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FI ELD PROGRAMVABLE NONVOLATI LE MEMORY 'AND METHOD OF FABRI CATI ON Backqr ound
of the Invention 1. Field of the Invention This invention relates to | ow
cost, higlwalesmmitgy sem conductor nenories and, in particul gerais99/09471
seni conduct or menmori es whose contents are "nonvolatile": data stored in the
menory is not |lost or altered when electrical power is renoved. 2.
Background of the Invention There is an ever-increasing demand for
ever - denser seni conductor menories, and qustomers continue to purchase
these nenories in ever-greater quantities) even as the nunber of bits per
chi p quadrupl es (approxinately) every three years. Increasingly higher
costs, to nheet the eds of the

‘densities are regguire t eve
mar ket pl ace. - SeERBfdn SHCKERECR PRocRaBPLENDRY obTIER DR KD two |
cat egori es: (1 ) those in which METHOPOFIABRIGAIRN Y written during the

"manuf act uring ntents cannot be subsequently changed,
cal |l ed "mask cRofotnd qh renifon nmred ROMB"; (2) those in which data
may be supplied after the finished rrermry devi ce | eaves the fact ory. This
| att er cat egorly FigldadlthednvVdritimind pr ogr ammabl e nenori es" because their

contents may be witten, by the user, when the 0 3 APR 2003 WD 001 30118
PCT/ US99/ 09471 2 sermmnéuﬁémeaa@mwomdst I Kigl@ehsyy detncdricictdrnal

appl i cation, "in the fiel
memories and, in pamcular, to semiconductor memories whose contents
are "nonvolatile"; data stored in the memory is not lost or altered when
electrical power is removed.
2. Background of the Invention

There is an ever-increasing demand for ever-denser
semiconductor memories, and customers continue to purchase these
memories in ever-greater quantities, even as the number of bits per chip
quadruples (approximately) every three years. Increasingly higher
densities are required, at ever lower costs, to meet the needs of the
marketplace.

Semiconductor nonvolatile memories may be divided into two
categories: (1) those in which data is permanently written during the
manufacturing process and whose contents cannot be subsequently
changed, called "mask ROMs" or "factory programmed ROMSs"; (2) those
in which data may be supplied after the finished memory device leaves

the factory. This latter category is called "field programmable memories”

because their contents may be written, by the user, when the
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Field programuabl e nmenories are further subdivided into "wite oncg"3 APR 2003
menori €s and "wite/erase/rewite* menories. Those witten once are
referred to as "PROM' (programrable read only nenories) or "OIP ROM (one
time progMiPAUIB read only nenories). And those nenories thatupromeite
wite/erase/rewite capabilities have been referred to as "UVEPROM
(ultraviol et erasabl e progranmable read only nenories) or "EEPROM
(electrically erasabl e progranmabl e read only nenories) or "Flash EEPROM
(fast and flexible EEPROVM5). In contrasty, the contents of nmask ROV are
permanently stored during manufacture, therefore mask ROV are not erasable
and are effectively "wite only once, at the factory" nmenories. Field

pr ogr anmabl e %MQECW@%Qﬁy%PéSﬂle@JHVrﬂdetot'FFaWW“R@W‘?' e they

al | ow system ?,r oduct nekers to inventory a single general part-type for
many appl i cat iglls. and to personalize (programthe nenory contents of) this
one part-type in nunerous different ways, nuch later in the system product
flow. This flexibi Fidldpt®jransiyathiermemoiieacirariarthe otiedierisd itcatadte t o
fluctuations in demand anong different system products, and to update or

revise syst errbae@%eﬁforwgtw-twrﬁ@fersggﬁ:@ngggka%@%ei ?ﬂﬁlégi@ﬁge;nﬁﬁhﬁ ty has

exi sting inventories of pre-progranme ut t

a cost: field a bl e, ri es 0 3 APR 2003 001 30118 ,

T Usoor 0947 FSRIERETLY P “BERTIA EPTOGHAMARIS rerQ.onl RGOS 70T Peni p)
and hi gher cogt (| arger price per bit) than mask ROVs. Custoners woul d
prefer to buyi@ﬁE{Qﬂ%@“?Wé@gW@a@&F fead enlynemorieg). i twseeni ence of a
field programmabl e nenory, while achieving the cost and density of a mask
ROM  Unf or t unfteshgriessinah peovide Moiteleass s/ et writet capedoilitizedidvebeen Téferredar e t wo
reasons why mask ROMs have been denser and cheaper than field programmabl e

nmenories. Fir&dasSUVEPRONK (RUvidiet erakabkPp@gramiiife @éad enhy te functions,
their peripheral circuits need not contain any dedicated circuitry or I/0O

termnals forp B AEERREHM ; [ L Q¥ i ontrol.
Thus the peri {)ﬂﬁ!gﬁgr?esgﬁrcgl ts OM‘gegzgc%rrﬁrﬁblgﬁg%ﬁrgﬁgﬁgﬁt ﬁ% e of a
field progra .nqQnvqlat i | LY, .This reduce I ize of a mask
ROM conpar egmée(?%(?rﬁgsc}(ﬁrek%s;‘eg%%i QP&%P%&F&%EF@J@%& i‘?i | e menory,
al l owi ng nore_nask chips to fit on a sem conductor wafer, which |owers
costs. SecondCORastethacqntraigoiinasiiQMermremeymanenty sioredslufing: hei r
menory cells may be designed and optim zed for read operations excl usively,
and gener al | ymansifactuegndhgrefenel mask MOMs are notleyasahie agdearei eftastivelyl ement
(e.g. a single MOS transistor). But the nenory cell of a field programrmabl e
nonvol ati | e mbwoteyoriysincenal theefasigppomeniariesir i t e operations. Therefore,
field programmabl e nenory cells generally contain nore than one circuit

el ement: general | YWelébe@@%n’irHaB@ mekidtesidRahLiAY nittb Siexle IR MAdker ase
series transistor, is added to the single ~ 3 APR 2003 WD 00/ 301 18

PCT/ US99/ 0947 I r | . tra; ments) in
the field proﬁmpééﬁﬁaﬂﬁ&]gg%qﬁgé |C(§na srl‘Q?? &nyr%%éﬁa% g'rrr@lllf’lﬁng t he
menory cell area |arger than the area of a mask ROM nmenpry, cell. Thus the
Gonst Ly of 1 B Reial G LA DL T ROMAPIE RIS o HAA B SHRE? than he
density of mask ROMs. Field progranmabl e nenories having

writelerasel/ r @Oy eepanis Qf?ﬂ'é% opefpart-type indruenéousidiifereny waygenushr i t
product upgrades, field reconfiguration, and enable a host of new

appl i cati ons ktehinathediygtdralprotiadtdmwaitiig fleeibility Rtabgstdhskmnuddctamdrer a.
Unfortunately) these devices have generally suffered fromlower density and
hi gher cost th@ﬂe%ﬂ%?&% Pfcﬁﬂﬁétﬂ&ﬁ&’\sein'@éﬂ%éhé%mo irfaeritQstémt he design
of the menory cell us |Rt ese nmenories, nost nonvolatile menory cells
have el o) edoRRIGENIELPlpdRY 98, REY st BRI WARBLL B ckpaal of o s

scrapping (discarding) existing inventories of pre-programmed mask

ROMs. But this flexibility has a cost: field programmable memories



junction diodes, built in a planar nonocrystalline sem conduct or g@béﬂzamm
This approach allows only very linmited integration vertically into the
third di i i.e. perpendicular to the plane of the substrate si nce
each rrermnwégée?{}’ln(scont ains sone elenents built in the subst P&T&S9 0347’
Conventional nonvolatile nenory cells are manufactured using a nunber of
sequenti al photolithographic steps, which define the geonetric shapes of
the cell features. For exanple, fabrication of the prior art mask ROM cell
shown in Figure 1 requires at |east fivegphotolithographic 0 3 APR 2003
WO 00/ 30118 PCT/ US99/ 09471 5 masking steps: (a) nitride-LOCOS patterning;

b) pol ysili t erni ng...(¢). coptact .patterning .(d) net
battorning: (S oGNS e Bl I o B S Rae FieEBofhps are
performed sequential|y) and care is taken to align each subsequent |ayer to
earlier | ayergfarﬁ?rﬂ?i&&yp‘?ﬂ%"t)é?%ﬂ‘ﬂﬁk REMsnlastgmers wold prefeetashie that t he

geonetric features of each layer will be printed in their desired spatial
| ocati ons. Forsomeinipydhat offarad toelflexibilitp BnEicgpavenientbefiaoieldnpl ant | ayer
woul d conventionally be aligned to the polysilicon layer, which was

patterned prevrogmmmablelfmemonathie aghieliphithE easeahy density Bea ndagl in hi gh
vol ume sem conduct or manufacturing do not performthese alignnents

perfectly. TheyoRe ' r <MLK &l deiE AL jdication which
expresses the al Pfgimdg?url'e%g@f S?ﬁ@? dma)'/ rﬂéﬁ@ '\%ten a ?‘g%%%éa new | ayer to
a previously existi | ayer on the nmenor i it. These m salignnent

tol erances force né%f?%%iwoﬂ%ﬁﬁﬁewgyf%%B%r&Ye 6@3’9 &SEf g’éget han

ot herwi se woul d be necessary if alignnent errors were negligible. For
example, if a Par handigld peogrammeblgenemorigg efirste siace sfasik BNs do
conpletely overlap a feature on the contact |ayer, the geonetric overlap

bet ween t hese naksuppart wrase vordverithdurctiomsh thedeperniptedabdirdutasteeakndtar ge as
the m salignnent tol erance between the contact |ayer and the netal |ayer.

For anot her exmwig anlyfdeticed airButi@arU/C tarin&ie (OoNpet-tatPstearhy, foryer
were required to avoid and not touch a feature on the LOCOS | ayer, the

ey oet S5 B A Er LS chiRol LSS bher B ot g ¢ 2003

m sal i gnment Ughff ANC& e smaller than those of a field programmable nonvolatile
memory. This reduces the die size of a mask ROM, compared to the die
size of a field programmable nonvolatile memory, allowing more mask
ROM chips to fit on a semiconductor wafer, which lowers costs.

Second, since mask ROMs are written only at the factory, their

memory cells may be designed and optimized for read operations
exclusively, and generally their memory cells consist of only a single
circuit element (e.g. a single MOS transistor). But the memory cell of a
field programmable nonvolatile memory must include support for write
operations. Therefore, field programmable memory cells generally

contain more than one circuit element: generally a second tunnel oxide

floating gate, or a write/erase series transistor, is added to the single



bet ween the polysilicon gate |ayer and the LOCOS | ayer. Menory cel@ 3SAEBSZUU3
are enlarged by these misalignnent tolerances, which increase die size,

decr ease S(ﬁ?@dﬁ}t“x and increase cost. If a new menory cell structure could

be found @qui red fewer sequential photolithographic PETEHDY0P4Tils cel |
woul d include fewer msalignment tolerances in its feature sizes, and it
could be made smaller than a cell with nore photolithographic steps. And if
a new nenory cell structure could be found which had no alignnent
requirements at all (a "selfaligned" cellg) in either the X- or Y
directions, it would not need to include any alignnent tolerances inits
feature sizes. new.cell could be made, smaller tha .correspondi ng
non- sel fal i gnel\éasgglwt%ppggﬁ&Irrgagln@eﬁ'pgtegd? 9@&8’{]@@ he ﬁ?lgcui t design
used in mask ROVs. It is an exanple of the "virtual ground" class of ROM
circuits as t&iggmmrablesalgansumeaddionpbsiiean aresm maldng the saraedry cel |
such as cell 10) consists of a single MOS transistor built in the planar
seni conduct or celilzsea Erger thamibet adatad aampsk WOM cemowroelli Tieug theeh as W1,
W.2), a netal bitline (such as BL1, 8L2), and a virtual ground |ine (such

as VGL, V®). dﬂmitpf@f ti%ligspwr%g%ﬁ{m&n&w&ama%emr@% KHLBEArY IgwWHtRERES t he

threshol d voltage © transistor, e.g. by ion inplantation. For 0
3 APR 2003 WD;QQ/ . 9471 7 instance, if inplanted, the cell
hol ds a | ogi Ct@%g@ﬂé%orﬁgﬁé% anted) the cell holds a |ogic-zero.
Figure 2 shows a fiel rogra | e nonyol atile nenpry as taught, for
exanple, in U S. Pé:t?%’gt&@g , . mefﬁorm‘ﬂ%éﬂ”l'tgzeza%?fﬁ?%”ﬁs a wordline,
a programline, a floating gate, a bit line) and a ground tine. By
appl i cati on ofcapaptities effesyengese daxibiity.oiney perenibptbducbypgradeisnield: hi s
cell can support wite operations) erase operations, and rewite operations
as wel | as readconfiguration,cardl shabie aahgstad newrapplicdtions GuahrasydigiPhlA)
sem conduct or

photography, solid state disks, et cetera. Unfortunately, these devices

have generally suffered from lower density and higher cost than one-time

programmable memories.

Turning now to the design of the memory cell used in these

memories, most nonvolatile memory cells have employed semiconductor

devices such as MOS field-effect transistors, junction transistors, or

junction diodes, built in a planar monocrystalline semiconductor

substrate. This approach allows only very limited integration vertically into

the third dimension (i.e. perpendicular to the plane of the substrate), since

each memory cell contains some elements built in the substrate.

Conventional nonvolatile memory cells are manufactured using a
number of sequential photolithographic steps, which define the geometric

shapes of the cell features. For example, fabrication of the prior art mask

ROM cell shown in Figure 1 requires at least five photolithographic
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structure as taught in U S Patent 4,646,266. Its elemental cell 14
consists of a pair of back-to-back diodes) giving four possible states:

nonconductyy oA £ ther direction, conductive in both direct]
conductive (IVI’I a ﬁer st direction but not in a second direct %6#?‘@?(894”

conductive in a second direction but not in a first direction. This
structure is not built in a planar sem conductor substrate, and it does
stack nunerous |layers of PLA cells vertically above one another to forma 3
di rensi onal structure. Another type of pbior art mask ROMcircuit is taught
in US. Patent 5,441,907. Its nenory cell contains an X conductor, a 'Y

.conduct or, anqlngs;mbs%@gﬁgji%ge_[@?ﬁggeb%ﬁt%@r%ﬁgéé%mtcﬁﬁ gaaté‘rask whi ch

permts (or bl ocks) mat i on eI ntersection of

conduct or . For ARCHRE) COPEEhBStins: (&) BREaRTRRG: ertroBialio 1

| ogi c-one, and if it is absent, the cell holds a |ogic-zero. Afield

progr anmabl e NHHVENdTPlant paisming.cl Nesessiags B6e wesormes sequestiallb@dd s
taught in U S. Patent 5,536,968. If the fuse is unblown (conductive), the
di ode i s conn&@red fakendealigmeazh suhdequent layet tolearierclapes) alreadynd t he
cell holds a logic-zero. If the fuse is blown (not conductive), there is no

di ode connect grhtieeiEen thdhetfnGyaieait Ofo @islire hRattheEbinéeit featuded BE cel |

hol ds a | ogic-one. A field progr ammabl e nonvol ati | e menory cell using both

a Schottky di ofgrandedin e B il heificlited %%)e}ltlraﬁoé%?itoﬁ?tfzélr Smpfe!- |1

menory cell contain uctor na ycrystal i né Sem conduct or
material, a Schottk L0 an_jintrinsic or, lightly doped sem conductor
That T or s an Bios Fok 80 28 Fiod8 ! Berioh iSiehiae” Srodle CORVErgRANER nei o or
lightly doped sem conductor antifuse has a very high electrical resistance)
and this corrédigpaddo the polysiiren faves wWhishavps pateraeddferipust | . But if a

suitably high voltage is inpressed across the cell, the antifuse sw tches
to a very |ow el ectUnfodlnatedy, phatalithography sproidnesyused in high volume

semiconductor manufacturing do not perform these alignments perfectly.
They have a "layer misalignment tolerance" specification which
expresses the alignment error that may result when aligning a new layer
to a previously existing layer on the memory circuit. These misalignment
tolerances force memory cell designers to use larger feature sizes than
otherwise would be necessary if alignment errors were negligible.

For example, if a certain feature on the metal layer were required
to completely overlap a feature on the contact layer, the geometric
overlap between these two features would have to be designed at least
as large as the misalignment tolerance between the contact layer and the
metal layer. For another example, if a certain feature on the polysilicon
gate layer were required to avoid and not touch a feature on the LOCOS

layer, the geometric spacing between these two features would have to



a logic-one stored in the cell. 0 3 APR 2003 WD 00/ 30118 9 PCT/ U&@Q/Aﬁﬁdﬂm
SUMVARY OF THE | NVENTI ON A nenory ‘cel |' conprising a steering el ement for
enhancing the flow of current in one direction and a state change el enent

i s disclos®doeodthes st ate change el ement retains a programededStaisw@pd | S
connected in series with the steering elenent. An array using these cells
is vertically fabricated into multi-layers of cells. Self alignnment nethods
permt very high density with a m ni num of masking steps. The array may be
fabricated above a silicon substrate, w te decoders and I/Ocircuitry
fornmed either in the substrata or in thin“filmtransistors above the
substrate. 0 3 _APR 2003 WO 001 30118 10 BRI EF DESCRI PTI ON OF THE DRAW NGS
Figure 1 i s a Bprtarpased tybeat tash apraige as thenmisaligomerrdrieusys 09471
Figure 2 is a circuit diagramof a prior art field programmbl e nenory.

Figure 3 is a betwasdr thei mdysiiaod gatenayeramd thePLOCHEdayer, 4(a) is a
perspective view of one enbodi nent of a nenory cell built in accordance

with the present i ”%6&&9&1@%&55{%&@%@& B‘ym‘iéﬁg@fné@}ﬁ t3lerAcdsS! N9

the cell of Figure 0ss-sect1ona evation view of an
array using the,cell of Figure 4 . Figure.6(a) ,are three cross-sectional
U ews of |ayer UriELRefas .l S RkTedssruIS U 00 eRESe GPSE HES Bl of
Figure 4(a). Figure 6(b) is a perspective view of a conductor |ayer and
|l ayer stack usBETorViaed stassturepqubh beffoumd whigh reguitadgfemer segpentialgure 6(c)
illustrates the structure of Figure 6(b) after patterning. Figure 6(d)
il lustrates thehetalitiigraghiofstépsytinie c@floyodd ireslude fawlei misalighmesniduct or
| ayer and | ayer stack have been forned.
tolerances in its feature sizes, and it could be made smalier than a cell
with more photolithographic steps.
And if a new memory cell structure could be found which had no
alignment requirements at all (a "selfaligned" cell), in either the X- or Y-
directions, it would not need to include any alignment tolerances in its
feature sizes. The new cell could be made smaller than a corresponding
non-selfaligned memory cell.
Figure 1 depicts a very popular circuit design used in mask ROMs.
It is an example of the "virtual ground" class of ROM circuits as taught, for
example, in U.S. Patent 4,281,397. its memory cell such as cell 10,
consists of a single MOS transistor built in the planar semiconductor
substrate, connected to a polysilicon wordline (such as WL1, WL2), a
metal bitline (such as BL1, BL2), and a virtual ground line (such as VG1,

VG2). The cell is programmed by a mask which greatly increases the

threshold voltage of the MOS transistor, e.g. by ion implantation. For



Figure 6(e) illustrates the structure of Figure 6(d) after patterni r[’g3 APR 2003
Fi'gure 6(f) illustrates the structure of Figure 6(e) after an additional
conductor |ayer and | ayer stack have been forned. Figure 6(g) illustrates

the structWPAVB#IFi gure 6(f) after another patterning step.PCT/USB/MBPR 2003
WO 00/ 30118 PCT/ US99/09471 11 Figure 7 is a cross-sectional elevation view

of an array using the cell of Figure 4(a) where the cells are staggered in
the vertical direction. Figure 8(a) is a perspective view of vertically
stacked cells. Figure 8(b) is a schematig of the cells of Figure 8(a).

Figure 9(a) is a plan view of a substrate show ng a layout of circuitry in

ayout o i rdareRges et s BBnS8H BoiGpy e e IRBLHich ape; "

substrate showie(r!:ﬁI ?ne | ayout of circuitry in a substrate used for the
present i nvent$&Mol4s JUPHCIEH: is a plan view of circuitry for an

‘enbodi nent of the present invention using a plurality of subarrays. Figure
10(a) is an el ectrifdglires2 isboessiacfiglfl pregiaptroakle nommlatiieynemopt @8l t o an
array. Figure 10(b) is another electrical schematic of peripheral circuitry

coupl ed to an taugaty forfdxguhisie lih US, @utehes 0B ES. stehaBRiong ceff 1Rer i pher al
circuitry coupled to an array used in one preferred enbodi nent of the

present inventdgiainElanbeiihe .éﬁ)rt &Wﬁﬁé,?ﬁé&tﬁ#@bﬂg,%@”l@ afldsyy of an

array showi ng a confact betwee ree |l eve nory 'array. Figure

13 il . I d 3. .Fi e 13(,b
Tl okt ratos. o SOR0URSTRR RRalFHiT QvaTiEBE oty oh e Bt iasAtz00s

program line, this cell can support write operations, erase operations, and
rewrite operations as well as reading.

Figure 3 shows a programmable logic array (PLA) semiconductor
structure as taught in U.S. Patent 4,646,266. Its elemental cell 14
consists of a pair of back-to-back diodes, giving four possible states:
nonconductive in either direction, conductive in both directions,
conductive in a first direction but not in a second direction, and
conductive in a second direction but not in a first direction. This structure
is not built in a planar semiconductor substrate, and it does stack
numerous layers of PLA cells vertically above one another to form a 3
dimensional structure.

Another type of prior art mask ROM circuit is taught in U.S. Patent
5,441,907. Its memory cell contains an X conductor, a Y conductor, and a
possible diode. The cell is programmed by a mask which permits (or

blocks) the formation of a “plug" diode at the intersection of the X



wo oai 30 1 ~ 8 PCT/US99/09471 12 Figure 13(c) illustrates a contact O3 :ABR: 2003
levels 1, 3 and 5. Figure 13(d) illustrates a contact between levels 1
through 5. Figure 13(e) illustrates a contact between |levels 1 and 3. 03
APR 2003 \)@P@%i‘%(‘ﬁllg 13 DETAI LED DESCRI PTI ON OF THE PRESENTPGINVEIVPOEN

PCT/ US99109471 A field programmabl e nonvol atile nmenory cell and nenory

array is disclosed. In the follow ng description nunmerous specific details
are set forth in order to provide a thorough understandi ng of the present

i nvention. However, it will be apparent t® one skilled in the art that the
present invention may be practiced without these specific details. In other

i nstances, wel/ls i i % ; ihed in
dotai | i order o Y Sofiieldt BREASAn0E e kiR PR
PRESENT | NVENTI he field programmbl e nonvolati]le menory cell of the
present invent§ éll-gs Bd?@'?'%@o@gd' ! t%bswa%q 915,’" B°|Hfsé‘n|89¥ st/ r at e.
Therefore, this nenory cell can be stacked vertically in nunerous |ayers to
forma three di nenshfirld pragratpmaiée hohwglatileohemmmngogllasingbothtafuset s onl y
with the | ayer above and the |ayer bel ow, which nakes vertical stacking of

| ayers quite santpheliode isnadgie iangSniParéentad 506,308 $fethedliss id intslowhr ee

di nensi onal nenory array di sposed above a substrate, with peripheral

circuitry builcohBuéthe)SHBsisde g,carﬁuéedté@beﬁ&&ﬁ edx Jﬂrﬂi‘dﬁf‘orl‘ﬁ(n@_)théhpv"s one

enbodi nent of our newly 1 nvented nenory cel has two explicit

LT nals: an S Hd oL IR AP RS ERGRULEH i FTLBls Bhufeen thess
conductive), there is no diode connected between the X conductor and
the Y conductor, and the cell hoids a logic-one.

A field programmable nonvolatile memory cell using both a

Schottky diode and an antifuse is taught in U.S. Patent 4,442,507. s
memory cell contains an X-conductor made of polycrystalline
semiconductor material, a Schottky diode, an intrinsic or lightly doped
semiconductor that forms an antifuse, and a Y-conductor made of metal.
The intrinsic or lightly doped semiconductor antifuse has a very high
electrical resistance, and this corresponds to a logic-zero stored in the
memory cell. But if a suitably high voltage is impressed across the cell,

the antifuse switches to a very low electrical resistance, corresponding to

a logic-one stored in the cell.



steering elenment 22 and a state change el ement 23 connected in serine%.APR sz]?’
3 APR 2003 WO 00/ 30118 PCT/ 2JS99/ 09471 14 Neither the input termnal 20,
nor the output termnal 21, nor the steering elenment 22, nor the state
change el &RP¥302B is built in the planar sem conductor sub$CTatSEIOHTE
steering elenment 22 is a device with a strongly asymetric
current-versus-vol tage characteristic; it conducts nore readily in one
direction than in the other. The purpose of the steering elenment 22 is to
ensure that current flow through the nengry cell is substantially
unidirectional. This unidirectional behavior enables the nmenory decoders to
establish a unj gue cirQru't 1y ‘|h to each individual nenory cell, allowing it
‘to be indivi d%‘g&m‘;@éﬁ—aﬁ%ﬂreads and for wites) regardl ess of the
state of all other cells. The state change elenent 23 is a device which can
be placed in nore hEEMIY @dlaomprmmg%@m aleanery fapenhaaging they t er ed
when el ectrical power is removed. One possible inplenentation anong the
many di scussediobebfosyrrers imode elirection @ntupstate clhatgd skamertdy idisyldded. st at es
{hi gh inpedance} and {low i npedance}. These two stored states acconplish

the encodi ng ofheitatérarfe @i%FHHnYfet'ﬁﬁlssgg%brhﬁml\:é@%@e%(:@)i%_cbhﬁe&fe%eri ng

el enrent 22 and the state change el enent 23 are stacked vertically in a

"pillar" shapel\rq Sgﬁéggﬁﬂgﬁg%ﬁ;&ﬁ@@ﬁﬁ\&ﬁneraI |y rectangul ar cross-section.

The pillar is ver e current flow Depending on the
orientation of "the unidirectional

steering, el nt, 22, current can flow
either upwards or AOWAWAY §§ing thesege SNDY-‘?Q@WE’ r'@@?%ﬂi%"\ﬂ@ﬂ%%@/ 09471
15 fact, in one enbodinment, current flows upwards in sonme |ayers of a
vertical staclofsellseSe! alignmemdwataeds permit Nerohigbrdensity mgth a minimum
of masking steps. The array may be fabricated above a silicon substrate,
with decoders and I/O circuitry formed either in the substrate or in thin

film transistors above the substrate.



The state change elenent 23 is chosen so that it can be sw tched fpo%APRsmm
initial state to another state by electrical neans, thereby naking the
menory field programmabl e. For exanple, the state of a dielectric rupture
anti fuse niO @W8odBanged el ectrically by applying a rel ati velreTthaogesswpl t age
(when conpared to the voltage used for reading) across the input and out put
termnals of the nenory cell. The nenory cell of the present invention is
capabl e of being fabricated with full selfalignnment in both the X
(east-west) and Y (north south) directionﬁo This nmeans the pillars are
defined by, and are automatically fornmed by, the intersection of an input
conductor and an . output conductor. Thus the cell can be made quite small,
since its featmmgmmten used al | owance for

m sal i gnment tol erances. Furthernore, the nunber of photolithographic

maski ng st eps needeffigusebluisl alcirdidt diegrarofof @ grierean mask BOMal | . For a
single level of cells as shown in Figures 4(a) and 4(b), three masking
steps are needed: oFyure PRtd Eirduit Hiaghahtaim sendaetiold pagraeimabiat eri al
another to pattern the upper conductor and cell material, and a third to
provi de cont aCthPﬁJJlSE outside the array for vertical electrical

connections. This pattering schene results in a self alignnent of the cell

pillar (i.e., the steering. elenent ,and the state ge elenent) to the
upper and | ower con&eﬂHHrSP:g'.sqF"%u'{ dﬁg?'ﬂﬁﬁazﬁ'@%’ %\8@&-30118 PCT/ US99/ 09471
16 second level of cells is added vertically above the first level, only
two additional phot Gig4BdtRAjSM peLIRasiveview et ara emprdiment vha Mexory evel
conductor and the cell material, and the second for the contacts outside
the array. The cebpudbincdactordarodfe whie theopesdndimiendibncel | s forns the bottom
conductor of the top layer of cells. In general if the array contains (N)

level s of cells, thﬁ@n@r&(wwésb;h@mady@mh_drwuﬁngmsﬂe(célrrbf):igrih@mqarﬁski ng
S

steps in the fabrication of the cell array itself. There are al so a nunber

of additional phot Or@@- ‘et iS4 8 st.gga‘tfahgl &L View! Bﬁﬁﬁ AR AhG e ©

outside the cell arr ey nmake connection between the array c

| ayers and the ri.pheral  circuits. The nenory cell may al so be fabricated
usi ng al ternat ﬁ%ﬁ éﬁ_ﬂ%ﬁf’r’%ﬁ}‘s; the self-aligned pillar formation described
above may be replaced by a formation involving the use of a gei&:llar
formati on phot onask.Figwiestia) @reithiee @resy-geetrnal ¥jewspf IgeEsWsesi 1 he pil I ar
to the conductors, but woul d be advantageous in fabrication processes that
coul d pot ent i alfefrieatpldifferenhemblogimestsaff the cell of Figuie 14€a). These processes

i nclude steering elenent formation using solid-phase crystallization of
anor phous silicon, |rigere 6(bysd alddrgmidtion viéw afrarqonadustoriaypsd ret ayeal | i ne
silicon, and other processes apparent to persons skilled in the ark. The

contact to the spflelsé&P HHHe fabritANR of theRINbftMgueed(B).al i gned fabri cation
process and the nonsel f-aligned fabrication proCess described above is

cxpose by Lhe ol aniged) ARy AL A U AT ALER Rk
replaced by a contad 1,or B iRibRhes fE s o Baur s () 4ndr 33
additional conductor layer and layer stack have been formed.
Figure 6(e) illustrates the structure of Figure 6(d) after patterning.
Figure 6(f) illustrates the structure of Figure 6(e) after an additional
conductor layer and layer stack have been formed.

Figure 6(g) illustrates the structure of Figure 6(f) after another

patterning step.



apparent to persons skilled in the art. Assume the first conductor &8 APR 2003
Figure 5 runs east-to-west. Then the second conductor 26 will run
north-to-south (orthogonally), and nenory cell pillars 27 will be forned
wher ever d/30118al projection of the first conductor intemPsEatssyodsgl second
conductor. The third conductor 29 will run east-to-west, and nmenory cell
pillars 30 will be forned wherever the third conductor 29 intersects the
second conductor 26. Simlarly, the fourth, sixth, eighth, tenth, .
conductors will run north-south, and theyfifth, seventh, ninth, eleventh,
... conductors will run east-west. Odd-nunbered conductors run in one
direction) and evep-n red conduct.ors, run_in the endlcular di rection.
‘Thus, conduct or E%}"?ellscﬁ%osaqu hpgalﬁ%@mw(a%gﬁ?& tr}flaurrber J-1
) and it forms |IIars upward (to wiring | ayer nunber J+1) S| nce the menory
cell's need notceE@ﬁFweé (Rbwbere theaalisase stagaasrdue tioe velisal dise@iona
'substrate beneath the menory cell array is available for use other than for
defini ng the nenor Figiekl&(a) lsna paespectvbodivieivetitalinstgokedaetls.i nvent i on,
this area may be used to good advantage by |aying out substantial portions

of the row decoder §ig Lﬁ@lg{gp,sdggeﬁ&hgm bf haeBIfsi cpfl@; Qrsg(And read/wite

circuits directly beneath the nenor array. i's heI ps to mnimze the

fraction of the di %lqﬁr&@fﬁg?ls ?Bla% GE@ (ﬁgo&%gaqglsﬁgm qu)( 0947_1 1%

ar ea not devoted to eTeases the '3 merit known
as "array efficiency": Arrg ff|C|ency (total area devotedto mencel | s)
As can (total CHF%'ﬁyd%%‘?éH %/tB Alfencel | s) + (total area devoted to non

mencel | s) be seen, a decrease in (total area devoted to non-nmencells)
results in an incr&igge YUb) isya efan Yewraf\a sulisieky sbewing rnptharlayeut wé

enbodi mrent of the invented nenory cell shown in Figure 4(a), there are two
explicit | ocalcirteitmyinahe substrateput term nal 20 (al so

Figure 9(c) is a plan view of a substrate showing one layout of
circuitry in a substrate used for the present invention.

Figure 9(d) is a plan view of circuitry for an embodiment of the
present invention using a plurality of subarrays.

Figure 10(a) is an electrical schematic of peripheral circuitry
coupled to an array.

Figure 10(b) is another electrical schematic of peripheral circuitry
coupled to an array.

Figure 11 is an electrical schematic of peripheral circuitry coupled
to an array used in one preferred embodiment of the present invention.

Figure 12 is a cross-sectional elevation view of an array showing a
contact between three levels of the memory array.

Figure 13(a) illustrates a contact between levels 1 and 3.

Figure 13(b) illustrates a contact connecting levels 1, 2 and 4.



called a wordline), and an out put term nal 21 (al S0 called a bitling3 APR 2003
addition the cell may al so contain "inplicit" or "widely shared" termnals
whi ch ar evré;avm dabl e consequences of its construction, and which are

comon to roups of cells at once. One exanple of an POTAI$99i09471
termnal is the sem conduct or substrate, which forns a parasitic

capacitance to each nenory cell. To sinplify the figures and the

di scussion, these inplicit termnals are omtted) but as will be
appreciated these inplicit termnals mgip affect the functionality and
performance of the menory cell. Thus the invented nmenory cell is referred

to as a "tw term t.ur e i e are t explicit, |ocal,
term nals, possibl ;E%régﬁg@dﬁg%%taeges%oﬂ%]c |b§'{\0(ﬁ?%ﬁev§¥\§1i érﬁ’lnid t rather
than explicit. 0.3 APR %gOﬁ WD 00/ 30118 PCT/ US99/ 09471 19 Between its
input termnal andFEWBJIB[EklHsirales aontashhejween levednditBraudht Sa seri es
connection of a steering elenent and a state change elenent. In sone

embodi ment s, the sF@reri@(e) oshratesan doatacimeteeen ldvels HarichBut t er ni nal
(and the state change el enent connected to the output termnal)) and in

ot her enbodi nents they may be reversed: the state change el enent may be
connected to the input termnal and the steering el enent connected to the
output termnal. The steering elenment is a sem conductor elenent that has a
strongly asymmetric current-versus-voltage characteristic; it conducts nuch
nmore readily in one direction than in the other. Some possible

i npl ementations of the steering elenent are (i) a PN junction diode, in
anor phous, mcrocrystalline, polycrystalline or single crystal

sem conductor (e.g. Si, Ge, SiCGe, GaAs, InP, etc.); (ii) a netal

sem conductor Schottky diode; (iii) a junction field-effect transistor with
gate connected to source (or to drain); (iv) a MOSFET with gate either
floating, or connected to source or connected to drain; (v) a Zener diode,
aval anche di ode, or tunnel diode; (vi) a four-layer diode (SCR); (vii) a
P-1 N di ode in anorphous, mcrocrystalline, polycrystalline or single
crystal sem conductor; and others that wll be readily apparent to those
skilled in :



the art. For descriptive purposes in this disclosure the two ends Q)f3 ARB 2003
steering elenent are referred to as "anode" and "cat hode", arranged so 0

3 APR 2003 WO 00/ 301 18 PCT/ US99/ 09471 20 that conventional current flows
more readY Y0¥ "anode” to "cathode" than from "cathode" RCEUSAOHE .

These | abel s are consistent with standard term nology for a PN junction

di ode: conventional current in a PN junction diode flows from anode to
cathode. O course the present invention is not limted to the use of a PN
junction diode for its steering elenment {3@s was di scussed in the preceding
par agraph); the adoption of the sane termnal |abeling as a diode is nerely

for convenien R0 B@E’&hl'P?o'NtcyF l_t:éjlgﬁ NT!N{/EH] NvoI tage on the steering

el enent' s ano@eﬁ-sg?wgeﬂ-{la'n—%t-—m%e—tm—n&s cat hode, the steering
element is " mrd bi ased. " But vvhe t he cat ho oI ta e exceeds the anode
vol tage, we w Qﬁogﬁé”@ﬁglﬁr”‘?{@m@ fRemey el @% Q'S%V(ﬁay 'SThese
phrases are al so borrowed from standard di ode term noI ogy, again for
conveni ence arisdiegad. i lartheyollomiag steseriptign eumeseys specifie detdilsraredsat wo
different ways: (1 ) with its anode facing the input termnal and its

cat hode faci ndottién ordepud previte aahordudh whddrstdralirepbhtpdepreaenng t he i nput
termnal and its anode facing the output termnal. Either orientation can

be TRde 5 0, T URYrRnC QU REYYY it I pBRRIERRERBloSoriealifgy B idhf ey decoder s

and read/vvrlte circuits, nelt entation 1s stron preferred over
t he ot her. The tate chan ment i s actu storedlnthe
menory cel | . 'T‘%mdn 3]02‘97“?}‘. %rﬁﬁ{'%%cy\lgﬁetheegﬁeﬁeﬁBFS?W%ha'éne Nstate, and
is so chosen that its state js not | ost or altered when el ectrical power is
r enmoved. PihegHnsnsesovetrkaowpgircuits and processes have not been

described in detail in order not to obscure the present invention.

OVERVIEW OF THE PRESENT INVENTION

The field programmable nonvolatile memory cell of the present
invention is built above, rather than in, a planar substrate. Therefore, this
memory cell can be stacked vertically in numerous layers to form a three
dimensional array. Each layer of memory cells interacts only with the
layer above and the layer below, which makes vertical stacking of layers
quite simple.

A unigue organization of these cells in a three dimensional
memory array disposed above a substrate, with peripheral circuitry built in
the substrate, is also described.

Figure 4(a) shows one embodiment of our newly invented memory
cell. It has two explicit terminals: an input terminal 20 and an output
terminal 21. Between these terminals, the memory cell contains a

steering element 22 and a state change element 23 connected in series.



21 PCT/ US99/ 09471 Sone exanples of the types of states that may b«g érﬁﬁ%@@
in a state change el enent according to the present invention, are (i) (high
i npedance state) and (|l ow i npedance state); (ii) (state with peak

capaci t anc¥O 830 tage V1 ) and (state with peak capacitancRCBUSWINHge

V2); (iii) (state with Hall effect voltage positive) and (state with Hall

ef fect voltage negative); (iv) (state with polarization vector pointing up)
and (state with polarization vector pointing down) and others. Sone
possible realizations of the state changggel ement include) but are not
limted to, (a) dielectric-rupture antifuses; (b) intrinsic or lightly

doped pol ycrysgal.l i sem,conduc antifuses; .(c).amprphous sem conduct or
ot fuses: (o) et tRe FTERHREVBRLED, B et i bl 24! PRbeFeerag
reversible (US Patent 3,717,852) or irreversible type,; ée) pol ysilicon
resi st or - f useseledienhar, per thestaw ehanas elemest Batis puiluinabe plewar or
irreversible type; (f) ferroelectric capacitors; (g) capacitors with trap
i nduced hyst erssigpn{ibgtoe substrdtebl ockade devi ces; and ot hers. During
integrated circuit manufacturing) the state change el enment of the menory

cel | i's fabricated pdlsplemekibient 221 &l dbiiiewth o Stforkdy Bkt es: thi s

is called the "initial stat For exanple, if the stat™e change elenent is

and (intact o SREetiels R AR ML M BpTo R E o8t In Bhe 21 )" ©

after manufacturing apd before programm ng. Other enpodi nents of, state
change el errent‘i'r%t%n thagdn H?Q“Pt@reén-{gh%%g"?ﬁe fithe steefing elgmendidZ ietent 0 3
APR 2003 WO 00/ 30118 PCT/ US99/09471 22 initial states. By convention this
initial state,ensgethalggurentiflow dratgh dunoeswryicellinsubstantiallyue stored in
the nenory cell during sem conductor manufacturing. But of course other

conventions, cahiblregtidrizg. This Uniiregttioha! Belgavior ergible O, mevwiory ddpedeaial |y
valid, and the choice is nmerely a matter of preference or conveni ence

rather than t egheghefaunfReeSRdivpathis e%%ff‘ﬂ{df\{ieﬁél'mbﬁw Q@i 2aNRAinBY

causing the state change elenent to transition fromits thitial stafe into

a new state. Moy peTRAGTRR) Scodsddi(SF Aats SPANIPWATFEEa kAL LS fiRused 1o

change state

state of all other cells.

The state change element 23 is a device which can be placed in
more than one state, and whose state is not lost or altered when electrical
power is removed. One possible implementation among the many
discussed below, is a dielectric-rupture antifuse, having the states {high
impedance} and {low impedance). These two stored states accomplish
the encoding of one bit of memory.

As shown in Figure 4(a), the steering element 22 and the state
change element 23 are stacked vertically in a "pillar" shaped arrangement
having a generally rectangular cross-section. The pillar is vertical and so
is the current flow. Depending on the orientation of the unidirectional

steering element 22, current can flow either upwards or downwards. in



by applying a suitably |arge voltage across the nemory cell, from OnpAPR 2003
termnal to output terminal. For exanple if the state change el enent is
enbodied as_a dielectric-rupture antifuse, it is programed gy agp%zing a

| arge vol 438 oss the cell's terminal's (or by forcing aPCAP4RE9E™ ent
through the cell), with the polarity chosen such that the steering el enent

is forward biased. This places a large electric field directly across the
dielectric antifuse, which ruptures the dielectric, thus changing the state
of the state change el enent. One possi bl ¢s5nmet hod for programmng a
dielectric-rupture state change elenent is to ground the nenory cell's

output term ngheanfysd BHEHREHE lVirfedt ESQFEL%E\AH}BH% 568 lﬁgélrtsgg efhl arge

positive voltage’'(assumng the steerin I'S SO orl at its

anode faces the j.npu ermnal and its cathogde faces the output term nal,
i.e., steeri ngveé{"\eaﬁ'éfﬁctki%f Cfegﬁv\%'f'%lgm”é@’éﬁgm & RO B ® Sterminal is at a
hi gher vol t age 0 3 APR 2003 WD 00/30118 PCT/ US99/ 09471 23 than the out put
terminal). If the skhecstaircCoargrplementad ismhesentre hiahicande switehednode

facing the output termnal and cathode facing the input term nal, the
desi gner can sfromlitg initislestate {dhaengthegsterbpelemtitalgasaasdhemby mhkingt eeri ng
el enrent forward biased during programm ng: ground the input term nal and

si mul t aneousl| ywhegh&fio ﬁeletﬁfrgwafrﬁrﬁémé"@o_rfe%% 181188 el dfi/@ieleti@ge. Many

ot her vol tage arrangerents orward bi asing t'he steering el enent an

d
progranm ng a (i dC-r re.st e WL i
apparent to th@?glrg%l%:{'rués& ﬁ%&/ﬁgg%ﬂ%ﬁéﬁ%éﬂ@%%%g%ﬁﬂ@ Sfre@ﬁ\é&gﬁg{i&/change
el ement can be caused to change state by forcing a sujitably | e current
through the neYRRESdBNER Golpripdindhe vafassiysad Yo isading) slissabPdaBut ne
menory cell. For exan*&)l e, if the state change elenment is enbodied as a
pol ysi | i con- r edhdouiput teseinals ofdhe BEemeRygeiinmed by connecting a current
source to its input terminal and sinultaneously grounding its output

term nal (assum ng Tie memob@gradiyoffthe paeseritiimssationhs capablel sfpeitgenent ) .
Assum ng the current is large enough, it alters the resistance of the

pol ysi i con-r emhstMedwiEull dEKaIiI§RRRA ROb&tARNE Daleastivdsheartd Al(BorAaNgE
el enent and programm ng the cell” During progranmng, it is possible for

nonsel ect ed e 8fbdfys® TS MELRE i BARCSYeddf byl dndhdra0" ammi no
automatically formed by, the intersection of an input conductor and an
output conductor. Thus the cell can be made quite small, since its feature
sizes need not include often used allowance for misalignment tolerances.

Furthermore, the number of photolithographic masking steps

needed to build the cell of Figure 4(a) is small. For a single level of cells
as shown in Figures 4(a) and 4(b), three masking steps are needed: one
to pattermn the bottom conductor and cell material, another to pattern the
upper conductor and cell material, and a third to provide contact holes
outside the array for vertical electrical connections. This pattering scheme

results in a self alignment of the cell pillar (i.e., the steering element and

the state change element) to the upper and lower conductors. If a



nonsel ected nenory cells mght occur, if the reverse | eakage currelqt3 PR 3803
steering el enent exceeded the progranmm ng current necessary to change the
state of the state change elenment. Thus, the characteristics 0 3 APR 2003
WD 001 3011¥0FOBAUS99/ 09471 24 of the steering and state changeus)EEnt s

shoul d be matched to one another; a state change elenent that requires a

| arge current to program (e.g., an instrinsic poly fuse) can be used with a
rat her high-1eakage steering elenment, white a state change el enent that
prograns at very low current (e.g., a diekgctric rupture antifuse) requires
a | ow | eakage steering elenent. The invented nenory cell can be enbodi ed

either as a one-ti r a bl e, nonvolatile nenpry) or as a
witel/erasel re\ﬂeFPéTgMgf gells e ar?é’rﬁ?r‘{@“'@%‘b’e‘l‘m%”@ﬂ)‘rﬁh@@t &Y ¥ange

el enent selected. in a first exanple) if a thin, highly resistive)

pol ycryst al | i nedsiitianab phétolithognaphio stepsaremeedast cae fohthesnextdevdlange

el emrent (as taught in US Patent 4,146,902), its progranmm ng operation is

i rreversibl e amdndbetoeeht the ceflendteral, phadharseabhe fortheadontadybaedige i ng and
before programm ng, all cells contain "logic zero". Those cells whose

desired contentge %?r%%;'r;l%i t%P(C)HBg{'dué{cﬁ d?ﬁﬁ’é”l&f%‘iggveli 6frc%Y1§rféﬁ-r§é g?e @dnérﬁr ¢i ng

the state change ele tin new st ate. IC zeroes na econe logic
ones (by progr i.ng) ., t Jogic onges Y, NOT becpme | ogic zeroes,(since
ot ogr i ho s SOPRLGEr o e toprlaler &F So/Be oroeneidl BRAEe) EPERERGY T a
second exanple, if a netal -via-insulator-silicon filanment fuse is enployed
as the state cHaYRe obrelmiberparet(Agncondudier lyessand, (Nt1) ehotomasking
programmi ng operation is reversible and the cell nay be witten, erased,
and rewitten. stépsin therfabacation ofgharelilzefay ieself. OTi82rdRRe 20682 WONUEE G118
PCT/ US99/ 09471 25

additional photomasking steps to form contacts. These contacts are

outside the cell array; they make connection between the array conductor

layers and the peripheral circuits.

The memory cell may also be fabricated using alternative
embodiments; the self-aligned pillar formation described above may be
replaced by a formation involving the use of a pillar formation photomask.
This would eliminate the self-alignment of the pillar to the conductors, but
would be advantageous in fabrication processes that could potentially
exploit the physics of free sidewalls. These processes include steering
element formation using solid-phase crystallization of amorphous silicon,
laser crystallization of amorphous or polycrystalline silicon, and other
processes apparent to persons skilled in the art. The contact to the upper
conductor layer in both the self-aligned fabrication process and the non-

self-aligned fabrication process described above is exposed by the

planarization of the insulation, requiring no photomask step. This process



programming, all cells contain "logic zero". Those cells whose desB3edAPR 2003
content's are “logic one" are programmed. However, for this state change

el enent, programmng is reversible and |ogic values may be changed from
zero to oN¥O8HW!IBack fromone to zero, if desired. In a thiPCU/USRAMITE, a
state change el enent having a wite/erase/rewite capability may be

enpl oyed, whose progranm ng operation is electrical but whose erase
operation is not necessarily electrical. The erase operation may be
selectively applied to a si ngle menory cgbl, or it may be applied to all
menory cells at once, "in bulk," such as by exposing themto a strong
source of ultraviolet ries bul k
‘erase operati on? 9"88'%’%3@3'& Eﬁmﬁﬁ?ﬂgmqt'l‘?ﬁ R%EWH?‘&@B Eﬁ‘f”emdﬂ? €either
froma heat source external to the IC or froma heater dlrectly on the IC
O a bul k er astPRAreMttorersang skitled imthepgdci ng t he state change el enents in
‘a strong magnetic field. Wile.the above discussion is based on a state
change el enent t hatAssasné tie Btshtesdudtbr 25icf Figqurertengsseusi-toAveanThdmse t hat
can provide a predeterm ned range of resistance where for instance it is

partly fused, m@e@oﬁa%ha@ct%rébwﬁ rﬁﬁ%nh%%m orﬁqéq %rﬂiate MOS
devi ce all ows nunerous possi bl e inplenentations o |-I st or age,

provi di ng rnor e e known
" the art . vERERy eE] P ET R fgﬁﬁéé &%&5\%@3@%‘8@@@%@% Hfihé

PCT/ US99/ 09471 26 As,shown in Figure 4 , the fi rogranmabl e

nonvol atile nel ?qutorc'm‘?s'?%?% 8§C PPB%‘I‘CtB" %th?r %'rﬁﬁmdﬂc%@@uct or at
the bottomof the pillar and another conductor at the top. The bottom
conductor is awilgnataastta-weshgneongovingcellipiersBOwill bedarmaed iwhstrev@hduct or

| ayer. This conductor runs in a certain direction (for exanple,

east -t o- west ) . thélthirtl gpndoctdn 2B ditersects thed aédorrl goriduegorcZB1@igiilarly) thee or
wire on a second conductor |ayer, vertically above the |ayer that forns the

bot t om conduct Rypth, ikt té?@wtﬁ%%?t O ndUBtdr & WANRINYES il b B, AR thé @fth,
exanpl e) north-to- sout h).~ The angl e between the top and bot't om conduct or s

5 preferably ety SR8 2RSehin.o: cbhalSiopd GIFLEhA IR Rud hagRRR ) but

this is not nandatory € nenory’ &8 ca

t t wh he t duct t
bo  om conduct BT OUSKETR AR BB BCURRGHEA BV OH baee PRGN fuPal | o

spaced apart conductors where for instance, the space between each
conductor is eﬁ@d?efpénﬂﬁé'laé&'féﬁmfbrT@JS\AACQf‘ﬁUC“I’h@UﬂbIeétJf@ﬂﬁﬂﬁﬂ‘?& | ayer
("conductorsl ") contains a |large nunber of parallel conductors all running
in the sane di dewbtiward (tbovirieg dayelr @ ndzestd-o) awed it forimsipilaes spwardi(toonduct or

| ayer ("conductors2") also contains a |large nunber of parallel conductors

al |l running i nwirftg |§§gpndﬂnb@pg+9n) for exanple, north-to-south, preferably
perpendi cul ar to the conductor direction of the first conductor |ayer as

shown in Figure 5. angrmé’mo c&ﬁ%@gg?ﬁ%@%ﬁ%}%@jﬁ“@%/ 09471 27

conduct or on conductorsz Crosses over conduct or on
semiconductor substrate, a substrate beneath the memory celi array is

available for use other than for defining the memory cells. In one
embodiment of the present invention, this area may be used to good
advantage by laying out substantial portions of the row decoders, column
decoders, 1/0 multiplexors, and read/write circuits directly beneath the

memory cell array. This helps to minimize the fraction of the die surface



conductorsl , one of our field programmble nonvolatile nenory celqg |AEsR 2003
fabricated. This is shown in Figure 4(b). Vertically frombottomto top,
the invented nenory cell contains a conductor) then a pillar, then another
conduct or : womadoaigg orsi -~ pillar --> conductors2. Conduct or pbTaSodasdsithe
bottom and conductors2 is on the top. But then conductors2 is the bottom of
a new |l evel of nenory cells, vertically stacked above the first |evel:
conductorsl -~ pillarl -> conductors2 -j pillai2 -~ conductors3. The
present invention stacks nultiple levels menory cells above one anot her:
a vertical stack having (N) levels of nenory cells contains (N) |evels of
pillars and (N+1 ) layers of conductors. (It takes (N+1 ) conductor |ayers
to make (N) | edEasn@idavstedto memenrralst whichrinereasgstthe figofe eb@grit evel  of
pillars, and then one nore conductor on the top of the array). Figure 5
shows a porti okn@in ast'arrag ffictensy'onal nenory array according to the
present invention, having N=6 | evels of nenory pillars and (N+1 )=7
conduct or | ayepgrayAsigeht¢al stack of (N) pillars uses 1/ N as nuch surface
area as an asserrb?,y of ( pillars that are not stacked vertically;
vertical stacking gives an Ngi@l gheh HPSRUEBEMmeNsdensity. A nmenory pillar's
bott om conduct gr—i =—t-op—conductor—o TeNENOry—pHtar—be] oS cand a
menory pil | ar' $fHGreofrYatase meaaets Héteorrea devaledsroroBanRBsdol 30118
PCT/ US99/ 09471 28 conductor of the nenory pillar above. This makes stacking
especi al | y si npeseandafdeeredslecin (tdtal area davotell tenon-néracells) recultkitt am s at
either end of a nenory pillar are perpendicular. And since conductors are
shared bet weenidceyledi Sfrapetilcidrfoy.the result in this enbodinent is that
even- nunber ed conductors run in one direction, and odd-nunbered conductors
run in the perpendicul ar directiong:f8ky [pbe, asUppose conductors) runs
east-to west. Conductors2 would b 0 conductors), so
conductors2 woul d run,nort h-to-sout Conduct ors3 woul.d be perpendi cular to
conductors2, so conﬁbmeo?@goagl]?'at ?fﬂﬁeé%véﬁ?%%mﬁég?w C@c&'nﬂl?cvf'g%ﬁ‘%%l d run
nort h-to-south Wer pendi cul ar tgQ conductors3), and so forth. Thus
conductors 1, ${a)sthere are two explicit lncpblarmingler arpinguétesmynal 2¢i(alge . run
north-to-south (in this exanple).

called a wordline), and an output terminal 21 (also called a bitline). In

#

addition the cell may also contain "implicit" or "widely shared" terminals
which are unavoidable consequences of its construction, and which are
common to large groups of cells at once. Qne example of an implicit
terminal is the semiconductor substrate, which forms a parasitic
capacitance to each memory cell. To simplify the figures and the
discussion, these implicit terminals are omitted, but as will be appreciated
these implicit terminals might affect the functionality and performance of
the memory cell. Thus the invented memory cell is referred to as a "two
terminal structure", meaning there are two expilicit, local, terminals,

possibly with additional terminals which are implicit rather than explicit.



FABRI CATI ON | n one enbodi nent of the present invention, a conduct(Slral%RRerZ[]ﬂ3
(say, conductor |ayer nunber J) runs north-to-south, and adjacent conduct or
| ayers (nunbers J-1 and J+1 ) run east-to-west. Wierever a conductor's
vertical YWPHPReH8on on |ayer (J) crosses over a conductor BOTUSYXG4TUI-1 ),
a nenory cell pillar is created. Simlarly) wherever a conductor's
projection on layer (J+1 ) crosses a conductor on layer (J), a nenory cell
pillar is created. Menory cell pillars are defined and patterned by the
intersection (crossover) of the conductofg, and so the 0 3 APR 2003 WO
001 30118 PCTI US991 09471 29 pillars are selfaligned to the conductors.

Selfalignnment is a xtrenely inportant advantage). because it |ets the
‘phot ol i t hogr aphi c gﬁfvf%‘?fhggﬁp‘{t@%ﬁg?’}g%f Utgg"é'é@r@rﬁ%g‘%m?w&ﬁl?i ncl udi ng
any extra allowance for msalignnent tol erances. Thus the pattern features
of our sel f al FeMEs Rl PP IRFPNNALOROf RatiecHna elemnent ardiptstalg Ghangesnal | er
‘cell area, which gives higher density and | ower cost. For purposes of
illustrating eleamerdl rasorgeaanibadimentd,itbe stdertriteslempiritinaays beconsedied an
enbodi nent whi ch uses four sequential |ayers of material (a "layer stack")

to fabricate tdeshgel ighthirdi¢aRiMthea8dtd BRasiR bferhbtEMrRct®ithel N this
illustrative exanple the steering el enent consists of a polycrystalline

silicon PN jupgii i : : I Lt 5..0f a

pol y- oxi de- popgfd#?&rgg@?ﬁca@ﬁg}%tﬁgrgh@%ﬁﬁﬁga&%ﬁﬁgﬁ%%cﬁ%%ﬁ é tg?ree set
forth in the b f this application. In this enbodinment, a pillar

contai ns four s&%@ﬁ@”%‘? € g& 'HPV}bﬁ Cé’r\”%}ﬁcp?[té'\‘@k',”pﬁtetﬁ&‘fr’taéémgéhﬁenti ally
as shown in Figure 6(a): (1) a layer of P+doped polysilicon 40; (2) a

| ayer of I\I—doﬁgﬁ?ﬂpél gmnent eanaacted &y the pulpait teymisal i con di oxi de 42; (4) a

| ayer of N+ doped polysilicon 43. Layers (40) and (41 ) forma PN junction
di ode (the steerindhelsteentg cleamehtlispesesnicdiddgtof elementpbayhaxade- pol y
dielectric rupture antifuse. In this enbodi nent the stack of four materials

whi ch t oget hegtrehgigtsyimBeffRIBUrertlelsusavaitdRf endadtidriatidsit Ebsdudtgyer stack”
45. There are al so a conductor |ayer 0 R 2003 WO 00/ 30118

3
PCTI US99] 0947 jn.ih BIOVLHIE ARALSIfEoh UGS iPACkHED Slthelhdssinet ter ned as

wi |l be descri bed. ese are shown as con ors Igure 6(a).
An alternate K i hown, jn Figure a) _.as ack, 450... Again it includes
conductors at ﬁ%ﬁf@n@{ﬁgﬁ%@s %{?essttﬁ%lmg ?%@%qti%ﬁﬁbf 4%'d“3ﬂ{?"ﬂ§'88ﬁh|“ch may be
fabricated fromany conductive nmaterial such as a netal or a polysilicon.
The steering ém@%?uﬁrfnﬁr%%’h(s%@emﬁﬁ‘yﬁﬂésé%”"&ePfﬁ@@'q afystala00 of * P+ doped
sem conductor such as mcrocrystalline silicon, and a second |ayer 410 of N
doped sem congastieonductdr (@sg.ndicGec ByGe abhArelnd, lete.prlii) Timeetat-at e change

el ement conprises the |ayer 420. Layer 420 may be an anor phous silicon

| ayer used t oskoicoraducatt Séhisteky dibdes; (lidagunbiten fieldestfetatranisgtonweish st ance,
however) after a large current is passed through it for programmng, its
resistance w lghtdgoshdbandisalitcs (bPY@Hraiﬂ')f?‘?ivé AWROSERD Wih gaeaveitRsr an N+

| ayer to provide good electrical contact to the overlying conductor 480.
Layer 430 cou i i yahll he

o ocessi ng. mot Rago rR TR [BEREE SEbahheaBdb BERYE) ¢ 28 Mbabrs o
structure in layer 420,. Another sfack 405 js also sh Ln. Figure 6(a). It
conprises an ﬂﬂ%ﬁ/’“gh?iqﬁﬁevl%{véf‘”gﬂ@?&d YIS g@Hﬁ%ﬁ%)@i‘Qfé%é}? (M%Za Ad an N+ -
polysilicon layer 403. Again, the layers 400 or 403 could be

m crocryst ai | Thdioge inrammpiphoss seidreonaiadine:, polycerstaliimh or singik castali s

sandwi ched between the conductors 406 and 408. Here the steering elenent is
a Schottky  Gethiddtiiizi68 anl tAeR3GhaBwiBe kiR Cppaterito dhosteskiledid by the
nmetal of conductor 406 and the | ayer 400. The state change el enent is an
“antifuse formgeh Gy | ayer 402. By way of exanple, layers 406 and 408 may be
titaniumsilicide or alumnumw th a thickness of approxi mtely 1000A. The

: lr ?S/Srecszt ?8& yf102 anqzoé}'ooses%%gti\tl)g pgr%%éés flgr? iAHis %%%Io%%?éa‘ tr{entvxgohéﬁég %?t%e

steering element are referred to as "anode" and "cathode", arranged so



The fabrication sequence for the nenory cell is schematically ill udk 3 ARRY 2003
in Figures 6(b) - 6(g). After deposition and before patterning, the |ayer
stack 45 (or the stacks 450 and 405) is a continuous sheet that extends
across theVeA# {8 i ntegrated circuit (indeed across the entRGTEUSEA4) such
as shown in Figure 6(b). Conceptually the selfalignment nethod is a
two-etch-step procedure: In the first etch step, this layer stack (a
continuous sheet) is patterned into |ong straight strips running (say)
east-to-west, by etching themw th the sagye patterning step that etches the
east-to-west conductors on the conductor |ayer below After deposition and

pl anari zati on interlevel diglectric, a.second,conduyctqr_.and |ayer
stack is deposﬂ{aé%.gnﬁi%orka?%[{epgﬁ%\%{f{ré?rﬁer&apm OFbr‘?gPo rg?gﬁtﬁga?i ps
running north south. Etching used to pattern the north-tosouth |ines

cont i nues unt i thamzom; ‘cathadey o "anodsd. hagsalahelpaencengsient Mithaighdane ,
steering elenent. This results in pillars formed on the eastto-west running
i nes. The restérmimgopy fbraa ®Najuactien Hexdd: yoalémtivadhl tarreat in 4 P& owtont or

bel ow and the conduct or above since both the pillars and the conductors are

etched sinul t agrRIeSHows HBnPARGI RS EatRBBEIOIBAlR B presert iNERNOB NP
001 30118 PCT/ US99/ 09471 32 sem conductor layers wthin the |ayer stack (45

Chenacer ' r U038 E0B bt SPOS EaSEYS KL psfba AR lpbs e e

activation. The. cross-section of the pill i1l be rectangul ar, with one
i mensi on bei nGH3aFY ILNEHRICRPINE R EOTENINEAACRIAR G HGF SaavRief N her
di nension equal to the width of the top conductors. If these conductors
have equal wi diabeliRgras ddiagleds snerelyt fosgonveniepee egddamiliarity fpathes Hing in
bot h east-to-west and north-to-south uses well known photolithographic
steps wi del y usieslvoitagdien seasieendy@lanentislaabdy isidgerathanshe eoithge onet  or
dry etching. Also, the silicon used in the cells and when used for the

conduct ors may jigea8aRed thé SidelinglelerhbRt isPeo Mtrd eREd €dut When e¥anpl e, by
ion inplantation. O course othér patterning technol ogies may be used

rather than et ghipee |Gl 2 aES: thd ShahE LohgGhngl 9y sy i ermBRREne’

t echnol ogy or an than 'subtracti've pa ning technol ogy may

b | oyed | d_of ,etching. But, deally the | t ack 1d b
pat Corned i n { SAFERPP AT e S e oH ISR TERGS AHCH P ATS HEE ( ho

conductors below) and again with the mask that defines the conductors
above. This hoStENdard diedaytarannaiegy agaifoarseavenientagnddamitaity echni ques
used to pattern the various layers. in practice a |large nunber of
vertically stacked riveosteedry elereend dani bbe priamidddaorditfersdd stays: (Bywith i s
selfaligned to both the |ayer stack WO 001 30118 PCTI US99/ 09471 33 bel ow,

and the |ayer gbaglodebiacing theemmitesenihBPasd abicathatledasinghthetowspdif al i gn t he
conductors to the pillars, nmust etch away material fromthree different

Lg?lg\r,f: the | aysmiRhRk) RAWE calHiRieBRMAYhE inb @BFminaNdnd e 4l fagirRck
the output terminal. Either orientation can be made to function correctly,
by appropriate design of the memory decoders and read/write circuits,
and neither orientation is strongly preferred over the other.
The state change element is where data is actually stored in the
memory cell. It is a device that can be placed in more than one state, and

is so chosen that its state is not lost or altered when electrical power is

removed.



The processing may begin with a wafer that nmay have received prioﬂ 3 APR 2003
processi ng steps, for exanple, CMOS transistors may be fabricated in the
nonocrystal line substrate for the peripheral circuitry. An insulator then

i s deposi YOPY3OUB G preferably, planarized (using chem cal - HeEHEMHVE4!
polishing ("CW"), resist etchback planarization, or any of a nunber of

ot her technol ogies for planarization). The first conductor |ayer is
deposited such as layer 46 of Figure 6(b), and then the first |ayer stack
45 is deposited. Figure 6(b) shows the waffer at this stage. Next, the mask
whi ch defines the features on the conductorsl |ayer is applied, and these

features are etchedajnto i I r ck_ 45 an h duct or sl
“layer 46 bel ow. An%%@tﬁl eﬁ&ﬁ&%%é@%&@éﬂ*%&ﬁﬁ%@ ggnﬂgﬁ‘toé’ggﬁﬁged,
using CVWP or other planarjzing techpol ogy. Figure 6(c) shows the wafer at
_this stage. Not@!§ ?ﬁww@meﬁ acRaing &0 Ivﬂq precentipyentiara@kedndnight t om | ayer
have, been etched into I ong continuous strips (46a and 45a) and (46b and
45b), not i sol impsatianedistatéiahdfiow empedakiceostats) (i) (statet With @ggls of t he
pillar layer stack 45a and 45b are aligned to the edges of the conductor
46a and 46b | acitahos at beikdgewn ast (bete dithigeaksapRcitande ut Voitddie sanme
mask. Note thgy?(“)nductors geé;]geral y c(0 3 APR%%% WO 00/ 301 18 g
PCTNS99/ 09471 . j " | i t her
metals, oil1ci ek priafan R Biahiect OBaGe BoSity e Gk R Wil BeP ek ",
shown in Figure 6(c) or the other fiqures, .the dielectric fills the voids
et ween t he st Tolie ntintef G d5taus, A e alen Yt o g W) Srday. Al So
it should be noted that the planarization nust reveal the upper surface of
the strips so (Steie wWiepelgrgalienvestay epintingtdavd)pedethasat act s the stri ps.
The pl anarized dielectric also forns the |ayers through which the vias and
vertical conduct or sSofmeRpogsilale I8alimadionsdthe state changmdlermentuotlode| ayer 50
("conductors2") is deposited, and the second pillar stack 51 ("stack2") is

deposi ted. Fi gbuitear@(rebt lighiestol (&) dieleetricfuptivesarfif@@s; (Bydhgirshabr dtely-
pl anari zation automatically gives a selfaligned contact between a pillar

gﬁéié ??CEOSV?H‘?%‘%@@S&%%%%%E%é%’ﬁﬁ%‘é%%gﬁtﬂ%@égﬁUEZECQr Zslef’?%ed
i i sti . i L 2.(51 . '
R e e
el enent within 45a and 45b. ovid!n a_uni que cir,lllit patksnthro, hth_e
merory cel ). #htheseypesible ([J§pé§t§@§;3t e 'Wrstqfé”ﬁ)éﬁré&’ «hPS (BhBPYSEEOR usi ng

CWMP or other neans). Figure G(Qe’) shows the wafer at this stage. Note that
t he conduct or seesisiokiusesheither efdhpireversitieéU8datentt 4,420 766) loe

irreversible type; (f) ferroelectric capacitors; (g) capacitors with trap-
induced hysteresis; (h) coulomb blockade devices; and others.

During integrated circuit manufacturing, the state change element
of the memory cell is fabricated and placed in a certain one of its possible
states; this is called the “initial state." For example, if the state change
element is a dielectric-rupture antifuse having the two states (ruptured
dielectric) and (intact dielectric), the initial state of this element is (intact)
after manufacturing and before programming. Other embodiments of

state change elements will have different sets of states and thus different



individual pillars (45a 1, 45a 2) 45b 1 and 45b 2) in the layer sta@lal APR 2003
Al so note that these plllars in the | ayerstackl |ayer are aligned to both

t he 0 3 APR 2003 WO 001 30118 PCTI US99/ 09471 35 conductorsl |ayer (46a,
46b) and t¥OHEdnductors2 | ayer (50a, 50b) , thereby achi BGT/H§O¥Hé71goal

of selfalignnent. Next, the third conductor layer 52 ("conductors3") is
deposited, and the third pillar |ayerstack 53 ("layerstack3") is deposited.
Figure 6(f ) shows the wafer at this stage. Now, the conductors3 mask is
applied, and its features are etched downsards into | ayers stacks3,
conductors3, and stack2. (This etch stops bel ow the steeri ng el enent of

| ayer stack 2 edtole e .t he, condyctq zla |ntact ) An
insulator is dgﬁ@ s?%tgg ?]fﬁ%n‘(ﬁeﬁt'élp f'?de'PEﬁtﬁ? ;{58 [q@é? 58 r ot her
means). Figure 6( { shows the wafer at this stage. The conductors3

mask+et ch has é’@ﬁ% esttbg initial vltprteieshin dhe mameivdrali during BRMIGANEUTIPrt he

| ayerstack2 | ayer (such as 51 a 1, 51 a 2, 51 b 2). Figure 6(g) shows that
(N+1 ) =3 conductanufactyeng. Butjohecmxee(dxhér c)er@ernﬁsksi;,rtgallﬂngaﬂsa initiabstaggui red to
pattern (N=2) layers of pillar l|ayerstack (not counting the interlevel via

layers which akgy URRft bAe!" Vol HePEQuly vanacah@%é)uho@etuslnﬁbrbwea PR Y
array). The wafer is now ready to receive nore stack |ayers and conduct or

ayers, At the oflbRgE R, Sl iR ﬂ?ér‘{h% mmrs B6icBPRSAdsfy enbodi ment

SFe 'Vertital | y stacked

of an array of t e I nvent nmor ceI
directly above one gnother as |Ilustrated ure Not e t hat plllars
are lined up in Verﬁnh@arneg'lodylc&”éﬂprogjag\ 8§S%168I%6tf1‘§‘

PCT/ US99/ 09471 stacks. However, because of seI falignnment, this vertical
stacking of pi eletpentdorteansitior ereits initial statadntol s newt state. ddany ement . Menory
cell pillars are automatically formed wherever a conductor on conductor
layer (J+1 ) crostseiments ofitheostdtectivangenelemethichnbhd eaeged th) chahlgesstate t r ue
even if the conductor layers are not lined up directly above one-anot her,

gi ving verti calbysdpphifg &f sdﬂtalﬂhr‘fa?ge hoithG€ hetdssTRY némBhHEEEN IfRsh idjait t he

pillars not be stacked vertic Iy, that is they are offset fram one

anot her s 11 hatsiihaf @ bBuFldHifa FofBERARE FIBICCRARSS bEAardtackS o

pi IIars) to Figure ars ne ano see t e’ effect

O fset or staggered,.pil|lar I enment, such..as s. Fi

advant ageous |% $ P@ Eﬁég} T‘i‘é‘?tHreg?(}tefuﬁes'ﬂﬁo‘?rl‘?g WH?%#&BPPFBE{Q nor e
suited to planari zatl on and pol i In the foregoing sequence of steps,
el ectrode or cdﬁfgﬁdwﬁgﬁﬁfeiaﬁ%?hq §9'E~‘§ @ﬁf@tﬂ"%lﬁ&@fgbmqfﬁmﬂea/ﬁf@eﬁﬂff@m al . Since
nost plasma netal etches also etch polysilicon, a practical conbination of
mat eri al s t hat temalghabe et \diﬂatheepclh'ring:hmehcbmh thhtithensteredng eferhemsti | i con,
for exanple. Control of the etching process nay be effected, if desired,

through the usés fifrwelr@ biddellTHig prRses Adarge slesicdld WRetBy Bcross the
preferentially etching polysilicon, but stopping on alumnum, or through

the use of bar GigectiRlAitidss wheh r@ﬁt%répttheed|é||%@9'1cbl'hl§§’€h§ﬁ§ih§’fﬁésfa'?é‘t

renove
of the state change element.

One possible method for programming a dielectric-rupture state
change element is to ground the memory cell's output terminal and
simultaneously raise its input terminal to a large positive voltage
(assuming the steering element is so oriented that its anode faces the
input terminal and its cathode faces the output terminal, i.e., steering

element is forward biased when the input terminal is at a higher voltage



0 3 APR 2003 VO 00/ 30118 PCTI US99/ 09471 37 el ectrode and device net arABR 2003
The state change el enent may al so be used as an etch stop, particularly if
it is an oxide rupture type. Refractory netals such as nol ybdenum and
tungsten are%9M3atibl e with conventional CVD deposition t @&BAISAPOML f or

Si and may be used for the conductors. Metal silicides are conpatible with
even higher tenperatures used to activate dopants in Si. Even heavily doped
Si itself can be used as a conductor. The choice may be dictated based on
resistivity and integration concerns inck8ding etch characteristics. The

pl anari zation described after the first half-step of the foregoing is

necessary o fiRnmReblith kIRAHaR AMACLSetif el fs gaiedtebtnd (i .

the lines running int east-west direction I1nt or egol ng exanpl e).

Such pl anari zatj.on. . b ffected thr h.a,varjet f oeans wel |l  known in
the arts such % driffaacde Rerighi v taaifl ot fiAaMeut oi non
dielectric layers, and etched-back spin-on polyners, to cite three well
known exanpl esermrpat, dhe dgsignercapsieplyi nevessedhedegsnNninGvelages anthi ng or
over-etching that may occur during planarization, a second planarization

may be perf or remkpetheesteerimpsietmeant fofward ased dadey beygrammeingngrouada pl anar
el ectrode surface for subsequent deposition of device material |ayers. The

foregoi ng procpgsnsRABAARRI 8ME lsfhliBarf)UstatdisERNéuthOt feRRMi té BeaFgRqui red
al i gnment tol erances between the pillar and the conductors. This enbodi nent

may be substity i ”I‘HFBQ i i i r ji t i I

phot omaski ng sﬁ%@er%&%%ﬁ Cl I%hggp§lﬁ%d%/%g¥% %Pgﬁ&l f[?)g(fa afd ?’%@ﬂ%%ﬂ%azoos
WO 001 30118 PCI/ US99/ 0947 - e .

rather than detPRIMGSlEMeY;angd »err?@rmmg@a@sat@fmmeﬁmﬁ%ﬁw

phot omaski ng steps, as is done in the self-aligned process. This may be
advant ageous iHeqa@nt wbbpwmb’mqrﬁaﬂ%@gws@ﬂwm he a8 explicitly defined
sidewal I s that would result fromsuch a process. For exanple, solid-phase
crystallization of QtrarmEmbadisients ohthemthie dwngsesietment cambelmausedaoi ng

el ement | ayer stack. The free energies of the sidewalls would be expected

to favor the fehidmfel fatePby foréingH Suitdbly lathe eUr@hintoMgh e michtorgtcedf | ng

el enent, which may be advant ageous in sone system
rather than forcing a large voltage across the memory cell. For example,
if the state change element is embodied as a polysilicon-resistor fuse, it
may be programmed by connecting a current source to its input terminal
and simultaneously grounding its output terminal (assuming this polarity
forward biases the steering element). Assuming the current is large
enough, it alters the resistance of the polysilicon-resistor fuse, thus
changing the state of the state change element and programming the cell.

During programming, it is possible for nonselected memory cells to

be reverse-biased by the full programming voltage. Accidental writes of
nonselected memory cells might occur, if the reverse leakage current of

the steering element exceeded the programming current necessary to

change the state of the state change element. Thus, the characteristics



enbodi nents. Anot her process that could exploit explicitly defined 03 APR 2003
sidewal I s is laser-induced crystallization. Again, the free energies of the
sidewal I s woul d be expected to favor the formation of a single crystal or
grain wthWW@a0WHeisst eering el enent. In processes invol ving tieEr/esglooeint
definition of the pillar, a photomasking step would be used to define a
bott om conductor. This would be etched. Then, the |layer stack required to
formthe state change and steering el ements woul d be deposited. Another
phot omaski ng step woul d be used to definegthe pillar, which would be
etched. After this etch, an insulating material would be deposited and

pl anarized as ifn,the self aligned cell, exposi he to f the pillar to
forma sel f-al?faﬂgﬁ?%%mga%'f : S'%Itu ch3RIR & gmf'rs J getrﬂgﬁ‘fgﬁg 9 56si ted and
the process woul d be repeated for subsequent |evels of cells as required.

0 3 APR 2003 \@r@bes@iststereirngsosleowit thaorenniires edargeturestdorRiograsps i n

t he above process could al so be reversed. For exanple) the pillar could be
formed prior t(e.gadhdmstiingicipoty fusel can bendswd with d ratidvi Isighfieslesge t he
entire |l ayer stack for the bottom conductor, the steering elenment, and the

state change eété@ﬁ@@ VLA, Bl epastd @Iﬁ’ang@éle‘?ﬁéﬁ@tﬁaf"ﬁ?ﬂﬂgﬁ%r}@% Ve®y low

| it hographically defined and etched down Through the steering el enent. The

bot t om conduct t .def | e e Thi trnuct u | d be
passi vat ed usi Ay tiph=s BRA R Erare pR BBy oct I oAk e e
above. In all three processes, the self-aligned contact could al so be

repl aced by arfl&¥8Ntcit contact forming phot omasking step. The various
device fabrication steps nay result in the presence of residual chenicals
or dangling bonds thae inwenteknemierydelican béemixidied eithesas rroneatimecul ar ,
devi ce | eakage can result fromthe presence of such dangling bonds or
chemi cal s (e. gprogragargliehehyolagignviechdrnobdiod S aivaity/erdsd/fwiitersialatie
(e.g., <4000 plasna oxidation exposure nay be used to grow a cl ean-up

oxi de on the eqgasoryl dépéndify :oﬁQh@iskét@rohah@@é?@h‘ueﬁ%élb&@d.’Prgaefﬁgt_e traps.

The gromh of the oxide is self-limting bécause the oxygen species diffuse

only slowy th Vi . r .o0xi de, ] i e ] N uni form
oxi de"t hi cinesS AR Rt i BB Firork Rk kAT U S EEe I
oxi dation may al so be used to forman anti-fuse | ayer j de deposition
may al so be us%@pfqyeﬂa%%ﬁ\?aﬁtétet nge glgmentas %%QZ%HTQS glé‘{ r alone or in
conjunction with a grown oxide. 0 3 APR 2003 WO 00130118 40

PCT/ US9910947 14,Bé@a‘ig.%?é) its pragiamiyng ewiendtigros ienersine eaditbatcs!l isepece
material (e.g., polysiiicon) is deposited after electrode material (e.g.,
netal s), it i stidegpmghdramiablelditesimarmufdciuringassl béferelprogrammaingr athl at t he
| owest practical tenperatures to widen the selection of suitable netals. As

an_exanpl e, i neligt sorstapetodi®z¥rd"| TRESe BBIs kP odeRRSiIré € donterltowré eigRy at ur es
using LPCVD (I ow pressure cheni cal vapor deposition), PECVD (plasmenhanced

chem cal vapor,Qep9s ;5ﬂogﬁwn%ﬁpirf%%iyéﬁ'b_y"f%flf?ﬁgAﬁ%oﬁﬁié tRMRge Blem&MCVD

(ultra high vacuum chem~cal vapor tro
into a new state. Logic zeroes may become logic ones (by programming),
but logic ones may NOT become logic zeroes (since programming is
irreversible in this type of state change element).
In a second example, if a metal-via-insulator-silicon filament fuse is
employed as the state change element {as taught in US Patent

3,717,852), its programming operation is reversible and the cell may be

written, erased, and rewritten. After manufacturing and before



alternative is to deposit undoped polysilicon, followed by dopi ng a8 APR 2003
activation using a | ow tenperature process. (Traditional activation steps
such as | | anneal s expose the wafer to potentially unacceptably

hi gh terrpg'sjat()u?@sgn)El It may al so be desirable in sone cases %3"%5.?83 P1tut e

m crocrystal line or anorphous silicon or crystallized anorphous silicon for
the poiysilicon to enable | ow tenperature fabrication. Another concern is

the possibility of diffusion of electrode material (e.g., netal) into the
device layer during processing. Low tenp&dature processing hel ps to reduce
the severity of this problem but nmay be insufficient to solve it

conpl etely. To Wgeé/rﬂmmg hiiscdlisneaih "fodie! FBRY". moéaa&éluse\rvhagé gekpeg nmay be
enpl oyed. Exanpl es include titaniumnitride (TiN), tantalum (Ta) or

APR 2003 VD 56?@89@% @é?é‘%g%‘%é%t’?ﬁ“ﬁeééﬂ@%é‘%%ﬁ L

thin dielectric is e ed as an antjfuse elenent. In suchacell
good uni f ormi t?leﬂ? ’ﬁ'l RIC8Ed %gfﬁ revREYRIe ad'gJ \Raici valde s Maybe Fhangrd ect
density (e.g., of pinholes in the dlelectrlc) are anong highly desirable
properties. Th@oqmﬂrottyomaaﬂﬁbbanl@ﬂrmwme:towomdeahiadced t hrough a variety
of nmeans, such as rotating (continuously or periodically) the substrate

and/ or source during demasetample, hataiechdrite alewkathatimghy thermal neans
using plasmas or | ow tenperature growmh chem stries; or by enploying

i qui d- phase dweil@éﬁars'estre%w%émyrmég%e érﬁpnb§?&%h6§@bﬁo rgrﬁn%gce the

nunber of maski ng steps that 1nvolve critical ali'gnnent toleranc

"t or connect - sdueraph 0f sBETRGL oLy EPRS e bidanbd i RefPRtallfs, h?ét ner

than square, to allow_a relaxation in alignnent tolerances. For exarrpl e, to
i nf er connect nBE5INa.nEe prasgaRaration H}Pé’rt%e selactiviedy aRpligbto@ @inalet i on, the

x-edge via size may be nade substantially | ooser than the pitch of t he
x-1ines in themenpmyestli onit maysie appiied to all memeygellaat vnae, i bsilkat e

di scussed in conjunction with Figures 12 and 13. CONTACT FORMATI ON As
previously poi sticitasbly, expopingthsnt ©l & sttosg sBEkend uitr@dolkelightyels deneneeded

to formthe cells in the nmenory | ayer. Additional D 3 APR 2003

with UVEPROM memories. Or a bulk erase operation may be initiated by
heating the integrated circuit, either from a heat source external to the IC
or from a heater directly on the IC. Or a bulk erase might be initiated by
placing the state change elements in a strong magnetic field.

While.the above discussion is based on a state change element
that has two states, this is not necessary. An antifuse that can provide a
predetermined range of resistance where for instance it is partly fused,
would provide a three state element. A floating gate MOS device allows
numerous possible implementations of multi-level storage, providing more

than 2 states for a state change element, as is well known in the art.

MEMORY CELL: CONDUCTORS




WO 00/ 30118 PCT/ US99/ 09471 42 masking, however, is needed to for mkdnARRt2§03
vias and vertical conductors (collectively sonetines referred to as
contacts) to the conductors in the array as will be discussed bel ow. First
it should B¥OPYIAI] ed that only one contact need be made to REWLSKH094Me
array conductors. Thus, if the contacts are at the ends of the array
conductors, the contacts for every other conductor at a given |evel may be
on opposite sides of the array. This is inportant since it provides nore
area for the contacts. Additionally, the cgnductors on the sanme |evel need
not be of the sane length. That is, for i nstance) they can be progressively

shorter, or |onger) n so and shorter in o

all ow area on the peg%ﬁh 'Bf#'glﬁ'@gé @g%@d géﬁrg&rgablg%cgbv iagﬁ? acts can
reach down to | ower Ievel s for instance, every other |ower |evel WlthOUt
interfering witMeMnMGel Goasists pha VERicE pilaravih pesRsYductesTRtdle Sopm of
required outside the array to connect the conductors in the array to the
drive circuitrytheidarsarst ansthenicbhductooat the topbstrate will typically
provide drive. Drive transistors could also be built above the substrate

using materials comRe attbhecahd@tor Fs?@réh%l?%nqném{cﬁf&@ﬁmé &wRé on
contacts is to have a via mask for each |evel of the array. These contacts

are used to con h vel.. t « to
electrically co%ﬁg%t(:%{agﬁ?ﬁ% I%)(legr ?b'gtéeyn ese aagc‘{ gt\éiﬁ g'rg%wfgther
stacked directl ver one, anot her_or sta red bot rreth ds bei common
in the sem condéﬁl 'r% ﬁ&ﬁ%? Vesﬁ 6R§t9@’§88§ Bato(s Béf §b‘ﬂlﬁ F‘?ﬂc? 9/ 09471
In general, the vias and contacts are used to provide conductl ve pat hs

bet ween t he contR®PbWieian asecand spndwetor Iyesevempnalyabove tiet hayerth@t

i nstance, contacts are formed in the periphery of the array to contact the
decoder s, col unforins@heibratiom cynadnctorsoWwhaeddpessdietod eurs irs Anvimer dirEctipr es
9(a), 9(b) and 9(c). In another enbodinent it nay be desirable to fabricate

the array on, f@br bRSMARE Prorih- t@LﬁﬁﬁhFWéﬁélé bdfeé® tHOTdp ahe bBgbmpher al
circuitry on a ayer errpl oying thin filmtransistors with the contacts

provi ding condughyGpal gg;réfeqasnyhﬂﬁ?tm;reéso teh%,gg'?&gﬁ;aartﬁegaré he array.

I n anot her enbo

di stribution. stral f orwar | an for ki n on h, of
the | evel 51 ¢ 8i03uoRREBILLR wd’%ﬁﬁa%?aeﬁma% warhsiy Cplpular t folaety
occurs before t formation of the |ayer used to define the conpductors.

Thi s maski ng stﬂ}? ntRTRECiWhRES thestopRoONdiplr Giassas PVl RIPIRIBHINE B8Nt act s
as needed. An exanple of this is shown in Figure 12. Starting fromthe base
of the structurbolomorarattictdrl0 i s masked and etched thr ough the substrate
isolation 100 to the substrate contact 101 prior to beginning the

fabrication of the aln pyacticendaebadutidyeon kaghilsvel epe patsidl ppaced bpatthe
menory stack 131. The lower |evel of the nenory stack 107 is a heavily

doped sem Conduééﬁﬂuét8r§ Whereior Tdtence thé shack HeakééNkatR coRbigcBx &l e
because ~ 3 APR
equal to the conductor’'s width.
The first conductor layer ("conductors1") contains a large number
of paraliel conductors all running in the same direction, for example, east-
to-west. And the second conductor layer ("conductors2") also contains a
large number of parallel conductors all running in the same direction, for

example, north-to-south, preferably perpendicular to the conductor

direction of the first conductor layer as shown in Figure 5. Wherever a



WO 001 30118 PCT/ US99/ 09471 44 the heavily doped semi conductor will 0p3 APRI003
an ohmi'c connection and therefore does not need to be conpletely renoved
fromthe conductor |ayer. Region 120 and the area over contact 110 are
formed durW@goiohe formati on of the strips that make up | evalctlusobmoathi s
case, 120 is electrically isolated fromthe other conductors on |evel 1 by
virtue of the level 1 mask layout. Dielectric is then deposited and

pl anari zed to expose the top surface of level 1. Contact opening 111 is
then formed through the layers of level 4-at |east down to the heavily
doped | ayer 107. Level 2 conductor 122 and nenory stack | ayers are then
deposi ted and patferned in%é he same way as |evel one was patterned. Again,
the mask is us 51T <] SRRAUGPTS2 CERFAT PYRIHPE MBI 8RS Ot HFNEHCINRN | evel 2
array. Dielectric is again deposited and etched back to expose the top
surface of Iev@ndzl.ctqragtomd oun kald pragrammehleanenvadatile irjemsoadcalls i$ or m
opening 112 through the nmenory cell elenments down to the heavily doped
material . Fi nafabyicatedly Fhis3sshodmdh Higire 4(@posited into the opening 112 to
forma continuous electrical connection fromlevel 3 to the substrate. From

the above descri pti\‘Pé‘michﬂyYVShLb&?orﬁRB%ﬁ,%e%\?én&%&%é’rﬁbfy EEPRAamsl£Vel may

be made to a region In the strate wth one additional® masking step per
| ayer. 1 n another enbodi nent. |ess than one maskin 0.3 APR 2003 WO
007 30118 PeTI URSSHERTT efca oilah TBeR Anayst SOoCHEtar Gond it The MIRTTCL ) ve
paths to the substrate. This is possible in cases where nore than one
conduct or contefitdsictorsngoadgctbrtiristan theghasiom HodecanduBtayaRds Gt the , f or

i nstance, that conductors 1,3, and 5 are connected to the sane substrate

regi ons. Severib. BastHdr eorsiuctmtBiethd botterarif achew dgve| i evemony daligur es
13(a)-13(e). In Figure 13(a) an arrangenent is shown where contact is nade

bet ween conducygtigallystaBKed aboé@ind f%tlevd: B Qul:fo\fﬁﬁgﬁl%rﬂ Lgvel N+2). Note

. ! i 5,1
that in this arrange}nnent, tﬁe conductors I n Peve made shorter than
the conductors in, level N and |evel N+2, éQl,aIIowa le s ac? for the

h Sla

contact to be FRIMCIPERoTPHARePIANANGIALs$HThe present invention stacks

muitiple levels of memory cells above one another: a vertical stack having
(N) levels of memory cells contains (N) levels of pillars and (N+1) layers
of conductors. (It takes (N+1) conductor layers to make (N) levels of celis:
one conductor on the bottom of each level of pillars, and then one more
conductor on the top of the array). Figure 5 shows a portion of a three
dimensional memory array according to the present invention, having
N=6 levels of memory pillars and (N+1)=7 conductor layers. A vertical
stack of (N) pillars uses 1/N as much surface area as an assembly of (N)
pillars that are not stacked vertically; vertical stacking gives an N-fold
improvemeht in density.

A memory pillar's bottom conductor is the top conductor of the

memory pillar below, and a memory pillar's top conductor is the bottom



conductors in level N+1. Here the contact, since it is between adjék&nAPR 2003
| evel s, extends through the nenory stack shown in the crosshatching. In
Figure 13(b) a contact is shown froma conductor in level 4 (or |evel N+3)
whi ch cont & ®/3¢bi8ductors in levels 1 and 2 (or |evels N angchiissdodpte in
this arrangenent that the conductor in level N+2 is shorter than the
conductor in level N, allowing the structure fabricated fromlevel N+3 to
reach down and contact two underlying conductors. Only a single opening
needs to be defined in the insulator to fggmthis contact and the opening

i s disposed through the oxide or other insulator used in the planarization
step. Another contact is, ,shown in Figure 13(¢c) where conductors fromlevels
B and 5 ar o COBAHGDF Ol TR AIIAL Al 1EISARGS STRoNIES SReraly — 3° APR
2003 WD 001301 18 PCT/US99/ 09471 46 conductors in levels 2 and 4 are
staggered so as$imple and flexiblet ere with the contact. Again only a single
masking step is used to define this contact. In Figure 13(d) a contact

structure is shown whene drabedimeht, the tdo dortiidtSrseadithenendaf comensdror
connected to a common substrate region. Finally in Figure 13(e) a contact

fromlevel 3 (%lldrgﬁ\fglpggﬁgﬁdi&ﬂa{i%’r?d ﬁi?\cé%rolnldﬁé%lrs Iﬁ)r? Eﬁage{boﬁf@w (ral‘.év%‘lﬁl I ke

Figure 13(a) a sin eni ng through 1nsulation nateri IS ma

formng the stryctures, 13(a):(e).the resistivity of the vertical ,cqnductors
o Trportant . LPUPES topiTe R bChia, GoRBThEM S sk €far-cimbelnd Behadda’

| npl anted silicon,is not currently preferred because of the difficulty of
dopi ng the sil i"HBAN BRetdiectpReaRd Pddhumbrredmonguctors ruriipthied be not ed t hat
in form ng the contact of Figure 13(d) an opening is first etched from an
upper | ayer thisugéndievlar directiwe Fdraxample Afupposeheoridustdrat iroms kast-teeen
etched to expose the edges of the |layers, the nenory cell material is then

et ched i sot r opiveedt] CohBuesrsB®RoIRS e pErpdiriiaRadiecésiductdrst hés way, an
i sotropic deposition of a material |1ke polysilicon or CVD Wcan be used to

obtain a | ar ge ol RS URRIPHPAGNERBHE YoldidSi3RodgYecont act

resi stance. Wiile the contact o gure uses the sane principal,
because of the it agGH! 1918 bohiltb RS RMlcloSE WA LABLS ke doeds 1O
Conductors4 would run north-to-south (perpendicular to conductors3),
and so forth. Thus conductors 1, 3, 5, ... run east-to-west, and conductors
2, 4, 6, ... run north-to-south (in this example).
FABRICATION
In one embodiment of the present invention, a conductor layer
(say, conductor layer number J) runs north-to-south, and adjacent
conductor layers (numbers J-1 and J+1) run east-to-west. Wherever a
conductor's vertical projection on layer (J) crosses over a conductor on
layer (J-1), a memory cell pillar is created. Similarly, wherever a
conductor's projection on layer (J+1) crosses a conductor on layer (J), a

memory cell pillar is created. Memory cell pillars are defined and

patterned by the intersection (crossover) of the conductors, and so the



isotropicaliy to expose the edges of the level 1 and 3 conductors. 03CAP£ 2003
APR 2003 WO 00/ 30118 47 PCT/ US99/ 09471 The techni ques shown in Figures

13(d) and 13%@% are used to limt the nunber of nask steps needed in the
process. V¥R P01 t her one coul d reduce the mask count frorRCIKHSIOBATN:2. .
MEMORY CELL: SMALL FEATURE SI ZES As was previously discussed, selfalignnment
permts the pattern features of the nenory cell to be snmall, since it is

not necessary to allow for m salignnent tol erances when |aying out the
features. These snaller features allow rezuction in the menory cell area,

in fact smaller than it otherwi se could be wi thout selfalignnent. But there

educt on of ¢ aerepts sy ORI EphotiEt, SRRRRIER 1 BRUP RN ot ur s

on each mask | ayer. The geonetric shapes in each |ayer of the invented
memory cel | ar (MRPORRQY ady é‘i‘%ﬁ'IRﬁcéPﬁ%I'tz?tsttg‘ﬁﬂ‘%t%“tﬁ‘ég@Rh'%\%ﬁt%’ﬁﬁﬁthe
repetitive, regular set of closely spaced, |ong, straight parallel

conduct or | i nesnermoryigelidaergesigned without pliiding apyextrabalicexarasi foed i n
phot ol i t hography, allow ng better resolution of snaller feature sizes than

ot herw se woul nibgligr@ssithbRrahdds. IhRistthepattehdfrdu@rosesur sefaligrisd exanpl e)
if a (wafer stepper and illum nation source and | ens and phot oresi st)

system ver e norm%b@g% g@%lg;sgpméd@s%ﬂreém%%9|m 1A Sfafler Colfi&lel) grg;?am, the

sinple and highly r es of t present 1 nvention woul

| i nes and spaces sybstantially spaller than X mcrons. The present
i nvention can t%%é*lg%e@éwwmcea-som PCT/ US99/ 09471 48

For purposes of illustrating the selfaligned fabrication of these
pillars, consider an embodiment which uses four sequential layers of
material (a “layer stack”) to fabricate the steering element and the state
change element. In this illustrative example the steering element consists
of a polycrystalline silicon PN junction diode, and the state change
element consists of a poly-oxide-poly dielectric rupture antifuse. Other
embodiments are set forth in the body of this application.

In this embodiment, a pillar contains four layers of material in a
layer stack, deposited sequentially as shown in Figure 6(a): (1) a layer of
P+doped polysilicon 40; (2) a layer of N-doped polysilicon 41; (3) a layer
of silicon dioxide 42; (4) a layer of N+ doped polysilicon 43. Layers (40)
and (41) form a PN junction diode (the steering element), and layers (41-
43) form a poly-oxide-poly dielectric rupture antifuse. In this embodiment
the stack of four materials which together create the memory cells are

referred to as the “layer stack” 45. There are also a conductor layer



advantage of the fact that there are no arbitrary-shaped geonetri es;U 3 2ARRr2003
there is a highly repetitive, very sinple pattern, which is well known in

the field of optics and is called a "diffraction grating” in textbooks. It
will be r&¥P¥3P1pparent to those skilled in the art, how tRCTEN§HI@PA7IL he
advantages of a diffraction grating pattern to achieve better resolution. 3

DI MENSI ONAL ARRAY ORGANI ZATI ON For a nonment assune an enbodi nent whi ch has

six layers of nenory cell pillars, and which therefore has seven conduct or

| ayers of conductors. |If the bottom condggtor |ayer (conductorsl ) runs
east-towest, then conductors3, conductorsb5) and conductors? al so run

east -t owest. conduct ors2, condyct.ors4, .and copduct ors6,run

nort h-t o- sout Q?eq%rangia:ﬁﬂ‘ﬁ%%?ﬁ%é?%ﬁ%@ﬁﬁ)aﬁﬂﬁme & WH[E?\ the pillars
are not offset or staggered; rather, they are stacked directly above one
anot her. A si ndgseriveds iThgsearaskown ag sordustorsi 46 and 4&indhigwre 6(a)Fi gur e
8(a). Figure 8(a)'s stack of six nenory cell pillars (60-65) is shown as a
circuit schematic dimghamaite sfacgus eh8iwh)in AN recd(a) katstecknd80t Aigalimjter s
1,3,5,7 are spaced apart fromone another in the schematic diagram but in

the physical Sheuabse8ndiitery &t thd(dhds dMRY sk, \sprekiieally ¥eBlaiekegh directly
above one another. Simlarly) conductor |layers 2,4,6 are vertically stacked

o CaC ) e ST 8 B L POl Bl SRR 67,

wher e conductors3, cr.osse 0 3.APR 2003 WO 001 30118 PCT/ US99/ 09471 49
conductors2, .2 P?’Véwao%-ni—h\ﬁlr?é?%“‘?ﬂ)ﬁmrﬁr‘%?t SORPHEEE BOFrsblaYeh t he

schemati c of Fi(gql;re 8(b) these are shown along a diagonal. At the bottom
| eft, a nenory4Q@pi P¢dopedi semigoaduyttersiciyas nsomurystaliine silicane aotange
el enment) is shown between conductors2 and conductorsl. Figure 8(b) also

shows a nmenor ysexsind lafer £1 @ ohNwdpeidssereicofgestoe 80dh akanhig2jcrastaliimer cel |
wher e conductors4 crosses conductors3, etc. Adjacent |ayers of nmenory cell

pillars share gliggnductor |ayer; thus they also share an [/Otermnal. In
one enbodi nent, sharing only occurs between termnals of |ike type: input

termnals share a ¢ r r W ] t hAa out put
termnals share a cﬁ%ggtgrch%§§§relé\ﬁq%@ é(ﬁrﬁFgHéSég%%u'Fg?(ean?g?'a%s

enbodi nent is adv%nt a,geous becayse 5?: msana each condliuft or Jga)égr i s
unanbi guous! y BRY P& AMATBeUS SYEPN layes HsedipIR™ ap@ntitughs EhisdayRy ni xi ng
as would occur if a conductor |ayer was shared anong input termnals and
out put termi nah@s aseminal pghirpsistancechewaver aftes adargs ¢urrent is passed
input-term nal -driver circuits and outputterm nal-receiver circuits need

not be col | ocathesugnil fongbrioigparandnl, dist restshenceawitl v sdbstantiallylomesulTheof t he
| i ke-term nal s-shared preference is that the steering elenents in the

nemory cells walér 580 ¢4 slede dsart RENA&Ity praviBedRodklettiieal 6ithede- down,
t hen cathode-up, etc. To see this, suppose conductor |ayer conductors2 is

sl She SIS LUl 1A bt oLl conect 1
PCT/ US39/ 0947]17\?cgocrystalline or polysilicon but the processing methods need to be low
temperature to maintain the amorphous structure in layer 420 .
Another stack 405 is also shown in Figure 6(a). It comprises an N-
polysilicon layer 400, a silicon dioxide layer 402 and an N+ polysilicon
layer 403. Again, the layers 400 or 403 could be microcrystailine or

amorphous semiconductor layers. The stack 405 is sandwiched between

the conductors 406 and 408. Here the steering element is a Schottky



cat hode-up and pillar6l is cathode-down. Continuing, if conductor593:£R§1mm3
out put layer) then conductors3 is an input |ayer. The anodes of pillar6

and pillar62 connect to conductors3. So pillar62 is cathode-up. The |ayers

of pillar¥OR38!%| ternate, cathode-up, cathode-down) up) dB@RUSLI4HUNd so
forth (see Fig 8(b)) for this enbodiment. This means that during

fabrication, the sublayers of the pillar sandwich will be deposited in a
different order. In sonme pillar |ayers the anode naterial sublayer will be
deposited before the cathode material suBltayer) and in the other pillar

| ayers the cathode material sublayer will be deposited first. Thus the

layers shown idiodd e diypthe'¥nktal B¢ cioﬂdﬁ&%rQb@%mé{ﬁ%&@yé&%&ibé%&ﬁfe?r ray

| evel s and in the opposit’e order in the renaining

shoul d be recal] that i1.isS not. necessar o al nate the stack material
for sone enbo%llhﬁﬁg?§.Igrﬂeptlﬁt%?an8§ﬁﬁ?"%€fd EK aWe‘#Ogeﬁxgafyo‘?e% egﬁ‘?‘g}’éﬁﬁg li ke
term nal s of mory cells is that it makes_the conductor |ayers alternate
bet ween i nput 'R¥ETE4O8 anbAP§ matbe Uitpoium siligideprsalgmipumayitiva thigkressi ve
conductor |ayers run east-to-west) then north-to-south, then east-to-west,
etc., this neaisapphatmatdly i10p0A. cirelayers 400y 402 and 408emagie 30048ct i on
(e.g. east-to-west), and all output conductors will run the sanme direction

(e.g. north-t®EOWN506#0in thicknkks bspepmrdidl | y easy to locate the
input-termnaldriver circuits together (e.g. along the west edge of the

remory arcay)) O fh/RRAI0G VOO ADRIS PEILUSIOLOPA T SR 0 | ocate

the output-term nal-receliver ¢ urts out h edge
of the menory.array)..This co sp s to standard practice in conventional
menory desi gn: L{Sﬁ@%%ﬂh%—q{“ﬁ#{él“—g&?vé\ﬁe&dﬁeﬁﬁﬁ'ﬂ? Ioreeaitedind.ong t he
west edge of the array, and the output-term nal-receiver circuitry 68 is

| ocat ed al ong théayes stackedy fordhestacks 428 /and $08hisna contimieus shegtdhat

Soneti mes conventional nmenories put half the input-termnal-driver circuits
al ong t he eastextgiyls acrdshhd ealiengtddretedesitcuitdgeleadhacross thd emtiredone when
the menory cell row pitch is very tight. Simlarly, conventional nenories

soneti mes pl aceafBal duchhes shvenin ERyUTE BRb). CRFREPRIalGIthE YelfsligHRast t he south
edge and half along the north edge; this is done en the menory cell

colum pitch igeihepYs tgjbt-?ttcﬁi-éi’ r@c(e@uré:hlﬂ%e%%tgé}}fﬁ%ﬁé@'?ﬁig I%ﬁéfry with

this splitting perforned. I'S nOW appropriate note 't hat

input-term nal_s;dn ver circuitr n_a_nonvolatil e nor bot h canventi onal
or or art . and it Fadliblsngabiis RrRRIE Pl SraRrA: 1888 PuiRBEr cone
nane: "row address decoder" circuitry. And the output-term nal -receiver
circuitry in S?Dérﬁ/%ﬁ‘é?i"l’%ﬂn@hﬁ@"r(%éﬁﬁ“ wihBRSaMmPaReINHg ateP)thahd t he
present invention) has a shorter and | ess cunbersone nane: "colunm address
decoder and c@telies theeagitoovest opndustorspe the conductof layes bgloye| Afterr e, whi ch
di scusses array organi zation outside the nenory cell mats, this shorter

name W || be wepdsitiontard pERaAL&BNET &9 IOl INletiHe04@84dAd52 It is
possible to fold the row decoder circuits and the col um decoder and col umm

I/Ocircuits %ﬂaneﬁﬁtdhaﬂageﬁaaev&}é dépdited( THi$ stazkhopaBdRER by t he
menory array i s above the Underlying nonocrystalline substrate and~does not

contact the s te.. foldi r.circuits
and al |l of th%ﬁé@ “é? @iﬁ%ihghﬁeﬂpﬁé tﬁ%[hﬁg Légé%wﬁ%ﬁ%‘ﬁgttﬂgg‘% 19ich
fol di ng woul d ov% ‘.a in the corneﬁs. Ip one, enbodi nent, the col um decoder
and col urm |/ &outh lines continues until the first layer stack has also been etched

through the steering element. This results in pillars formed on the east-

to-west running lines. The resulting pillars are perfectly aligned to both

the conductor below and the conductor above since both the pillars and

the conductors are etched simultaneously. In alternate embodiments the



circuits are folded beneath the nmenory array) but the row address d@@oABR 2003
circuits remain outside the array. In another enbodi nent, the colum

circuits are underneath the array, and the central portion of the row
decoders MYy (where there is no conflict with the colREGFAISIDMNB4ALL S)
under the array. This gives a layout with small "tabs" of row circuits at

the corners, as shown in Figure 9(c). These tabs can be interdigitated with
the tabs of other nmenory arrays, letting four (or nore) arrays nestle
closely together) as shown in Figure 9(dg2 OQther variations on the thene of
partially folding decoders under the array will be readily apparent to

t hose skilled 4. t or.eyi ar h | .u the field

pr ogr ammabl e négm%ﬁqLﬁér lﬁ%r@ﬁ%'ﬁ tﬁ%ﬁ%&e@@ﬁ?%i&eﬁ% 8ﬁq|8§2:me§et he
organi zation of the menory chip jnto several smaller subarrays) rather than
one singl e | ardfPOsited RS niGery splingi ardPalysrystallingo apgibemansritieated 10) ¢ hey
all ow a sinple block-level approach to redundancy; (2) they increase
operating O BPARR QyetllingyGiid3eniahdeaheUsgsEra titatih.speed; (3) t hey

| ower operating power. Redundancy with subarrays can be quite

straightforward. |fTHeerogsdeptiondtthe pillp wiitba ré®ERGMaP@Nthnehe say) 8N bits)
it is asinple matter to build nine subarrays on the die, each containing N

bits. Then onegy; i i; r ; [ e can
Stili bo cont aengen SHAT U AEMRRToP fetioth cbfaudiels i 1

bypassi ng the fective.subarragy., D vidi the nmengry intQ subarrays al so
i ncr eases speeogﬁe"’[(ﬁp'éeqséorb%@éﬂzé the 'gtg‘ncgﬁ@?g?% Cagauéﬁfﬁ‘t @t‘hﬁfecr easi ng
their resistance), and there are fewer nenory cells attached to each
conduct or ( deGPREEFIRGS hake egpatwidthdlgn the prassdactionivgll pedswiafre.onal to the
product of resistance and capacitance, cutting conductor length in half
cuts delay by a fackhe patterhong in Bdth astHiawesy andeortatoesaleh agesiwell-

i ncrease speed. Subarrays al so provide | ower power operation. Since one

i mpor t ant  conpmoa pldtolibiogiaptic sfepsoriRly Lsy@ircihargimigonddctdt Ffuatgi ng of
conductors in the nmenory array, decreasing the conductor capacitance wll

decr ease pomra,@{}%y% égﬂver%ttdr'my‘é?é}ﬁH t%sd,%‘&tsmcbﬁ'ugégfin% ells .

capaci tance in ha cuts the’ capactftive'charging and di scharging

current in hal | T [ GN: DECODI NG AND SELECTI one

enbodi nent of %mde%%ﬁg%mgn?quﬁ@%% eg 'H@ﬁb?&g&l?'lr‘g?ﬁ?m SO
called "wordlipes") are the inputs, of the nenory cells, and the col ums
(al so cal | ed "45RAsitREs oy examplddyignimatatiofe nenory cells. A 0 3 APR
2003 WO 001 30118 PCT/ US99/ 09471 54 forcing function is applied to the
menory cell input (W@becduisasthespritdroingtecbadlogies may bletusad taieermbadr v
cell's output (bitline) is sensed, while for a wite another forcing
function i s apmithied, far dxaenpie iftoff"tethnalogp ot "Daimesedrye'ftechnologhatrian
termnals of the cell). The forcing functions used with the present

i nvention nay fWRiithd FREEr thaH tBdrachive bﬁﬁbnﬁﬁ@'ﬁ&@ﬁmold@’rﬂﬁ?%rﬁ?l@b@t ors
(either high inpedance or |ow inpedance), charge pacKets, or othér driving

Sl L 10 Olfifedk it ATRE HALBIKIP LB F 36 AL Bk R 68 |, 0T

bot h readi ng and Wi ni qu Ireurt IS es I'she he row

i nes, through the nenory cell, to the colu i nes. A consequence of the
uni queness recﬁﬁ%ﬁ?n?tepg' Qrgg With Ith%fnﬁsﬁgk‘ﬁgafegl“?er?e‘z'e&gﬁmﬂ?’%é%&P‘?Wﬁen

si mul taneously; this may be appreciated by considering Figure 8(b). The row
li nes (wordl i i againfwviuthe 8ask thatdefinasahewonductoss abeve. Ths heldsand 7.
The columm lines (bitlines) are on conductor |ayers 2) 4, and 6. Recal

that Figure 8 trupregatisssafshagpecifie fabricdtionttacthnigliesrased Yo pattérmpiblel ars; it
is the physical intersection of one single row and one single colum. The
drawing in Figmﬂkﬁkl@?@kﬁts t he conductors spaced-apart for easier view ng,
but in reality they afe stacked above one another. Suppose that al
wordl i nes were drivgn_sinultaneously: for exanpl suppose co ctor layers .
G B and 7 wer ol piBcHte paRGa et Pl e She R AR o AR 8 s
circuit path to the circuit outputs (on the bitlines, namely conductor
layers 2, 4, amdlteand eschsendueioslayer s seifalignes to botithe tryenstarit 30118

PCT/ US99/ 09471 55 nenory cells cannot be determ ned. For exanple) suppose
that sensing circuitry determ nes that conductors2 is at a high voltage;
what does this nmean? It neans that either the nmenory cell between
conductorsl and conductors2 is programmed to a | ow i npedance state , or the
menory cell between conductors2 and conductors3 is programmed to a | ow

i npedance state . Either of these two possibilities establishes a circuit
path froma source of high voltage (the wordlines) to the bitline on
conductors2. But unfortunately which of these possibilities is in fact true

I T ey o e e~



WO 001 30118 56 PCT/ US99/09471 Clearly the arrangenment in Figure 10(a)
establi'shes a unique path to the array outputs. Suppose the wordline on
conductors5 is selected, and suppose that sensing circuitry determ nes that
conduct or ¥ $B048 4 high vol tage. There are only two ways PEATUSSNOUEE or s4
to go high: one is through the nenory cell 71 between conductors3 and
conductors4, and the other is through the nenory cell 72 between

conduct ors4 and conductors5. Since conductors5 is driven and conductors3 is
not driven) the only circuit path that eg88sts is fromthe wordline on
conduct ors5, through the nenDry cell 72 between conductors5 and

conduct or s4, n I | S sensed
To be a nigh vaednd e YR B EBo0E" HELAE e coffIHERS Wik,

| ogi c-zero; oth this menory cell is one. But .t he arrangenent
iR gure 100 P RloR g F@ndwqusﬁeﬁnawaésW%fgﬁcﬁgawaémtgw%reﬁh@@ch of
the wordline Ia%ers in the nenory array. If there are a | arge nunber of
vertical | ayerdiierent layess:ithg (ayey statkxabeve, Ithg epsdottomayeryand thealayer
requiring nine wordiine conductor |ayers and eight bitiine conductor

| ayers), the sstaticbélag.transi stors consume a lot of silicon area. This
degrades die efficiency, which drives cost up and density down. However, we

observe that the anﬁiegwaaéswg%sgibéagm%%m&% tRECA Hz%awa%ee.%s two

paths to each b|t||ne one rdline on the cohductor |ayer

i mredi ately bel t n_the

001 30118 PCT/ %§ {?8??%6 %P“ré@& Qﬁfﬁ&i’i”&{s&?&? ’H%X@@ﬁ""%ﬁgé\%\iod
anbiguity, all me nust do is guarantee that only one of the two possible
pat hs is enabl igdhe W@Q%Stégéﬁﬁlsyb%é@rfﬁﬁ Bar 'Wrﬁépt@lﬂ'frﬁﬂﬁﬂ %hor dl i nes
into sets: the "first set” and the "second set." Wrdlines on conductor

| ayer s conductibeslis depasitext pasd preferathly; tpharsdizecofuding cherh®al-owmetiacioad sl 7,
..., etc. are in the first set, and wordlines on conductor |ayers

conduct or s3, cmtihMg){;SMP't;pmémwmiack,plmbﬂr 8t any of a,nuehiser gfre in the
second set. The key observation is that it is perfectly safe to

si mul t aneousl yotet \hAblod¥és ¥d?$)lé{i'?ﬁr§|a't|8ﬁﬁ THe ﬂrB?cE)r'\dhﬁtorsl%S/er @s long as no
ot her of the wordlines i the cond set rlven and vice versa (Figure

10(b)). The cig sﬁteh%@hg%%ﬁxépﬁg%f? l)Fe'S ﬂa%éﬁ‘%é}é}#s&g@é’r%téé@@ i stors

75 and 76, rega ess o0 anber off ver l'ayers ceI in

the array. There,is W tc tra |st r for the first set of

wor dl i nes, andséﬁﬁo§&F§C€@Hﬁaghﬁ%§ eEﬂ%”@%EGﬁ@ set. Similarly there
are two set-select signals, that deternlne whi ch of the two wordline sets
are driven. The grebesh themaskiwich eefives theteaturegeansthercandusigrstel |'s in
the chip, the greater are the savings of Figure 10(b) conpared to Figure
10(a). Supposelayberisfappdieds ahd stedsecfieatirgaalre ietchied inhebstbl tbetpibarriayen on ( hi gh
vol tage) and the second set-select signal is in the desel ect condition.

Then the wor dl stagk 48nar s Sorfiatbiet Gy 46 FOWUAhAhSHARtoraedepbsitexPon . .
etc are driven, while the wordlines on |ayers conductors3, conductors7, 0

3 APR 2003 m@x@v@%ﬂ&%n@ﬁé%@%&% éﬁIPCﬁn(%HEF ﬂér%lngttecﬁﬁ&oﬁyf‘ driven.

There is only one (uniqu e bit con ot 2 s is the

Conduct of 2. andobit BN PeeIan o R Haaubely o Pagerar fial B b

possi bl e path) from conductors3, through the nenory cell between
conduct or s3 an@yebatagkiasybbotipm qur@ave been etched into long continuous

strips (46a and 45a) and (46b and 45b), not isolated individual pillars.
Also note that the edges of the pillar layer stack 45a and 45b are aligned
to the edges of the conductor 46a and 46b layer, since both were etched

at the same time with the same mask. Note the conductors generally



conductoi 2, is disabled because conductors3 is in the second wordli nUeBS@?R 2003
and is not driven. CIRCU T DESI GN: COLUMN DECODI NG AND SELECTI ON A
consequence of the two-sets-of-wordlines organization (Fig 10(b)) is that
every bitl MR8 have a nenory cell rowselected onto it. PERHSI9PY4TY here
are (N) conductor |ayers devoted to bitlines, each selected colum could

read or wite (N) bits of nenory sinultaneously. One enbodi nent of the

present invention does indeed read (and/or wite) N bits at once, in each

sel ected colum. O her enbodi nments introdgge colum nul tiplexor circuitry,

whi ch reduces the nunber of sinultaneously accessed nenory cells. Figure 11

shows anot her e@ﬁﬂﬂié@@éplaﬁé‘r@or%&éé%%‘??h& ?%%Yﬂluﬂ ol Bt SmBils SW t;hi ng

transi stor such as transistors ese transistors conrect

bitline to a bidjrectional I/Q.bus if this colu is selected. During read
oper at i ons, thes'lﬁ'&??'r% %#@'Q%C?V@%W& F%lﬁa%g‘d??’ﬁlg write operations, _
the 1/O bus drives the bitline. If there are (N) layers of bitlines, there
are (N) switching tr\éinesodssomndnfiyure Gichastheodites figures, thediglegtic 2003 WO
001 30118 PCT/ US99/ 09471 59 The 1/0 bus conductor connects to peripheral

circuits, incl uiilistheaoidnisetwarapl thiel stripg {1d pifaes anantua a&fdistsaﬁﬁbh\»terthéf or
wites). This columm selection circuitry is far nore costly than the row

sel ection ci 1 Cuardy SRR bRolHHY RoteB(that the!dlafalZiioh MRt rdkafrigt L chi ng

transi stor for every Ine, it nore and ayers of nmenory cells are

stacked vertical r i) | nmor d nor it]in ce nore and
nore sw tchi ng%é%er{s%%gsowt%ﬁgﬁq%%o ﬁ'ﬁ?ﬂ?ﬁ]%’é‘mﬁg?f {?XQE?’?%B%V% w | |
consune nore silicon area than_the row selection circuitry) especially when
there are a | ar%@tﬁﬁﬁ%é? SHfPSIeT'f'?(PéEIW%f'ZﬁM%@‘”F 0 orgys t'%@rﬁ}‘ﬁif's'cel l's. This
is why it is preferred to fold the colum select circuits under the nmenory
arfay, nore so thiewgh whichothesdae andolertingl cendestoshofinigiire FBgpass. 9(c): the
colum circuits are a lot bigger. In fact, it would be a reasonabl e design

decision to fol d theNegi, tie secoedicbsdudtiociapensd (tdonduetorsY”) & deposited,
conpletely forget even trying to fold the row select circuits beneath. The

advant age” comesahd fHg ééécmmsnnahgtafaﬂlsan@%@@??ssaeﬁ’&ﬁgd/ﬁﬁﬁdv@sra)Esm@RY

ARRAY In many cases It Is appropriate recharge” all Wwordl'i'nes to an

S R T R S e
ol Lage Dol o SHIEACUS B et ot ke SR O uen S B TRAR VO
subsequent conductor layer (such as 50) above it.
Now, the conductors2 mask is applied, and its features are etched
downward into three distinct strata: pillarstack2 (51), conductors2 layer
50, and pillarstack1 (45a and 45b). (This etch stops below the steering
element within 45a and 45b., providing a unique circuit path through the
memory cell). An insulator is depos'i'ted on the wafer and planarized
(using CMP or other means). Figure 6(e) shows the wafer at this stage.
Note that the conductors2 mask+etch has completed the definition of the

individual pillars (45a 1, 45a 2, 45b 1 and 45b 2) in the layerstack1. Also

note that these pillars in the layerstack1 layer are aligned to both the



PCT/ US99/ 09471 Several enbodi nents of the present invention use ausgaAPeR 2003
change ‘el enent whose different states correspond to different val ues of

i npedance. For exanple, a dielectric rupture antifuse has two states: very

| ow i nped¥®W38HE very high inpedance, in which the i npedancpysai/foier by
several orders of magnitude. Enbodi nents such as these can use a
"current-node read" and a "vol tage-node or current-node wite," as

expl ai ned bel ow. When readi ng such a nmenory cell, a current source can be
selected as the forcing function which dggves the wordlines. |f the nmenory
cell is progranmed (dielectric ruptured, thus |ow inpedance), this driving

current will pass, through t ne, cell and gnto t bitlne.  The

"sel ected bitl icﬁgdﬂf@(sﬁgygﬁr‘f@né‘g%gﬁf‘g%ﬂée EBP&P?@E#%@( %éda/ %OP) me, and
the driving current will be passed onto the I/O line. A current-sensing
anpl i fi er conrBetedby achiaving \eewoal s sglfakignmeenhet her or not the driving
‘current is passed onto the I/Oline. If so, the cell being read contains a
"logic one," and i fNewf thetthized eehtuctontaier $24"Eordlicto &I pis depbsiteai n
advantage of a current-node read is speed: by forcing and sensing current

(rather than v@id @gahird Ehl‘ér gﬁ%‘?%:atek S@a("lﬁﬁﬁl%?ﬁce@r';z%D*}?éﬁgsitba?ﬁgure Bg )

hi gh- capaci t ance wordl 1 nes i nes rray I's avoi'ded) so

t he wordl i nes Pl . wi ng through | arge vol tage excursi ons)
whi ch speeds usg‘%tgﬁ'te}h%evgé}ggﬁgﬁé{] BB erore 0 5OAPR 2009 Wo 00/ 3011 8

PCT/ US99/ 09471 61 current-node reads are preferred, in many enbodi nents of
the present inventieW: g CORFUEIASd MASK is 3PPIRH ¢ 20 ite featpigsie glehed o
vol t age source can be selected as the forcing function which drives the
wor dl i nes. Addiawromaidsyintotlageisi siacks; tdondattorg) anasstaak L@ hisr éteh istaps h
anot her vol tage source. The 110 bus will be connected to the bitline (by

the col um selbtdwaMé tsedtiring diement 8t Ryer stack Zeane iipteatieediousave tae t he
sel ected nmenory cell (at the intersection of the selected wordline and the

sel ected bitliddustdrb laf‘er%ﬁtb&@jg AWinsWRityab (RPB sted bhahRe viXier &id t he
wordline, the other on the I/0O bus. The large voltage difference between

Lnese oo, Souriaatiad B RSBt Y AIEHIG] MBS vEREIRIET™
and bitlines) t ISi sttg'ge. The conductors3 mask+etch has completed the definition of

the individual pillars in the layerstack2 layer (such as 51a 1,51a 2, 51b

2). Figure 6(g) shows that (N+1)=3 conductor layers and hence (N+1)=3

masking steps, are required to pattern (N=2) layers of pillar layerstack

(not counting the interlevel via layers which are used in the peripheral

circuits but not in the memory array). The wafer is now ready to receive

more stack layers and conductor layers, at the discretion of the

manufacturer.

In one possible embodiment of an array of the invented memory

cells the piliars are vertically stacked directly above one another as

illustrated in Figure 6. Note that pillars are lined up in vertically aligned



Al t hough vol tage-node witing is slower, since it nust charge and Udf? 083
t he hi gh capacitance wordlines and bitlines, it is neverthel ess preferable
in sone enbodi nents of the present invention. Voltage-node witing can, if
necessar y)wQoosiide very high current through the nenory celdgr/wdyombasiis
advant ageous with several enbodi nents of the state change el enent such as
an anor phous-sem conductor antifuse. In sone enbodi nents of voltage-node
witing, it may be preferable to limt the maxi mumcurrent to a particul ar
val ue. One possible benefit of limting t maxi mum current is to reduce
the effect of IR voltage drops al ong the*Conductors of the array to ensure
that a consistent programm ng energ 0 3 APR 2003 WO 00130118

PCT/ US99/ 09471 SEEKs Howpveic begayse @géwfajrﬂﬂmqntc@ns veitigabplaching ofgrillanse
cell's location in the array. A consistent programm ng energy can be

i mpor t ant  becaufrecttyhsbalewsre baovingt isaons requireraédtt e- change el enent
materials may be sensitive to progranm ng energy. |In sonme enbodi nents, the

vol tage necessary tMe‘?ﬁ&?[}%ﬂ‘prgﬁ%ﬁs%@%%t&ﬂéﬁ%@bﬁﬂ@ﬂ%hé@?&eFécc%?\‘auEszrl y

vol tage capabilities of ripheral transistors. isSis particu

t when th i,St | ed f || di i f :
channel 1 engt h SBRPBNeSs vl tROTEroEses edes eondlfohan SenebRB 4 Phu «
may be arrangecl_ so that during a wite cycle, the row decoders operate from
a power suppl y '9fS SyrugeRven if i Fenquioriayarmareaidibed umdireety aboye o

circuits and wite data drivers operate froma power supply of -V volts.
Thi s ar r angeneenepmother, gingyerticalfstackmefpitidrs2ioMacb ittrsapbequefarmed nenor y
cell being witten ((+V) - (-V) _ 2xV), while placing at nost V volts

across any onethatans ﬁﬂﬁa@é notlbelstacked &etticzdll] thas isapleghra @Hsel flom engenory
has been disclosed that permts the fabrication of extrenely high density
arfay. 0 3 ABRo#R? as illustrated in Figure 7. Compare Figure 5 (vertical stacks of

pillars) to Figure 7 (pillars offset from one another) to see the effect.

Offset or staggered pillar placement such as shown in Figure 7, may be

advantageous in practice. It may help give a smoother wafer surface,

more suited to planarization and polishing.

In the foregoing sequence of steps, electrode or conductor
material is etched along with device material. Since most plasma metal
etches also etch polysilicon, a practical combination of materials that
enables such dual etching would be aluminum and polysilicon, for
example, Control of the etching process may be effected, if desired,
through the use of etch chemistries that are selective (e.g., preferentially
etching polysilicon, but stopping on aluminum), or through the use of

barrier materials that are not etched by the etchants that remove



Clains 1. A menory array conprising: a first plurality of spaced-dbZrAPR 2003
paral l el , substantially coplanar conductors; a second plurality of
spaced-apart, parallel, substantially coplanar conductors di sposed
general |y WBP¥3B4 |y above and spaced-apart fromthe first REGARIBOMTE, said
first and second conductors being generally orthogonal to one another; and
a plurality of first nmenory cells each conprising a first steering el enent
in contact wwth a first state change el enent, when progranmed each cel
directly disposed between one of the firsjy and one of the second conductors
and | ocated where a vertical projection of the first conductors intersects

h d , hird plurgli f d- | el
‘Substantial |y CuraR AR e GRSt Job.daitHaTaes SRt Bl Aboitue and

spaced-apart fromthe second conductors, the third conductors running in
the sane directF8fas# qtp ston pariedary if dis.ancoxda rdpiurs teve. second menory
cells each conprising a second steering elenent in contact with a second
stat e change el enenRefratory prnetglsasunihdas edybridriundiandduhgstengpesed bet ween
one of the second conductors and one of the third conductors and | ocated

where a verti cabrrtpraqbl%qx/iitwBomeﬁti&ﬁ\aﬁMﬁegeﬁﬂaﬁ&&hﬁewhﬁsﬂsﬁﬁaﬁae third

conductors. 2. The array defined by claim1l wherein first cells and second

cells areinv j ' i n of:f : : . The
array defined @i/éyctﬁgp?nquﬁgggb HW%@'% &setqglcgéWée%%ge g%@igﬁg@@?y 'ﬁggg?rg
staggered fromone another. 4. The array, defined . by.claim 1 wherein, the

i ror ind seconPHBEIPEPRZILS rbldP B aHy A CodT SR S CEye8 reatiy BAPS. The
array defined %y_cl aim1 wherein the first_and second cells corTBri se

pol ysilicon ane! §pelf eam bgiuseddrs a eonguetosr Thy cheiGen@@yie dictated Pagedr ei n
the first and second cells conprise polysilicon. 7. The array defined by

cl ai m 1 wher ei pntresistvityagnd ntégiation aibadens iackidingetlthxalasactatistics3. The
array defined by claim7 includes a first contact extending fromone of the

second conductors tqna flahsizationl fiscriBel ifte? YRS tirsthalf-step Ehﬁeﬁbf@g/oiﬁgf i ned
by claim8 including a second contact extending fromone of the firs

conduct or= 0, SEERAY GO 1 ARG BSHERL o 10l ad 6Pl g 1

gglnljﬁ cit gr !sn copkas trur\{\r'%iﬁg inathreeésfsef-c\ngeis}{edir%rc]:ﬁor? ttn %h%efo%éjcr)iﬁlg ietxgm%flef %?:Hd
planarization may be effected through a variety of means well known in
the art, such as chemical-mechanical polishing (CMP), etched-back spin-
on dielectric layers, and etched-back spin-on polymers, to cite three well-
known examples. To tolerate the possibility of excessive over-polishing or
over-etching that may occur during planarization, a second planarization
may be performed after deposition of an electrode layer to insure a planar
electrode surface for subsequent deposition of device material layers.

The foregoing process sequence exploits self-alignment to reduce

the required alignment tolerances between the pillar and the conductors.

This embodiment may be substituted with an embodiment involving one

or more additional photomasking steps to explicitly define the pillar itself,



11. A nenory conprising: a menory array having: a first plurality o 3 APR 2003
spaced-apart, parallel, substantially coplanar conductors; a second
pIurallty of sgfced apart, parallel, substantially coplanar conductors

di sposed g¥ Y vertically above and spaced-apart 64  (PCI/GIIR0IFA~ from
the first conductors, said first and second conductors being generally
orthogonal to one another; a plurality of first nmenory cells, each cel

di sposed between one of the first and one of the second conductors and

| ocated where a vertical projection of thg first canductors intersects the
second conductors, a third plurality of spaced-apart, parallel

substant 211, FAREATER B it ABRARR R ARl i e

t he sane di rectbon as the first conductors; a plurality of second nenory
cell's, each cePhouMmaskingistersvaeis dne briheimeltalianed riokaset dhis @AY she of
the third conductors and | ocated where a vertical projection of the second
conduct or s i nt advartageeumint Varicdisquodessasrtbat amadaexpboit trenex@licidly subst rat e
on which the array is forned, the substrate containing circuitry for

comuni cat i ng Mﬂﬂibdé]@e%all&ha‘!%tﬁ@?@ﬂﬂt IS UEHCE bt SceddeF 61 éxgdthpley bei ng
coupled to the first, second and third plurality of conductors. 12. The

menory definedg @y @:\%%E%t%ﬁ%n'd?tﬁxh'&ﬁéwgsﬁﬁbﬁldoﬁlc?b 'tfs%'a to]fgrmm(?

menory defined

et g | Tt i o581 B,ETSORE, TIFES el BB T}

ty. Ae. A . ASE expected to favor the formation of a single crystal or grain within the
steering element, which may be advantageous in some system
embodiments.

Another process that could exploit explicitly defined sidewalls is
laser-induced crystallization. Again, the free energies of the sidewalls
would be expected to favor the formation of a single crystal or grain within
the steering element.

In processes involving the explicit definition of the pillar, a
photomasking step would be used to define a bottom conductor. This
would be etched. Then, the layer stack required to form the state change
and steering elements would be deposited. Another photomasking step
would be used to define the pillar, which would be etched. After this etch,
an insulating material would be deposited and planarized as in the self-
aligned cell, exposing the top of the pillar to form a self-aligned contact.

The top conductor would then be deposited and the process would be

repeated for subsequent levels of cells as required.
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Because, in the foregoing for some embodiments, device material
(e.g., polysilicon) is deposited after electrode material (e.g., metals), it is
desirable to deposit and process the device material at the lowest
practical temperatures to widen the selection of suitable metals. As an
example, in-situ doped polysilicon may be deposited at low temperatures
l.Jsing LPCVD (low pressure chemical vapor deposition), PECVD (plasma-
enhanced chemical vapor deposition), PVD (physical vapor deposition),
or UHVCVD (ultra high vacuum chemical vapor deposition). An
alternative is to deposit undoped polysilicon, followed by doping and
activation using a low temperature process. (Traditional activation steps
such as long thermal anneals expose the wafer to potentially
unacceptably high temperatures.) It may also be desirable in some cases
to substitute microcrystalline or amorphous silicon or crystallized
amorphous silicon for the polysilicon to enable low temperature
fabrication.

Another concem is the possibility of diffusion of electrode material
(e.g., metal) into the device layer during processing. Low temperature
processing helps to reduce the severity of this problem, but may be
insufficient to solve it completely. To prevent this problem, a number of
barrier materials may be employed. Examples include titanium nitride
(TiN), tantalum (Ta) or tantalum nitride (TaN), among many that are well :

known to the an.
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as an antifuse element. In such a cell, good uniformity of dielectric
thickness, as well as a low film defect density (e.g., of pinholes in the
dielectric) are among highly desirable properties. The quality of the
dielectric may be enhanced through a variety of means, such as rotating
(éontinuously or periodically) the substrate and/or source during
deposition; forming the dielectric by thermal means using plasmas or low-
temperature growth chemistries; or by employing liquid-phase dielectric
deposition means.

It is desirable to reduce the number of masking steps that involve
critical alignment tolerances. One method for reducing the number of
masking steps is to employ vias that interconnect several electrode
layers. The vias may be rectangular, rather than square, to allow a
relaxation in alignment tolerances. For example, to interconnect metal
lines in several layers running in the x-direction, the x-edge via size may
be made substantially looser than the pitch of the x-lines in the y-
direction, resulting in a rectangular via. Vias are discussed in conjunction

with Figures 12 and 13.

CONTACT FORMATION

As previously pointed out, approximately one masking step per

layer is needed to form the cells in the memory layer. Additional
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conductors (collectively sometimes referred to as contacts) to the
conductors in the array as will be discussed below. First it should be
recalled that only one contact need be made to each of the array
conductors. Thus, if the contacts are at the ends of the array conductors,
t.he contacts for every other conductor at a given level may be on
opposite sides of the array. This is important since it provides more area
for the contacts. Additionally, the conductors on the same level need not
be of the same length. That is, for instance, they can be progressively
shorter, or longer, or longer in some layers and shorter in others, to aliow
area on the periphery of the array for contacts. These contacts can reach
down to lower levels, for instance, every other lower level without
interfering with conductors in the intermediate layer.

Contacts are required outside the array to connect the conductors
in the array to the drive circuitry. Transistors built into the substrate will
typically provide drive. Drive transistors could also be built above the
substrate using materials common to the array. The simplest
implementation of contacts is to have a via mask for each level of the
array. These contacts are used to connect an upper level through all the
levels below it to electrically connect to the substrate. These contacts are
built either stacked directly over one another or staggered, both methods

being common in the semiconductor industry.
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In general, the vias and contacts are used to provide conductive
paths between the conductors in the array and the periphery circuitry.
For instance, contacts are formed in the periphery of the array to contact
the decoders, column I/O circuitry and row address decoders shown in
Figures 9(a), 9(b) and 9(c). In another embodiment it may be desirable to
f'abricate the array on, for instance, a glass substrate and to form the
peripheral circuitry on a layer employing thin film transistors with the
contacts providing conductive paths from that layer to the conductors in
the array. In another embodiment, the upper most layer may be used for
power distribution.

One straight-forward plan for making contact, with each of the
levels is to use one masking and etching step per level, which step
occurs before the formation of the layer used to define the conductors.
This masking step forms openings to the layer beneath and provides
contacts as needed.

An example of this is shown in Figure 12. Starting from the base
of the structure a contact 110 is masked and etched through the
substrate isolation 100 to the substrate contact 101 prior to beginning the
fabrication of the array.

Conductor layer 106 is deposited prior to the memory stack 131.
The lower level of the memory stack 107 is a heavily doped

semiconductor in this example. This is important in this example because
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therefore does not need to be completely removed from the conductor
layer.

Region 120 and the area over contact 110 are formed during the
formation of the strips that make up level 1. In this case, 120 is
électrically isolated from the other conductors on level 1 by virtue of the
level 1 mask layout. Dielectric is then deposited and planarized to
expose the top surface of level 1. Contact opening 111 is then formed
through the layers of level 1 at least down to the heavily doped layer
107.

Level 2 conductor 122 and memory stack layers are then
deposited and pattermed in the same way as level one was patterned.
Again, the mask is used to isolate this region from the conductors of the
level 2 array. Dielectric is again deposited and etched back to expose
the top surface of level 2. Just as in level 1, a contact mask is used to
form opening 112 through the memory cell elements down to the heavily
doped material.

Finally, level 3 conductor is deposited into the opening 112 to form a
continuous electrical connection from level 3 to the substrate.

From the above description, it will be apparent that contacts from

any level may be made to a region in the substrate with one additional

masking step per layer. In another embodiment, less than one masking
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step per layer is used to form the conductive paths to the substrate. This
is possible in cases where more than one conductor contacts a single
substrate region. Note in Figure13(c) , for instance, that conductors 1,3,
and 5 are connected to the same substrate regions.
Several possible structures for contacts are shown in Figures
13(a)-13(e). In Figure 13(a) an arrangement is shown where contact is
made between conductors in level 1 (or level N) and level 3 (or level
N+2). Note that in this arrangement, the conductors in level N+1 are
made shorter than the conductors in level N and level N+2, to aliow
ample space for the contact to be made without interfering with
conductors in level N+1. Here the contact, since it is between adjacent
levels, extends through the memory stack shown in the crosshatching.
In Figure 13(b) a contact is shown from a conductor in level 4 (or
level N+3) which contacts conductors in levels 1 and 2 (or levels N and
N+1). Note in this arrangement that the conductor in level N+2 is
shorter than the conductor in level N, allowing the structure fabricated
. from level N+3 to reach down and contact two underlying conductors.
Only a single opening needs to be defined in the insulator to form this
contact and the opening is disposed through the oxide or other insulator
used in the planarization step.

Another contact is shown in Figure 13(c) where conductors from

levels 1, 3 and 5 are connected to contact a substrate region. Here the
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contact. Again only a single masking step is used to define this contact.

In Figure 13(d) a contact structure is shown where levels 1, 2, 3, 4
and 5 each have a conductor connected to a common substrate region.

Finally in Figure 13(e) a contact from level 3 (or level N+2) to level
i (or level N) is shown. Here unlike Figure 13(a) a single opening
through insulation material is made.

In forming the structures 13(a)-(e) the resistivity of the vertical
conductors is important. Metals, silicides and insitu doped silicon can be
used. Implanted silicon is not currently preferred because of the difficulty
of doping the silicon on the sidewalls of the contact.

it should be noted that in forming the contact of Figure 13(d) an
opening is first etched from an upper layer through several lower layers.
After the insulation has been etched to expose the edges of the layers,
the memory cell material is then etched isotropically to expose more of
the conductor. In this way, an isotropic deposition of a material like
polysilicon or CVD W can be used to obtain a large surface area on each
conductor to insure low contact resistance.

While the contact of Figure 13(c) uses the same principal, because

of the staggering of the layers only insulating material needs to be etched

isotropically to expose the edges of the level 1 and 3 conductors.
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could reduce the mask count from 2N+1 to N+2..

MEMORY CELL: SMALL FEATURE SIZES

As was previously discussed, selfalignment permits the pattern
features of the memory cell to be small, since it is not necessary to allow
for misalignment tolerances when laying out the features. These smaller
features allow reduction in the memory cell area, in fact smaller than it
otherwise could be without selfalignment.

But there is a second benefit of the memory cell area that permits
additional reduction of the cell: the highly repetitive pattern of geometric
features on each mask layer.

The geometric shapes in each layer of the invented memory cell
array are especially simple: they are merely a highly repetitive, regular set
of closely spaced, long, straight parallel conductor lines. Their simplicity
and regularity can be exploited in photolithography, allowing better
resolution of smaller feature sizes than otherwise would be possible with
arbitrary-shaped geometries. For example, if a (wafer stepper and
ilumination source and lens and photoresist) system were normally rated
for X micron resolution (e.g. 0.18 microns), the simple and highly regular
shapes of the present invention would permit lines and spaces

substantially smaller than X microns. The present invention can take
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in the field of optics and is called a "diffraction grating" in textbooks. It will

be readily apparent to those skilled in the art, how to exploit the

advantages of a diffraction grating pattem to achieve better resolution.

3 DIMENSIONAL ARRAY ORGANIZATION

For a moment assume an embodiment which has six layers of
memory cell pillars, and which therefore has seven conductor layers of
conductors. If the bottom conductor layer (conductors1) runs east-to-
west, then conductors3, conductors5, and conductors?7 also run east-to-
west. And conductors?2, conductors4, and conductors6é run north-to-south.
For simplicity consider an embodiment in which the pillars are not offset
or staggered; rather, they are stacked directly above one another. A
single vertical stack of six such pillars is shown in Figure 8(a).

Figure 8(a)’s stack of six memory cell pillars (60-65) is shown as a
circuit schematic diagram in Figure 8(b). Notice that conductor layers
1,3,5,7 are spaced apart from one another in the schematic diagram, but
in the physical structure (Figure. 8(a)) they are vertically stacked directly
above one another. Similarly, conductor layers 2,4,6 are vertically
stacked in Figure8(a) but spaced apart in Figure8(b).

There are six memory cell pillars in Figure 8(a): one where

conductors? crosses conductors1, one where conductors3 crosses
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schematic of Figure 8(b) these are shown along a diagonal. At the bottom

left, a memory cell (containing a steering element and a state change
element) is shown between conductors2 and conductors1. Figure 8(b)
also shows a memory cell where conductors3 crosses conductors?2,
another cell where conductors4 crosses conductors3, etc.

Adjacent layers of memory cell pillars share a conductor layer;
thus they also share an I/O terminal. in one embodiment, sharing only
occurs between terminals of like type: input terminals share a conductor
layer with other input terminals, and output terminals share a conductor
layer with other output terminals. This embodiment is advantageous,
because it means each conductor layer is unambiguously either an input
layer or an output layer. There is no mixing as would occur if a conductor
layer was shared among input terminals and output terminals, so the
peripheral circuitry is simplified. Input-terminal-driver circuits and output-
terminal-receiver circuits need not be collocated and multiplexed onto the
same conductor.

A result of the like-terminals-shared preference is that the steering
elements in the memory cells will be oriented alternately cathode-up, then
cathode-down, then cathode-up, etc. To see this, suppose conductor
layer conductors2 is an output layer; then the cathodes of pillar60 and

pillar61 both connect to conductors2. Thus pillar60 must be oriented
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output layer, then conductors3 is an input layer. The anodes of pillar61
and pillar62 connect to conductors3. So pillar62 is cathode-up. The
layers of pillars must alternate, cathode-up, cathode-down, up, down, up,
and so forth (see Fig 8(b)) for this embodiment. This means that during
fabﬁcation, the sublayers of the pillar sandwich will be deposited in a
different order. In some pillar layers the anode material sublayer will be
deposited before the cathode material sublayer, and in the other pillar
layers the cathode material sublayer will be deposited first. Thus the
layers shown in Figure 6(a) will be in the order shown in alternate array
levels and in the opposite order in the remaining levels. However, it
should be recalled that it is not necessary to altemate the stack material
for some embodiments.

A further result of the preference for sharing like terminals of
memory cells is that it makes the conductor layers alternate between
input terminals only and output terminals only. Since successive
conductor layers run east-to-west, then north-to-south, then east-to-west,
etc., this means that all input conductors will run the same direction (e.g.
east-to-west), and all output conductors will run the same direction (e.g.
north-to-south). So it will be especially easy to locate the input-terminal-

driver circuits together (e.g. along the west edge of the memory array),
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the south edge of the memory array).
This corresponds to standard practice in conventional memory
design: the input-terminal-driver circuitry 67 is located along the west
edge of the array, and the output-terminal-receiver circuitry 68 is located
an'ng the south edge of the array, as shown in Figure 9(a). Sometimes
conventional memories put half the input-terminal-driver circuits along the
east edge and half along the west edge; this is often done when the
memory cell row pitch is very tight. Similarly, conventional memories
sometimes place half the output-terminal-receiver circuits along the south
edge and half along the north edge; this is done when the memory cell
column pitch is very tight. Figure 9(b) shows a conventional memory with
this splitting performed.
It is now appropriate to note that the input-terminal-driver circuitry
in & nonvolatile memory (both conventional prior art, and the present
invention) has a shorter and less cumbersome name: "row address
decoder" circuitry. And the output-terminal-receiver circuitry in a
nonvolatile memory (both conventional prior art, and the present
invention) has a shorter and less cumbersome name: "column address
decoder and column 1/O" circuitry. In this section of the disclosure, which

discusses array organization outside the memory cell mats, this shorter

name will be used.
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ltis possible to fold the row decoder circuits and the column

decoder and column I/O circuits underneath the memory array. (This is

possible because the memory array is above the underlying

monocrystalline substrate and does not contact the substrate.)

Completely folding all of the row decoder circuits and all of the column

circuits underneath the array is not done; such folding would overlap in

the comers. In one embodiment, the column decoder and column I/O

circuits are folded beneath the memory array, but the row address

decoder circuits remain outside the array. In another embodiment, the

column circuits are underneath the array, and the central portion of the

row decoders is folded (where there is no conflict with the column circuits)

under the array. This gives a layout with small “tabs" of row circuits at the

corners, as shown in Figure 9(c). These tabs can be interdigitated with

the tabs of other memory arrays, letting four (or more) arrays nestle

closely together, as shown in Figure 9(d). Other variations on the theme

of partially folding decoders under the array will be readily apparent to

those skilled in the art.

As the previous paragraph alludes, the field programmable
nonvolatile memory of the present invention includes the organization of
the memory chip into several smaller subarrays, rather than one single

large array. Subarrays give three important benefits: (1) they allow a

simple block-level approach to redundancy; (2) they increase operating
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. speed; (3) they lower operating power. Redundancy with subarrays can

‘be quite straightforward. If the end product is to be a memory having

(say) 8N bits, it is a simple matter to build nine subarrays on the die, each

containing N bits. Then one of the nine subarrays can be defective, yet

the die can still be configured and sold as a working 8N bit memory, by

simply bypassing the defective subarray.

Dividing the memory into subarrays also increases speed; this is

because the conductors are shorter (decreasing their resistance), and

there are fewer memory cells attached to each conductor (decreasing the

capacitance). Since delay is proportional to the product of resistance and

capacitance, cutting conductor length in half cuts delay by a factor of four.

Thus subarrays decrease delay, i.e. increase speed.

Subarrays also provide lower power operation. Since one

important component of power is the capacitive charging and discharging

of conductors in the memory array, decreasing the conductor capacitance

will decrease power consumption. Cutting conductor length in half cuts

capacitance in half, which cuts the capacitive charging and discharging

current in half.

CIRCUIT DESIGN: ROW DECODING AND SELECTION

In one embodiment of the present invention, the rows of a memory
array (also called “wordlines”) are the inputs of the memory cells, and the

columns (also called “bitlines™) are the outputs of the memory cells. A
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forcing function is applied to the memory cell input (wordline), and for a
read the result at the memory cell's output (bitline) is sensed, while for a
write another forcing function is applied to the memory cell output
(thereby forcing both terminals of the cell). The forcing functions used
with the present invention may be voltage sources, current sources,
waveshape generators (either high impedance or low impedance), charge
packets, or other driving stimuli.

In order to unambiguously access each individual memory cell, for
both reading and writing, a unique circuit path is established from the row
lines, through the memory cell, to the column lines. A consequence of the
uniqueness requirement is that all of the row lines cannot be driven
simultaneously; this may be appreciated by considering Figure 8(b). The
row lines (wordlines) in Figure 8(b) are on conductor layers 1, 3, 5, and 7.
The column lines (bitlines) are on conductor layers 2, 4, and 6. Recall that
Figure 8 represents a single vertical stack of memory cell pillars; it is the
physical intersection of one single row and one single column. The
drawing in Fig 8(b) depicts the conductors spaced-apart for easier
viewing, but in reality they are stacked above one another.

Suppose that all wordlines were driven simultaneously; for
example, suppose conductor layers 1, 3, 5, and 7 were forced to a high
voltage. There is no unambiguous circuit path to the circuit outputs (on

the bitlines, namely conductor layers 2, 4, and 6), so the contents of the
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memory cells cannot be determined. For example, suppose that sensing
circuitry determines that conductors2 is at a high voltage; what does this
mean? It means that either the memory cell between conductors1 and
conductors2 is programmed to a low impedance state , or the memory
cell between conductors2 and conductors3 is programmed to a low
impedance state . Either of these two possibilities establishes a circuit
path from a source of high voltage (the wordlines) to the bitline on
conductors2. But unfortunately which of these possibilities is in fact true
cannot be determined: there is not a unique circuit path to conductors2.
And this is also the case for the other two bitlines, conductors4 and
conductors6.
Thus all wordlines should not be driven simultaneously; this
produces non-unique circuit paths to the memory array outputs. A
straightforward solution is to only drive a single wordline, leaving all other
wordlines undriven. This is diagrammed in Figure 10(a). A row decoder
70 selects whether any of the wordlines along this row should be
enabled. And four layer-select signals select which conductor layer
wordline should be enabled in the selected row. All but one of the layer-
select signals are in the deselect condition (e.g. low voltage), and only
one of the layer-select signals is in the select condition (e.g. high

voltage). Thus only one wordiine is driven, and the other three are not

driven.
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to the array outputs. Suppose the wordline on conductors5 is selected,
and suppose that sensing circuitry determines that conductors4 is at a
high voltage. There are only two ways for conductors4 to go high: one is
through the memory cell 71 between conductors3 and conductors4, and
the other is through the memory cell 72 between conductors4 and
conductors5. Since conductorss is driven and conductors3 is not driven,
the only circuit path that exists is from the wordline on conductors5,
through the memory cell 72 between conductors5 and conductors4, and
out the bitline on conductors4. If conductors4 is sensed to be a high
voltage, then this memory cell is programmed to be a logic-zero;
otherwise this memory cell is a logic-one.

But the arrangement in Figure 10(a) is costly; it includes a
switching transistor for each of the wordline layers in the memory array. If
there are a large number of vertical layers in the array(e.g. sixteen layers
of memory pillars, requiring nine wordline conductor layers and eight
bitline conductor layers), the switching transistors consume a lot of silicon
area. This degrades die efficiency, which drives cost up and density
down.

However, we observe that the ambiguity in Figure 8(b) arises

because there are two paths to each bitline: one from the wordline on the

conductor layer immediately below, and one from the wordline on the
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guarantee that only one of the two possible paths is enabled. This is
easily accomplished by partitioning the wordlines into sets: the “first set”
and the “second set." Wordlines on conductor layers conductors1,
conductors5, conductorsg, conductors13, conductorsi?7, ..., etc. are in
the first set, and wordlines on conductor layers conductors3, conductors?,
conductors11, conductorsi5, ..., etc. are in the second set. The key
observation is that it is perfectly safe to simultaneously drive all of the
wordlines in the first set, as long as no other of the wordiines in the
second set is driven, and vice versa (Figure 10(b)).

The circuit in Figure 10(b) only includes two switching transistors
75 and 76, regardless of the number of vertical layers of memory cells in
the array. There is one switching transistor for the first set of wordlines,
and one switching transistor for the second set. Similarly there are two
set-select signals, that determine which of the two wordiine sets are
driven. The greater the number of vertical layers of memory cells in the
chip, the greater are the savings of Figure 10(b) compared to Figure
10(a).
Suppose the first set-select signal is in the select condition (high

voltage) and the second set-select signal is in the deselect condition.

Then the wordlines on layers conductorst, conductors5, conductorss, ...,

etc are driven, while the wordlines on layers conductors3, conductors?,
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bitline on conductor2: this is the path from conductors1, through the
memory cell between conductors1 and conductor2, and onto the bitline
on the conductor2 layer. The other possible path, from conductors3,
through the memory cell between conductors3 and conductor2, and onto
conductor?, is disabled because conductors3 is in the second wordline

set and is not driven.

CIRCUIT DESIGN: COLUMN DECODING AND SELECTION

A consequence of the two-sets-of-wordlines organization (Fig
10(b)) is that every bitline will have a memory cell row-selected onto it.
Thus, if there are (N) conductor layers devoted to bitlines, each selected
column could read or write (N) bits of memory simultaneously. One
embodiment of the present invention does indeed read (and/or write) N
bits at once, in each selected column. Other embodiments introduce
column multiplexor circuitry, which reduces the number of simultaneously
accessed memory cells.

Figure 11 shows another embodiment. Each bitline is provided
with its own switching transistor such as transistors 77 and 78; these
transistors connect a bitline to a bidirectional I/O bus if this column is
selected. During read operations, the bitline drives the /O bus, but during
write operations, the I/O bus drives the bitline. If there are (N ) layers of

bitlines, there are (N) switching transistors and (N) /O bus conductors.
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amplifier (for reads) and a write driver (for writes).

This column selection circuitry is far more costly than the row
selection circuits shown in Figure 10(b). Since there must be a switching
transistor for every bitline, if more and more layers of memory cells are
stacked vertically, there will be more and more bitlines, hence more and
more switching transistors.

Thus the column selection circuitry will consume more silicon area
than the row selection circuitry, especially when there are a large number
of vertically stacked layers of memory cells. This is why it is preferred to
fold the column select circuits under the memory array, more so than the
row select circuits, as shown in Figure 9(c): the column circuits are a lot
bigger. In fact, it would be a reasonable design decision to fold the
column circuits underneath the memory array and completely forget even
trying to fold the row select circuits beneath. The advantage comes from

folding the column selects.

PRECHARGING THE MEMORY ARRAY

In many cases it is appropriate to “precharge” all wordlines to an
intermediate level such as 0.5 times the supply voltage, and to
“precharge” all bitlines to an intermediate voltage level such as 0.4 times

the supply voltage before commencing a read or write operation.
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CIBRCUIT DESIGN: READ/WRITE PERIPHERAL CIRCUITS

Several embodiments of the present invention use a state change
element whose different states correspond to different values of
impedance. For example, a dielectric rupture antifuse has two states:
very low impedance and very high impedance, in which the impedances
diﬁer by several orders of magnitude. Embodiments such as these can
use a “current-mode read” and a “voltage-mode or current-mode write,"
as explained below.

When reading such a memory cell, a current source can be
selected as the forcing function which drives the wordiines. If the memory
cell is programmed (dielectric ruptured, thus low impedance), this driving
current will pass through the memory cell and onto the bitline. The
selected bitline will be switched onto the (bidirectional) 1/O line, and the
driving current will be passed onto the /O line. A current-sensing
amplifier connected to the I/O line detects whether or not the driving
current is passed onto the I/O line. If so, the cell being read contains a
“logic one,” and if not, the cell contains a “logic zero.”

The main advantage of a current-mode read is speed: by forcing
and sensing current (rather than voltage), the need to charge and
discharge the high-capacitance wordlines and bitlines in the memory
array is avoided, so the wordlines and bitlines do not swing through large

voltage excursions, which speeds up the read operation. Therefore
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in one embodiment of writing the memory cell, a voltage source
can be selected as the forcing function which drives the wordlines.
Additionally, the bidirectional /O bus can be driven with another voltage
source. The I/O bus will be connected to the bitline (by the column select
switching transistor) in the selected column, so the selected memory cell
(at the intersection of the selected wordline and the selected bitline) will
be driven by two voltage sources: one on the wordline, the other on the
I/0 bus. The large voltage difference between these two sources will be
impressed directly across the selected memory cell, achieving a voltage-
mode (large voitage excursion on the wordlines and bitlines) write.

Although voltage-mode writing is slower, since it must charge and
discharge the high capacitance wordlines and bitlines, it is nevertheless
preferable in some embodiments of the present invention. Voltage-mode
writing can, if necessary, provide very high current through the memory
cell, which is advantageous with several embodiments of the state
change element such as an amorphous-semiconductor antifuse. In some
embodiments of voltage-mode writing, it may be preferable to limit the
maximum current to a particular value. One possible benefit of limiting
the maximum current is to reduce the effect of IR voltage drops along the

conductors of the array to ensure that a consistent programming energy
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to programmmg energy.

In some embodiments, the voltage necessary to program the state
change element, may exceed the voltage capabilities of the peripheral
transistors. This is particularly true when the transistors are scaled for
small dimensions (for example, channel length below 0.2 microns). in
these cases the peripheral circuits may be arranged so that during a write
cycle, the row decoders operate from a power supply of +V volts, while
the column decoders and column I/O circuits and write data drivers
operate from a power supply of -V volts. This arrangement puts a voitage
difference of 2xV volts across the memory cell being written ((+V) - (-V) =
2xV), while placing at most V volts across any one transistor.

Thus, a vertically stacked nonvolatile memory has been disclosed

that permits the fabrication of extremely high density array.
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a second plurality of spaced-apart, parallel, substantially coplanar
conductors disposed generally vertically above and spaced-apart
from the first conductors, said first and second conductors being
generally orthogonal to one another; and

a plurality of first memory cells each comprising a first steering element in
contact with a first state change element, when programmed each
cell directly disposed between one of the first and one of the second
conductors and located where a vertical projection of the first
conductors intersects the second conductors,

a third plurality of spaced-apart, parallel, substantially coplanar
conductors disposed generally vertically above and spaced-apart
from the second conductors, the third conductors running in the
same directions as the first conductors;

a plurality of second memory cells each comprising a second steering
element in contact with a second state change element, when
programmed each cell directly disposed between one of the second
conductors and one of the third conductors and located where a
vertical projection of the second conductors intersects the third

conductors.

2. The array defined by claim 1 wherein first cells and second cells are in vertical

alignment with one another.
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polysilicon and silicon dioxide.

6. The array defined by claim 1 wherein the first and second cells comprise

polysilicon.

7. The array defined by claim 1 wherein the array is fabricated on a silicon

substrate.

8. The array defined by claim 7 includes a first contact extending from one of the

second conductors to a first region in the substrate.

9. The array defined by claim 8 including a second contact extending from one of

the first conductors to a second region in the substrate.

10. The array defined by claims 1, 2, or 3 where each of the first and second
plurality of memory cells is in contact with a respective one of the plurality of

second conductors.

11. A memory comprising:
a memory array having:
a first plurality of spaced-apart, parallel, substantially coplanar
conductors;
a second plurality of spaced-apart, parallel, substantially coplanar

conductors disposed generally vertically above and spaced-apart

64



| 4" r, . 389N?E3Kq@BW.\ ) b; hnt zm@ RSRsMOL7#) / 5h; 03 APR 2003
rA: GLyRX\ Cbg, | prtvxz| ~\"+2[ : @HW/] 2f nw#hFXh& =bLU_i,0 Kh4 niv

R'#59B& i )*+ -//1223@679F: ;

<<=" ?@BbCEFHFI JZL3No TMMWX X$Z5[ \ $"Z_abKd7ef ohj <kkmCopqrt vwxzV} R~f | m@

W OS&( 2+>hN8r P3X( _(frgr fhedirst conductors, said first and second conductors being

I &(, 28: " <v>qDr EFmHI LOPQS5UUYZ[ $] A dbdQef hi j #] smm, o
| #SYR () *+, - . | 0123488 WIaHy orthogonal to one another;

<=>? @\BCDEFGHI J > . A > apb f o —6Ti
New RomanAri al C%bM%W%Bg\ﬁl%%%%@&%%&a}ew%gZo{fIﬂ}‘e e
P HSUR () * +, - . 1 0123436489 one of the second conductors and located where a vertical

<=>?@A\BCDEFGHI JKLMNOPQRSTUWKYZ[\ ]~ " abcdef ghi j kl mopqgr st uvwxyz{|}~
I " #$U&R' () *+, - . 1 0123080 0f the first conductors intersects the second conductors,

<=>?@BCDEFCH JaK It'hl\{rl\gl;g?rg iwgp%a[c\e!jl-\zﬁ;aarlg%ggl?eqj éulgsgnn%pa r)lsc:tolf:\{a\x,r\l{(a¥z{ 3=
conductors disposed generally vertically above and spaced-apart
from the second conductors, the third conductors running in the
same direction as the first conductors;

a plurality of second memory cells, each cell disposed between one of the
second conductors and one of the third conductors and located
where a vertical projection of the second conductors intersects the
third conductors, and

a semiconductor substrate on which the array is formed, the substrate
containing circuitry for communicating with the first and second

memory cells, the circuitry being coupled to the first, second and

third plurality of conductors.
12.  The memory defined by claim 11 where in the substrate is silicon.

13. The memory defined by claim 12 wherein the memory cells each comprise a

steering element and a state change element.

14. The memory defined by claim 13 wherein the state change element is an

antifuse.
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