200205989 1 25 September 2006 BURIED MAGNETIC TUNNEL-JUNCTION MEMORY 5 CELL AND
METHODS TECHNICAL FIELD This invention relates to magnetic tunnel junction devices and more
10 patrticularly to information storage devices such as magnetic random access memory ("MRAM")
devices incorpeoazosgdsuried magnetic tunnel-junctiomn devices, and to megggg f%rnmgrkli%&gnd using
such devices. BACKGROUND A typical MRAM device includes an array o mePnory cells, word lines
15 extending along rows of the memory cells, and bit lines extending along columns of the memory
cells. Each memory cell is located at a cross point of a word line and a bit line. In one type of MRAM
device, each memory cell includes a tunnel junction such as a spin-dependent tunneling ("SDT")
junction. The magnetization of an SDT junction assumes one of two stable orientations at 20 any given
time. These two stable magnetic orientations, parallel and anti- parallel, represent logic values of "0"
and "1." The magnetization orientation, in turn, affects the resistance of the SDT junction. Resistance
of the SDT junction has a first value (RP) if the magnetization orientation is parallel and has a higher
second value (Ra) if the magnetization orientation is anti-parallel. The 25 magnetization orientation of a
SDT junction and, therefor@BURIEDI MAGNETIG DUNNEL NS HOY MEMORYnce state. MRAM
integrated circuits using magnetic tunnel junctions can provide nonvolatile information storage
especially #seful in extending the applicat&hd-d¥ Ti@BBted circuit technology. 200205989 2 25
September 2006 Defective SDT junctions can be created during manufacture by various mechanisms,
such as electrostatic discharges, handling errors, and circuit anomalies such as voltage spikes. Each
defective SDT junction can cause a bit error. In a crosspoint MRAM array that does not use transistor
switches or 5 diodes to isolate memory cells from one another, a short-circuited SOT junction

TECHNICAL FIELD

This invention relates to magnetic tunnel-junction devices and more
10 particularly to information storage devices such as magnetic random access
memory ("MRAM") devices incorporating buried magnetic tunnel-junction

devices, and to methods for making and using such devices.

BACKGROUND

A typical MRAM device includes an array of memory cells, word lines
15 extending along rows of the memory cells, and bit lines extending along
columns of the memory cells. Each memory cell is located at a cross point of a
word line and a bit line. In one type of MRAM device, each memory cell
includes a tunnel junction such as a spin-dependent tunneling ("SDT") junction.
The magnetization of an SDT junction assumes one of two stable orientations at
20 any given time. These two stable magnetic orientations, parallel and anti-
parallel, represent logic values of “0” and “1.” The magnetization orientation, in

turn, affects the resistance of the SDT junction. Resistance of the SDT junction
has a first value (R;) if the magnetization orientation is parallel and has a higher

second value (Rj;) if the magnetization orientation is anti-parallel. The

25 magnetization orientation of a SDT junction and, therefore, its logic state may be
read by sensing its resistance state. MRAM integrated circuits using magnetic
tunnel junctions can provide nonvolatile information storage especially useful in

extending the applications of CMOS integrated circuit technology.



can also render other memory cells in the same column and row unusable. Thus, a single shorted
SDT junction can cause column-wide and row-wide errors as.well. When data is read back from the
MRAM device, error correcting codes (ECC) may be used to recover data from complete rows and
columns of 10 289@e%88 SDT junctions. However, EGC for a thousand or Dok gm{g.%i@g'e column
or row is costly, both from a time standpoint and a computational standpoint. Moreover, an MRAM
device is likely to have more than one shorted SDT junction. If an MRAM device contains many
unusable SDT junctions, that device is rejected at the manufacture stage. Thus, electrostatic

discharge, 15 handlirtge?#ﬂ(;é §Bc} ﬂw&ibggg&aﬂ(%%I %@ehegHﬁW%%#ﬁg%%ggpgrevemion of

damage from these mechanisms is’expensive an icult to  inj lement. Se O transistor
switches or isoBgertpaisNes 3ok @ Riavlepstaticcdinshargesohandfingherass g eincuiie art, but such
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thus limit the size of memory cell arra%s. Improved isolation of magnetic tunnel-junction memory cells

is needed, an§TPhgMACIORFRIAY AR F RSP RSLHAF RYIFREDY relatively simple
processes Withdibdeshigdiaeidrmerpilizdion dateatpther, ashonatiollitedicS DabiendiBIEF
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appreciated by persons sKilled in the art from the following description when read in

conjunction withhigs aisingieyshortest SRTI0NELEN can gavpeptaturovwisiesand raysaNident of a crosspoint
memory. 2002059893 3R Be BN BLAPRGEIGRCR RS heTARAMYSREAoBALF ESRIRgion views of

an embodiment of a memory cell. FIGS. 4 and 5 are cross-sectional side elevation views of a portion
of a first embdERARSHESFS) TR BRUTEAIPIFPSRLSH 9aIR BQNRAARP RiGeRiEHand columns of

10 unusable SDT junctions. However, ECC for a thousand or more bits in a single
column or row is costly, both from a time standpoint and a computational
standpoint. Moreover, an MRAM device is likely to have more than one shorted
SDT junction. If an MRAM device contains many unusable SDT junctions, that
device is rejected at the manufacture stage. Thus, electrostatic discharge,

15 handling errors, and circuit anomalies can reduce manufacturing yield.
Prevention of damage from these mechanisms is expensive and difficult to
implement.

The use of transistor switches or isolating diodes to isolate memory cells
from one another is known in the art, but such devices increase complexity and

20 are typically larger than the minimum attainable geometry and thus limit the size
of memory cell arrays.

Improved isolation of magnetic tunnel-junction memory cells is needed,
and magnetic tunnel-junction memory cells that can be manufactured by
relatively simple processes with diminished incidence of junction defects are

25 especially desirable.
BRIEF DESCRIPTION OF THE DRAWINGS

The features and advantages of the disclosure will readily be appreciated
by persons skilled in the art from the following detailed description when read in
conjunction with the drawings, wherein:

30 FIG. 1 is a top plan view of an embodiment of a crosspoint memory.



5 FIGS. 6 and 7 are cross-sectional side elevation views of a portion of a second embodiment of a
memory made in accordance with the invention. FIG. 8 is a flow chart illustrating a first embodiment of
a method for fabricating a memory, performed in accordance with the invention. FIG. 9 is a flow chart
illustrating a seeaaa%8Mbodiment of a method for 18 fabricating a memory, pe| %r%ecrl Hb@gcordance
with the invention. For clarity of the description, the drawings are not drawn to a uniform scale. In
particular, vertical and horizontal scales may differ from each other and may vary from one drawing to
another. DETAILED DESCRIPTION OF EMBODIMENTS 15 In the following detailed description, a

number of embodimeqisof, Mapaelic CemAy GElls TALLIBARGA VANRC S bupuign are
described and illustrated, along with'-memories incorporating them. In a memory embodiment made in
accordance wahalmecimeenigett, row conductors and column conductors form an orthogonal set of

wiring channels, and individual 20 memory cells are addressed by a comhination of a row conductor,
e.g., aword line, anf!@8oftiid &r@RRTSEeFtioNs|Sife SlevAi WL ENSHTi ZRPHIPHELR skilled in the
art that the asgignempodiriont 608 dhslitss/anadend hoesraadce dlithithemvantions as bit lines is
arbitrary, and other assignments may be made instead. Similarly, the assignments of conductors as
row or coldmn cond B 8%Bnday e vroRsasdntivnafsidevaieydticnrvigws of thearbiamb@ions of row and

column condugtors ey e dptERNAIRE IRHARE abS-CsARaTHHeMHS Hvskirspd. @ magnetic

memory cell made on a substrate has a first' metal conductor, a first ferromagnetic layer disposed on
the first metal condugier saifew isharaNesteiaiRct ifrétldMboatitngnaofia aghoafextending 30 through

it to the first fefromagnetic layer, a buried tunnel junction gver the first 200205989 4 25 September
2006 ferroma&%ﬁ@%&?e? W%ﬁ?ﬁ Hhe %%%BIB%% 0 atchid R IRt

|'ng, A¥SE0Ra wwomagne |c?ayer filling the via opening

and burying the tunne|duRrilansa s A:EARBHEMRIA SenshiriBhbeRiAlsH & MR aReangrferromagnetic
layer. A memory such as a cross-point memory comprising an array of such magnetic tunnel-junction
memory d&is fabricating a memory, performed in" accordance with the invention.

For clarity of the description, the drawings are not drawn to a uniform
scale. In particular, vertical and horizontal scales may differ from each other

and may vary from one drawing to another.
DETAILED DESCRIPTION OF EMBODIMENTS

15 In the following detailed description, a number of embodiments of
magnetic memory cells made in accordance with the invention are described
and illustrated, along with memories incorporating them. In a memory
embodiment made in accordance with the invention, row conductors and
column conductors form an orthogonal set of wiring channels, and individual

20 memory cells are addressed by a combination of a row conductor, e.g., a word
line, and a column conductor, e.g., a bit line. It will be recognized by those
skilled in the art that the assignment of row conductors as word lines and
column conductors as bit lines is arbitrary, and other assignments may be made
instead. Similarly, the assignments of conductors as row or column conductors

25 may be varied. In the following descriptions, the designations of row and
column conductors may be interchanged throughout.

In the embodiments illustrated, a magnetic memory cell made on a substrate
has a first metal conductor, a first ferromagnetic layer disposed on the first metal
conductor, a planar interlayer dielectric (ILD) having a via opening extending

30 through it to the first ferromagnetic layer, a buried tunnel junction over the first



5 may be made. FIG. 1 shows a top plan view of an embodiment of a crosspoint memory array 10
having memory cells 20 at the intersections of row lines 30 and column lines 40. For example, traces
functioning as word lines may extend along the x-direction in a plane on one side of the crosspoint
memory cell areqa9206980 Traces functioning as bit lines may extend along %é( gé 8&990' plane on
an opposite side of the memory cell array 10. There may be one word line fo row of the array
and one bit line for each column of the array. While only a few memory ceIIs, row conductors and
column conductors are shown in FIG. 1, it will be understood that memory cell array 10 may consist of
many such 15§Iements eatn athe arrang ment de icted schemgtltc in FH]C][axesyf.me extended both

o] er wi e Vi n a secon
in the two dire |onsm{a org conventl onan anor'? axes para e ogalong a z-axis

perpendicularlythe Mmepsmnmanolldwe;sngéhdwm mml:ttlple pl"maseEapdesemi conducionl language,
one aspect of REIBIETVARS LIRS AR AR G LR AU EMA'Y Srlbubighperorms a

combination of functions: storing a bit o ation in a erromagnetic layer, switching the bit of
information w.trm&mmmaqm%w aﬁ@'ﬁéﬁﬁoﬁwﬂﬁ‘égﬂﬁ%FWHE{r&i‘cﬂﬁ@ PRGAMYY|GALSion is coupled
with the magnetigybermaden storage element and may be buried under the ferromagnetic layer. In
particular, the ferromagnetic 25 layer may be formed directly over the tunnel junction to prevent
intervening process g$itpstishrovesfa ttippitreviennel-anrermboditnerd obaycoesspaivingenmagnetic storage

element and a LytPKHRSIRN AERBREIRBI IR N USEIAR FIORTRED ST B Cre having

column lines an ines y coupling a line of the row an column lines to
a ferromagnetidnaadfiaF@spyagie; kaeasienstinnige atcwasddingscmey grdencraleas theupling the

remaining line afdfigdiom g SRR JR20PRREGBID ARt FRIINNELIRARS, adhuried tunnel
junction under the ferrgﬂyﬁznetlc material (thereby formin %ﬁhe sensg&element of each memory cell),

and controlfing A% QiidAs AYtine may e ad Along the yadiisEtien 0, Bt @Mhaterial at a

selected row- opposite side of the memory cell array 10. There may be one word line for each
row of the array and one bit line for each column of the array. While only a few
memory cells, row conductors, and column conductors are shown in FIG. 1, it
will be understood that memory cell array 10 may consist of many such
15 elements, and the arrangement depicted schematically in FIG. 1 may be
extended both in the two directions (e.g., along conventional x- and y-axes
parallel to each plane) and along a z-axis perpendicularly to other similar

planes, i.e., having multiple planes.

Expressed in general language, one aspect of the invention includes a
20 magnetic tunnel-junction memory cell which performs a combination of
functions: storing a bit of information in a ferromagnetic layer, switching the bit
of information with a tunnel junction, and controlling the tunnel junction. The
tunnel junction is coupled with the magnetic information storage element and
may be buried under the ferromagnetic layer. In particular, the ferromagnetic
25 layer may be formed directly over the tunnel junction to prevent intervening

process steps from affecting the tunnel-junction.

A memory cell having a magnetic storage element and a tunnel-junction
sensing element may be used in a cross-point memory structure having column
lines and row lines as shown in FIG. 1, by coupling a first line of the row and

30 column lines to a ferromagnetic material disposed to form the storage element

of each memory cell, coupling the remaining line of the row and column lines to



column combination. Also, a second tunnel junction buried under a second 5 ferromagnetic material
(thereby forming an integrated control element) may be controlled to selectively switch the state of the
ferromagnetic material at a selected row-column combination. FIGS. 2 and 3 are cross-sectional side
elevation viewgasesggpical embodiment of a row-cofumn aligned memory %%&%#RHQF Ypgn a
substrate 50. 10 Substrate 50 has an insulating surface, such as a layer of oxide or glass on a silicon
wafer. As shown in FIGS. 2 and 3, each memory cell 20 of this embodiment is formed between row
line 30 and column line 40. Each memory cell includes a layer of soft ferromagnetic material 60

ted f I f hard f ' terial 80.by a thir l-junction oxjde | 70.
(Hore. 15 "softs PACSE LORVLATSHAD NRORae Fr v oy rele sV b e, o retacvely
easy to reverssensinggpietnsatiaf elactremanyccefiprafideentoting ranhreitsing@landaridoively difficult

: i o " ' ) al 60,
to reverse in m@'gg%ﬁgﬁﬁﬁg dBféHér?eerrl?rX‘é{;ﬁHﬁlﬂH&gﬁg’&%ﬁgﬁJ@%@@@ ghe materia

tunnel- juncti yer rromagnetic materi orms a magnetic 20 tunnel

junction 90. THEOMTWEOTRGINEOM AVpaaseerandiuang!ivmetiar hwsisdaindseRseeMbnally, the
anti-ferromggnefifoidgnetit ingtéride (theRBRtorpeing ardateiiatisy ebAttél skpmeniprds be 2 and 3 may

be included. The!& verticg| cell structyres shown jn EIGS. 2 and. 3 may be formed without
employing the %98 ant Ve?ﬁigﬁ.'@ﬁ‘@%%jﬁfnﬁ% & )_3tb,eogesr_rggg%r}]egpsmg?%qg?,gﬁgn views of a portion
of a first embctleetet sbav-cumonycorabieaticaaccordance with the invention, as viewed from two
orthogonal directions. As shown in FIGS. 4 and 5, the memory cell has a first metal layer patterned to

form a column condutteSiFeand. 3rae essrieeinnalsige arrationmdemsnol &RisA insulating
substrate 50 (nghBH&RHDbIN WAt Ry Hed AeerRoMR EsIEs biisuprsic i catietrate B0table

P UL R AR X AT R,
80 lies over thsilfowt mafer. cAsdhoten, iwFtGsh 2 tardBs eacit aiemoducelirZ@ aitina conductor
embodiment is formed between row line 30 and column line 40. Each memory
cell includes a layer of soft ferromagnetic material 60 separated from a layer of
hard ferromagnetic material 80 by a thin tunnel-junction oxide layer 70. (Here,
15 “soft” has its conventional meaning in this context, referring to a magnetic
material relatively easy to reverse in magnetization direction, and “hard” refers

to a magnetic material relatively difficult to reverse in magnetization direction.)

The three-layer structure of soft ferromagnetic material 60, tunnel-
junction oxide layer 70, and hard ferromagnetic material 80 forms a magnetic
20 tunnel junction 90. The arrows in FIGS. 2 and 3 schematically indicate
magnetic fields. Optionally, the anti-ferromagnetic (AF) pinning layer 100 and
seed magnetic layer 110 shown in FIGS. 2 and 3 may be included. The MRAM
vertical cell structures shown in FIGS. 2 and 3 may be formed without

employing the present invention.

25 FIGS. 4 and 5 are cross-sectional side elevation views of a portion of a
first embodiment of a memory made in accordance with the invention, as viewed
from two orthogonal directions. As shown in FIGS. 4 and 5, the memory cell
has a first metal layer patterned to form a column conductor line 40. The
column conductor 40 is formed on a suitable insulating substrate 50 (not shown

30 inFIGS. 4 and 5). In the remainder of this specification, a suitable substrate 50
underlying each of the memory cell structure embodiments is assumed and is



40) is coupled to first ferromagnetic layer 80. A planar interlayer dielectric (ILD) 35 over column
conductor 40 has a via opening 65 extending through it. In the 5 embodiment illustrated, via opening
65 has sloped sidewalls. The via opening is at least partially aligned with the first metal conductor
(column condwzfegod999 A tunnel junction 75 extend$ over at least a porti% %gai;gﬁ]égéfmnetic layer
80 within the via opening. The region of tunnel junction 75 is indicated by a dashed ellipse in FIG. 4
and 5. Tunnel junction 75 is formed by thin tunnel 10 junction oxide layer 70 on the top surface of first
ferromagnetic layer 80. Optionally, a metal electrode 66 may cover tunnel junction 75 to form a top

electrode for tunnel junction, 75 (as shown in FIGS. 4 I Iy 0 cover the
side walls of vigoéﬁeﬂm% 'gérgs SHowh .cxrl]lsderggvr%r&g?.er&%ﬁ%@?@%{ﬁﬁ%ﬁﬂ%t el{\%%%\?)égning and
buries tunnel jdineficst ARt torcludtorawheteby thetfostomdsabcomtiuctorietmigerntiRioer 60 may act

as 210p_elecpid dlfiar a St A EmddraroRIeT 8 h@x%rnm%nsﬁmé?@?mv%mnducwr 30, is

at least partially aligned'with the via opening filled with second ferromagnetic layer 60, whereby the
second metal MGP'HB’W esReNRi YR 2 ¥iFMegN e SooprisBHIBE ek 'f‘a))é‘rtbﬁ. 20 In FIG. 4,
arrows 1205shewboaifiErk s PAIRAINES bpérikhBEHaswIbmY sidwdng iThee/digsésingf the short
arrow in column rgé)tpdu tor 40I inlio the pl‘aﬁ%I o?thte dr VIVIQP%? aqdriur l?rﬂ a&ror\]/&ulégr ws the
direction of ma'S Rl ﬁaﬁtﬂfﬂ t8 @Jnﬁgﬁ'i" I \Aevir{rg;slm%g & gﬁ‘ [P orRE CRor ATFoW in réw conductor
30 (parallel to Atemiehjundtibe THaxtagdsolenabiebsta ipditichioffinsy ferren@gbetds layasws 130 show
the direction ofg Rk e gL RRL RN BEIMIRRHEREHYS & hgichier gyraw in row

conductor 30 (into the plane of the drawing), and curved arrow 120 shows the direction of magnetic

field due to curf@ahedielipgs in TE-dhrdbdch Jumrekivbationda is fosmedP¥ShiiiReto (parallel to the
plane of the dramitirosicevayertne siyiib BiserRmadiist@iromagdiataydesdd optional layers,
the seed magrSHL ALY, SO00BBHG 135 CB IEh BSOS o1 STEAI0E cectonal side
elevation view=lectrgate fiontafrzel junction 75 (as shown in FIGS. 4 and 5). Metal electrode 66

may also cover the side walls of via opening 65, as shown. A second

ferromagnetic layer 60 fills the via opening and buries tunnel junction 75. If

15 optional metal electrode 66 is omitted, ferromagnetic layer 60 may act as a top

electrode for tunnel junction 75. A second metal layer, patterned to form row

conductor 30, is at least partially aligned with the via opening filled with second

ferromagnetic layer 60, whereby the second metal conductor (row conductor 30)

is coupled to second ferromagnetic layer 60.

20 In FIG. 4, arrows 120 show the direction of magnetic field due to current |
flowing in the direction of the short arrow in column conductor 40 (into the plane
of the drawing), and curved arrow 130 shows the direction of magnetic field due
to current | flowing in the direction of the short arrow in row conductor 30
(parallel to the plane of the drawing and toward the left). Similarly, in FIG. 5,

25 arrows 130 show the direction of magnetic field due to current | flowing in the
direction of the short arrow in row conductor 30 (into the plane of the drawing),
and curved arrow 120 shows the direction of magnetic field due to current |
flowing in the direction of the short arrow in column conductor 40 (parallel to the
plane of the drawing and toward the right). Also shown in FIGS. 4 and 5 are the

30 optional layers, seed magnetic layer 110 over the first metal layer and anti-

ferromagnetic (AF) pinning layer 100 over the seed magnetic layer.



second embodiment of a memory made in accordance with the invention, as viewed from two
orthogonal directions. Again, a suitable insulating substrate 50 is assumed underlying the memory cell
embodiment and is not shown in the 5 memory cell drawings. As shown in FIGS. 6 and 7 the memory
cell has a first meza$dager patterned to form a first metal conductor (colum 5@8%8% the
substrate. A planar first interlayer dielectric (ILD) 35 over column conductor 4 asa |rst via opening
65 extending through it. First via opening 65 is at least partially aligned with column conductor 40. A
first tunnel junction 145 10 (formed by thin tunnel-junction oxide layer 140 on the top surface of column

conductor 40) extend tle ortion of column duc or 40 W|th| irst via opening.
Optionally, a metal elgggdg ﬁ g&@?sﬂ?ﬁﬁﬁ f%ngl t%"féftﬂtvﬁ? RB(?é or tunnel
junction 145 (aselomdrembolfimént Meiaheﬂmztrm&ié&rmaym@oewﬁtlﬂmsmmmis a$ via opening 65,

as shown. A i P HAMRIRSHRAIG PO/ vioshod g R amAliuing pgagquncion 14

If optional meta erromagnetic layer 80 may act as & top electrode for tunnel

junction 145. AipRsfaieed sndefidnmike mete@me:e{t empodimast ﬁF@t RAShsheWatB thPer 80 has a

second via gpepisa&y eét%wagbrowaﬂmem $9CNE Hﬁdopft@riﬁe%ot%/ Jbleast pafklly aligned with
20 the first via 0 enln%fﬁ? that is filled with the first ferromggnetl er 80. A, second tunnel junction 75

within the seco RAGRash RS AL A2ea! CoRHURtas REANANLRIAR 8P 80. Second
tunnel junction fhe sutsstnatel b ﬂmnauﬂmlmtmmm dicldettity QL DD 35 dver ttmtsnmfaoadnt:tnsst

ferromagnetic I%e]r §O econd ferr ﬁ{go fHI t 8591 é’ﬁ?n and buries 25
TVEY dond rﬁeta?fr&yer IShat 5

second tunneIJunctlon TN SRR atter e to form a econ conductor (row

conductor 30) ||€Q$ﬂ@§§!€ti‘a(rﬂbﬂ;@ﬁ§Mﬁé@?tﬂﬂ?ﬂtﬁ@nﬁe'@tﬁidmna/%ﬁ@m@fm NM%t%cond

ferromagnegic Iaypnbd by MereRinFRN GRIIMERIdShiRFPH0I6H fiesBpIffiREGTEaDRNC layer 60. While
not shown in FIGS 6 and 7, thegé)tlonal Ia;ge rs. may be included dlrfﬁg{%{under the first and/or second

30 ferromagnefOTSVSt egg $RY§hahens)d RAo el R R conduriald? Wi ME ferromagnetic
(AF) pinning Iaylestm(tpmnmlge Sptidmathyreetetal ele A(HHR060 Bh P Givérdpreraljenaiiic145

to form a top electrode for tunnel junction 145 (as shown in FIG. 6). Metal
electrode 66 may also cover the side walls of via opening 65, as shown. A first
15 ferromagnetic layer 80 fills first via opening 65 and buries first tunnel junction
145. |If optional metal electrode 66 is omitted, ferromagnetic layer 80 may act
as a top electrode for tunnel junction 145. A planar second interlayer dielectric
(ILD) 35 over first ferromagnetic layer 80 has a second via opening 65
extending through it. The second via opening 65 is at least partially aligned with
20 the first via opening 65 that is filled with the first ferromagnetic layer 80. A
second tunnel junction 75 within the second via opening extends over at least a
portion of first ferromagnetic layer 80. Second tunnel junction 75 is formed by
thin tunnel-junction oxide layer 70 on the top surface of first ferromagnetic layer
80. A second ferromagnetic layer 60 fills the second via opening and buries
25 second tunnel junction 75. A second metal layer is patterned to form a second
metal conductor (row conductor 30) in at least partial alignment with the second
via opening 65 filled with second ferromagnetic layer 60, whereby row conductor
30 is coupled to second ferromagnetic layer 60. While not shown in FIGS. 6
and 7, the optional layers may be included directly under the first and/or second
30 ferromagnetic layers, e.g., seed magnetic layer 110 over the first metal layer
and anti-ferromagnetic (AF) pinning layer 100 over the seed magnetic layer.



In FIG. 6, arrows 120 show the direction of magnetic field due to current | flowing in the direction of the
short arrow in column conductor 40 (into the plane of the drawing), and curved arrow 130 shows the
direction of magnetic field due to current | flowing in the direction of the short arrow in row conductor
305 _(pargllel mmla%mane _of the drawing and towa_cht_he left). _Slml_larly, méél@e Zcerﬁtg(e(?‘%dléj’o show
the direction of magnetic field due to current | flowing in the direction of the SROIT Arrow i row
conductor 30 (into the plane of the drawing), and curved arrow 120 shows the direction of magnetic
field due to current | flowing in the direction of the short arrow in column conductor 40 (parallel to the

10 plane of the drawjn d_toward the right). It will.b derstood hy ijled in t t that
memory may be maI(TA,S: ‘fgrrﬂﬂ?&@:ﬁﬁr‘gﬁo&‘ }h\évH'B?%t%&lg{a?ﬂ%gt%%%fé ﬁﬁ?‘é%l‘iﬂﬁ?ﬁ@ r%%{ilyar;ayab:
made by formiftgréey énahtaglizestismud therghuet arow instalvied dorducioicdd @ntedherpl(@nieh interlayer
dielectrics ('LEEF?HQ@F}%@S’,_QRHV&WJEL%FM 130" SO HY hiFRA UM oT OIhAC Rei RiRAUENt layers

of a multilayer memory, insulating substrate is provided by an interlayer dielectric (ILD) formed

over the previoueHrEgal ! owing inbe disastion oithe shag@srewHrsmrarFoeRflon may be used in
a mass stagg arMieaaih PRNSBfHY griRmhidhe tiwar e irrnsre osainkdAL RIFELE, As a substrate

[ [ lectronics, and/qr i ' el ' ice. C i
ooy artay ) 41 CO IO o TP IRl G bR A LA AL lth verocs
embodiments direcliostuitthe shidHeaftow REroWaUm@idfdfsSD (]nelodt_\@. HaBe 8fithdudrasvinghe "optional”
steps that are o dn priagURLC AT RARELE R AoKOBLERARIRTS, depending or

the specific properties of materia on specific applications of the device. Various steps of
the method enflovinghtkeadisegiiaipidhrishpriaariew it salivitraendyeotos 48 (parale! othgc . 8 is a flow

chart illusigting &1sf S BRAIMgERS RWethe’ iynfpbricating a memory, performed in accordance
with the invention. As shown in

It will be understood by those skilled in the art that a memory may be
made by forming an array of memory cells and that a multilayer memory may be
made by forming several layers of memory cell arrays stacked in a vertical
direction (with interlayer dielectrics (ILD’s) interposed between layers if

15 necessary). For the second and subsequent layers of a multilayer memory, the
insulating substrate is provided by an interlayer dielectric (ILD) formed over the
previous layer.

A multilayer memory made in accordance with the invention may be used
in a mass storage device and may be fabricated in the form of an integrated

20 circuit, as a substrate carrying microelectronics, and/or incorporated in an

electronic device.
FABRICATION

A crosspoint memory array 10 may be fabricated by specially adapted
fabrication methods of which various embodiments are illustrated by the flow
25 charts of FIGS. 8 and 9. FIG. 8 includes some “optional” steps that are
performed in some method embodiments but not in other embodiments,
depending on the specific properties of materials used and on specific
applications of the device. Various steps of the method embodiments are
designated by reference numerals $10, S20, ..., etc.

30 FIG. 8 is a flow chart illustrating a first embodiment of a method for

fabricating a memory, performed in accordance with the invention. As shown in



200205989 9 25 September 2006 FIG. 8, such a method includes providing a suitable substrate 50
(step S10), depositing a first metal layer, and patterning and etching a first metal conductor (e.g.,
column lines 40) (step S20). In step 530, a first ferromagnetic layer 80 is deposited patterned and
etched. A first izneztages dielectric (ILD) layer 35 is 5 deposited in step 84% dt) gpenlng is
patterned and formed, by etching a via opening 65 through the interlayer di tric in at east partial
alignment with the first metal conductor (e.g., column conductor 40), uncovering a portion of the first
ferromagnetic layer 80, but not etching through the first ferromagnetic layer. In step S60, a thin tunnel

junction oxide layer 70 is orme 10 over at least t ortiq fth st fegrom layer that was
uncovered in s@?g 544 3%%8% F%(m?a&ﬁ%t’i@ %ﬁf &@853 gﬁggﬁjfﬁ[’ the via opening.
Thin tunnel-jundéipositing e |figst m?étaﬁayéyea‘odrpaﬂdmmngaoﬂwtdbpgsatrﬁrgtartaial cetutAger. In step
S60, depositin e r [ ter forming the
thin tunnel-jungtloét oxn'iJ ?E{Q&;@g‘é{é%h%t ejgo%%? Lg%#le?ﬁ éie Qﬁﬁ&%ﬁ?d%?&gﬁ % to the
atmosphere. TG?Bﬂﬁtﬂﬂn%ﬁﬁm@rﬁ@i@ﬁfékﬁ% IéfEFVOtQiI@Weﬁ’Iﬁ@ﬁi&f‘eﬂh@t&lﬁﬁﬁ& Pifay be deposited
and oxidizesl. la&pepifedintiiepes4diam stepassoisanaps é@ﬁtewqubthedrwlayer dielectric

35, e.g., by chemical-mechanical erfqr, positing a second
metal layer. Sté& %]%'68 %%@ﬁBﬁW@B 5%5{%&%%%&)&%%1%% %%Bﬁp %3?%0?1 JRtor lines (e.g.,
conductors 30)aligrahrdsvifrattielfissigmetahcoritudctor (gagomahinthonidactond i) etheoviering second

ferromagnet YGOSR LR ANSRACIalRr SR YRRAUIE HER o frgbricates a single

25 memory cel more practically, a me ory c rising an array o memory cells (i.e., a single
memory |ayer).f¢rrnﬂrésnﬁ§wdérr§roflmétem%re ﬁaart@at@&umﬁtmm@a@yeﬁwmﬁ@n@memory layers

are to be f@@riceteﬂaﬁlésaqﬂé dBFﬁHﬁ)é@'trﬂé'eflﬁéttf&rﬂh%r'\%mﬂé?éhﬁﬁﬁm Uhetriered @R and planarized
if necessary to % the substrat for the next Xer and thero s 3(% IS reéjeated (step
5710) from woP BB 2 A GURALL (e NBEUBEG FHHGR e-tepostod, & feast iing the v

opening. Thin tunnel-junction oxide layer 70 may be formed by directly
depositing a thin oxide layer. In step $60, depositing of second ferromagnetic
layer 60 should be performed immediately after forming the thin tunnel-junction

15 oxide layer 70, without exposing thin tunnel-junction oxide layer 70 to the
atmosphere. To form thin tunnel-junction oxide layer 70, an intermediate metal
layer may be deposited and oxidized.

In step §70, the resultant surface is planarized to the surface of the
interlayer dielectric 35, e.g., by chemical-mechanical polishing (CMP). Step S80
20 is performed by depositing a second metal layer. Step $90 is performed by
patterning and etching second metal conductor lines (e.g., row conductors 30) in
at least partial alignment with the via opening 65 that was filled with the second
ferromagnetic layer in step S60.

Up to this point, the method embodiment of FIG. 8 fabricates a single
25 memory cell or, more practically, a memory comprising an array of memory cells
(i.e., a single memory layer). All memory cells of the array are fabricated
simuitaneously. If additional memory layers are to be fabricated, a second
interlayer dielectric (ILD) layer is deposited in step $100 and planarized if
necessary to provide the substrate for the next memory layer, and the process
30 is repeated (step $110) from step S20 as many times as needed to produce a
stack having the desired number of layers. In repeating steps $20 through $90,

row and column conductor lines may be alternated for each successive memory



stack having the desired number of layers. In repeating steps S20 through 590, row and column
conductor lines may be alternated for each successive memory 200205989 10 25 September 2006
layer, and the second metal layer of the last memory level provides either row or column conductor
lines for the 1ag0P@eshesty level as appropriate. If seetPmagnetic layer 1105'3 tooeéBF ;ﬁ L'% 6optional
step S25 is performed to deposit that layer. Similarly, if anti-ferromagnetic lay ri Isto be 5
included, optional step S26 is performed to deposit that layer. In the method embodiment illustrated by
FIG. 8, both steps S25 and S26 are performed between steps S20 and S30. An integrated control

element may formi -] ' Qntro 75 in.q Vi ' before
performing steq|§ g‘%%%ﬁm%é%%%giﬁﬁé%%%?%?ﬁgﬂgenff%%‘%r’%’m%%'r orgvé%%%%@?ayeé\%§.ﬁln such a
method, a seceatiinmieshndsictielinss dofl L) lastimemmrydevet as@rpraargtening is formed through the
second ILD (the second via opening extending down to the first metal layer under the second ILD),

and a thin tunnel-jundiREPEMAINGHE 1ax¥eLIHEE 0 bR iaekeRd \iRtFEhFEP %2 #hin tunnel-junction
oxide layer mayetforbsetptongsbbyinikidiziye thSifamye ibhiiyrentaghytid eiyeaaoidgatobeof the first
metal layery A'{ﬁ%@%‘é‘@'fﬁ{p&%éﬂé@éﬁ%’i%"i%‘.’“&%P 2498 'e;éersﬂ‘ A8V MY n%?ﬁ’é’é“‘”g a thin oxide
on the first metal layer. I another alternative method, t In tunnet junction oxide Tayer may be
formed by deperitiagimentrilinstratestin € Ik ctalbietyestapel Sfard PRecars pearfermediiate metal layer. 20
FIG. 9 is a flovpghatbHdiFRI§9077R95¢| embodiment of a method for fabricating a memory,
performed in accordance with the invention. As shown in FIG. 9, this method embodiment includes

step S210 of providingnariugeditel cohsdlasenisenzleanadistsy dodnipgitingefijsactiotal layer and
teniayer diele g L T S S e (S PSR SRS T et and formed
in at least!fartigrARjingepatieming fnst efehiag dostdesrmagorlintayen8ctbr siweh4D), by etching
through first iNfREMERS, a second interlayer dielectric (ILD) is deposited, a second via opening

is formed through the second ILD (the second via opening extending down to

the first metal layer under the second ILD), and a thin tunnel-junction oxide layer

is formed in the second via opening. This thin tunnel-junction oxide layer may

15 be formed by oxidizing the first metal layer, e.g., by thermal oxidation of the first
metal layer. Alternatively, the thin tunnel-junction oxide layer may be formed by
depositing a thin oxide on the first metal layer. In another alternative method,

the thin tunnel-junction oxide layer may be formed by depositing a thin

intermediate metal layer and oxidizing the thin intermediate metal layer.

20 FIG. 9 is a flow chart illustrating a second embodiment of a method for
fabricating a memory, performed in accordance with the invention. As shown in
FIG. 9, this method embodiment includes step $210 of providing a suitable
substrate. Step $220 consists of depositing a first metal layer and patterning
and etching a first metal conductor (column conductor line 40). In step $230, a

25 first interlayer dielectric (ILD) 35 is deposited. In step $240, a first via opening
65 is patterned and formed in at least partial alignment with the first metal
conductor (column conductor line 40), by etching through first interlayer
dielectric 35, uncovering a portion of the first metal conductor layer (column
conductor line 40), but not etching through the first metal conductor layer. In

30 step $250, a first thin tunnel-junction oxide layer 140 is formed over at least the
portion of the first metal conductor that was uncovered in step $240.



dielectric 35, uncovering a portion of the first metal conductor layer (column conductor line 40), but not
etching through the first metal conductor layer. In 30 step 5250, a first thin tunnel-junction oxide layer
140 is formed over at least the portion of the first metal conductor that was uncovered in step 5240.
200205989 11 z2B2889REmber 2006 The various optitans for tunneI-junctioriggggtégr{g%?%laétep S250
are essentially the same as those described above in reference to FIG. 8, step . Thin
tunnel-junction oxide layer 140 may be formed by directly depositing a thin oxide layer or by oxidizing
first metal conductor (column conductor line 40). For 5 example, the oxidation may be accomplished by
thermal oxidation of the first . metal ondgﬁt r. In an alternate m thodlfor f%rm'g}ngm tunnel-junction
&S,

oxide layer 140, a thi RATRNGiI R ANE N WW&{)%'@%%‘S& 85‘%?1!?8)5 { g@p S260, a first
ferromagnetic esbstdially 1oy sab® iaihpssittascabddatidién téfererste/ta 6f@ndgtep.SAGktep S260,
depositing of fikst. magneti f ' i r farming the thin
tunneI-junctionﬁgfgj%J@y%’G&g '%f?&%ﬁgﬂ@étﬁeﬁéﬁﬁgﬁ@%l e Qgﬁ%g @‘tqhe
atmosphere. TREI9edaKanesbyxidigngdirskmetpt condusiorEs urmi sonstsial ireiftecirRr (1ILD) 35 (step

8270)-The%o;as%%mgt&nﬁg@xibsltmay?ﬁéwwmﬁwr%@ﬂ%rﬁ{%w tmesdngmqaho' polishidng (CMP).
In step 15 econd jnterlayer djelectric (1L D) 35 is deposjied, In st , a.second via
operning 65 rs TGN Tler B 8GR S L TR P EORELSHE 50 in the firs
via opening byleyenifdOthadhiphinterneeiatechiea) byer exgpobendepeittidand txidizsd ferromagnetic

substance 80. In ste&%}%)s?lgﬁc%ﬁpstt%préwé@ éﬂ%%ﬁ%@@%@ é§§%a Qsiﬁ éﬁg&tﬁ&og{ar at least 20 the

portion of the first ferromagnetic substance ex he seco in'tunnel-junction
oxide layer 70 (¢ast Béinerhe st vixiersnigdith. fdnrstenG6@: deprsiingo8fird.g., by thermal oxidation.
Alternativaly, SperstHagHetidiRyRrBOSHBNIOWE Pértteéd MvcbmieRmak v aspgIR@thmthin.
A e o N SR TR e iy = n e
filling the 140 to the atmosphere. The resultant surface is planarized to the surface of first
interlayer dielectric (ILD) 35 (step 8270). The planarization may be
accomplished by conventional chemical-mechanical polishing (CMP). In step
15 8280, a second interlayer dielectric (ILD) 35 is deposited. In step $290, a
second via opening 65 is formed in at least partial alignment with the first
ferromagnetic substance 80 in the first via opening by etching through the
second ILD, thus exposing a portion of the first ferromagnetic substance 80. In
step 8300, a second thin tunnel-junction oxide layer 70 is formed over at least
20 the portion of the first ferromagnetic substance exposed in step $290. The
second thin tunnel-junction oxide layer 70 may be formed by oxidizing first
ferromagnetic substance 80, e.g., by thermal oxidation. Alternatively, second
thin tunnel-junction oxide layer 70 may be formed by depositing a thin
intermediate metal layer and oxidizing the thin intermediate metal iayer or by
25 depositing a thin oxide upon first ferromagnetic substance 80.

A second ferromagnetic substance 60 is deposited, at least filling the
second via opening (step 8310). The resultant surface is planarized to the
surface of second interlayer dielectric (ILD) 35 (step $320). Again, this
planarization may be accomplished by conventional chemical-mechanical

30 polishing (CMP).

A second metal layer is deposited (step $330), patterned, and etched

(step S$340) to provide second metal conductor lines (row conductors 30) in at



second via opening (step S310). The resultant surface is planarized to the surface of second interlayer
dielectric (ILD) 35 (step S320). Again, this planarization may be accomplished by conventional
chemical-mechanical 30 polishing (CMP). A second metal layer is deposited (step S330), patterned,
and etched (step384®) to provide second metal congductor lines (row congﬁ%gﬁegr%pﬁo%oozosgsg
12 25 September 2006 least partial alignment with the second via opening filled with second
ferromagnetic substance 60. Again, up to this point, the method embodiment of FIG. 9 fabricates a
single memory cell or, more practically, a memory comprising an array of 5 memory cells (i.e., a single
memory layer). All memory cells of the array are fabricated simultanegusly. If additional memory layers
are to be fabrid8aSt PRftialRligpaent wilithe seee8d %@(ﬁq’?&fﬂ%n%@ﬁds‘ﬂ% 3 Cﬁ{ﬁy times as needed to
produce a stacletrariagriticdesiseshoegher of layers. In repeating step 5210, a third interlayer
dielectric (ILD) layer is deposited and planarized if necessary to 10 provide the substrate for the next

memory layer. In repéiiiy vreisstais 2oinhrihegnetizad erabpdinteobrimizc Sfaboeatdnes may be

alternated for egkhleSHERRSS GBINMRMRSYe! BYEEt G (RS RIRORCCBIRENSRYCAIPAIRS g6t memory level
provides either row or column conductor lines for the last memory level a?éﬁlé)gro riate. 15 Those
|_

skilled in the aff@MA GelSEify R SINSle SRMonLBHEN. ﬁglg?eﬂ?}/yeﬁﬁﬂ'%ﬂ HR¥AZgnetic layer 100
are to be includaisricztéid sirhattgretlslpidpaddifidrahcheonyfI&yerstafatd Sedabricatdd 8@ are similarly

performed at appropriate corresponding fmes to 1 laye j omagnetic layers
60 and/or 80. 201R the Tabhca %Qr?(?n%?h%%@%l %ﬁ%ﬁhl@gﬁpﬁ an%\%%%g,eﬁ?tr%e% various optional
paths illustrategrogutesh sthekrbavisgghredesifedimrees of iayssss ofprepeatingstrpt®28duce am ulti

layer memory. J fiy ieRX %@ﬁ&t{iﬁi‘@mgﬁ@@é}%@w%ﬁe\mangr&%wmn&%@a@% lines may be
fabricated t())y perfarming steps S210 through S320 to form a first memory layer, re(;)eatlng
1 provide the substrate for the next memory layer. In repeating Steps $22
through 8340, row and column conductor lines may be alternated for each
successive memory layer, and the second metal layer of the last memory level
provides either row or column conductor lines for the last memory level as

appropriate.

15 Those skilled in the art will understand that if a seed magnetic layer 110
and an anti-ferromagnetic layer 100 are to be included, optional steps like steps
S$25 and $26 of FIG. 8 (not shown in FIG. 9) are similarly performed at
appropriate corresponding times to deposit those layers adjacent to
ferromagnetic layers 60 and/or 80.

20 In the fabrication method embodiment illustrated in FIG. 9, there are
various optional paths illustrated by dashed arrow segments for iterating
subsets of process steps to produce a multilayer memory. Thus, for example, a
multilayer memory having row and column conductor lines may be fabricated by
performing steps $210 through $320 to form a first memory layer, repeating

25 steps $220 through $320 (alternating row and column conductor lines for each
successive memory layer) for each successive memory layer, and performing
steps $330 — $340 for the second metal layer of the last memory level, whereby
the last metal conductor provides row or column conductor lines as required for
the last memory level.

30



25 steps S220 through 5320 (alternating row and column conductor lines for each successive memory
layer) for each successive memory layer, and performing steps 5330 - S340 for the second metal layer
of the last memory level, whereby the last metal conductor provides row or column conductor lines as
required for thedeesisasemory level. 30 200205989 1325 September 2006 ,IND %éﬂ%@ 006
APPLICABILITY Although the foregoing has been a description and |IIustrat|on specific

embodiments of the invention, various modifications and changes thereto can be made by persons
skilled in the art without departing from the scope and spirit 5 of the invention as defined by the

following claims. For example, the order cess l")f%/aried and configurations other than
those shown in the drawings may be E@@&&%I%Msé%‘ﬁ% memory cell may be reversed, for
instance, to form a structure that is "upside down" relative to the embodiments illustrated. For another
example, a hard maghidéheughdhetfaregoirg hasibaemmdeserintignoanddivstration®bo3preifr pinning
layer. The AF RipiiBginRYRS Bl iR VIAGSR, D8AbUR oM S A am@&qﬁ&a&@eaﬁm of the stack,

whereby the to hgee:‘erroma netic layer is the plnnedl er and the boat EE;e]rrom netic Ia. eris the

sense layer. THEBRRASHYRAFCSR R ﬁﬂ%frﬁaﬂ”e‘fy'i W ORRAERgd" %\%%ﬁ? 4 above.
Other dieleé&triosf d#melineerationl 8sseefirmxhby therfoliateirg| slairmg . b E arsachfioplé) dhe sutkeiind tunnel barrier.

The magnetc (o B I e oo
200205989 25 YapiagtheraydwcusedCTheesier of Iayenisda fompinenaseibraay bmesyesesidthe method
comprising the gieRstaficé)tB1ewHiInRuHREWR RS “upside down” relative to the
embodiments illustrated. For another example, a hard magnet or a synthetic
10 antiferromagnet may be used instead of the AF pinning layer. The AF pinning
layer may be placed near the top of the stack instead of the bottom of the stack,
whereby the top ferromagnetic layer is the pinned layer and the bottom
ferromagnetic layer is the sense layer. The base material of the tunnel barrier is
not limited to the materials described above. Other dielectrics and certain
16 semiconductor materials may be used for the insulating tunnel barrier. Although
the magnetic tunnel junctions have been described as SDT junctions, they are
not so limited. The magnetic tunnel junctions may be Josephson junctions, for

example.

20 What is claimed is:



5 b) depositing a first metal layer, and patterning and etching a first metal conductor; c) depositing,
patterning, and etching a first ferromagnetic layer; d) depositing an interlayer dielectric (ILD), whereby
an interlayer dielectric surface is formed; e) etching a via opening through the interlayer dielectric in at
least partial z])gzgé@amenf[ With_ the fi_rst metal conductor, uncovering a poré@g_ggtg}ﬁqgrrsﬁpﬁgromagnetic
layer; f) forming a tunnel-junction oxide layer over at least the uncovered portion ot the first
ferromagnetic layer; g) depositing a second ferromagnetic layer, at least filling the via opening,
whereby 15 a resultant surface is formed, wherein fide step g) of depositing a second ferromagnetic
layer is performed immediately after step f) of formin? a tunnel- junction oxide layer, without exposing
the tunnel-junction oxide layer to the atmospheré:,'-l'ﬁ I}:ﬂ%narizing the resultant surface to the interlayer

dielectric sur{gce; aRd %819 ddfePPa‘Qp'Hngt'a second metalllla%xgr and &atterni.ng1 aﬂjdeestt%hisn .2 second

metal conductor in’al 1885t pgrtla algﬁnrﬁgnWﬁrﬁﬁr%gevia op@ﬁ%ﬁ ifid0 WA the' S8can ferromagnetic

layer. 2. Theanethaqu@fidilzdra syukgtierein the steps are performed in the order recited. 25 3. The
method af clgjm 1, MﬁB@i’iiﬁ&@ﬂF?tiﬂ%m%%‘@Pﬁod%NHQ &ﬁ?&@hiﬁ@ﬁﬁ%@%%@%ﬁém;ﬁm metal

layer. 4. The method of claim 3, further comprising the step of depositing an anti- 30 ferromagnetic
layer over th® seed FRIGHLME RANG 9 L HG F9 3 M5 S HRG ARRHEIYEF memory having row and
column condi)ctor tapssiting mrethiedaemgisingithEBie psefeipedoinangyste pelarticcughak of the
method of claim 1 tQ ;Brmeg;first memory layer; 200205989 25 September 2006 15 repeating steps b)
through h), alternating row and column conductor lines for each successive memory layer until a

desired num®ker of ﬁ{@lﬁi@@|\éj?é}gq§irpgrmw’gﬂ]g}%Werlayer dielectric in at least partial

10 alignment with the first metal conductor, uncovering a portion of the first
ferromagnetic layer;
f) forming a tunnel-junction oxide layer over at least the uncovered portion of the
first ferromagnetic layer;
Q) depositing a second ferromagnetic layer, at least filling the via opening, whereby
15 a resultant surface is formed, wherein the step g) of depositing a second
ferromagnetic layer is performed immediately after step f) of forming a tunnel-

junction oxide layer, without exposing the tunnel-junction oxide layer to the

atmosphere;
h) planarizing the resultant surface to the interlayer dielectric surface; and
20 ) depositing a second metal layer, and patterning and etching a second metal

conductor in at least partial alignment with the via opening filled with the second

ferromagnetic layer.

2. The method of claim 1, wherein the steps are performed in the order recited.
25

3. The method of claim 1, further comprising the step of depositing a seed

magnetic layer over the first metal layer.

4, The method of claim 3, further comprising the step of depositing an anti-

30 ferromagnetic layer over the seed magnetic layer.

5. A method for fabricating a multilayer memory having row and column conductor
lines, the method comprising the steps of:

performing steps a) through i) of the method of claim 1 to form a first memory layer;



forming a last memory layer; and 5 performing step i) for the second metal layer of the last memory
layer, whereby the second metal layer of the last memory layer provides row or column conductor
lines for the last memory layer. 6. The method of claim 1, wherein the step f) of forming a
tunnel-junctign gxide 10 layer is performed by depositing an intermediate%glgg t@fgé gxidizing the
intermediate metal layer. 7. The method of claim 1, wherein the step f) of formihg a tunnel-junction
oxide layer is performed by directly depositing an oxide layer. 15 8. The method of claim 1, further
comprising the step of forming an integrated contral®lement. 9. The method of claim 8, wherein the

step of formipg animferaias aRBUG ROMEMSTHJSRELREBEHAN IHBIRGOR HEORIHEAG N control

element in a via opening before performing step c) of depaositing, patternlngf and etching a first
ferromagnetRYIESRT Ve MR HBYEE 48 AR S ArHErBRT HESBR S1R¥ RSy A HeBISRY control 25
element confpmisieg thiasiuhstepy tdy#) degositing a second interlayer dielectric (ILD); B) forming a

second da Ing: thr C int ielectric I ﬁﬁqﬂ' g extending
down to\§he wsﬁ&%ﬁg %%/‘é?)%%@%tﬁg%é%ﬁ%ﬂﬁ%gﬁgﬁ gé%&?ﬂ%mfﬁ@f%%ggg%?ml agj[unnel-junction
oxide layer iﬁ%géﬁéﬁj'W?b%fetﬁﬁlb'%simeﬁi‘%Wﬂbﬁr%‘fi@%ﬁr‘??‘i’(ﬂﬁﬁﬂ@f@ﬂw%@ﬁ&‘@é%@}?@%f forming
a tunnel-jungtiemsXxidenidyanjeperformed by oxidizing the first metal layer. 35 12. The method of
claim 11, wherein the oxidizing of the first metal layer is performed by thermal oxidation of the first
metal layer. 200205989 25 September 2006 16 13. The method of claim 10, wherein the substep C)
of forming a 8unnel-jllednemaskad&lriyel iwhendbrthedtep Begideitimadan thiteehieaitinn mxids layer and

oxidizingpthayer is performed by depositing an intermediate metal layer and oxidizing the

intermediate metal layer.

7. The method of claim 1, wherein the step f) of forming a tunnel-junction oxide
layer is performed by directly depositing an oxide layer.

15
8. The method of claim 1, further comprising the step of forming an integrated

control element.

9. The method of claim 8, wherein the step of forming an integrated control
20 element is performed by forming a tunnel-junction control element in a via opening
before performing step c) of depositing, patterning, and etching a first ferromagnetic

layer.

10. The method of claim 8, wherein the step of forming an integrated control
25 element comprises the substeps of:
A) depositing a second interlayer dielectric (ILD);
B) forming a second via opening through the second interlayer dielectric (ILD), the
second via opening extending down to the first metal layer under the second
interlayer dielectric; and

30 C) forming a tunnel-junction oxide layer in the second via opening.

11. The method of claim 10, wherein the substep C) of forming a tunnel-junction

oxide layer is performed by oxidizing the first metal layer.

35 12 The method of claim 11, wherein the oxidizing of the first metal layer is

performed by thermal oxidation of the first metal layer.



5 intermediate metal layer. 14. The method of claim 10, wherein the substep C) of forming a
tunnel-junction oxide layer is performed by depositing an oxide upon the first metal layer. 10 15. A
method for fabricating a memory cell, the method comprising the steps of: a) providing a substrate; b)
depositing a%' al layer, and patterning and etching a first metal con : t% iting a first
interlayer die%ﬁgh%%LD) having a first-interlayer-dielectric surface; 15 d)ge%'%%%hée@ iri%%gopening
through the first interlayer dielectric in at least partial alignment with the first metal conductor,
uncovering a portion of the first metal conductor; elforming a first tunnel-junction oxide layer over at
least the uncovered portion of the first metal conductor; 20 f) depositing a first ferromagnetic
substance, at |least filling the first via opening and thereby forming a first resultant surface; g)
planarizing tha first TES MR Fr o th M HRE IR IOARS R BLATIXTHAR 8. U EEBEHRY a second
interlayer dieleidisiaiiy peitngedsgcoaobiiiayayeintclisleditite metaday@andetcidiring second via
opening éhrongJp %iggec%giil]qg%ﬁyer dielectric in at least partial alignment with the first
ferromagnetic substance in the first via opening, thus exposing a portion of the first ferromagnetic
substance; j) forming a second thin tunnel-junction oxide layer over at least the portion of the first
ferromagnetissubstaroa@xpastdiai® kb depesiing e seressidesoagngticishistancaoat least filling

f8rmén%asecon resultamt ur{ace'all)l lanarizing the second

the second via oqenin and. there
de r erfor erY n Oxl on Irst et er

resultant surface t6the S8CONaIR ay%?-é;lefé%ﬁlc Surfat €, and m) depositing a second metal layer,
and patterning and etching a second metal 35 conductor in at least partial alignment with the via

opening dilledyvith (Rezecsu b iRIEARARG AliG SMBRjaACHRONARRBD AP RARIGRRE SO8P

a) providing a substrate;
b) depositing a first metal layer, and patterning and etching a first metal conductor;
C) depositing a first interlayer dielectric (ILD) having a first-interlayer-dielectric
surface;
15 d) etching a first via opening through the first interlayer dielectric in at least partial

alignment with the first metal conductor, uncovering a portion of the first metal
conductor;

e) forming a first tunnel-junction oxide layer over at least the uncovered portion of
the first metal conductor;

20 f) depositing a first ferromagnetic substance, at least filling the first via opening
and thereby forming a first resultant surface;

Q) planarizing the first resultant surface to the first-interlayer-dielectric surface;
h) depositing a second interlayer dielectric (ILD) having a second-interlayer-
dielectric surface;

25 ) etching a second via opening through the second interlayer dielectric in at least
partial alignment with the first ferromagnetic substance in the first via opening,
thus exposing a portion of the first ferromagnetic substance;

)] forming a second thin tunnel-junction oxide layer over at least the portion of the
first ferromagnetic substance exposed;

30 k) depositing a second ferromagnetic substance, at least filling the second via
opening and thereby forming a second resultant surface;

)] planarizing the second resultant surface to the second-interlayer-dielectric
surface; and
m) depositing a second metal layer, and patterning and etching a second metal
35 conductor in at least partial alignment with the via opening filled with the second

ferromagnetic substance.



17 16. The method of claim 15, wherein the step e) of forming a first tunnel-junction oxide layer is
performed by oxidizing the first metal conductor. 5 17. The method of claim 16, wherein the oxidizing
of the first metal conductor is performed by thermal oxidation of the first metal conductor. 18. The

method of clgigy Lo, qvherein the step e) of forming a first tunnel-junction gxi Fmg' gﬁéﬁrmed by
depositing an ﬁ%terr?wgediate metal layer and oxidizing the 10 intermediate Bné(egtgfJ ayer&l . The method

of claim 15, wherein the step e) of forming a first tunnel-junction oxide layer is performed by
depositing an oxide upon the first metal conductor. 1% 20. The method of claim 15, wherein the step j)

of forming a feconeHdnAetHLE oMk ge [AREils RESRIMSb P AXIRZING ShRifRET-JERIIRgNetiC

substance. 21. The method of claim 20, wherein the oxidizing of the first ferromagnetic substance is
performed b§HIERE dRiIBSHRIMGERE Srd I SReYRLTE'@ FLNEER 20 22. The method of claim 15,

wherein the step j) of forming a second tunnel-junction oxide layer is performed by depositing an

int iat tal ' iate. metal . T f claim 15,
whfﬁﬁd%ﬁeeé?é%% e I e g o

oxide upon tRe Epeerhyriiegmali e dtmien it dheustneiah ey @Plaim 15, further comprising the step
of depositing a seed magnetic layer over the first metal layer. 30 25. The method of claim 24, further

comprising the step of depositing an anti- ferromagnetic layer.qver the seed magnetic layer. 26. The
method of i 15! RO & SRBE Lre BTt Hete) e S BB gHe S8 Ceptember
2006 18 270¥ke lrehisdrefforaner 15, denertindlee sitasmedfaie pirihingyarfasd fexidamnghetic substance

is perfoimed imediatemafigrsiep e) of forming a first tunnel-junction oxide layer, without exposing
the first tunnel-junction oxide layer to the atmosphere.
19. The method of claim 15, wherein the step e) of forming a first tunnel-junction

oxide layer is performed by depositing an oxide upon the first metal conductor.

15 20. The method of claim 15, wherein the step j) of forming a second tunnel-junction

oxide layer is performed by oxidizing the first ferromagnetic substance.

21. The method of claim 20, wherein the oxidizing of the first ferromagnetic
substance is performed by thermal oxidation of the first ferromagnetic substance.

20
22. The method of claim 15, wherein the step j) of forming a second tunnel-junction
oxide layer is performed by depositing an intermediate metal layer and oxidizing the

intermediate metal layer.

25 23 The method of claim 15, wherein the step j) of forming a second tunnel-junction

oxide layer is performed by depositing an oxide upon the first ferromagnetic substance.

24, The method of claim 15, further comprising the step of depositing a seed
magnetic layer over the first metal layer.

30
25. The method of claim 24, further comprising the step of depositing an anti-

ferromagnetic layer over the seed magnetic layer.

26. The method of claim 15, wherein the steps are performed in the order recited.



5 28. The method of claim 15, wherein the step k) of depositing a second ferromagnetic substance is
performed immediately after step j) of forming a second tunnel-junction oxide layer, without exposing
the second tunnel-junction oxide layer to the atmosphere. 10 29. A method for fabricating a multilayer
memory hav%gﬁgggg@nd column conductor lines, the method comprisingﬁl;ges%qg%gg}%ggrming
steps a) through m) of the method of claim 15 to form a first memory layer; repeating steps b) through
), alternating row and column conductor lines for each 15 successive memory layer until a desired
number of memory layers is formed, thereby formirdga last memory layer; and performing step m) for

the second mgtal layes RIRE]JFRRMEYWAKRSINYREREY 16 RGfARtheirblavrbabEiRIRSt memory

layer provides row or column conductor lines for the last memory layer. _ ) _
substance is performed immediately after step e) of forming a first tunnel-junction oxide

layer, without exposing the first tunnel-junction oxide layer to the atmosphere.

5
28. The method of claim 15, wherein the step k) of depositing a second
ferromagnetic substance is performed immediately after step j) of forming a second
tunnel-junction oxide layer, without exposing the second tunnel-junction oxide layer to
the atmosphere.
10

29. A method for fabricating a multilayer memory having row and column conductor
lines, the method comprising the steps of:
performing steps a) through m) of the method of claim 15 to form a first memory layer;
repeating steps b) through [), alternating row and column conductor lines for each

15 successive memory layer until a desired number of memory layers is formed, thereby
forming a last memory layer; and
performing step m) for the second metal layer of the last memory layer, whereby the
second metal layer of the last memory layer provides row or column conductor lines for

the last memory layer.





