TI TLE OF | NVENTI ON PHASE CHANGE MEMORYSTRUCTURE W TH
MULTI PLE RESI STANCE STATES AND METHODS OF PROGRAMM NG
WONDSSENSE NG SAME FI ELD OF THE | NVENTI ON [ 000 1pCT/82008/060000
enbodi nents of the invention relate generally to the
field of sem conductor devices and, nore particul arly,
to resistive nenory devices, e.g., phase change nenory
devi ces, having nultiple | evel resistance states.
BACKGROUNDOF THE | NVENTI ON [ 0002]
M croprocessor - accessi bl e nenory devi ces have
traditionally been classified as either non-volatile
or volatile nenory devices. Non-volatile nmenory
devi ces are capablgrof oraharmgrst ored i nformation
even when power to the nenory device is turned off.
Traditionally, however, non-volatile nenory devices
PHASKECHPWNGE IMEGEORMBIRUWCDIRE pade! N TIBhE WASISTANEE STATES
quantities of power, making these devices unsuitable
for AdD METFEPDABIFPRIBURABEMBN GasNEVHRISING 84Mior
frequentl|y-accessed volatile nenory devices. On the
ot her hand, volatile nenory devices tend to provide
greater storage capability and programmi ng options
t han non-vol at i | BEhBral YHESWVERSTIOV0I ati |l e nenory
devices al so generally consume | ess power than
non-vol atil e devi ces. However, volatile nennr%}deV|c
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ongoi ng area of research is in resistive nenory cells
where resi stance states can be programuably changed.

One avenue o (ﬁﬁﬁﬁﬁﬁﬁﬂj #qﬁ%§ ¢ *ﬁqy es that store
data in neno%y ce ruc gﬁgF (g$ chemcally
changi ng a physical property of the

[0002]  Microprocessor-accessible memory devices have traditionally been

classified as either non-volatile or volatile memory devices. Non-volatile memory devices
are capable of retaining stored information even when power to the memory device is
turned off. Traditionally, however, non-volatile memory devices occupy a large amount of
space and consume large quantities of power, making these devices unsuitable for use in
portable devices or as substitutes for frequently-accessed volatile memory devices. On the
__other hand, volatile memory devices tend to provide‘_greater storage capability and
programming options than non-volatile memory devices. Volatile memory devices also
generally consume less power than non-volatile devices. However, volatile memory

devices require a continuous power supply in order to retain stored memory content.

[0003]  Research and development of commercially viable memory devices

that are randomly accessed, have relatively low power consumption, and are non-volatile



menory cells in response to applied progranm ng
vol tages, which in turn change cell resistance.
WE@AapS5s36 of vari abl e resi stance nenory devi ceBCTHEBI9G8/060000
i nvestigated include nenories using variable
resi stance polynmers, perovskite, doped anorphous
silicon, phase-changi ng gl asses, and doped
chal cogeni de gl ass, anobng others. [0004] FIG 1 shows
a basic conposition of a variable resistance nenory
cell such as a phase change nenory cell 1 constructed
over a substrate 2, having a variabl e resi stance
is ongaimg.ePhabngpifigaree @f bestavck is ia regstiGrmemnent sede e hgreuedistance
top electrode 5. One type of variabl e resistance
states Gagthepragramayatbe changeph éﬁng agpnieRfiestdpddelgtasio geviges that store
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resistaﬁt%.erNQrQF%s(()lf‘%@ble (HRRG  nfeRXorly @Beks Beng hﬁz‘é!st%%@él’i influde
U.S. Patent No. 6,473,332 to Ignatiev et al. il

memor@dbQlsiey vdridp @bistaacd }I&ngﬁxefs‘? pbstvelies dopéimatphoay silieog
doped chal cogeni de gl ass of the fornmula AxBy, where B
phase-ttmngaigeglt@es, ind noped tpl SigeSeleaglabs; Tenamrgiothierst ur es
t hereof, and where A includes at | east one el enent
Tg,r ?[rOnQ%q’] og%’lé%éhé“g%& pﬁAgc\yg%{p(qlq’rgfop:gf ?gél’ar(i;ggltél eﬁlis;t/ér{_\cs &x%moxy cell
Go VII-A (F,. d r, 1. At f 1 [i50
such asgy GhRe Fhordahnedt el contrudbd ofle f (bRt OfSpd A0k fabte
i Lot BRSO OBLA B3 dlicd WPidNGHde 5A0)
remﬁm%%?k%ﬁﬂg%%%ﬁfg?g%3$%%%, g?, M or Ni, as gisclosgd igeq¢m
of varidblSresBarRB ndNasal ntydRlanf@Phanssibe@88opkaSyitle VOaapkie P, Fe and

et al. and Canpbel ', respectively. Yet another type of

Mn as diaclosdol ie U 8sPaseraide 55l 869 @ Roseet ald snashardyboel-yroiahleer
~ filmeconprising carbon_black particul ates_or raghit%,

resistarfesrmairEaigney; infludederaitsitamatersty gichap Q/’Fﬂw?}ax%@% (IgsMO), Lag-

t ha i sclo N Pat ent 72,7016 to. :
o SyEF LB bRy o, PR 072 b in U paen

| [ eligrt hE@MhBmay b
No. o SR BRSSP LAEER LR, o anpB: ROLEBLEL Oy e
doped BhAkRlenidedNdBlod e fbichali AlB), WidraBiisiglettdd fré@,among S, Se and

Te and{iiig]lrg: gereof, and where A includes at least one element from Group III-A (B,
Al, Ga, In, TI), Group IV-A (C, Si, Ge, Sn, Pb), Group V-A (N, P, As, Sb, Bi), or Group VII-A
(F, Cl, Br, 1, At) of the periodic Vtable, and with the dopant being selected from among the
noble metals and transition metals, including Ag, Au, Pt, Cu, Cd, Ir, Ry, Co, Cr, Mnor Nji,
as disclosed in U.S. Patent Nos. 6,881,623 and 6,888,155 to Campbell et al. and Campbell,
respectively. Yet another type of variable resistance material includes a carbon-polymer
film comprising carbon black particulates or graphite, for example, mixed into a plastic

polymer, such as that disclosed in U.S. Patent No. 6,072,716 to Jacobson et al. The material

used to form the illustrated electrodes 3, 5 can be selected from a variety of conductive
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plati num, or silver, anong others. [0005] Mich
research has focused on nenory devices using nenory
wWeb@aesisse conposed of phase changi ng chal cogenPdEES288/060000
the resistance variable material. Chal cogenides are
alloys of Group VI elenents of the periodic table,
such as Te or Se. A specific chal cogenide currently
used in rewiteable conpact discs ("CD-RW) is
Ge2Sh2Tes. In addition to having val uabl e optica
properties that are utilized in CD-RWdi scs, Ge biTes
al so has desirable physical properties as a variable
materidle suigt anwegsab aritkal, tarahing uardonmp titeai o métride, Bemirghn,
and Te nmay be used as variable resistance materials
platinugmepr witvesharapeg didewsi n col | ectively referred to as "GST"
materials. Specifically, GST materials can change
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anor phous GST IS greater than the resistances of

specifi@ital@eidbicerr@®ly gtednexagaftable@ompaiise (1EDIRW anis €2:5b2Tes.
are simlar to each other. Thus, in conparing the

In additiesits haviog yalbfableptivarnropa tiphde tareoftiliesT in G3RWeldisdse
considered a two-state material (anmorphous GST and )

GezSb2Egspispdiep dasrabBTyhysigat Propgelies 86 avariplly resiptapcainatesiand arious
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phase | reterre to as a phase chang materi al .

structutAWP8les BBy EnaRSirhdPRohs PRsLRAd 36 cBiaIEnd ShaBBO R resistance
occurs in response to tenperature changes of the GST

of the diérphbad phabb ¢ 4 @APEraatiutherahhamgesef cubie.andireasgongl apstalline
cooling, can be caused by passing differing strengths
phases ¢fc-GHFt and “h-RibdL giespaes veEBTcanediter eégmfrwﬂ@s%hﬁmse&mw of
is placed in a cr¥stal,line state by

amorp@v&%ﬁ 1sigf¢eﬁ@gr thap fgﬂtemgqarp%qﬁ@g either cubﬁ%szIi grqie?cagonal GST,

whose resistances are similar to each other. Thus, in comparing the resistances of the
various phases of GST, GST may be considered a two-state material (amorphous GST and
crystalline GST), with each state having a different resistance that can be equated with a
corresponding binary state. A variable resistance material such as GST whose resistance

changes according to its material phase is referred to as a phase change material.

[0006]  The transition from one GST phase to another occurs in response to
temperature changes of the GST material. The temperature changes, i.e., heating and
cooling, can be caused by passing differing strengths of current through the GST material.
The GST material is placed in a crystalline state by passing a crystallizing current through

the GST material, thus warming the GST material to a temperature wherein a crystalline



the GST material, thus warm ng the GST material to a
tenperature wherein a crystallinestructure may grow. A
W@ 20enssre mel ting current is used to nmelt the EBSATUS2008/060000
mat eri al for subsequent cooling to an anorphous state.
As the typical phase change nenory cell uses the
crystalline state to represent a binary 1 and the
anor phous state to represent a binary 0, the
crystallizing current is referred to as a wite or set
current | SET and the nelting current is referred to as
an erase or reset current IRST. One skilled in the art
structu¥d inhy YRARS ﬁts%ﬂgerhﬁamg turrbtal ubdieoasdat SR @ fer@Dhr
states to binary values nmay b e switched if desired.
subseqh&0Q4plirase chapheud@ier hiseled fypidahphaseichatgeanpibsy cell uses
art typically have two stable resistance states,
the crygtelline spaomidirpgresant aivéndsy danyg te amdrphoudkiass togrepresent a binary
conventional twostate phase change nenory cel| can
0, the csillizipg gumpert %teferrrﬁdotoeata.ve‘ﬁte Wﬁ%%‘ﬁéﬁ@"é‘nﬁ@hﬁmﬂﬁng

h h
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Stdrage ca
if desirbdlCr €asi ng storage deV|ce S|ze or pomer consunption
0008] Researchers in China have proposed one such
mul ti-state phase change nenory cell using stacked
cal{ewgeni Heaseichamgeasembor @fje knedhan tsgerior.art gipjcaly hate two
St acked chal cogeni de | ayers used as nulti-stage
stable rstlatﬁag?estatea comresrondpigae shalhiangd arshbr huspp gpriveppsal tyo-

sate plggh ¢ F6E 410 AL c&%tﬁ%&%@fgétﬂﬁh%ﬁaﬁaﬁ Rgadhgmory
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provides three relatively stabl'e resistance states

capamt? 1\)1th0642§1gnﬂtﬁ§ht(}&hcrea§mg blowsterdatved sbyy o pGwe? Bonsumption.
npl ementing three-state logic with cell 200 is
difficult. There is a need for a multiple bit phase

chdf8] meRevopraersiin wiiinshave peargsed onfpheraiteiaterhase
changevgtqenqgry cell using stacked calcogenide films as storage media. See Y. Lai, et al,,
Stacked chalcogenide layers used as multi-stage storage medium for phase change memory, Appl.
Phys. A 84, 21-25 (2006). As shown in FIG. 2A, the proposed multi-state phase change
memory cell 200 comprises a bottom electrode 201, a pure GST layer 202, a tungsten layer
203, a silicon-doped GST layer 204, and a top electrode 205. This proposed phase change
memory cell 200 provides three relatively stable resistance states (1), (2), and (3), as
illustrated by FIG. 2B. Implementing three-state logic with cell 200 is difficult. There is a
need for a multiple bit phase change memory cell which is easily implemented and which

provides more than three stable resistance states.



provides nore than three stable resistance
st at es. BRI EF DESCRI PTI ON OF THE DRAW NGS [0009] FIG 1
WO 2008/180506s- secti onal view of a two-state phaseCTH820g8060000

menory cell in accordance with the prior art. [0010]
FIG 2A is a cross-sectional view of a three-state
phase change nenory cell in accordance with the prior
part. [0011] FIG 2B is a graph of the total
resi stance of the phase change nenory cell of FIG 2A
in response to differing programvoltages. [0012] FIG
3Ais a graph of the resistance of each elenent of a
phase changegmenorscEeioQSTHEGREWINGE cor dance
with an embodi nment disclosed herein in response to
differing programvoltages. [0013] FIG 3B is a graph
of {08y sFlablies & eskstanoralstiat efa ofo-ataphplsase champgpenemory
menory cell constructed in accordance with an

cell in ageriydatiaeevith thequlossetd herein. [0014] FIG 4 is a
flowchart illustrating a nmethod of prograrmi ng a phase
ch me cell constructed i ance ith an
il g TR AT R LR

S-sect.i ona ew of. hase change nenory cell

memorhﬁ@sm acf(\)/\gamfee%ﬂﬁ%he% © ci)%%‘?er ent- lengths in
accordance W th an enbodi nent discl osed herein. [0016]
FI @019PB | BI(R2BELSSrapR G HRN@kal YépyaRh of IRt e eh@}genemory
menory cell having two el enments of different

cell of IGOBS irsesporcnad difegiag progaacesitgrse W th an enbodi nent
di scl osed herein.[0017] FIG 6A is a graph of the
resi stance of each el enent of a phase_  change

nor
eﬂqﬂlébns’f%éf\eaa gﬁﬁp&*dééh%ﬁ%ﬁéaw Pheash e&%%.ogg ﬁbage change
memory/ 8? f %Pgégrgcte rxr? :Iacr(]:o} ance WD t%nasr’\eer%l?ocgzlnfegte <§xsagse%r RedATh response

to differing program voltages.

[0013]  FIG. 3B is a graph of four stable resistance states of a phase change

memory cell constructed in accordance with an embodiment disclosed herein.

[0014]  FIG. 4 s a flowchart illustrating a method of programming a phase

change memory cell constructed in accordance with an embodiment disclosed herein.

[0015]  FIG. 5A is a cross-sectional view of a phase change memory cell
having two elements of different-ylengthshifn accordance with an embodiment disclosed

" herein.

[0016]  FIG. 5B is a cross-sectional view of a phase change memory cell
having two elements of different cross-sectional areas in accordance with an embodiment

disclosed herein.



[0018] FIG 6B is a graph of six stable resistance
states of a phase change nenory cell constructed in
waewensisnce with an enbodi nent di scl osed her ei PCT/PSDADP60000
FIG 6Cis a cross-sectional view of a phase change
menory cell having three elenents of different |engths
i n accordance with an enbodi nent di scl osed herein.
[0020] FIGs. 7A-7C are cross-sectional views of a
phase change nenory cell configured as a stack cell in
accordance wi th an enbodi nent di scl osed herein at
three Stages of formation. [0021] FIGs. 8A-8D are
Ccr o8ty ectilaned isd £wh of th RAASRCCITRRELITRERY & acﬁ{alse change
configured as a vertical cell with elenents of
memoi deflepesitudtehigtausoridan@oci dape®owintdnt discRFEOHERENN response
__disclosed herein at four stages of formation. [0022]
to diffqringgrrogmmypolgages.cr oss- sect i onal vi ews of a phase
change nenory cell configured as a vertical cell with

an D1 TR SO0l SN 6P A "B PP PG Gredgee Gnae
i F ik OA- | - ' f
om0 e S b o e Rk R Yot

with elenments of different |Iengths in accordance with
an [eoiedi MeOLeUisaGk@sadcthiRh el Bwalf at&{aﬁ@ci%lﬁg?f?en%ryc 1l
formation.[0024] FIGs. 11A-11E are ‘top-do Vi ews o? a
havingghaselahangef diffemnyleagths irc ambidpunce ¢ sancenpb@figen Cdikdlosed
- wth elenents of different resistivities in accordance
herein.yj t h an enbodi nent di scl osed herein at various st ages

of formation. [0025] FIG 12 depicts a four-state,
oul d be used

I - i lifier, which
! RG8T L AR e CRE R Ly st o ph abe changamemory cel
configd¥edqRé ¥ sGEl LerBMRed ABMLSyitl $¢LASES AT 8lstosed herein at three

stages of formation.

[0021]  FIGs. 8A-8D are cross-sectional views of a phase change memory cell
configured as a vertical cell with elements of different lengths in accordance with an

embodiment disclosed herein at four stages of formation.

[0022]  FIGs. 9A-9F are cross-sectional views of a phase change memory cell
configured as a vertical cell with elements of different resistivities in accordance with an

embodiment disclosed herein at various stages of formation.

[0023]  FIGs. 10A-10C are top-down views of a phase change memory cell
configured as a planar cell with elements of different lengths in accordance with an

embodiment disclosed herein at three stages of formation.



[0026] FIG 13 depicts a four-state, current-sensing
sense anplifier, which could be used in conjunction
Wawaok/154526 mul ti - st at e phase change nenory cel | PCT/US2008/060000
enbodi nents di scl osed herein. [0027] FIG 14
illustrates a processor systemthat includes a nenory
devi ce according to an enbodi nent di scl osed herein.
DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0028] In the
followi ng detailed description, reference is nade to
t he acconpanyi ng draw ngs, which forma part hereof
and show by way of illustration specific enbodi nents
i n WA24gh thes.dilakitEcire topedivio riemayof behasadiange thenldrgsell
_enbodi ments are described in sufficient detail to
configigiedisis @ planss eelswithletandnts offdffenent tesispyidies ircacotvenre wittl an
.t 1s to be understood that other enbodi nents may be
emboc{c&‘ﬁ‘??‘i Higdoseq heTeNn BigraEivs BRSET OiiPERAEE ng st eps
descri bed is exenplary of enbodi nents of the

o O SRS Bl g
could beSudeAMBokiBndtdA v theWhiB-dtdie Pﬁé&%%%é‘m@ﬁ\[og% g@fembodiments
er. 9] In

necessaril'y occurring in a certain or
disclosed@eghodi ment, two fully-swi tched phase change

material elenents are fabricated sharing the sane

first and second el ectrodes. The el enments aredesi gned

sucdhfithat Hheidrdepispetoriviate, egireniaseneing seneesiggifger, which

function of programmng voltage are shifted wt

could g it Carmon Tt Mt S MHR e hERES mgmOrT Rl embodiments

dmck$%9b£&§d resi stance curves can be achi eved by
Fa rigéting the elenments with different phase change
materials or by adjusting one or nore el enent

Pr qpEIA i eFIG SUGHuAtestOfroBs8EMySten] BBOHBILAES 8 ndrhMytdbyice
crosssectional area, crystallization tenperature, and

accordimg|tb iangnpoiliheraslidesed héreth. i n greater detail bel ow
[0030] Still referring to FIG 3A, the curve | abel ed
R(a) corresponds to one of

DETAILED DESCRIPTION OF THE INVENTION

[0028]  In the following detailed description, reference is made to the
accompanying drawings, which form a part hereof and show by way of illustration
specific embodiments in which the claimed invention may be practiced. These
embodiments are described in sufficient detail to enablg those skilled in the art to practice
them, and it is to be understood that other embodiments may be utilized. The progression
of processing steps described is exemplary of embodiments of the invention. However,
the sequence of steps is not limited to that set forth herein and may be changed as is

known in the art, with the exception of steps necessarily occurring in a certain order.

[0029]  In one embodiment, two fully-switched phase change material
elements are fabricated sharing the same first and second electrodes. The elements are
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the two phase change el enents, while the curve | abel ed
R(b) corresponds to the other of the two phase change

we@b®@agsnsse The suffix "a" or "c" foll ow ng R(apCEES2008/060000
R(b) indicate whether the respective phase change
el enment is in an anorphous or crystalline state. For
exanpl e, the |abel "R(a)a" indicates the phase change
el enent R(a) is in an anorphous state. By applying
di fferent progranm ng voltages, four stable resistance
states labeled (1), (2), (3), and (4) can be achieved.

. In state Sl), both el ements are in |ow resistance

designed pitGhgliptah pig riepper{va)TesistticeRUbY 8. as lrfus etitreof 2y gragireimgrpltage

o 58 b e e sep vt on Rl T
I

e

adjusﬁR% Bhe bx_snsloﬁaﬁ rﬂh&&arf) Sisd 3PGL. LA ekgxﬁ'i)?et ¢ g %é?gtﬁnty, Hoss-

ate (4 nts are In hi resi

section@PAteh, Gef 81l IO 1€ PA 1 A8 hrid(Ri@ng [HOE3 1ds d:elsgillbeﬁan' g§ea@er detail

graph of the conbi ned resistance of the el enments
below.and R(b) plotted in FIG 3A, i.e. the total reS|stance

of the phase change menory cell. Because the phase

chan cell achieves four stable resistance

st d@@’é’ " Bl setaming o & 151 dhe @y v iabslegf R (pheasrasmendifo one of
d | di t t
the twq pffise §€%&ae§ Fusvinahe e oGS FEereeane heolerof
e TN SRBESHIROEE 850514 T Pd 9 B
whethe# thé lfédﬁécrh% 9§a§eftﬁ RSBt 1§1r{7§{ i}ﬁgrﬁ?lfouﬁ’ bP %@ﬁm&g;ta%e For

mul ti -state phase change nenory cell such as the
exampleptivelstied t R(ape|ihdicatsd thdgdard deege alochenhB(d) igialandendrphous

states. Progranmm ng begins with a RESET pul se 402 to
state. Heapplying Ideffﬁém@r%@)mawg R{tbyest tpuantabli tepialanemiinioh bibsled
) @ Rghd i m&e@s&f hegitat oot ey %réfﬁ'?fa%v 3%3?%%3@&
cosig i ErbOEARBLL e BLSTERPLSOS JTETRA oSl 07
Conflglﬁgh&b?{ QE,Wﬁ&tm{"bfﬁ ith 8 18 resistance configuration, R(b)c. In state
(3), element R(a) is in a low resistance configuration, R(a)c, while element R(b) is in a high

resistance configuration, R(b)c. In state (4), both elements are in high resistance

configurations, R(a)a and R(b)a.

{0031} FIG. 3B is a graph of the beﬁbined resiséance of the elements R(a) and
R(b) plotted in FIG. 3A, i.e. the total resistance of the phase change memory cell. Because
the phase change memory cell achieves four stable resistance states, it is able to store fwo
bits of information, i.e. 2% or four discrete values corresponding to its four stable resistance
states. Total resistance level TR(1) corresponds to state (1). Total resistance level TR(2)

corresponds to state (2), and 50 on.



function of the value to be stored in the nenory cell

as shown in FIG 3B. [0033] FIG 5A depicts a phase
w@basgsosmenory cell 500 constructed in accor daPCEUSZ00$1060000

a di scl osed enbodi nent. The cell 500 conprises a first

el ectrode 501, a first phase change el enent 502, a

second phase change el enent 503, and a second

el ectrode 505. The phase change el enents 502, 503,

conprising any suitable variable resistance nmateri al,

such as, for exanple, Ge b Te , are each in contact

with both of the electrodes 501, 505. To achieve

di flPeéi2ént Fieshidlustirates thesteps ahe ewthadef [phasenohrergmulti-state

el ements 502, 503 are forned with different |engths.

phase chage megtorg cdhsweh s0he fardgide etlbiystdeserahady and Hipelinal Herice

states. ESRRGNE AREGH Ged @%%E#@lg%?%@?gf@}gmﬁe tEemeaf Afbid B to
e ' t dj bet we he.fi
niia R PRlRTE 1 s B bAE KEUEBRERs 48 550 e’

conﬁglgﬁﬁéﬂ.oﬂ ﬁ)% rtgﬂmgﬁugﬁgg{tx%%%{é is ﬁ\gg a H@cﬁfoﬁ%r?gram EheSREABA, cell to

ase chan ereby per ing the

f GR IO  (eha), We et Pth » i
one o tRBASS (2h @) gmmdelp voddde b b%ﬁmﬁ;‘?w@é it he

first phase change el enment 502. Alter t he
functiohiof gite wlectortedtorsd In teuhanby @llpstsantinah [FYG dBanar

whil e the second el ectrode 505 contains a | owered

portion to make contact with the shorter_phase change

el A SHEC. OA derirtedphpee Ghange mgmosy gell Y genstguctedin
Si.Ch d h h |
accord 8 WG Spig g RS T lRE Srpnats S Rl ningny =
e G RO ARk 8o SR SRR B MABI Mg o

505. TiR siek Ol blenfenltd 509! sMBNaSEp£HAL 88y QlieMRNarkbk refistance

second phase change el enent 513, and a second

materiad| sach rg der SGmpld i3 Bapnt 8adlid, cobthdt @itk bedcdf thaelectrodes
contact with both electrodes 511, 515. Elenents 512,

501, 50% 180 pedevedlifienent repesiige resistancan dhenpihiagh change elqnagrdn02, 503

ave forged 8t ereBhiretive e s CEPSRRRL 87 iF s belgdonger than
e scclQAEATTN 28, Y0109 200 L% SLaRGe o gl BIRDL 13§ 5010

reduce ctause phase change el enent
of first electrode 501 is used to shorten the distance between the first electrode 501 and the

second electrode 505 in the portion of the memory cell 500 containing the second phase
change element 503, thereby permitting the second phase change element 503 to be shorter
than the first phase change element 502. Alternatively, the first electrode 501 could be-
substantially planar while the secoﬁd electrode 505 contains a lowered portion to make
contact with the shorter phase change element 503. A dielectric material 514, such as, for

example, SiO:, surrounds the phase change elements 502, 503.

[0034]  FIG. 5B depicts a phase change memory cell 510 constructed in

accordance with another disclosed embodiment. The cell 510 comprises a first electrode



second phase change el enent 513 have a substantially
simlar length, the raised portion 501la of first
web@stssde 501 shown in FIG 5A is not requir eRCT/US2008/060000
thereby sinmplifying electrode formation in this
enbodi nent. In an alternative enbodi nent, elenent 513
has the sane nelting point, cross-sectional area, and
hei ght as elenment 512 but a | ower resistivity, thereby
achieving a simlarly shifted programi ng voltage. In
yet another alternative enbodi nent, el enent 513 has
the sane cross-sectional area and hei ght as el enent
511, a firsl ﬁh@éé_tch%\éeoé’b&h_eﬁteﬁﬁ,sd devbd /plad cHRgleicRgn@QISNE, antiheskednd
achieving a simlarly shifted programm ng voltage. A
electrodeiseb eThd élemeRts ©12, 813 bikdasthu i @utds witheopihalsetrodmidge 515.
el ements 512, 513. [0035] Although FIGs. 5A and 5B
Elemenidép,cx13 hove sistilat eesphiaie and height bretreianyerg S8 has a lower melting
constructed in accordance w th _di scl osed enbodi nents
point ardhpwidericrserspatipaat dremties elsrend §14i Thuselhe gnagiagrnige voltage

. d t i d bi b f b
and resxf?é@?é‘?e cenenuag et Yot Bl PR FooRe e hEE! Srands
t h in.a. s . .
seson {555 RIGES 5 PAGE, SLSTROH BB Ao
501a of f%ﬁs'g Sleb 4G4 ESh1i RoARGR FHRHREIs Wot qu?ir@ﬁ,&ﬁb&%? dinpitroRignntrode

el enents are designed such that their respective
formatib8§i Bl RGO BRENEIn AR altefrabied bobodinapt, @fraemtisng hyothe agrae
are shifted wth respect to each other. The shifted
meltingpeits trapeecional escacand haghichickapeant B2 Palsr owsr resgtivie
elements with different phase change materials or by
thereby aglugeingigiBHa b Fhifed BTATERENRS BPGESr (T B&! aﬂgatéﬁ a&%@%%‘?

o GBS STPR L LSt R PRSI v
ctowesSEBEHSA BB GBS, k) bl [90BED, AL programming

voltageC A JiBRPPRGSatbQal&11 bisbuRhaie phitangensl eamaits Sthelaurve
| abel ed R(b) corresponds to a second phase change

el enent, and the curve | abeled R(c) corresponds to a

t hi0085phadbhelgnifésed s medbb drpist Duf-piaje phase ghangg memory
cells coxl;sggfyg%mi i?x\%gcs%a%%cg%\(d&éfsdgge% e%glg: d&nggésf: tﬁz%la\{\x@\gé lxnnevrenklgr? is not
50 limited and can be expanded to provide an arbitrary number of stable resistance states.
FIG. 6A shows the resistance curves for three phase change elements in a six-state phase
change memory cell, e.g. cell 600 of FIG. 6C, constructed in accordance with a disclosed
~ embodiment. The elements are designed such that their respective resistance curves as a
function of programming voltage are shifted with respect to each other. The shifted
resistance curves can be achieved by fabricating the elements with different phase change
materials or by adjusting one or more element properties, such as, for example, length,

resistivity, cross-sectional area, crystallization temperature, and melting point, as

described in greater detail below.
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change elenment is in an anorphous or crystalline

state. For exanple, the label "R(b)c" indicates the
w@basasshange el ement R(b) is in an crystalli nPCHUS1088/060000

By applying different programm ng voltages, six stable

resi stance states |abeled (1), (2), (3), (4), (5, and

(6) can be achieved. In state (1), all three el enents

are in alowresistance, i.e. crystalline,

configuration. In state (2), the first elenent is in a

hi gh resi stance configuration while the second and

thir engnts are in_a | ow resistance configuration.

I'n é@%& ?gtj‘l? refepgingite §1G. o theaurellabrled®it)someepdmisao a first
phase B GO SRS S AL By Dl 2 Bl STt
clemeh b OB REF R0 LR G bt G i
RN T s e

changs elearedt i ah Rivodpledus IR 3 AR dtite ARG SRNTHAS it8 ABGCR (b)c”
configuration. In state (6), all three el'enents are'i'n

indicagesithgjphase shatgerebeperit Réb) iaimaphystalline enite. By &plPing different
0037] FIG 6B is a graph of the conbined resistance
Progrgrmyiiev lfaght s talaiesisRae staten thbRled)(1p(Dt (B ¢1)i (), Bh&(6) can be
. BA i.e. the total resjstance of the phase change
achievd vatséh 31l BeC tlermenth atpRas v CREAgE LS FYSLeBRY
. i ev ' esi st.ance, state it is able to.
con g B o M AR ORGP Feenssnen v onem white vhe

secondld(d hhiiQNERERIALS tad ) ioh Ef €, 8vel
on TR( 2) 1 corres pondsniagmgtrggtagmﬁ%)c?ng%ﬁ d;za égﬁ’oﬁ{. gftgg%Bﬁheg‘lr%and
secondsdlermbmaaraine High sésbtencs tonfetuth@ordfvhie Blehsh i PNASE a low

. change nenory cell 600. The cell 600 conprises a first
resistappecgonfigdration] Ivitets (€) tredastethdmerdridorismbftt are iGQbyw r@sistance
conts T AIERE: A Gl ST 002 Surccond Brae Change,
L TR R R S
T L T .
amorphousstoréfigaedtfoode 601. Each of

[0037]  FIG. 6B is a graph of the combined resistance of the elements R(a),
R(b), and R(c) plotted in FIG. 64, i.e. the total resistance of the phase change memory cell.
Because the phase change memofy cell adﬁ:é{?es six stable resistance states, it is able fo

store six discrete values. Total resistance level TR(1) corresponds to state (1). Total

resistance level TR(2) corresponds to state (2), and so on.

[0038]  FIG. 6C shows one possible structure of a six-state phase change
memory cell 600. The cell 600 comprises a first electrode 601 with elongated portions 601a,

601b, a first phase change element 602, a second phase change element 603, a third phase

11



the three phase change el enents 602, 603, 604 has a
different respective |l ength, causing each to have a
waledoBaswsmné resi stance. Different resistances cRCI/EE2908/060000
be achi eved t hrough ot her neans, such as, for exanple,
varying the cross-sectional area of each phase change
el ement, as descri bed above with reference to FIG 5B
A dielectric material 606 surrounds the phase change
el ements 602, 603, 604. [0039] Phase change nenory
cells in accordance with enbodi nents di scl osed herein
can be constructed as stack cells. FIGs. 7A-7C
change elflérlngr%té{()@,t a%daah&%&h@ ﬁleét@@c{e @3N TRE st$&Greli@ sl @ that of the
our-state phase change nenory cell as a stack cell
four-staf%jﬁl;@mng nfdnfBry 64 dBRERA Yn BRY. |5 ASdraiches#GBkd sbdvey ieddds
conprising a first |ayer of phase change material 701,
the third @emexestalaed G&shintedongatet pdreiot D1 didiretreld@defcdt. Each of
exanpl e SiCh, and a second | ayer of phase change )
the threerphaseichbngtOBemdtite 602603 64 hasa differanerespeding lprdbecausing

h terial 703 i | t d by doping 704, f

each to kel Gempt FesatnG: opIRraRssatan et can s i (pgugh
Conducti ve sidewal |l s 705,, 706 serve as._el ectrode

other e, Fish ORI kA LM GFoEREYAPLEr T Ea%‘g‘,aé%g‘%ge
sho i..n JFl 7C: - e sC : : |

ctemsnc? R YRS i e QR4P 385 CHEROE RN 8

| tical cells. FIGs. 8A-8D
the ph AnDEIEPBSHE Y @g. vertical cells
ep a%vﬁhsgfgte a method that can be used to forma

four-state phase change nenory cell as a vertical
cel0039]As Riweswhdnge Ele@iordApllsinpotardancel veith eoled TNt s
. formed with an el evated portion 80la, as described

disclosedhovein wint be eastbrend as pigcirrads. Blkss: Z\AV&&@PS%?W 6Hﬁ%ﬁgod that can
change material 802 is deposited aqve he, b 0 :

be useddp BET b0 BEHS PSS CHENG THORICE 80t s (et SNahBeFIC
mat er i.a i : . ial 701,

7, melEh S R Sy eTpE R R e R RO 0GR materia

for ex b @, TdCa HRIRHIALyB9D?, It8r HQPRISIOUrnaUNtchi@] faher of phase
phase change el enent’s 803, 804. A top electrode 805 is

change rh@dtiall pUITEthevdstivinbfithe suntdphassichimgeneateviel fildsaltered by
change el enents 803, . .

doping 704, for example with an O or N dopant, as shown in FIG. 7B. Conductive

sidewalls 705, 706 serve as electrodes and are formed on either side of the gate stack 700, as

shown in FIG. 7C.

- {0040]. Phase change memory cells in accordance with embodiments
disclosed herein can also be constructed as vertical cells.*FIGs. 8A-8D illustrate a method -
that can be used to form a four-state phase change memory cell as a vertical cell. As
shown in FIG. 8A, a bottom electrode 801 is formed with an elevated portion 801a, as
described above with reference to FIG. 5A. A layer of phase change material 802 is
deposited over the bottom electrode 801, as shown in FIG. 8B. The phase change material

802 is etched to form two phase change material elements 803, 804, as shown in FIG. 8C. A

12



804 and the dielectric material 806, as shown in FIG
8D. [0041] In an another vertical cell enbodinent, a
w@basasshange nmenory cell constructed in accorBErtg2008/060000
herewith conpri ses phase change el enents of the sane
| ength but different phase change materia
conpositions. FIGs. 9A-9F illustrate two alternative
nmet hods of form ng such a phase change nenory cell. As
shown in FIG 9A, a bottomelectrode 901 is forned.
According to one enbodi ment, two phase change el enents
902, 903 of the sane phase change nmaterial are then
dielectrian AR e alB061s fnshell Bunonhdiag thd pimst bieartpeted@nendh 86, Bot A top
901, as shown in FIG 9B. A dielectric material is
electrodedOFBsithen formaddivey anthén gshéase withathg 6ve phatsghengeglemgpts 803,
Alternatively, the dielectric material could be forned
804 anckﬁhﬁﬁqleqm@magqr@h%% ppshopmindi@ntiél s i n whi ch the phase
change el enents 902, 903 are forned. To achieve
di fferent. resistances n f,. th | '
suby B et & BB g dusr s g i T g oy el
i - ( [ [
constroffli b Bl S R R BT A e S B gt
but diff@tdr§ gﬂ@ée' HEn QIBARHAEHmpRRNPNBES. ShaRgRuataTENd aBtAative
is formed of "a first phase change material. A
methoddi |f@t®ﬁiﬁ% eudied phidsakchf8Qe mendgrad Aasbowd it HEG (ffagdottom
change el enment 902. Alternatively, the dielectric
electrodm?@ris firmedulAdedrdingoomad efbedimeriidtvet RiFsE changegiements 902
channel in which the phase chan el enent 903 is‘hth
903 of the sree PhasesbRFIMBITHEATE ﬁh%ggé“@?iﬁ%ﬂt °grea" YL oI
phase .c e .mat er| Vi ' g - M IRVA ;
bottom{EERCHRATY P 810 S Ce et oy i rgg S hltiaing the
i iddig! i dral c808 bamstmed
phase o B e T P e 900 a8
first, theh@WAed Po fokf ch@fmelAeCokidh fge plase thrge ebmbeds N3 @re
top electrode 904 is formed over and in contact with
formed M qrhizese diffimogecsiteneatae®d the d@Benta 80k iseuwhiertgd tp doping
9F. [ 0043] Phase change nenory cells in accordance with
905, forersagiierormrdN doping, while the other'element 902 remains pure, as shown in

FIG. 9C.

[0042]  Referring to FIG. 9D, in an alternative embodiment, one phase change
element 902 is formed of a first phase change material. A dielectric material 906 is formed
around the phase change element 902. Alternatively, the dielectric material could be
formed first and etched to form a channel in which the phase change element 902 is
formed. A second phase change element 903 of a second phase change material having a
different resistivity than the first phase change material 902 is formed in a channel etched
in the dielectric material 906 and over and in contact with the bottom electrode 901, as
shown in FIG. 9E. According to either embodiment, a top electrode 904 is formed over and

in contact with the phase change elements 902, 903, as shown in FIG. 9F.
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di scl osed herein can be constructed as planar cells.
FIG I OA-C are top-down views illustrating a nethod of
W0 ooaiisig7@ f our - st at e phase change nenory cel | PE@&US2008/060000
planar cell. As shown in FIG 10A first and second
el ectrodes 1001, 1002 are forned on a substrate (not
shown). The first electrode 1001 includes an extended
portion 100la to accommbdat e phase change nateri al
elements of differing length, as described previously.
A phase change material 1003 is deposited over the
el ectrodes, as shown in FIG 10B. The phase change
mat@HBRhl Phaselbangrathemprectls it foprdanapwphaseoadiapre
material elements 1004, 1005, both in contact with the
disclosdd heyeinaad be genmithciideastplenis s in d1Gakt-£302 PO RS n

s o) S S (L SR L TS o

o BB S0 RO ) b PIRCHLTEN. BB
shown)g :‘iﬁg gfrrs:tﬁe?ecgﬁaé ?0(531%898%9&?553@&'{%(1 orfie16AH % E&Blﬁ‘ﬁelg?&%\l%@

ase change materia onpositions. F
phase Ange RhRrikPReAONE of HERSinglIEASh Bldehgibedpradibesipaniphase
nmethods of form ng such a phase change nenory cell As
change $Haraali 100Fs @epbifitedfdvies theartel todes e steivert iy Hge 40B. 1011 phase
1102 are fornmed. According to one enbodi nent, a phase
changechatmge isttespaterred toépastwephweshangsengreatdgaeys 105,

ot B S i S PR SN B3 . o
. i st . t . t [ i
G GHPIES el R RUATI e ok o

ot her element 1103 remains pure, as shown in FIG HC
'12 6@6&4@ t @l AabhBReSNROM BB Binboier Bt hBage reéronndkll

3 1s formed of a first phase change nmaterial, as
construgReMA abdorfhEe hdRwih seoprichs phasehehghegemehiseé the sergdength
of a second phase change material having a different

but diffeesit ghase dynghmateriabedmpesitigtaSioe Ahge RRREAPYUR VigYs

illustraggé g&?g éggé%\g%nﬁgﬁgﬁk %f ?q%%tﬁg\gucwg pl'}la%!e CGI%}nrgoe (;r?esmél'r]yoc%ll.aﬂg

shown in FIG. 11A, first and second electrodes 1101, 1102 are formed. According to one
embodiment, a phase change material is deposited over the electrodes, then patterned to
form two phase change elements 1103, 1104, as shown in FIG 11B. To achieve different
resistances, one of the elements 1104 is subjected to doping 1105, for example O or N
doping, wiiﬂe the other element 1103 remains pure, as shown in FIG. 11C. In an
alternative embodiment, one phase change element 1103 is formed of a first phase change
material, as shown in FIG. 11D. A second phase change element 1104 of a second phase
change material having a different resistivity than the first phase change material is
formed between and in contact with electrodes 1101 and 1102, as shown in FIG. 11E. A

dielectric (not shown) is formed surrounding phase change elements 1103, 1104.
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dielectric (not shown) is fornmed surroundi ng phase
change el enents 1103, 1104.[0045] Menory devices with
wonrNosilsesrat e phase change nmenory cells, such aBCT/Kg§2008/060000
enbodi nents di scl osed herein, nust also conprise
multi-state sense anplifiers in their readout
circuitry. For exanple, nenory devices with four-state
phase change nenory cells, such as those depicted in
FI Gs. 5A and 5B require four-state sense anplifiers.
FIGs. 12 and 13 depict two possible sensing schenes
for sensing the resistances of four-state phase change
meqmuy] CeMetoriXletiots wigh noiliretatepttned thagesnancry cells, such as
configurations are possible, including those capable
the emboklidente discitisad hemirg ntusaslsé cumpsteaneli-dateisendermovplifipys in their
those skilled in the art. [0046] FIG 12 depicts a
readouff @muts;t dics exampleagemosn devigesyeiHefour pite phasgshange memory

s i hkag oL SR R B e s
nts d h f

12 and %ﬁxﬁt tOH)é)SfIM? ngr?sfﬁelg t\%rrnt%lﬁ ?or s-ems?nbé’ ?@%&1&5@4{% of fBlur- %&Q@

phase cﬁ&%@yﬂgo i {Jﬁyvé % €6 bGade, Stk %ﬂ%o@%ﬂ@&rﬁf (FH gﬂ@hﬁ@?@‘éﬁe r

ol tage corresponding to ceil stance R

possibld, %@ﬁ&ﬁ%%os%'%ﬁ?aﬂé éf @dterntiRing@RGIO Wharvolt @tg&s as is known by
corresponding to a reference resistance Ro. If R >

those sKill@Rm thbart. the first bit is 1. O herwise, the first
bit is 0. If the first bit is 0, the sense anplifier
obtai ns the second bit

by det whet h th
POUOL vBIG 28 oD A A fFe P Ee Y SeReHo] L sense

amplifi P bt Paice Ped o ERHRy it} A RRE SRRETHAL
memo g&??&{ Jthgrbén?s &scl%eﬁ%ﬁ%xﬁ e1hd gb%s@@rﬁ?ﬁ@er%bo btafhs the first bit

e sense anplifier then obtains

of the t&fb%lﬁ@gﬁﬂg Bpplyyg Lkl @hdtirgerwaat ieterihéng eaatut a readout
vol t age correspondlng to cell resistance Ris greater
voltagetdamesdrilinf tot detl redsieioetR i gr¢adgehant/Zes F}@rrd@dfglttvglt@%ﬁ’e

reference resistance Ro. If R > 5/6R the g %Mﬁond
corresppndinggo 2 referdnet vpsistance Re ¥ EcoklidRyhen Lma erwise,

the fn‘s@ch;: lr%ré)g Bg%@ fﬁ@tcl{:‘]blsa gge$ gtrx&%%ﬁbgb%g@xg tthe secon%gbelt by
determining whether the readout voltage corresponding to resistance R is greater than 1/6
of the readout voltage corresponding to the reference resistance Ro. If R >1/6Ro then the
second bit is 1. Otherwise, the second bit is 0. If the first bit is 1, the sense amplifier then |
obtains the second bit by detérmining whether the readout volfage édrresponding to cell
resistance R is greater than 5/6 of the readout voltage corresponding to the reference
resistance Ro. If R > 5/6Ro then the second bit is 1. Otherwise, the second bit is 0. Thus,
according to one embodiment, a readout voltage corresponding to R =0 yields 00, a
readout voltage corresponding to R = 1/3 Re yields 01, a readout voltage corresponding to

R =2/3 Ro yields 10, and a readout voltage corresponding to R = Ro yields 11.
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readout voltage corresponding to R = 1/3 Ro yields 01,
a readout voltage corresponding to R = 2/3 Royi el ds
waosasid’@ readout vol tage correspondi ng to R BCTRUS2008/060000
yields 11.[0047] FIG 13 depicts a four-state,
current-sensing schene for a sense anplifier 1300,
whi ch coul d be used in conjunction with the
nmul ti-state phase change nenory cell enbodi nents
di scl osed herein. As shown, when a fixed read voltage
Is applied, three current sensing conparators 1301,
1302, 1303 conpare a readout current corresponding to
cel 00478 si FT@rBaldpidioa foRfrStRd) Carretf delhihg senieRPanehdag
to reference resistances 1/6Ro, 1/2Ro, and 5/ 6Ro,
amphfxee éwcwmél opuldipreuseil is torjimctioh vtitte thewou i dtate qmai;q chiagge
put of current sensing conparator 1302. Thus,
memO’ince{l ﬁ@h@é%@ﬁ@ disglpsesthereisr Peshowai when o fived Tead voltage is
istance R i.s smaller th dout current
applied, F5ieE S arits canprgort Rl 1908, 1B Somp 4 adout current
COI‘I‘ES}%HB%O%SH réSFL?aIICE 'R%.'é trgfle}enag BL‘(I‘ T GI‘I-IEE] (?OI‘?E%C 3 ncgmgu? re(%?renfe

resu IS O passli ng

resmtaﬁd@? 1/6RS, QF?JS WHSERS RY éc@xgego Fﬂ?@ rﬁ%t‘?ﬁt%f 130dyo gf% 0%tk 383

hr ough ic gates 1 s shown. Thus, according to

output@lfl eueaiicdiviBNtompara@2d8os. T/ i€ e eRdd RS Haed ®resPorBifg to
O yields 00, a readout current corresponding to R =

cell reSIEﬁ@CRB iy phidks todn the reatuto mtrrentroosrspndingeopdIRy thgnttioe st
Royi el ds 10, and a readout current corresponding

bitis 1 Qth@fWISRoW Erydits 0. Fopsrgpnd/bitof ﬂ’éftfa’loé?lblﬁfé@é iscHhamged by

posin RGPS St 5o P rongn i
gates 1501R{ %O%V'lefﬁls' zwc&giqu?%&)don%' d‘img’;&i A %dg{}? ferffOr €

arrays of menor cons ucte n accor ance W th

correspRRARG! tHRM 6y Qﬁﬁ(wl b@@ldb@trc%lrfem dheespordiag RORA NY Ro yields 01, a
i nt egrated CIrCUItS may be utilized in a typical

readoupmcmson‘ewﬂ&rg\ tolRot 2/8 Ragields, 10Fhfd a tebhdolit tusteraicesegponding
ypi cal processor system 1400 that includes a nenory
toR= %é’?ﬁlése 11403 enpl oyi ng i nproved phase change menory
cells in accordance with the enbodi nents descri bed

her{&h@] AVRIES sfre Shasg ¥1§§neg@mg’nlilgrl} &ils, % including the disclosed

embodiments described herein, may be fabricated as part of a memory device integrated
circuit having one or more arrays of memory cells constructed in accordance with
embodiments described herein. The corresponding integrated circuits may be utilized in a
typical processor system.” For example, FIG. 14 illustrates a typical processor system 1400
that includes a memory device 1403 employing improved phe;ée change memory cells in
accordance with the embodiments described herein. A processor system, such as a
computer system, generally comprises a central processing unit (CPU) 1401, such as a
microprocessor, a digital signal processor, or other programmable digital logic devices,

which communicates with one or more input/output (I/O) devices 1404 over a bus 1405.
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conmput er system generally conprises a centra

processing unit (CPU) 1401, such as a m croprocessor,
w@2@Bgitsaé si gnal processor, or other programl/Es2008/060000

digital |ogic devices, which comunicates with one or

nore input/output (1/0O devices 1404 over a bus

1405. The nenory devi ce 1403 communi cates with the CPU

1401 over bus 1405 typically through a nmenory

controller. [0049] In the case of a conputer system

the processor system 1400 may i ncl ude peri phera

devi ces such as renovabl e nedi a devices 1402 (e.g.,

The mef%?&?ﬁ%@g{i@g 58%\35}{?%%% W8 MOERD 190NBIRILGR 805N blealGPU

Menory device 1403 is
ﬂuougpggﬁgﬁﬁpkMﬂﬁgn§xructed as an integrated circuit which
I

I ncl udes one or nore arrays of phase change nenory
devices. If desired, the nenory device 1403 nay be
coffitdpled Inithh cideef promgpssarsysttoy thexanpiseorcpeiendiddl mey
a single integrated circuit. [0050] The phas .

includerperiphgrabé¢vieesghel awgmaé}eéﬁﬁfglé ARV Y07 ety §g?£§1@?§me or
conventi onal deposit]j | pp! ant at i.on et chi . .

DVD defgprngeam i oy 10 SiFs ekt i ondrrgry detiee 1403 s

| so _as | kna i.n.t art,..

L B e R

change gﬁ(ksx’%&g RiLdes Pabsitdd, fRMhARbrMd RIS iagdRSombincsRowh the

e appreciated that various enbodi rents have been
processBE 367 bRRGIASPUSIADY o8 aphgseintangd cratieri al as an
exenpl ary vari abl e resi stance material. Enbodi nents of
the invention may al so be fornmed with other types of, .
vafiEh) e TespkisanbengranerPa! @ell[sde)?;&’ﬁedrh%fegb@ﬁée formed using

description and, draw ngs, shoul n.y be nsi der .
convenfipRgepar e PR g CenpsiPan e TR B pie
... features . .and advant ages ' i i fi i
R L T B T

bordere?fn l&‘&i%fé%ﬁﬁ AR RETRE §idef6 PInloRBcY withRecerbaésTelshould also

ention is not to be considered as being limted by

be apprlebigtedAn@0RIrdYs deSodinmritohaaisked dandribgd as bsihgiaphesd ghange
limted by the scope of the appended ) )
material as an exemplary variable resistance material. Embodiments of the invention may

also be formed with other types of variable resistance material.

[0051]  The above description and drawings should only be considered
illustrative of exemplary embodiments that achieve the features and advantages described
herein. ‘Modification and substitutions to specific process conditions and structures can be
made. ‘Accordingly, the élaiméd invention is not to be considered as being limited by the
foregoing description and drawings, but is only limited by the scope of the appended

claims.
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cl ai ms. CLAIMS What is clainmed as new and desired to be
protected by Letters Patent of the United States is:

W@ 2008(1508%6 sti ve nenory cell, conprising: firstPEmnts2008/060000

second el ectrodes; and a plurality of phase change
resi stance el enents provi ded between said first and
second el ectrodes, each of said resistance el enents
having a respective resistance curve as a function of
progranmm ng voltage which is shifted relative to the
resi stance curves of others of said resistance

el ements. 2. The resistive nenory cell of claiml
wherein the plurality of phase change resistance

el ements conprises two Qﬂggﬁﬁghange resi stance
elements. 3 . The resisti nory cell of claim 2,
wherein at a first programm ng voltage the first and

What iszc?gi%}giq Js%%%&r@f‘&&g@é Wgﬁbt@é’t&i b L&téré’Wat‘éﬁ@éﬁh@%ﬁed States

is:

second programm ng voltage the first
element is i a high resistance state while the second
elenment is in alowresistance state, at a third
programm ng voltage the first elenent is in a | ow
Aegsiishancenstyate, wmpresingie second el enment is in a high
resi stance state, and at a forth programm ng vol t age
the first and second el enents are in a high resistance
st at é‘.fStéﬂndﬁ?‘éO’}deé?@fqd\‘?% aErir‘gm)ry cell of claim 2,
wherein the first resistance elenment has a first

| engt%lﬁ&% Bﬁ%&%s &5&&%@% ?%neér@grghe vl Ry S& M first

| engt ess’ t I rst resistive

”emra&ﬁd%@&dndoéle&xloabmeaeh m@f@fe&stah@e sleeend aebigst REgetive
el enent is doped such that the second resistance

el emapiisthas @arves stuaniden di frograamhirtgharitage which is shifted

relative to the resistance curves of others of said resistance elements.

The resistive memory cell of claim 1, wherein the plurality of phase change

resistance elements comprises two phase change resistance elements.

The resistive memory cell of claim 2, wherein at a first programming voltage the
first and second resistance elements are in a low resistance state, at a second
programming voltage the first element is in a high resistance state while the second
elementisina low resmtance state, at a third programming Voltage the first element
is in a low resistance state whﬂe the second element is in a high resistance state, and
at a forth programming voltage the first and second elements are in a high

resistance state.

The resistive memory cell of claim 2, wherein the first resistance element has a first

length and the second resistance element has a second length less than the first

length.
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resi stance of the first resistance elenent. 6. The
resistive nenory cell of claiml, wherein the
w@kwsabistey of phase change el ements conpri ses PBEF/E82008/060000
phase change el enents. 7. The resistive nenory cell of
claim®6, wherein at a first progranm ng voltage first,
second, and third elenents are in a | ow resistance
state, at a second progranm ng voltage the first
element is in a high resistance state while the second
and third elements are in a |low resistance state, at a
third programm ng voltage the first and second
gherBRtise Aletdr c@l $iPhm e sitetan et Stad@reMitdrRe btenent is
third element 1s in a |low resistance state, at a forth
dopgdanhﬁhgth@kt@gbmﬁhéu&eebﬁmahﬁm&e&ﬁﬁdn@ééﬁﬁm@ﬁtﬁmEa
in alowresistance state while the third elenent is
resistantse ghthe éisstsedtiencestement. at a fifth progranm ng
voltage, the first elenent is in a Iom1resistance

SRR B U R IR
%@l’rﬁﬁgecoﬁx?%sgé t‘;l?etetpht%ge g@g{ger nd thir d eI ements are in a

resi stance e resistive menory cell of
clain11, wherein the plurality of phase change

TRS tS1s806 M8l & LMY, WiREeih B4 fift p 8 Qoltage first,
change resi stance el enents. 9. The reS| |ve nennry

s&bhd aihddhiad meinentsheee &1 alavheesisemoe ytateht a sscosd padgremofing
storing at least two bits.10. A resistive nenory
volageitse Higt elpinestis ahajhgéd@ﬁ@ta@w&wﬁ adule: the sgiond @né hzisd

change resi stance nateri al g%lded bet ween and

EBE R Rer OB e G 4B S IO P BT g JeLios e dirst and
Ldch34 e}%m%ﬁgfa?planagmﬁﬁés? e DAY LG Bod etmr%ta&%é LA CI%W

curve das a func rogranmng vo

AaReRde IRSE LBANGR. %%ﬁ{n%g ReRa B anrars@yar@eaemems are in
between and in cont act

a low resistance state while the third element is in a high resistance state, at a fifth

programming voltage, the first element is in a Jow resistance state while the second

and third elements are in a high resistance state, and at a sixth programming

voltage the first, second, and third elements are in a high resistance state.

The resistive memory cell of claim 1, wherein the plurality of phase change

resistance elements comprises four or more phase change resistance elements.

The resistive memory cell of claim 1, wherein the memory cell is capable of storing

at least two bits.
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10.

11.

12.

13.

with said first and second el ectrodes, said second
phrase change materi al having a second resistance

W@ 088536 a functi on of progranmm ng vol tage, wWhETES1088/060000

shifted relative to said first resistance curve. 11.
The resistive nmenory of claim 10 wherein at a first
progranm ng voltage the first and second resistance
materials are in a high resistance state, at a second
progranmm ng voltage the first and second resistance
materials are in a |l ow resistance state, at a third
progranm ng voltage the first resistance material is

' el ' fﬁgﬁh tate and the second resistance
§3F§?P§?R?§§§%§% ow fesistance state, and at a fourth
progranmm ng voltage the first resistance material is

i n a flrewnklestsidddeeodtat e and the second resi stance
material is in a high resistance state. 12. The
resistive nenory of claim 10, wherein a .

cr os $-fieicpliasn alhange sesiskance Faterd phavIAed PetasR &N FdR 677taTt

o St b R Br arcond gecrnie B (BT GReRtsti e bl payine

rost SCRsRarEy Pt 1 b bEERELALILE, Qhuplfiafeond

point of the first resistance material 14. The

resi St deVehd BHHRE ¥hdfpe ¢éstaRcd OnatvhidIprbvidad BetwdeRGinddh Rbntact
of the second resistance material is |[ower than a

mel t ivigh podl fitstahd bérenflietestrodes bt aemedrpdtrasei chbhngel ®aterial
The resistive nmenory of claim 10, wherein the second

resi Staainge yeavret fesistahgescive asp &TcEPR P PEGERMERAG valtage,

resistivity of the first resistance material. 16. The
resi§Wh@%”ﬁ@ﬁ§ﬁy€@PV%Pé?W$gﬁﬁr%ﬁﬁ?gﬁﬁu?ﬁb first and

second resistance materials have approximtely the
TRV AP b VG0 LUkl e phag et grbmianie
hRAVBIcoR® bdsishehcP @lafdrial o€ irBa Wigleresistance state, at a second
programming voltage the first and second resistance materials are in a low
resistance state, at a third programming voltage the first resistance material is in a
high resistance state and the second resistance material is in a low resistance state,

and at a fourth programming voltage the first resistance material is in a low

resistance state and the second resistance material is in a high resistance state.

The resistive memory of claim 10, wherein a cross-sectional area of the second
resistance material is greater than a cross-sectional area of the first resistance

material.

The resistive memory of claim 10, wherein a crystallization temperature of the
second resistance material is lower than a crystalization point of the first resistance

material.
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14.

15.

16.

17.

18.

19.

20.

21.

cross-sectional area than a crystallization
tenperature, a nelting point, and a crosssecti onal

W@ L@8/18057¢ he first resistance material. 17. ThRCT/US2008/060000

resistive nmenory of claim 10, wherein the first and
second resistance materials have approximately the
sane crystallization tenperature, nelting point,
crosssectional area, and | ength, but the second

resi stance material has a |lower resistivity than a
resistivity of the first resistance material. 18. The
resistive nenory of claim10, wherein the first and

§RE %%t;b@%ie%tcﬁ? CECIHRL €, W@h%\fﬁa@ﬂg b8 ORERI dcdliresistance
same cross-sectional area and | ength but the second

bR aNeR e Maalidlil@poit bpwefirsirysitahdd materion
tenperature, a lower nelting point, and a | ower
resistivity than a crystallization tenperature, a

rbe rastagvpoientory ahdaian (@ siteréinithesegpnd rasistnce material has a

resi stance nmaterial. 19. The resistive nennry of cl aim
IGSIStXHE @V er thprea mstbv Y pEthe fustgesistange matggal The
reS|st|ve nennry of claim 10, wherein the nenory is a

%% FenghV? Hxéan}or}rsg ;rlgl%ai(? S St ¥ it S dEIPLN Qecoﬁ ?és'gt%rgde materials

Secon resistance nma

ﬁQ\'f@g SXI%a@%JL%%deQQSIQ{vzgeandst At ﬁ%s%gond-rﬂz@lstance

resi t|ve me clarm eln the first and

SREQNI hh£8 105t RER tdMBtaEbh ¥rBp&afipé, iadeweemeltingepoin® 3nd a wider
The resistive nmenory of cIa|n110 wherein the first

ands-setond aresthst angstabivagiph sdspanere wrmeltingguitfyara a cross-
dielectric material except on sides in contact with
persionpliasea ofrthe Besh FRESEINCR F1R6IES. 24, A nenory devi ce,
conprising: an array of menory cells, each menory cel

TRIPE ms%lvg gnerr{oirgf ot Clgrlllg 16, 57 l}]gn%l\ st Q88 Sacof Yesistance materials

have approximately the same crystallization temperature, melting point, cross-
sectional area, and length, but the second resistance material has a lower resistivity

than a resistivity of the first resistance material.

The resistive memory of claim 10, wherein the first and second resistance materials
have approximately the same cross-sectional area and length but the second
resistance material has a lower crystallization temperature, a lower melting point,
and a lower resistivity than a crystallization temperature a melting pomt and a

resistivity of the first resistance material.
The resistive memory of claim 10, wherein the memory is a stack cell.
The resistive memory of claim 10, wherein the memory is a planar cell.

The resistive memory of claim 10, wherein the first and second resistance materials

comprise a combination of Ge, 5b, and Te.
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22.

23.

24,

25.

26.

a plurality of phase change resistance el enents

provi ded between said first and second el ectrodes,
We@aoh/18576ai d resi stance el ements having a r espeErUE2088/060000

resi stance curve as a function of progranm ng voltage

which is shifted relative to the resistance curves of

ot hers of said resistance elenents. 25. The nenory

device of claim24, wherein the plurality of phase

change el enents conprises two phase change el enents.

26. The menory device of claim25, wherein at a first

programmi ng voltage the first and second phase change
TRE SRS nitforyTdf Aal@ W eisdrsinahe firss ad secoat! resigeenaterials

programmi ng vol tage the first phase change el enent is
chmpaishGghbiTesi st ance state while the second phase

change element is in a lowresistance state, at a

third progrann1ng vol tage the first ghase chan

Top esmtbre ooyl oo G andae Gra el g Frm e dawarals

S R R R i Gt

hase,change elenents are in a high resistance state.
S%%m'fﬁggﬁg%%ry device of claim 24, wherein the
plurality of phase change el enents conprises three or

ARlh PP asecEhengasiebenents. 28. The nenory device of
claim24, wherein each of the nenory cells is a

vertical cell. 29. The nenory device of claim 24,

wher e arrepohmeforhesliseemoh yesesiry sell orappsiagar cel | . 30.
The menory device of claim24, wherein each nmenory
cell is capable of storing at Ieast two bits. 31. A
proceSS|ﬁ§S ‘iﬂﬁﬁ?? My a processor; and

a plurality of phase change resistance elements provided between said
first and second electrodes, each of said resistance elements having a
respective resistance curve as a function of programming voltage
which is shifted relative to the resistance curves of others of said

resistance elements.

The memory device of claim 24, wherein the plurality of phase change elements

comprises two phase change elements.

The memory device of claim 25, wherein at a first programming voltage the first
and second phase change elements are in a low resistance state, ata second
programming voltage the first phase change element is in a high resistance state
while the second phase change element is in a low resistance state, ata third
programming voltage the first phase change element is in a low resistance state

while the second phase change element is in a high resistance state, and at a forth
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27.

28.

29.

30.

31.

a resistive nenory coupled to the processor, said
resistive nenory conprising: first and second

web@stissdes; and a plurality of phase change ePE&nE#1088/060000

arranged between said first and second el ectrodes,
sai d phase change el enents having different
progranm ng characteristics such that at a first
programm ng voltage all phase change el enents are in a
hi gh resi stance state, at a second progranmm ng vol t age
al | phase change elenents are in a | ow resistance
state, and at other progranm ng voltages sone of said

RBBEAARANARtEE BT, Saral Rcdrid phfst gharrpe sietancarest ahégh
whi'le others are in a | ow resistance state. 32. The
prieecassitng. system of claim 31 wherein the plurality of
phase change el enents conprises two phase change

el enents. 33. The processing syste

_ of, cl aim 31
Tirraremar fierifsl ki yh GRIHAGE FLHANe! aharpaee elements
conprises three or, nor hase change el enments. 34. The
%ﬁ@@@?%ﬁﬁﬁeQ?ngﬁﬂgﬁeﬁﬁ%ﬁﬁfgﬁyﬁﬁ%erein each of the
plurality of phase change el enents has a different
' i {RCES PR S Yah el mehaiynedd is awetiedl dell.

'ggg%kg¥wfﬁgw%$ﬁ¥§%€}y’of pﬁase chanée elgﬂénts has
approxi mately the sane resistivity and | ength but

hd fefRy dbEsPElldineds whatdt bichal termemnpesells ir aplanar cell.
mel ting points, and cross-sectional areas. 36. The

processi ng system of claim31, wherein gach oéwgge o at
Bhamahiory deficopldamcianiered! eHBIPENRyLed KB P ingt &oyne @
the sane crystallization tenperature, nelting point,
lergdwoddét i onal area, and length but different
respective resistivity.

A processing system, comprising:
a processor; and

a resistive memory coupled to the processor, said resistive memory

comprising:
first and second electrodes; and

a plurality of phase change elements arranged between said first and
secénd eléc&odes, said phase change elements having different
programming characteristics such that at first programming voltage
all phase change elements are in a high resistance state, at a second
programming voltage all phase change elements are inalow
resistance state, and at other programming voltages some of said

phase change elements are in a high resistance state while others are

in a low resistance state.
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32.

33.

34.

35.

36.

37.

38.

37. The processing systemof claim 31, wherein each of
the plurality of phase change el enents has

wWappsoxisnat el y t he same cross-sectional area apdrI/Us20g8/660000

but different respective crystallization tenperatures,
melting points, and resistivities. 38. A nmethod of
fabricating a resistive nenory cell, the nethod
conprising: formng a first electrode; formng a
plurality of phase change resistance el enents in

contact with said first electrode, each of said

resi stance el enments having a respective resistance

THE ¥Rc@S8ing s HBETdfRMAT31PRRSEANIE PlvBhi dgavhitchgh Slements
shifted réelative to the resistance curves of others of
&ahshigee 56 paaeahehgn@ahentsandf ormi ng a second

el ectrode In contact wwth the plurality of phase

change el ements. 39. The nethod of claim 38, wherein

Hre pregessingrsastem afjstaing| 3 wherein e phiakly Apagrechange elements
resi stance elenents is do eg with a dopant. 40. The
ﬁ%?ﬁ%ﬁsHFG%PéVﬁY%@Wmﬁﬁ@?EgﬁEPHE‘%opant is at |east one
of O N, and Si. 41. The nethod of claim 38, wherein

| [ i f ' .
0 Sl 1l o0 sk g o e
é‘l@ﬁl@ﬁés%aggﬁﬁifé?gnttl&@gtﬁ' urality of phase change

resi stance el enents conprises depositing a |layer of
phase change material, selectively etching the |ayer
Ohhe prassinghgsge ofedami ) wherefrorarh ohgegluradity ofplufse change
phase change resi stance el enents, and depositin

§ Eent .1.hg a .
dewkeetsthes epprexiteanlydhe prred resighivtprit BnptPwrdifiprggbrespective
change resi stance el engnt

s. .43. The nethod of claim
Gy ta P BOREFS: TG AERIoRY A1 R T ORE b1 e
plurality of phase change el enents after the etching
%@Brocessmg system of claim 31, wherein each of the plurality of phase change
elements has approximately the same crystallization temperature, melting point,

cross-sectional area, and length but different respective resistivity.

The processing system of claim 31, wherein each of the plurality of phase change
elements has approximately the same cross-sectional area and length but different

respective crystallization temperatures, melting points, and resistivities.
A method of fabricating a resistive memory cell, the method comprising:
forming a first electrode;

forming a plurality of phase change resistance elements in contact with said
first electrode, each of said resistance elements having a respective resistance
curve as a function of programming voltage which is shifted relative to the

resistance curves of others of said resistance elements; and
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39.

40.

41.

43.

45.

46,

44. The nethod of claim 38, wherein each of the
plurality of phase change el enments has a different

wo 200gt1sns7615. The met hod of cl ai m 38, wherei n tPEI/US2008/060000

plurality of phase change el enments conprises two

el ements. 46. The nethod of claim 38, wherein the
plurality of phase change el enments conprises three or
nore el ements.47. A nethod of programmng a resistive
menory cell having nmultiple | evel resistance states,
the net hod conprising: applying a reset pul se; and
appl ying a programm ng vol tage correspondi ng to one of
the i) £sdcBN@blet@SdShadaa bl aheRe pBalitf BepRRERAghge
of claim47, wherein the reset pulse returns al

resi s¢lexengl ements of the resistive nenory cell to an
anor phous state. 49. The nethod of claim47 wherein
the multiple |evel resistance states conprise four
lheimatherbel daigt & whsmin af lsettiend obthegdwalingofarhese ehangp t
val ue st?red inar SL%%%XE menory cell having
RERSIATE & qreandt 15, deppd A Gt es, "t he et hod
conprising: applying a read current to the nenory

Gk e SRBAT iﬂfshexa“fh%?e%‘? Hle a’cg{ah?geat %%FJ SRRG AN gn& ;.2
resi stance o € nenory ce 0 a plurality o
reference voltages; determning the nmulti-bit val ue
Thenedhddlof it 85 gleteie tHBTarlitg ef lesibasedlelometite St fosmed
of the conparisons. 51. The nmethod of claim50,
wherethe sedendpllentaidet y of reference vol tages conpri ses
a first

The method of claim 38, wherein forming the plurality of phase change resistance
elements comprises depositing a layer of phase change material, selectively etching
the layer of phase change material to form the plurality of phase change resistance
elements, and depositing a dielectric between each of said plurality of phase change

resistance elements.

The method of claim 42, further comprising doping at least one of the plurality of

phase change elements after the etching step.

The method of claim 38, wherein each of the plurality of phase change elements has

a different length.

The method of claim 38, wherein the plurality of phase change elements comprises

two elements.

The method of claim 38, wherein the plurality of phase change elements comprises

three or more elements.
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47.

48.

49,

50.

51.

ref erence voltage approximately equal to 1/2 of a
readout vol tage corresponding to a reference

W0 e®BasEnce, a second reference vol tage appr oxPEEUS1098/060000

equal to 1/6 of a readout voltage corresponding to the
reference resistance, and a third referencevoltage
approximately equal to 5/6 of a readout voltage
corresponding to the reference resistance. 52. The

nmet hod of claim51 wherein a first bit of the
multi-bit value is determ ned by conparing the readout
vol tage corresponding to a resistance of the nenory

£ frlelthéoomsgagrﬁﬁ&\g ;lefeﬁgmeﬁﬁgw &9 xﬂu ORdeRbdistance

t he ue I's determned b aring the
Sﬁgégg%yng@ba%ggqﬁ@ﬁ@@spond|ng to a reS|stance of the
menory cell to the second or third reference voltage.

53. The nethod of claimb51, wherein the determ ning

st ep applyprg ssettthdsestmps of : i f the readout voltage

corresponding to a resistance of the nenory cell is

greater_ than the first reference vql tage: determ n q

P hat ABPIF G PISBEeTR e G CPPBIROTGRIELE g OF thegiubp e level

t he %%%gout v?Itage corresponding to a resistance of

t he is greater than the third reference

vol t age, detern1n|ng that a second bit of the

1"Phé' rhéthBé bof M@ k87, Iﬁhelfelﬂrme rRLNRNW BRirn 8l BsMiRE BRmieR@Lof the
e second bit of the nulti-bit value is 0, and if the

regagiauhemoly @flaoanniespondisiget 0 a resistance of the

menory cell is not greater than the first reference

vol tage: determining that a first bit of the nmulti-bit

Thelrpethpd ofclaiamd”, iwhargia theaddile lasFt wweietonet HalspeaPTY tour

to a resistance of the nmenory cell is greater than the

TEYEBAE Y¥Ference vol tage, determining that a secondbit

of the multi-bit value is 1 and, otherw se,

At o é@gsihg 3indiB&it value stored in a resistive memory cell having

multiple level resistance states, the method comprising:
applying a read current to the memory cell;

comparing a readout voltage corresponding to a resistance of the memory

cell to a plurality of reference voltages;

determining the multi-bit value stored in the resistive memory cell based on

results of the comparisons.

The method of claim 50, wherein the plurality of reference voltages comprises a first
reference voltage approximately equal to 1/2 of a readout voltage corresponding to
a reference resistance, a second reference voltage approximately equal to 1/6 of a

readout voltage corresponding to the reference resistance, and a third reference

26



52.

53.

second bit of the multi-bit value is 0. 54. The nethod
of claim51, wherein a readout voltage correspondi ng

W@ 2008/1568%6 st ance of the menory cell greater theer/0S1908/060000

| ess than the second reference voltage corresponds to
a multi-bit value of 00, a readout voltage greater
than the second reference voltage but |ess than the
first reference voltage corresponds to a nulti-bit
val ue of 01, a readout voltage greater than the first
reference voltage but less the third reference voltage
corresponds to a nulti-bit value of 10, and a readout
el 6:8at8lly bha d 58 of Rirédiolef @R ¥ dnade; to the
corres éﬁds to % ?ﬁ?tiéﬁit val ue ofe?l. SégJA gg%se
astptentd esisfore.reading a nulti-bit value stored in a
resistive nenory cell having nmultiple |Ievel resistance
states, the sense anplifier conprising: a plurality of
dbe methodefmidimglewivpraime s bikoh thegurbidbit salse ipdgterngined by
readout current coyrespondi ng,.to a resjstan of the
CERBRYE B1e et VBl HOP P ORI It B REL P G premot cell o

orge ndi n o reference Sl st S, . e
BT Rl o et it S0RG0 RS PR BREp 2 iipg REp R by
s B D S sy e iyl o
EiH deBdld SOMhIrESBRIGIBgoltaea resi stance of the menory
cell to a first reference current approxi mately equa
to 1/2 of a readout current corresponding to a
Aot eredimpbofrdaindilanbereimtteatetrithiving sptcogwnishigie steps of:
conparator configured to conpare the readout current
corresponding to.a resistan ?f t he meno

[

e cell to a.
SeconferEPAa OLHT SHEBPHIORT WA Sy 5G daler B9 o i
a ' eadyl, G ARG RILRARANSIRE. 1O @ reference

resi ance;

determining that a first bit of the multi-bit value is 1; and

if the readout voltage corresponding to a resistance of the memory cell
is greater than the third reference voltage, determining that a second
bit of the multi-bit value is 1 and, otherwise, determining that the

second bit of the multi-bit value is 0, and

if the readout voltage corresponding to a resistance of the memory cell is not

greater than the first reference voltage:
determining that a first bit of the multi-bit value is 0; and

if the readout voltage corresponding to a resistance of the memory cell

is greater than the second reference voltage, determining that a second
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54.

55.

56.

a third current sensing conparator configured to
conpare the readout current corresponding to a

wo esas@nce of the menory cell to a third ref ePEnUg2008/060000

current approximtely equal to 5/6 of a readout
current corresponding to a reference resistance. 57.
The sense anplifier of claimb56 wherein an output of
the first current sensing conparator corresponds to a
first bit of the nulti-bit value. 58. The sense
anplifier of claimb56, wherein outputs of the second
and third sensing conparators correspond to a second

bi t of t hgy RlHeimBhilbiValit€is 139d, Jherwea sk t@iBhingitrit thé
claimb56, further conprising: an inverter coupled to

the firsts@undeitbf gensiltidicodpaisator; a first AND gate
coupled to the inverter and the second current sensing
conparator; a second AND gate coupled to the first and

The methodrof elaim §émhqxgmm¢p<é¢1§tv(@}tgge ONEPSHANIRG gaf gesistance of
goupLod LoyLhe L1ty nd Serond MO GRLeS. S0The,
q%grq%ggr?dsctg gt r}td gahtlg of 07 § 5N oup lf(glta%fe gtrga%emgxtt tdlebond
reference voltage but less than the first reference voltage corresponds to a multi-bit
value of 01, a readout voltage greater than the first reference voltage but less the

third reference voltage corresponds to a multi-bit value of 10, and a readout voltage

greater than the third reference voltage corresponds to a multi-bit value of 11.

A sense amplifier for reading a multi-bit value stored in a resistive memory cell

having multiple level resistance states, the sense amplifier comprising:

a plurality of current sensing comparators configured to compare a readout
current corresponding to a resistance of the memory cell to a plurality of

reference currents corresponding to reference resistances.

The sense amplifier of claim 55, wherein the plurality of current sensing

comparators comprise:

a first current sensing comparator configured to compare the readout current
corresponding to a resistance of the memory cell to a first reference current

approximately equal to 1/2 of a readout current corresponding to a reference

resistance;

a second current sensing comparator configured to compare the readout

current corresponding to a resistance of the memory cell to a second
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reference current approximately equal to 1/6 of a readout current

corresponding to a reference resistance; and

a third current sensing comparator configured to compare the readout
current corresponding to a resistance of the memory cell to a third reference
current approximately equal to 5/6 of a readout current corresponding to a

reference resistance.

57. The sense amplifier of claim 56, wherein an output of the first current sensing

comparator corresponds to a first bit of the multi-bit value.

58. The sense amplifier of claim 56, wherein outputs of the second and third sensing

comparators correspond to a second bit of the multi-bit value.
59, The sense amplifier of claim 56, further comprising:
an inverter coupled to the first current sensing comparator;

a first AND gate coupled to the inverter and the second current sensing

comparator;

a second AND gate coupled to the first and third current sensing

comparators; and
an OR gate coupled to the first and second AND gates.

60. The sense amplifier of claim 59, wherein an output of the OR gate corresponds to a

second bit of the multi-bit value.
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