﬂélﬁﬁiﬁ -

stoichionetry insulating tunnel-barrier layer 1s forned of an al um nu

?E i dei 15 3. urfifoil fuhndlgeresistanbe bt SRVEFS a8d Gl 18leFR EohipoSitidh Braliethigr €i N
e al um num

compensate for an initial material thickness gradient; and

10 a second electrode formed on a surface of the graded-stoichidmetry insulating

tunnel-barrier layer.

2. A multi-layer thin film device as claimed in claim 1, wherein the graded-

stoichiometry insulating tunnel-barrier layer is formed of an aluminum oxide.

15
3. A multi-layer thin film device as claimed in claim 2, wherein the aluminum
oxide has a lateral composition gradient to compensate for an initial aluminum
thickness gradient.
20 4. A multi-layer thin film device as claimed in claim 1, wherein the graded-

stoichiometry insulating tunnel-barrier layer is more oxygen rich at opposed edges

than in the center.

5. A multi-layer thin film device as claimed in claim 1, wherein the graded-
25  stoichiometry insulating tunnel-barrier layer is more oxygen rich at a central aspect

than at opposed edges.



oxi de has a | ateral conposition gradient to conpensate for an initial

al um num thickness gradient. 20 4. A nulti-layer thin filmdevice as

cl ai med i wochaisl, wherein the graded- stoichionmetry i nsyl@Etidagoses7

tunnel -barrier layer is nore oxygen rich at opposed edges than in the
center. 5. Anmulti-layer thin filmdevice as clained in claim1, wherein
the graded- 25 stoichionetry insulating tynnel-barrier |layer is nore oxygen
rich at a central aspect than at opposed edges. WO 01/71734 PCT/ US01/ 08987
15 6. Amulti-layer thin filmdevice conprising: a substrate having a
surface; a netal lead forned on a surface of the substrate; 5 a first

el ectrode forned 6nAtmeltslayéebmn ffn ddeceemnalirisingad, the first el ectrode

i ncluding a ferrorragbneti c layer; a graded-stoichiometry insulating

tunnel -barrier | agevbstigieheqingr arloe:f ace of the first el ectrode, the
graded-stoi chionetry insulating tunnel-barrier layer including uniform
tunnel i ng resi st ap8taldeaddermedbon ayafacg9f the UBSEHE conposition gradient to
10 conpensate for initi terial _ thicknes radient; and.a secon

el ectrode formed BrAls @s?tfﬁeet%gpe@ 8t & AEectloth rﬂl%}ﬁ’e{éﬁ@s ﬁ%ﬁgftrﬁfa?lﬁﬁgod%
tunnel - barri erll er. the second electrode including a ferromagnetic |ayer.
7. A method BF 3 ferorpgheiGBYST _ 'ayer thin filmstructure conprising the

ol ect rode on {ne. SaradR IHBhER, SRRl Byel PullePyfe shite of
the first electrode, the graded-stoichiometry insulating tunnel-barrier layer including
uniform tunneling resistance across the layer and a lateral composition gradient to

10 compensate for an initial material thickness gradient; and
a second electrode formed on a surface of the graded-stoichiometry insulating

tunnel-barrier layer, the second electrode including a ferromagnetic layer.

7. A method of fabricating a multi-layer thin film structure comprising the

15  stepsof:

providing a substrate having a surface;

forming a first electrode on the surface of the substrate, the first electrode
having a top surface and a bottom surface;

forming a metal layer on the top surface of the first electrode;

20 reacting the metal layer to form a graded-stoichiometry insulating tunnel-
barrier layer having a top surface and uniform tunneling resistance across the layer;
and

forming a second electrode on the top surface of the graded-stoichiometry
insulating tunnel-barrier layer.

25



having a top surface and a bottom surface; formng a netal |ayer on the top
surface of the first electrode; 20 reacting the netal layer to forma

gr aded- stvodohvosetry insul ating tunnel - barrier |ayer havpParmusowmpsssurface
and uni formtunneling resistance across the layer; and formng a second

el ectrode on the top surface of the graded-stoichionetry insulating

tunnel -barrier layer. 25 WO 01/ 71734 PCI{4)S01/ 08987 16 8. A nethod of
fabricating a multi-layer thin filmstructure as claimed in claim?7,
wherein the step &f 4 azthodgl fawicadnzmp malielayerothin fitmstychde ds slamediionet ry
insulating tunnel-barrier layer_ includes exposure to an ion beam having a
non- uni f or mel#@Bar wherewnihe stepr ofj reactingdghe motal lavsy to form B gradedisigjcliometry
multi-layer thin filmstructyre as.claimed in claim7, wherein the step of
reacting t henfHite m@-ﬁb%erﬁww 8 GERPSEEP GRiloNBEany haYIRg g papiuRgorm
tunnel -barrier layer in Eudes exposure to a plasma having a non-uniform
density. 10 WBI.II%XWE{W(S)ﬁeOf fabricating a nulti-layer thin filmstructure
as claimgd in claim7, wherein the step of reacting the netal |ayer to
form a graded-stoichionetry insulating tunnel-barrier layer includes a

shutter motion that A@’ﬁ&?ﬁ&?gf’t éﬁ-égx%egfm\%@?layé@%ﬁ{ AT stcHE 3L Haili8h iRd Of

time than remai ni'ng areas o
claim 7, wherein the step of reacting the metal layer to form a graded-stoichiometry

insulating tunnel-barrier layer includes exposure to a plasma having a non-uniform
density.
10
10. A method of fabricating a multi-layer thin film structure as claimed in
claim 7, wherein the step of reacting the metal layer to form a graded-stoichiometry
insulating tunnel-barrier layer includes a shutter motion that exposes one area of the
layer for a greater period of time than remaining areas of the layer.

15



