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PHASE ‘CHANGE MEMORY BACKGROUND A phase change material maybe “%ﬁ@ﬂd? 06
“menory cell to store a bit of data. Phase change materials that are used In
menory devj§eseddpy; exhibit at least two different statespcigpgogtiates my
be referred to as the anorphous and crystalline states. These states maybe
di stingui shed because the anorphous state generally exhibits higher
resistivity than the crystalline state. Generally, the anorphous state
involves a nore disordered atom c structure. Rectangular current pul ses
-may be used to programthe phase change material to a desired state. The
anpl i tude of thepETHODIANDIARP ARATHE TAPROGRAMMBHASE: GANES st ance  of

t he phase change material. However,  variations in the nmaterials,
fabrication processes, and operat ironment nmay cause the resulting
resistance in different menory cells of a nenory array to vary for a given

rect angﬁi@m pul se. Thus, when programming nmultiple nmenory cells in
a menor Y to these variations, sone cells may be programed to
one state, "‘Edr gasgtﬁﬁag{génﬁ?e}‘ia PLOGEATHE Shehricéli fofs@enbit ofitee when the

I
sanme rectang B I's applied to each nenory cell, or sone cells while
|to[] ogr ampggsd éhaf[xﬁ@m_dl@'ﬁﬁlﬁ &ﬁ_h(tj a‘?&kﬁbiﬂ?enmw dh’eiv? raejeeyhittiteat derdkia@ onar gLF ns. Thus,
ere is a continuing need for, better wa 0 _pr.ogram mennf: s in
orory SifStremsiales B ERbRISIHELL) Ao ameRPer R R T
DRAW NGS, The _ subj ec .t ef ' brfealiySexRibits hiphear | y
poi nt ed 19§Ee SRHES maY fg? i[il?lé[%gl% ?h%fg?crﬁg%q}jﬁ%nh@ﬁggﬁiﬁggfﬁga gzerti onh%)g]i!l t he

speci fi cagddRity (HAahE Syaminosate, Generlly, hoahbrphsuststatomyahesamiosh and met hod
of/ operation, "together with objects, features, and advantages thereof, may
best be disocierest donidspuet@icer ence to the fol | owi ng

Rectangular current pulses may be used to program the phase change material to 2
desired state. The amplitude of the current pulse may be varied to change the resistance
of the phase change material. However, variations in the materials, fabrication processes,
and operating environment may cause the resulting resistance in different memory cells
of a memory array to vary for a given rectangular current pulse. Thus, when
programming multiple memery cells in a memory array, due to these variations, some
‘cells may be programmed to one state, while others may be programmed to a different
state when the same rectangular pulse is applied to each memory cell, or some cells while
programmed to the desired state may not have adequate sense margins.
| : 3:3 Thus, there is a continuing need for better ways tg program memory cells in

mernory systems using phase change materials.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter regarded as the invention is particularly pointed out and
distinctly claimed in the concluding portion of the specification. The invention,
however, both as-to organization and method of operation, together with objects,
features, and advantages thereof, may best be understood by reference to the following

detailed description when read with the accompanying drawings in which:




detail ed description when read with the acconpanying draw ngs in which: 1
20/ 06/2006 WO 03/ 058633 PCT/ US02/ 40994 FIG | is a block di agrara(p/foga/zoo6
conputing systemin accordance with an emnbodi ment of the present

i nventiony (H)ng;%%s' s schematic diagram of a phase change mETGSO2/4DI94

accor dance W t enbodi ment of the present invention; FIG 3 illustrates
a plurality of programm ng signals in accordance with an enbodi nent of the
present invention; FIG 4 illustrates another plurality of progranmi ng
signals in accordance with another enbodi mrent of the present invention;
FIG 5 illustrates another plurality of progranm ng signals in accordance
with another enbodi nent of the present invention; FIG 6 illustrates yet

anot her pluraljty. r amm Si S accorda anot her
embodi nent of%é 1?)?8@’@% ?f?ar ‘b‘ﬁgp'ﬁ“ésy eI Pt ﬁ%CPF ‘%ﬁ gnead circuit in
accor dange, vt ta)@t&(r)g}g {Tﬁpént@h the present inventi on and FIG 8 is a

bl ock di agram o e communi cati on device in accordance wth an

enbodi ment  of FIe ipschematic dingramt éfarphatd changd mbmonpiprewirdanee withan f or
simplicity and clarity of illustration, elenents illustrated in the figures
have noterpleesimentof e I5eseRt iBYEMDE 0 scal e. For exanple, the dimensions of

some of the e%‘[ﬁ;ngqth\fﬂ_{ﬂ{ega ié‘%%?:g ?‘% d hGhAlk!shalin 9eTanss RRELS ToOr

clarity. Fur ere appro rirate, reference nunerals have

been r epggRkinaien thetpresenfihgantion; t o i ndi cate correspondi ng or anal ogous
el ements. DETAI LED DESCRI PTION I n_the foll ow ng, dei ai l ed description,
numer ous spedilfi ¢ iliustrates snofhes phusel lwfpwarwmagoﬁé@asana? HES WP hor ough

{\ﬂ}derstaarllld 9en(%bodt he 'or}\ﬁ‘i:'\ ﬁreé%ﬂtmu&\ﬁ?o\ﬁer it will be

FIG. 5 illustrates another plurality of programming signals in accordance with

another embodiment of the present invention;

FIG. 6 illustrates yet another plurality of programming signals in accordance with
another embodiment of the present invention; |

FIG. 7 illustrates a read circuit in accordance with an embodiment of the present
invention; and

FIG. 8 is a block diagranl of a portable communication device in accordance with

an embodiment of the present invention.

Tt will be appreciated that {for simplicity and clarity of illustration, clements
illustrated in the figures have not necessarily been drawn to scale. For example, the
dimensions of some of the elements are exaggerated relative to other elements for clarity. -

“Further, where considered appropriate, reference numerals have been repeated among the

figures to indicate corresponding or analogous elements.

DETAILED DESCRIPTION
In the following detailed description, numerous specific details are set forth in

order to provide a thorough understanding of the invention. However, it willbe




20/ 06/ 2006 WD 03/053633 PCT/ US02/ 40994 understood by those skilled in the
art that the present invention naybe practiced w thout these speé:djé /2006
details. In other instances, well-known methods, procedures, conponent's
and ci rcui M0 $30786330t been described in detail so as not tRETHHWEHPREt he
present invention. In the follow ng description and clains, the terns

"coupl ed" and "connected," along with their derivatives, nay be used. It
shoul d be understood that these ternms are not intended as synonyns for
each other. Rather, in particular enbodiments, "connected" maybe used to

i ndi cat e X [ t re in djirect,.physical qr ,electrical
cont act - wtarasd o Rl kst G R R bRl PRl s "o e
in di r ecthepdypsiitiakieils.elnthdr igtdnc&Q WeAkhowhioNeNSts, pfbgéaﬂfés,%ﬁaﬁaﬁ%tﬁl so nean
that two or nore elenents are not in direct contact with each other, but

yet stil| aebeitspis have not beantdsscaibed indetdil socas modbtodscurd tirerpresgntiovemtiGn. 1, an
enbodi nent 20 jn, a rdance with the present inyention is, descrti,bed.

Enbodi ment 20 Tey® gﬁml? SSPRUSHAGE FiatRSs _ ERS3 (Foupls i GEEGEhem 30  may
be used i flofg With ﬂ%ﬁﬂds@i@aﬂ?&&}rﬁ@@e@%&cﬁ Eﬂdﬂl&bfﬁﬁ&e?%{ﬁocfﬁﬁm%@teﬁn%mexa”pl e a
portable comrunication device (e.g., a nobile ce phone), a two-way radio
comruni candtdnfendsy 8¢ synongme fie-cachyothay Rathen it particalr gab@timents,per sonal

conmuni cgati on syste P , .&.. poLtable conmputer, a personal digital

assi st ant C(’Eﬁﬁﬁe?i W%%@g%@&dlﬁ?%mqr@%ﬁsﬁﬁﬂ_ © W@@yaa@%at the
scope antieial Gdtdce Widleal B! T8Il MENLAN P ol RorRknlehiTabefd 1O -

t hese exanples. For exanple, other “applications ere the present 1 nvention

be uBed physical @npletrbl @k diswavier; “eqpldd abayodiso msaicthatawoion cel | ul ar

e stations, servers, . desktop conputers, video equipnent, etc. In this
enbod merore ElsmEHALa fiesht Sontiel pibcrpl olber, hubyes sN serpparstc oRmNETPg
connect e@vi{hoea?éﬂ‘éﬂem bus 40. Although the scope of the present invention
is not limte In this respect, processor 42 may conprise, for exanple,
one or nore nifatuipy JESS O &), emtabidghénd 20 $i giratdapsOe b S fesenl ifveationts ol | er s,
or the like. System bus 40 naybe a_data path conprising, for exanple, a
col | ect i @fscHbedy Fmbodimgnt 20ymay corapiise 2 gamaLERSFHSHTE3( s empyting system 30

may be used in a variety of portable electronic systems such as, for example, a portable

communication device {€.g., a mobile cell phone), a two-way radio communication
system, a one-way pager, a two-way pager, a personal communication system (PCS), a
portable computer, a personal digital assistant (PDA), or the like. Although it should be
pointed out that the scope and application of the present invention is in no way limited fo
these examples. For example, other applications where the present invention may be

used are nonportable electronic applications, such as in cellular base stations, servers,

desktop computers, video equipment, etc.

In this embodiment, computing system 30 may comprise a processor 42 that is
connected to a system bus 40. Although the scope of the present invention is not limited
in this respect, processor 42 may compﬁse, for example, one or more microprocessors,
digital signal processors, microcontrollers, or the like. System bus 40 maybea data path
comprising, for example, a collection of data lines to transmit data from one part of
computing system 30 to another.

Computing system 30 may further include a memory controller hub 34 connected




conputing system 30 to another. Conputing system 30 may further include a
menory' controller hub 34 connected 3 WO 0310-58633 20/ 06/ 2006 20/06/2006
"PCT/ US02/ 40994 to system bus 40 and a display controller 46 cou;l)l ed to
menory contygiishescahub 34 by an accel erated graphics port RAGSOHUL! 24,

Di splay controller 46 nmay generate signals to drive a display 48. Menory
controller hub 34 may al so be coupled to an input/output (1/0) hub 52 via
a hub interface 50. 1/0 hub 52 may control operation of a CD-ROM drive 58
and may. control operation of a hard disk drive 60. In addition, 1/0O hub

52 ma rovide interfaces to, for, e I a peripheral

i nter %:/ 1(:)Ir[: 3’@%%/8@3(‘;111%3 48gnd S@Salr%l CalP'Fro@Rggggmﬁﬁl tlgg;gmilﬁ. CB?EI eﬁ?it%jf?%%n gi
connecte 0, a I. ’ I hs ] [50e) se6 ma
be connecﬁ‘%ﬁle{%%\é%ﬁéﬂggg@tﬁﬁggsg%‘d rlrii(ioy @ﬁtréﬁr o%%/a? on of a f1 oppy &

di sk dri vgi/da dikplapagli tion, 1/0 controller 64 may receive input froma

nouse 66 and a 'keyboard 68. Conputing system 30 may al so | a phase
change menory BBmeougingaledubdimaxalehbs ‘F%‘Pfeério H%H’P\?iﬂo‘&ti"ét Q{Eﬁr@%% bus 36.

Menory contrql |l er. hub 34 I el 3 TG schall may serve
as an i nt‘é‘?‘ﬁ‘g’é‘é W@%@@éﬁ r‘m‘%by&grﬁggg%mgorl\gg gg@%%%r%fa?@l%{dﬁmry controller
35 may gener alfrof BPdiiiin oYia0Rad Sisk 30 68 SInviddhiohsVOdY 52detyprevidnal s t hat
may be assoCl at ed th a particular wite or read ope EIO t hase
change nentHcd3o, fokaxampltagpegpheralconmoneri antersanaast @Déjt:ﬁ ¥ ﬁ ?P@sa%f or

conmmuni cating data to from phase ch ry: I sgontrol -
and addr ePangiprhus ‘{?séjgﬁtdb&}s g‘?B’rag Sﬁam?eé’%p?‘g%gg a %H@%f%%g&fﬁr%@);hase change
eyTor y 33%{1 PP kbR @gpawé doBnStited RASpERAIAIs@L 4 yndyrventrlepetionof ent | y

weA ting ato or reading-data from phase change nenory 33. Althaough the
scope Of d fieppyrdéskedrivei 76y dmaddition, ¥/Chenntiollay @4ay FECEmP énﬂuéé'ﬁ@c"t mopKASe
and a keyboard 68.
Computing system 30 may also include a phase change memory 33 coupled to
memory controller hub 34 via a memory bus 36. Memory controller hub 34 may include
a memory controller 35 that may serve as an interface between memory bus 36 and
system bus 40. Memory controller 35 may generate control signals, address signals, and
data signals that may be associated with a particular write or read operation to phase
change memory 33. Memory bus 36 may include communication lines for
-commumicating data to and from phase change memory 33 as well as control and address
Jines used to store and retrieve data to and from phase change memory 33. A particular
g write or read operation may involve concurrently writing data to or reading data from
phase change memory 33. '
Although the séope of the present invention is not limited in this respect, phase
' change memory 33 may be a memory array comprising a plurality of memory cells that
may include a phase change memory material such as, for example, a chalcogenide
material that may be programmed into differeﬂt memory states to store data. This
material may be, for example, a chalcogenide alloy that exhibits a reversible structural
phase change ﬁom an amorphous state io a crystalline or a polycrystalline state. Due to

| the reversible structure, the phase change material may change from the amorphous state




change nmenory 33 maybe a nenory array conprising a plurality of menory
cells that .may include a phase change nenory material such as, $©f06/2006
exanpl e, a chal cogenide nmaterial that may be programred i nto di %rent
menory st aMeE0Xu58SBore data. This material may be, for exEnpyd2p+

chal cogenide alloy that exhibits a reversible structural phase change from
an anorphous state to a crystalline or a polycrystalline state. Due to the
reversi bl e structure, the phase change material may change fromthe

anor phous state 20/ 06/ 2006 WO 03/058633 PCT/ US02/ 40994 to the crystalline

state and, may crérgt\a{ﬁrn%: s fegaﬁgé?aar:r@\?erﬁﬂ%f{‘w ﬁ}é'san%}%}&%s E&@&?ﬁ%&fﬁe’i‘; oriceVi Ce

versa, in response to ure changes yCrys I ne state may be
defined agersy, iSlegidRisdat@pditutd sHaBges A PolgtrySthitihs stafeenprrsdafihedbd h t he
possibility of some portions of the phase change material remainjng

anmor phousstatawhare raeliiplsferain axstalsaan gesentvothsherngssibility b epmepprtiensiihe, a
chal cogeni.de ‘g{ | o %onérai n%.“ﬂ% one gr nore el enments from Colum VI of the
peri odi c RPAET Ehap NESEFIE RYEE Y hange nemory 33. By way of exanpl e,
phase change &Rty SBpRIRY clEABPANSGR miserked. aFdr¥EmplB, ¥ ShdkiBEetille blley

chal cogeni de all oy may be integrated i'nto a menory _ceTI to allow the cell
to act asoataimnyaedrithere pleogntsfmab Colunas VEobthe patiodittablpusrsbnsgd @hanges

bet ween higher, and | ower. .resi stance states. stal lization in phase change
mat or | al POTFEPABE HORER % IOV EOTHERE T BHSGFIAE BN hE FOMMESDr ¢ e

the mateigahrsRgOds at that tenperature. Accordingly, the phase change may
be i nduced by resistive heating wusing a current flow ng through the phase

change mat eri &l volitine oftteghalnvgdnide alloyinsdydre integpteehilib i megeryaekto t han 40
t+#hes dynam ¢ rangte of resistivity betwe the cr }s;-ithtal lin tate (low

resi sti vRU9Y Bl Hec%ﬂ%&rnaﬁwgﬂ-@tpa%%}ﬂgﬁ PP UGS BN S ol so be
capabl €y 0tk Mol 1fpo il rkiiftafioo drfike ! ER G BidH iR Bl dighocAnhtealgl 11 - DIt

storage in a nenory ce ata st I n the may be read by

measur i ngnalylve acedulf of bodsths teaneeatuidyanddlye afioumt afifiine thd materiddispends aby st em
storing one bit of data, a first state may be .deféd(r;)ed as.ttl%a".l" state or
set st at thahifapsralgeo AgcFeRel, hahesyeingetay be indgcedpy repigi hptmg

using a current flowing through the phase change material. The programmable resistor
may exhibit greater than 40 times dynamic range of resistivity between the crystailine
state (low resistivity) and the amorphous state (high resistivity), and may also be capable
of exhibiting multiple, intermediate states that allow multi-bit storage in 2 memory cell.
The data stored in the cell may be read by measuring the cell’s resistance.

By way of example, in a binary system storing one bit of data, a first staie may be

defined as the “1” state or set state and a second state may be defined as the “0” state or

the reset state, wherein the reset state may be defined as a substantially amorphous state
. and the set state may be defined as a substantiaily crystalline state, although the scope of
the present invention is not limited in fhis res;ieét. B
In multi level cell (MIC) operation, a phase change material may be used to
exhibit multiple statés to store multiple bits of data, wherein changing the state of a phase
change memory material having more than two states may be accomplished by changing
 the resistivity/conductivity of the phase change material. For purposes of illustration, the

embodiments herein describe binary systems that store 2-bits per memory cell usimg fc_mr




the reset state, wherein the reset state maybe defined as a substantially
anor phous state and the set state may be defined as a substantiapdyos/2006
crystalline state, although the scope of the present inv%trhfgﬁz,iuawnot
limted i iWPWBE8Bspect. In nulti level cell (M.C) operation, a phase
change material may be used to exhibit nmultiple states to store nultiple
bits of data, wherein changing the state of a phase change nenory nateri al
having nore than two states may be acconplished by changing the
resistivity/conductivity of the phase change material. For purposes of

Il lTustratjon, ,t ' ' | h\R(Michredi @Ryl dudte; store
2-bits pé#ﬁ%ﬁ’ef%@g}) 3er$ﬁ%}s?%%gfﬁgg§£ %\%Ebg%lﬁggm G%OI%(?%@(}‘_ZOOG PCS{}/ US02/ 40994
states. A({9)&ite slaFttR deliedss alabbtastthllysrstdlinesian tasitivityamst plods  (hi gh
resistivity) state; a (1,1) state may be defined as a.i bst a tiglly
cryst al | state anevd Op stptsmnay heintermpdiaty S%‘GP,S FLw ;&Eees Panip t}j'fﬂt?}P SPate” maybe

I nt er medi at e,st at be en.th | gybstantial ly
crystall Fﬁis@ﬁt&?a'éagﬁ’ Gfﬁi&\é\gnﬁ% a?n?a%ﬁ? girgé}geg%agés/ﬁ%a%? ?g?eg?r?éggot 0 as
het er ogepagisebal Stes ALs 2R eLAAIIB) tBe foub etafes of tittphheshafigd mateqi asey behange

material may be defined to have the follow ng resistjve rel tignshi p: the
resi st andefinefl to h@eﬂhaﬁélowmg@élsmmﬁe@ﬂlpwhl?:ﬁh%fe&%s@n%%?&e Pré‘ve g]é‘mg?eat er than

of 1 he pRASBCR e QRER g SPAR B Fifinc: Be oAb dindmalei 001 St ance
r es1 St angeeQh. 1) i RERAREIAN Qﬁhﬁabmﬁhgmiaqs irddtte (0,1 Pazy bgreatesthat ance of
a )

t he phase ge material in state ( maybe greater than the resistance
m;} t he phesesistinen gfthephnhisr dhahgd matstialtin siate (1)0); and Tesistancagd thfPhash e '
cen

eghductivity of the phas hange materjial ,in .sta , e |l ess than
the condehepgymalerigkinsite é‘h@éﬁa}gt?‘?aﬂﬁ@er ?’éﬁeé‘f’smﬁ cét% gEh % p?%s 1y, é}'t he
conduct i yi, e%‘laﬂfl s{a@@gﬁ)ﬂ?ag?oﬁ@ﬁﬁgﬁs,nﬁé B hotiviy ot Bhds® chingemebeial BSS t han -

the conductivity o h ase change material in state (1,0), alnd
conduct i sthteY0,0f mhirbe sathen thehamndectivety of Heel phiase diangamaterig) mﬁﬁ%ﬂo@ ess than
the conductivity of the phase change. .material.in stat . Al'though a
bi nary Zﬂlbicf’n%a"@éﬂth%?gﬁsé mge @?qlb%gatpéﬁ,lbw%%g&sgg{ah ;t]ﬁ ustration,

conductivity of the phase change material in state (1,0), and conductivity of the phase

s

change material in state (1,0) may be less than the conductivity of the phase change
material in state (1,1).

Although a binary 2-bit per cell system is described for purposes of illusfration,
the scope of the present invention is not limited in this respect. The principles of the
present invention may be similarly applicable to any system where the phase change
| {\3 memory material has more than two states. For example, in a nonbinary system, the
| menory states can be three or some other multiple of a nonbinary base.

Tuming to FIG. 2, an embodiment of phase change memory 33 in accordance
with the present invention is described. Phase change memory 33 may include a 2X2

array 139 of memory cells 140, 141, 142, and 143, wherein memory cells 140-143
| comprise a phase change material. Although a 2X2 array 139 is illustrated in Fig. 2, the
scope of the present invention is not limited in this respect. For example, phase change

memory 33 may have a larger array of memory cells.




the scope of the present invention is not limted in this respect. The
principles of the present invention may be sinmilarly applicable 10/ ®Y2006
system where the phase change nenory naterial has nore thgﬁ E(ﬁ% Sfates.
For exanpl WO 03/As8a33nonbi nary system the nmenory states cah PYHPES or some
other multiple of a nonbinary base. Turning to FIG 2, an enbodi nent of
phase change nenory 33 in accordance wth the present ‘invention is

descri bed. Phase change nmenory 33 nmay include a 2X2 array 139 of nenory
cells 140, 141, 142, and 143, wherein nenory cells 140-143 conprise a

phase change ﬁ%g%%&%ﬁﬁ@% & iAoty i 139 ablt h P hidbRdined Fi g 2,

the scope of ventron is not Iimted inthis respect. For

exanpl e, jBhase1 BaREEct wlar 3311 BPrdyae for 4 wrigesr read aperatibn.nBmory cells. 6
20/ 06/ 2006 WO 03/058633 PCT/ US02/ 40994 Phase change nenory ? i ncl ude
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Il of 39 f t
ol so be 18 Ey Brcvmseed it Shed P R0 LR Ry e RGP RT3 Ty
be Conneﬁégddﬁ:&bsq%um’v higlena 189) 13 r6ly fidds @?CﬁnHHBBbEIh@r@fd)@é &hen Ar ough
sSwi tches e.g., diodes 146, 147, 148, and 149) to row |lines 132 and 133.

Ther ef or partmﬂﬂmrrnano:gazeﬂl(@gl memoesnenil146pisiseleeted, its assoninted eolimn inR) i s

| ected, h and it
et ot B PRR e A6 b ATl e 00 TRV B L BHAR " 0t
t he mm{&’drﬁ%'chnedt%:%ﬁ th@qﬁgﬁgdrggm phase change nmenory 33 further

conpri ses a progranmn signal “generator device 160 to performa wite
pppration, a Ihahid etboiiveent, phatechpegeirormony 33 rfeﬁhbr@pmpasﬁsemmaﬁ@nal& i mng

i ce 170to generatetlmn nal s, to assi st the |te
oper at i ofigual gepicrater ‘%?Hé%eélﬁpé?lger?%g’oa HELF PEH8E, W Py {)@6} %;}Elo verify
status o At 44D kdGerRFROAAMY Jighald 10 assE &ML &adr €ad devi ce
150 may xte%&rg{’?géeﬁé) CEd ett%]?[% (??e g/he he%n he nenor%i:&nat erial in a menmory cell
is in a aglwedt eﬁeraﬁ@ise InMLE hpermunjrer&aﬂngmMS&my ebso &t uead ta vriggr anmi ng
signal is applied to the rrerrt)rl}i_l

status of memory cells 140 143 during progranmung. For example, read device 150 may
be used to determine whether the memory material in 2 memory cell is in a selected state
of the more than two states after a programming signal is applied to the memory cell.

Progranmming signal generator device 160 may be adapted to generate
programming signals to apply to memory cells 140-143. For example, device 160 may
be adapted to generate and apply the programming signals illustrated in FIGS. 3-6.

Turning to FIG. 3, a plurality of programming signals (200, 201, 202, 203) i |

accordance with an embodiment of the present invention are illustrated. In FIG. 3,
different times To~T11 are denoted on a TIME axis and different currents Ip and I are
denoted on 2 CURRENT axis.

In this embodiment, signals 200-203 have leading portions that occur prior to or
when the signals reach their maximum level (e.g., I), trailing portions that occur after the
signals reach their maximum level, and intermediate portions between the leading and
trailing portions. For example, signal 200 has a leading portion 211, an intermediate

 portion 212, and a trailing portion 213 and signal 201 has a leading portion 215, an

intermediate portion 216, and a frailing portion 217,




Programm ng signal generator device 160 maybe adapted to generate
programming signals to apply to menory cells 140-143. For exanpl €30 AGY ) $606
160 nay be adapted to generate and apply the programm ng signal s

i 11 ustrat eoiomofs68S. 3-6. Turning to FIG 3, a plurality SETRPBRIM ng
signals (200, 201, 202, 203) in accordance with an enbodi nent of the
present invention are illustrated. In FIG 3, different tinmes TO-T1l1l are
denoted on a TIME axis and different currents lo and 11 are denoted on a
CURRENT axis. In this enbodi nent, signals 200-203 have | eadi ng portions

t hat ior .t __when t i gnal: h their. mexi 9.,
103, Crai |1 ho T ORI AR g ATV AFS PHE BF PR R e Haes, i
| evel , a‘k‘i—'.ﬁg?’li t%lg%gFg%gﬁalﬂﬂrfge(ﬁggn&ﬁsvﬁ@ﬂm%hﬁaﬂﬂ%iﬁﬂg potlon B¢oadabisng

portions exanp Sig 0 has a leading portion 211, an
i nt er medigaea nRRTHLA Mevald 2 mininan leel. | nmfemate anghodinents e B REMBO1 has a

| eadi ng portion 215, an internediate portion 216 nd.a traili ortion
217. WO b8 tefse3s thoiins bl trafingrodsy Wﬁfﬁmﬁ ﬁ?‘g Ogitﬂ?o%‘ug"ﬁ‘e'?’%?g‘éﬁqgnal s
200- 203 ar ur.r.ent pul s hayi ' r RS 201 BB fiaklit tine of a
si gnal nﬁ‘il?%t% oG & H mggjelf%%% #%’éeg%ﬁaélg’ttﬁgg-a‘tlglgﬁ?ﬁég@g%rtilon decreases from
a maxi MIPee ¥R tratitieoriot 700 Hecredse flom adnrinnat eureer cutplitade of L iha fal | tine
may be defined as the time that the trailing I?or_t Lon reases f,fom 90% of
the maxi minihewelrent emplivglopt brbatiahniah tregBite dieroe SRRy o |

time of si(? al 201 is the time it takes for trailing portion 217 to
decr ease®®f 6m a maxi num current anplitude of 11 to a m ni num current

a%' i tude of §omid dabodiient dhehal 200 mby Hive stall enaifsibstanialy bepwoen times T5
artd T4. In thi's enbodi nent, sSignal 200 may have a fall ti(]ge of
subst ant thal ttaylimarartien ofsignat 2D acesiabgsepnp P WAgHIET agIDGAKe b8 Hecr eases from

S gnal. OB PSTRTEH SO DTS oo SIS B50p Rl g P affulle R 205 and
203 ar e gubst 35 1HBh! $haPRBLRGHBRIM A rBicsREguIRhEes. PAlkes 20 220% A0

203 may also be referred to.as triangular pulses. Pulses 200, 201, 202, and 203 have

successively greater fall times. That is, signal 201 has a fall time greater than the fall

time of signal 200 and less than the fall time of signal 202, and signal 203 has a fall time

greater than the fall time of signal 202. In this example, signal 200 may have rise and fall

times of approximately zero (e.g., less than 2 nanoseconds), and may have a maximum

current amplitude (e.g., I)) of approximately 3 milliamps. Signal 201 may have a

maximum current amplitude of approximately 3 milliamps, a rise time of approximately

zero, and a fall time (T5-T4) of approximately 250 nanoseconds. Signal 202 may have a
' maximum current amplitude of approximately 3 milliamps, a rise time of approximately
zero, and a fall time (Ts—T+7) of approximately 700 nanoseconds. Signal 203 may have a
maximum current amplitude of approximately 3 milliamps, a rise time of approximately
zero, and a fall time (T11—T10)} of approximately 2 micro seconds.
As mentioned above, programming signal generator device 160 (FIG. 2) may be
adapted to generate programming signals 200-203 to apply to memory cells 140-143. In
' some embodiments, device 160 may comprise a circuit to set the fall time of

programming signals 200-203. In alternate ernbodiments, device 160 may comprise a




203 may al so be referred to. as triangular pul ses. Pul ses 200, 201, 202,
and 203 have successively greater fall tines. That is, signal 2ogop@é/f? 6
fall time greater than the fall time of signal 200 and less than the fa ?
tinme of siWe#302823 and signal 201 has a fall time great &CTHHEHPRE fal |
time of signal 202. In this exanple, signal 200 may have rise and fal

times of approximately zero (e.g., |less than 2 nanoseconds), and nay have a
maxi num current anplitude (e.g., |,) of approxinmately 3 mllianps. Signal
201 may have a nmaxi mum current anplitude of approximately 3 mllianps, a

rise tine.of. ap XI el zer T8y P h@ppr oxi mat el y
250 nanoggﬁ'ﬁﬁ%’ss.%{ %35%2@8 %9%?%8@%&%%@3@& T €rﬁ1é aa%%g?%%% of

appr oxi Wﬁﬁ%éhu%iﬂg didriaf "BSotheR einB&dilriciR, @vicNB0axdy indrite a ket toanatha fal | |
time (T8-T7) of approximately 700 nanoseconds, Signal 203 may have a

maxi mum gaik tima of appigrandmgsignaldyrsbrpinge slope of airpilingppaionpfthese tine of
appr oxi matelx Zer o, nd a fall tinme (T11-T10) of approximately 2

—

m crosec X &P oned above, programm ng signal generator device 160
(FIG 2) may bge d@ﬁ??ﬁt@%a?% g3k thd¥a R MMBHNOrAlifnFdEor 802 381t 0 appl y
to menory cells 140-143. Tn sone enbodi nents, device 160 may conprise a

circuit derssts friwe ifsakdximimmemplitude dyitamiimyusiygplinde, 200 n2g e measwied er nat e
enbodi nents, device 160 may.conpri se 1.Q6/ 200 WO 03/,0586 .

T/ LSO BSo LG T G SRt s Sape 20P A0S0 8 ApFSGr an S e by
setting %aﬁlgmyoiﬁﬁwfn&e%d (P FQPE SIS DR Hlese bidgRlifig 8iRAE] Ment s,
device 169 nay conprise a circuit to set the fall tinme of a programi ng
siygnal  bforsieagely) theadestyoptes of pragtananing signple 200203 afayttieelecppassdtami ng si gnal .

The decay rate may be defined as the rat t whic trailing.portion of a
si gnal 1&@@?@&§%§3¥#%Wfﬁh§33ﬁwl%ﬁaﬁ%§§ ﬂf‘%efp{’] IRFHiL a&l‘?ﬂ?i tude, and

maybe Megal r_’neggn'% ?_Oi BhB 0k %éa%}tdegﬁra%%%nz ﬂglfg d%ba{/ﬁgtfe% sPhAPaSand00- 203.

The decay rate programm si gnal’s e increased to reduce
t he fal IsigdalrR0Dhastfaster ducagratntamthesiecayatts.of sfgnal/203s dh glterndte decay rates of
programm ng signals 200-203 maybe decreased to . ingrease ihe. al.l Otl_i me of

in
t hese presghosiments te deray wate of R RrASraEWYBY FigRH Y W@mﬂl’ QgarTHimIC,

exponential, etc., although the scope of the present invention is not limited in this
respect.

In the embodiment illustrated in FIG. 3, the slopes of leading portion 211 and
trailing portion 213 of signal 200 are set to be substantially vertical and the siope of
intermediate portion 212 of signal 200 is set to be substantially horizontal. Signal 201
has a leading portion 215 that is set to a substantially vertical slope, an intermediate
) ~portion 2i6 that is set to a substantially horizontal slope and a trailing portion that is set
| to a negative liﬁear slope.

According to an embodiment of the invention, a programming signal is shaped by
setting the fall time so that the decaying or sloping trailing portion of the programming
* signal cools the phase change memory material at a rate sufficient to place the memory
cell in a desired state of the multiple memory states. The fall time of the pfo gramming
'signal applied to a phase change material may be increased to reduce the resistance of the
‘phase change material. Using this programming method, the resulting resistance of the

phase change material is not determined by the amplitude of the programming signal, but




FIG 3, signal 201 has a faster or greater decay rate than the decay rate
of sighal 202, and signal 202 has a faster decay rate than the dggays/)s46s
of signal 203. In alternate enbodinents, the decay rate Ofcﬁgﬁ%%/ [%pnm' ng
si gnal mayye Bekysom al, |logarithm c, or - exponential, et &¢ ough the
scope of the present inventionis not limted inthis respect. In the
enbodi nent illustrated in FIG 3, the slopes of |eading portion 211 and
trailing portion 213 of signal 200 are set to be substantially vertical and
the slope of internediate portion 212 of signal 200 is set to be
substantially.horizontal, Signal 201 .has a | eading portion 215 that is set
to a subsathenttiydhe faiktipe pithe PRSRAIRIMNEFIEN T or nedi ate  portion 216 th?t i s set
to a substantially horj I QRGO ANS Bt dof Ahplini: ¢forfro@amtieg sigaalset  to
a negative Iiﬁéﬁqﬁ%?%%&ed.%ﬁgétg’odr #°n3 toﬁg,n enbocﬂ ment of the_invention, a

pr ogr ammighg, sieRRle hEhseane Geltihe pletst chapge haterial of 2 memostedaft he decaying
or sloping trafling portion of the programi ng .si.gnal t he phase
change namoephizing Gmiperatere aad plece thephasaghange 'P%e‘b'?ﬁd’gg‘sfﬂﬁsg&%n%ry cell in a
desired state of the myltiple memry, £51-in fi&ubabhtidlly@Encephoube
programﬁaﬁ’g’m%uﬁﬂéﬁe' &ggﬁef’ @etp(?g% p%‘%ezﬁlgﬁanglg nat er i al ]r¥ay be increased'to
reduce t td %irﬁ%t‘gﬁﬁqn@fbe_trb?mmm. dﬂhﬁtgwbmaceomp]lsheﬂ,@MhQVJgﬁ%_ pr ogr anmi ng
met hod, the’resulting resistance of the phase c!ltafn e mitfér%A%ll g? not

det er mi neglatoyely faet fltpinict fodthe@ppiedePToPFEFIHAE SR s exapple. Y 858633

20/ 06/ 2006 PCT/ US02/ 40994, r ather I h' neiGh atshsst@afiaiyanm ng

si gnal . mRydsHsed %ﬁer{'@?ﬁl&% ngyai%‘%??é@ﬁglg% an am:?lsi tude of a

progr ?‘mﬁm%rp%{o%%te LR 25?000 iy tevesatibkiatenimphitube di) aftppionEaEelyfange
neterial “of "a nenory celT to an ~anorphi zing tenperature and place the
phase ch@ﬂgﬁmmtaﬁd'aﬁllﬁimeafhaabéraaﬁtﬂamﬂe?ondéﬁorphous state. To keep the

phase change nmaterial in the sulstantiall ; h&statehdevigat eri al

may be rapi d| y&l@g@pgéy,t?mﬁgcéﬁé@]? 8° gllaél%?rp feg]%g%l @ ﬁé—ﬁiﬁg qsarel atively

fast fallgh K5 fithe bAFARRLT &E pRRARAINE ighas ignpdmplindasBuiasiip &s2isi gnal
time of the :

the phase change material o an amorphizing temperature, and set a fall

programming signal so that after the memory material reaches the amorphizing

temperature, the phase change memeory material may cool down at a sufficient rate so that

| the memory material may be placed in the polycrystalline state. As an example, signal
203 may be used to place a phase change material of a memory cellin @ polycrystalline
state, wherein signal 203 may have a maximum amplitude (1) of approximately 3

milliamps and a fall time of approximately 2 microseconds. In addition, to place the

phase change material in an intermediate state between the substantially amorphous and
polycrystalline states, device 160 may set the fall time of the programming signal so that
after the memory material reaches the amorphizing temperature, the phase change

" material may cool down at a sufficient rate so that the memory material is placed in the

intermediate state. As an example, signal 202 may be used to place the phase change

 material of 2 memory cell in an intermediate state, wherein signal 202 may have a

maximum amplitude (I;) of approximately 3 milliamps and a fall time of approximately

700 nanoseconds.

To avoid erasing memory cells prior to a write operation, in some embodiments,
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may be used to place the phase change material of a nmenory cell in a
substahtially anorphous state, and signal 200 may have a maxi numgypg)syse
(11) of approximately 3 mllianps and a fall tinme of |ess thanﬁ '
nanosecondwo0 @lEg3hat i vel y, to place the phase change nat FGUYSRHIR

pol ycrystalline state, device 160 nmay set the anplitude of the progranm ng
signal to an anplitude sufficient to heat the phase change material to an
anor phi zing tenperature, and set a fall time of the programi ng signal so
that after the nenory material reaches the anorphizing tenperature, the

hase change nenor terial ma | . LGl g t hat
Phe menorg® AVENT aberiugp Bey pr Hedamines AR NGl R By (FhE belpli®o 38 L)

exanpl e, 'cﬁpﬁking 203 TR MreRRriE AVt oPbrateh, theRltasRolting Agefatire(bradecaf  a
menory ce n a polycrystalline state, wherein signal 203 may_ have a

maxi mum aselar treifieg pbrtionclopappf bx isignaldd plage theiphkseahprgamatedalin fifergnfe of
approximately 2 mcroseconds,, in addition, t I t he hase change

mg!to eri al ﬁt%esgﬁgia ﬁ’@@ﬁéﬁ%’%@agﬁf&?@ P@@@W’?%@y%ﬁ%@ﬁﬁﬁ%}ﬁt&? A am)rphogs and
pol ycr ys%&ak%%ﬁeog%%&%‘é PrigMIEnd BOHIBHSIS@] mb PRI Edr dvbRRitg dfii dellogr ammi ng

signal so 1 ter the“nmenory naterial reaches the anorphizing
t enper at e tHepogramssng kignajén thime:emniple manyeseld ol hatting thetphasexilipgeci ent rate

so that the nmenmory material is placed,in the internedi ate .stat an
exanpl e, mitgirhfo zoamembizhg tewperatige. 3nd fepepine Bﬁzg@%{aﬁﬁ’éﬂegé)r dicay aS? %fs of a
menory ce}l i ' ' | y have a

maxi mum gir?'BF P?Eﬁggﬂ% g%?ﬁg;??g%%?é%j?éﬁglﬁylgﬁhﬁyﬁg%@%%g&grﬁ?gI | time of

appr oxi nghigkantialiPSmophoseasadssubiantatlyi ctysealliei shge, mempinteneddiate prior to a

wd te operation, in sone enbodi nents, 10 20/06/2006 WO 03/ 058633
PCT/ USO2hagmgancets 8€r wri t e operati on may be inpl enented by heating the

phase change teri.al _ | Z1 t : ; ' i 400e
operation, th n%aarnt{eragia f“’i"%ge dﬁ%ﬁ%r@%&?ﬁlg ﬁ@%@%g ldrag?féagsr@ﬁyai l'ing
portian shopehebryidels $4@N48 nia9 hpitaaé codiehppirsecleinga griaraisfmemary

different states, e.g., either a substantially anorphqus tstita & et
pol ycr ystells i4fd 43ttaset theyesigtance of the phase change matenals, thereby setting the'state

of the associated memory cell. For MLC operation, wherein the phase change materials -
of memory cells 140-143 have more than two states, signals 200-203 may be used to set
the state of the phase change material in a particular memory cell to one of the more than
two states. For example, signal 200 may be used to place the phase change material of
memory cell 140to a subﬁtantially amorphous state, e.g., state (0,0); signal 201 may be
used fo place the phase change material of memory cell 140 in an intermediate state, e.g.,
&D | state (0,1); signal 202 may be used to place the phase change material of memory cell
140 in another intermediate state, e.g., state (1,0); and signal 203 may be used to place
the phase change material of memory cell 140 in a substantially crystalline state, €.8.,
- state (1,1).
In altemate embodiments, signals 200-203 may be used to set the state of'a

memory cell using a feedback approach. For example, to set memory cell 140 to an .
intermediate state (1,0), signal 202 may be initially applied to memory cell 140. Then,
read device 150 may be used to perform a verify operation to determine if metmory cell

140 was programmed to the selected state of (1,0). For example, read device 150 may
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het er ogeneous state. Programming in this fashion may allow for overwriting
of the'cell since the programm ng signal in this exanple nay resy%}oépzooﬁ
heating the phase change nmaterial to an anorpbizing tenmpera ﬁ$§,0
dependi ng @ ¢egdzal | time (or decay rate or slope of a tFGHPRY d %brtlon)
of the signal, the material may either be placed in a substantially

anor phous state, a substantially crystalline state, or an internedi ate

het er ogeneous state. As nay be appreciated fromthe precedi ng di scussion,
application of signals 200- 203 to nennry cells 140-143 may heat and cool

the ph h t |'s of 1 t '
o Lo s e sRe of e haerDees S aed o oDy B &F bud Aipisfel o AN°8
menory Ceﬁpgfeilﬁ{ﬁn% aha@:‘é’?ﬁ:é Péglst @fo%efbr&l'ﬂﬁe iPhasesighrRref thegihesd chhege of

menory ce e nore two states, signals 200-203. may be used
to set the shtdsabsfe drfb%ldﬁhhﬁtﬁeargétamgﬂanmi Arfueaapplymg sigank202ufhaFesistatse y cel |

to one of the nore than two states., For ex e used to
pl ace t heopthapbaselchangs materéal gy befre ‘W%q‘r@f@ %#’gq{&a@%s%%tfal |y

anor phous state HeRmhot thafiat e the

phase chaf?éleh%fbé”‘%fag?%oﬁﬁ%ace%&i%(}%%lﬁég(g\e (?Frli%{eerrragdl at e staate e.g.

state (O, ﬁwb?i‘% PPRindsighis 201 ttfat@dsmmlhefqilﬂtanetmnéhﬁeﬂ#ﬂtee?fl al of
|n another

nmenory ce I nternmedi ate state, and
si gnal 2oag1m¢oneThset¢ratwe prqs;@eo fiapplyisE PEETE RS g%’t‘%ﬁ%"&fo &%"r?ggrr%}l cel |

140 in a substantiall e , telRmél ther nat e
enbodi rren'ﬂ%les@ilﬁﬂ%'?@ @BO 99%%’““ ?Ief%t%g?stﬁeghgaty%eé%%aea menmory cel |

using a f DR facdts lo€ thetpBaseadh mmamnaleklacmmdto an

|§ er medi a 8 fqgteet ?i 0), lsflgcg%gl ZOgorra;pgg i I’llat fally lied to

cel | 140. ThenBecanmmrfdtawauenw@emdwt w%lopemmaﬁ? @‘%‘?W "8% ation
to determne if nenor S _Pr tae of
(1,0). Fotheagiaidpmper? %10%1‘%9 P%%“e fg%ﬁﬁv?%a?%%ﬁ%s‘ggg &3/% g%sﬁg Y

PCT/ US02/ f:lrg %11 to cell for a given programming current signal. This varjation may result in the

* phase change material in one or more of the memory cells to inadvertently program a

memory cell to an erroneous state. In other words, variations in materials, manufacturing

processes, and operating environment may result in different programming characteristics
for the memory cells in a phase change memory, wherein the different programming
characteristics include variations in resulting resistance of the phase change materials
vihen a rectangular pulse having a predetermined amount of current is applied to these

memory cells. In some embodiments, the fall time of a programming signal may be set

so that that different memory cells having different pro gramming characteristics (e.g-»
different resulting resistance vs. applied current) are placed.in a selected state when the
programming signal is applied to the different memory cells. In particular, the fall time
of a programming signal may be set so that all memory cells that the programming signal
is applied, sweep through a rapid crystallization temperature interval.

FIGS. 4, 5, and 6 illustrate programming signals in accordance with other

embodiments of the present invention. FIG. 4 includes signals 400, 401, 402, and 403

having successively greater fall times. For example, signal 400 may have 2 fall time of

_' .substantially zero. The fall time of signal 401 may be greater than the fall time of _sigﬂal
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measure the resistance of the phase change material of nenory cell 140, and
.conpare this resistance to a reference resistance to determne i$gif€/2006
resi stance of the phase change material is above or bel ow the target

resi st anceWOM3(W$63appl yi ng si gnal 202, the resistance of RFEUSIRAEE change
mat eri al maybe reduced by applying signal 203 that has a greater fall tine
than the fall time of signal 202 or the resistance of the phase change
material rmay be increased by applying signal 201 that has a snaller fall
time than the fall tinme of signal 202. This iterative process of applying

n the fall of . _ 11 140
pr ogr amiigh S48l o WY bl & SLENk0T, Bhk el T Bihe!od ROAUHBTAIFIIES O

to one of at Teast three states Traybe’repeate state
(e.g., thbaterifidtinfcassighadd08) kothid debqihasst, bhbslope dfahelehdihg ksd waibingved.
Because of fabrication process and materjal variations in phase change

menor i es,Portions eisignal 400engydresubstantidly veaicphaddbeHeprged thetdsmadiaten an array

of nmenory_cells-nma f . 0 ), for | V. ro .Nng current
si gnal . B éor}/%ﬁﬁl%ﬁla‘ll g@ldl#%bé; ée?’lrsir)1 ¥ !I‘Jflwkfoﬁfé%gmlﬁ]ﬁa‘sg%n a?ﬁgL %9%51 eea?fl’eg n one or
nore of thieiidremme NasGShbstantially Daelvarsiops] dninRhaedi@spartionBh@hs £€l | to an-
erroneous state. In other words, variations in materials, manufacturing-

pr ocessesubzatialydorronta slong anda frailing paytiondwving 2inegalivemerkerar gepyt@hni ng

haract eri stics, for -t he.. Il s.in a.ph h . wherein th
i 11 er ent*PPOYRA I g PRHGHS 15 Tagieic] e Yoo PV A0 Be¥ esul ting
resi st angee@fsctwith BARS SitERAPIBE TRDES bahS trailig Podioh€6t AHW A2 Adl4e8 having a

predet erm ned anmount of curfent is applied to these nenory cells. In sone
enpodi memay,decigese with timere -.of a programming signal nmay be set so that that

s erent T SR S AR (O
sel ect edylaat ¢h¥kRPes dIthe ﬁﬁ%%ﬁ%ﬁ%ﬁi@ﬁ&'so&%@pﬂdm dOnthevei fferent .

menory cells. In particular all tinme a programm ng signal may be
set so thetlirght, anéway withdinhes Inlibis etrbedinrengyrtbastopeg of tigriadiling poragpl éfed, sweep

v ough & Lophd cystalblsetion Lemper S, Lol Crtal o Fl B dina o0 0
o et UL 0 offl ool conglessy 9o e a8 o o
time of signdisf@Nt503)dnd 502 As affkeearfiple) the imasindm singhitide 40 signa\bObenayrteat er
than t heagp?cl))limta'i:e yv3 inlIiglliz%sr] gllld the maximum amplitudes of signals 501, 502, and 503
may be approximately 3.5 milliamps.
FIG. 6 includes signals 600, 601, 602, and 603 having successively greater fall
times. In this embodiment, the slopes of the trailing portions of signals 601-603 are
) negative and vary with time. In particular, the slopes of the trailing portions of signals
'601-603 change from a decreasing negative linear slope to a substantially vertical slope,
e.g., the slope of the trailing portion of signal 601 decreases with time between times Ts
and T and is substantially vertical at tirae Ts.
Although the scope of th-e. present invention is not limited in this respect, it should
be pointed that that the programming signals of FIGS. 4-6 may be generated and applied
in a similar manner to program memory cells 140-143 (FIG 2) as the programming
signals of FIG. 3, or any combination of the programming signals of FIGS. 3-6 may be

- used to program memory cells 140-143. For example, signal 200, 401, 502, and 603,
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12 20/ 06/ 2006 WO 03/053633 PCT/ US02/ 40994 400 and |l ess than the fall tine
of sighal 402, and the fall tine of signal 402 may be less than 4gyeydados
time of signal 403. In this enbodi nent, the slopes of the k?ﬁsbﬂﬂ?jﬂnd
trailing wwooniemwess of signal 400 may be substantially ver fFea t he

sl ope of the intermediate portion of signal 400 may be substantially

hori zontal . Signal 401 may have a |l eading portion that has a substantially
vertical slope, an internediate portion that has a substantially

hori zontal slope and a trailing portion having a negative nonlinear slope

that varies with tine. In particular tAnet 43rtaialdesigedpor ti on of
si gnal 4b§Vlﬁﬁ91ffea@élf"g§%‘EeWH%F iuﬁ%(i %grﬁér%grﬁ%/n?&?ﬁgissﬁdg?es (ﬂ)fﬁ it}_gg %)Lai ling
portions _Qf si | , PRobraleeligaimalgenbrator device Gt Akl udes
signal s %%’ %%%%?angﬁé?ﬁ%?d&%eg%%ﬁavi ng sué%egfi vel %r%ﬁr. fall eti nmes. The
sl opes  ofpdyhendramiany ofthp prdgramsing sigﬁla@ﬁ*@ﬂfﬁGgoi',ﬁ.aB%i? t Shaesof i negati ve,

nonlinear, "and vary with tinme. In.this enbodi 38 c8fs t he
trail i ngppmranming sagnalsdp gregram Hipphagpdhangy ie |%t8‘$‘§§°sf2ﬁéwmt§2 time. Also in

this enbogj th ' litude (11) of signal 500 is different
corrpared?gé"ﬁﬂ@?@xﬁ&g?ﬁé%%%%ﬁﬁé (12) of signals 501, 502,. and 503. As
an exanpl e, t pg,JiBinsBigeDdrerter divicsi1GA amayiodudracirit Aok Piat el y 3
mllianmps and the maxi mum anpl j tude%}eg{f& i n?.l s 501, 502..andrR03 maybe
appr oxi medsistor 28 Saprciter aefsbown) tg €5 lllﬁﬂjgso &PERTE™e60, © 601, 602,d3and 603
havi ng succgessi yel r eat efr I ' Bitigneaysh sehoEmite resibior afdopes  of
the trai F‘?Shséorﬁﬁgf?%’ﬁgorc}?aﬁeg%%ﬁén %%q]-gg%%réasggﬁlbnegat ive and vary with tine.
IGE parti Sf(a#a%ftor Jehans BARRS: &ffthé programiningripnaby th eltmae cobgdmests. 411°%03
‘cllange from a decreasing negative |ljinear slope to a sp%%a@g%%ﬁ% Ly vertical
sl ope,  @6@mayiniuds pavedfapmgecixcrifi (PPLHHOVB) (AHTSHE P JRa d&cr eases
with tinme between ti.nes Ta .a I ialahy lo@rittingal at tinme
T5. Alt hé’ﬁ@}ﬁtstSHg“ %%8‘15&"?}?1?1?#89‘%’%%4%% dr@‘elﬁ# ?g%&%&s’ﬁ not limted in this
respect, frEuit%h&Hl d be pointed that that the programm ng signals of FIGS.

4-6 may Bé geherated and appli ed _ _ )
g ) Read device 150 (F F(g ?,I) may include a circuit to read the information stored in

the memory cells 140-143. As an example, read device 150 may include a cirouit fo

route a current throngh memory cell 140 that results in a voltage developing across
.memory cell 140. This voltage may be proportional to the resistance exhibited by the
memory cell. Thus, a higher voltage may indicate that the cell is in an amorphous state,
e.g., a higher resistance state; and a lower voltage may indicate that the cell isina

polycrystalline state, €.g., a Jower resistance state.

Turning to FIG. 7, an embodiment of read device 150 in accordance with the

- - P 9 )
present invention is provided. For binary MLC operation, three comparators 711,712,

and 713 may be used to detect 2 memory state of a particular memory cell, e.g., memory
cell 140. The noninverting input terminals of a comparators 711-713 may be connected
to memory cell 140 to receive an indication of the resistance of memory cell 140. The
inverting input terminals of comparators 711, 7 12, and 713 may be conmected to
reference voltage signals REF1, REF2, and REF3, respectively. The output terminals.of

comparators 711, 712, and 713 may be connected to fhe D input terminals of D flip-flops

721, 722, and 723, respectively. A read curent, labeled Tc, may be used to generate a

14 -




inasimlar manner to programnenory cells 140-143 (FIG 2) as the
prograiming signals of FIG 3, or any conbination of the programyg /2006

signals of FIGS. 3-6 may be used to program nenory cells 140-143  For
exanpl e, sPQ3588b, 401, 502, and 603, 13 WO 03/ 0, 58633 é’éngss}”é%’B%‘F

PCVUSO2/ 40994 having different fall tinmes, may be used to program nenory
cells 140-143 to a desired state. Generally, for M.C operation,

programm ng signal generator device 160 (FIG 2) rmay generate any of the
programmi ng signals of FIGS. 3-6 and set the fall tinmes of the programm ng

Signal s 19 RCAMATAS BRsEyENAREe IR dhe TR tiriHinaf oftempetare?l 15

140- 143 10 one east three states. Programm ng sié:;nal gener at or

devi ce 16¢3.nMBYye fead voltzeds milicative ofdberesistinegolanemeryicsll 440, 4rd Hea@eiEi t or (not
shown) to set the fall tine of fa Elrgo raﬂqi Bg signal. The resistor and
capaci t omayky ubssl forediesie ths staeet mABOPEE 1 ng time constant of the resistor

and _capaci t oy, sl 2, 116, bAlNE rlddo1abe e REGEIATRIAGS Hiidiouthn al t ernat e

enbodi nment s, may i nclu a waveshaping circuit (not shown)
conpr i si ggnaneh 002 RIS MR gy baised th nsicateche state of oremexaegll #40 and

i ntegrator/ra circuits, exponential and |ogarifhm i jts,,etc. Read
devi ge 1ﬁmyb6g1%redzi)l ﬂi}&tﬂopﬁ?ﬂlgw- alhe 9‘&1}’@3‘?’8%?%@%{}?1{@?? ﬁ#%&#‘a@%ﬂest ored in
t he menory cel 140-143.. i incl ude a

L reu 1 amesin foaepats Gt AD S et R TP o st RO e

vol t age gﬁgﬁlt&miﬁgs_across menory cell 140. This voltage may be
proportional to the resistance exhibited by the mmréﬁ cell.. Thus, a

hi }ﬁ her volt agRefreence neltagasignals REFI WBEER) 4nd RER3haysp oWpEyolES o e g. .
a-~hi gher resista , a, | : [tneli ¢ alisidelAtiotidre cel
isin a TW?%‘&%%@%@?& %5 g\.&,%{ﬂé%ﬂ_éﬁﬁ:"?ﬁ%‘ S| esdtt’gfgce st at gah%r ning to
FIG 7, I%&Sﬁ%l?ﬁ&}ﬁ stlte bBAEMBRNNE 4056 bniparace 1 tlanagand 713 de  pr esent
invention 1's provided. For binary M.C operation, three_ cogparat OLS, 711,
712, respectively generate output signals C1, C2, and C3 having 2 logic high voltage potentia
' (“H™), and may be defined as state (0,0). Conversely, for a relatively lower resistive

crystalline state of memory cell 140, comparators 711, 712, and 713 may respectively

generate output signals C1, C2, and C3 having a logic low voltage potential (“L") and

may be defined as state (1,1). The following truth table illustrates an embodiment of a

‘truth table for encode circuit 730:

Ct C2 C3 OUT1 OUT2State -

L L L 1 1 (1,1)
H L L 1 0 (1,0)
H H L 0 1 0.1)
H H H 0 0 (0,0)

The timing associated with the generation of the programming signals may be

. determined by timing device 170 (FIG. 2). Timing device 170 provides control signals to
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and 713 may be used to detect a nenory state of a particular nenory cell,
re.'g., menory cell 140. The noninverting input ternminals of a COMPRY &4 PS80 6
711-713 may be connected to nenory cell 140 to receive are}cirﬂgio?l%b no

t he resi stWedd0B63srenory cell 140. The inverting input termnals o
conmparators 711, 712, and 713 maybe connected to reference voltage signals
REF1, REF2, and REF3, respectively. The output term nals of conparators
711, 712, and 713 nay be connected to the Dinput terminals of Dflip-flops
721, 722, and 723, respectively. Aread current, |abeled Ic, may be used to
generate a 14 WD Q3/ ~ ; A4 dediack MOlandge t hat '
may be rQﬁoé’armuﬁSl?ﬁlgg%%%%%\%&‘??é\?%ﬁ‘pﬁ?@éﬁ%ﬁ?ﬁ%&of conparators 711-
713. The {pgagher Ghdag@e therebi@hoeaia veenadry chle (rabopstaivner pfogeambeifycel | 140,
and therefore, maybe used to indicate the state of nmenory,cell 140. The
conpar i soperetiorn)tve prasade the programing Prises alths efrrest U@H@ﬁ@ %é]aeg%fit s in output
signals d, C2, and C3 that nay be oo eRb nory
cell 140“’&%’”%? C?FW@%&FF%O%Q#F%ggggﬂil@gg%ﬁ?§h}ghgﬁtﬁgﬁﬁterrn%m;lal s of
f1ip-f1opsy #24bd 2 LBBRIVRRINEEHE @ chayDe @R aadwd¥aosibasini t 730 t hat - may
generate signals OQUT1 and QUTZ at its output term nals. Reference voltage
si gnal s REF1, TR todfl6. REmGnitwdinari 806 81 1csardapcasith HgTesFRIBYHRL hj -
REF1>REF2>REF3. resul f this arran g | 'y higher
resi sti v desisAo EP@I%P(?W@%B?WPE%E'I?I’ 13”%)%%%1%%8¥1§E§%??@17/é§1 and 713
may res | ; (9 a8 iHE1AdSa &dntrolies S0y an mPutianiput | ogi ¢

hi gh vol glg&eb%g‘%%ﬁr?tglﬁ%?ﬁ&%%v%é,gﬁg%d@my be defined as state (0,3}.

Copver seliyvicd 830 (e.g. e kaypadedispliy)ememeory $40, ood 2 BRRESENFY §30had APt nenory

eef | 140, conparators 711, 71 a 713 may.,respect.i Ve out put
si gnal s @mnegtpd fca?mar@ﬂlﬁﬁﬁ%&ﬁlé‘“‘}%%sqogﬁoymetpégsgmﬁg egllﬁl%slllé ﬁfL]rﬁ{)fﬁand
maybe de ierh}e?dod%ﬁex?tgﬁ%ﬁn%%%}ﬁral-gf%lés@%lﬁ%ﬂ&tst-rUth table illustrates an

of "a tru abl e

enbodi ment or encode circuit 730:, ..
Controller 820 may comprise, for example, one or more MUCIOProcessors, digital

signal processors, microcontrollers, or the like. Memory $40 may be used to store
messages transmitted to or by portable commumnication device §10. Memory 840 may

also optionally be used to store instructions that are executed by controller 820 during the
operation of portable communication device 810, and may be used o store user data.
Memory 840 may be provided by one or more different types of memory. For example,
memory 840 may comprise a volatile memory (any type of random access memory), a
non-volatile memory such as 2 flash memory and/or a phase change memory such as, for -

example, phase change memory 33 illustrated in FIG. 2.

_ VO device 830 may be used by a user to generate a message. Portable
communication device 810 may use transceiver 850 with antennae 860 to transmit and
receive messages to and from a wireless communication network with a radio frequency
- (RF) signal.
Although the scope of the present invention is not limited in this respect, portable
communication device 810 may use one of the following communication protocols to
transmit and receive messages: Code Division Multiple Access (CDMA), cellutar

radiotelephone communication systems, Global System for Mobile Communications

16




ciccc3auriaur2state LLL11(1,1) HLL10(1,0) HHLOL1(O,1) HHHOO(O,0) The tim ng
associated with the generation of the progranmm ng signals maybe g@}@gﬂ%@@g
by timng device 170 (FIG 2). Timng device 170 provides cont o} i gnal s _
to 15 WO 03VQ®4E8®320/ 06/ 2006 PCT/ USCR/ 40994 pr ogr amni ng =% “&%’ﬁer at or
device 160 and read device 150 so that devices 150 and 160 either neasure
the resistance of a nenory cell (read operation or programverify
operation) or provide the progranm ng pul ses at the correct timng to the
selected nenory cell. Accesses to the nenory cell may be in random fashion

wher e 3 RN colfofl kadiB¥BRuR S FRERE Mo MUMLAUAI Kital Collbler [RYDEF 0N 3 T OW by
row basi s: Turﬁ%ng f% FIe g; %ﬁ ernbodi nent 8001 ﬁlaézord nce &Ath t he
present icelleht radivteleshabe spaténie Tim&EPasiombitltife Gicoesy (TDNDX)isysteras,por t abl e
comuni cation device 810. Portabl e conmunication device 810 i ncl ude a
cont 1ol | Rigsist HAM R PMAal e e gioicleRbonE §/iz8e erdgenerakyBRY, | di Spl ay)
a nmenory Y’ } fﬁ@ﬁﬁih /. ed to an antennae
860, altﬁgﬁg S?E%‘@@%ﬁgaﬁﬁﬁ?ﬁﬁ presen’q?%g%%gﬁg%aﬁgﬁ%g%£Iinited to

enbodi nent s hawhil@céatiym fatuedslof ¢e iivedsion horgisses ihigtrateaahd ddsbibedIteinmy
conprise, for exanple, one or nore mcroprocessors, digital signal

pr oc essorBanyediBeations,shbsituiong changss, and squivelestsyvilbaowinsgunde thesed t o st or e

nessages L tted uni.cat i A nory
rossages CAARSIRLLS 1R Rllth ROG! A S bR RS Erpdad ey
control | @4 c®20alll BtidiN@odifi€atiofd fiiddHaBFes Ak FADWIRR Be 80LTPIH Takd @Periimi ce 810,
and nmay be used to store user data. Menory 840 may be provi ded by one or
_j_n?re different types of nenory. For exanpl e,
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menory 840 may conprise a volatile nenory (any type of random access

nmenory), a non-volatile nmenory such as a flash nenory and/or a p{ﬁiﬁ[?s/ 006
change nmenory such as, for exanple, pha@e change nmenory 33 illustrat edzln
FIG 2. 1/0 device 830 maybe used by a user to generate a nessage. Portable
comuni cati on device 810 nmay use transceiver 850 with antennae 860 to

transmt and receive nessages to and froma wreless conmuni cati on network

with a radio whgq%lggﬁgdi (RF) signal. Al though the scope of the present
invention is not Timted in this respect, portable comunication device

810 may use one of the follow ng communication protocols to transmt and
recei ve nessages: L£aeiol) dohphany: Mbdiingd Sgfe ees@eltsAMisriaCiRiving Infdfe than

radi ot el ephone communi cation systenms, d obal System for Mobile

Communi cat i ontgo b&ite@0Ar0iGeRI00 6 fall\iDe@BiHe 586830 Pad thiSt2mdQgIdsteriaGevhe ofdhd ul ar
radi ot el ephone systens, North American Digital Cellular (NADC) cellular

r adi ot el ephonBorgyenamsstatys.me Di vi sion Miul tipl e Access (TDMA) systens,

Ext ended- TDVA (E- TDMA) cel | ul ar radi ot el ephone systens, third generation (3

certal et aat it oo o PTG dn EVC BB et PRI Lte liefieeiby -

herein, many oL LEAL (@RS nsidsl i tutions, changes, and equivalents w |l
now occur to tﬂ%se Stﬁlhegryi n t%é art. It is, therefore, to be understood

that the appended clains are intended to cover all such nodifications and

changes as fa | whbinbtiod®r bibike1, siblefeir! seling tHeerail Ve REILESR. seltifg 3 A@de i S
claimed is: 20/06/2006 1. A nmethod, conprising: applying a signhal to a
menory mat er ichthehsipneing anfissteselettedhfall time te patety neatdiabietd firstgstae blathé morere  of

the signal to place the nenory material in one of the
than two states, and the method further comprises: setting the fall time of the signal to a
10 second selected fall time to place the memory material in a second state of the more than
two states; setting the fali time of the signal to a third selected fali time to place the
memory material in a third state of the more than two states; and setting the fall time of

signal to a fourth selected fall time to place the memory material in a fourth state of the

more than two states.

15 4. The method of claim 3, wherein the first selected fall time is less than the second
selected fall time, the second selected fall time is less than the third selected fall time, and

the third selected fall time is less than the fourth selected fall time.

-5, The method of claim 3, wherein a conductivity of the memory material in the first

state is less than a conductivity of the material in the second state, a conductivity of the

20 memory material in the second state is less than a conductivity of the material in the third
| étate, and a conductivity of the memory material in the third étate is less than a

conductivity of the material in the fourth state.

6. The method of claim 1, further comprising setting an amplitude of the signal to
heat the memory material to an amorphizing temperature when the signal is applied to the

- 25 -memory material and wherein the fall time is set so that after the memory material




nore than two states. 5 2. The nethod of claim1, further conprising
increasing the fall tine to reduce a resﬁ stance of the nmenory natgy /2006
The nethod of claim1, wherein setting the fall tine includes settlng t%
fall time of the signal to a first selected fall tine to place the
material in a first state of the nore than two states, and the nethod
further conprises: setting the fall tinme of the signal to a 10 second

sel ected f aI | regfiies ﬂte@"pﬂr%t@@gtfw%%rtpe mamery maleripleogl dewpon @ syffigiedrald t he
nore than settin tine n a thir

el ect od fal | % FHANE GomPR e iHS PReesdh o okt pLire Marsindip SeBoatie 8t t he
nore than two e fall tinme of signal to a fourth

sel ected faIImgﬁﬁéﬁéeB%ﬁggég%%taﬁ%%gry material in a fourth state of the
nore than two states. 15 4. The nmethod of claim3, wherein the first

sel ected fall7.ti neTHeSmb@&s of Bigih ﬁh@héﬁaﬁ%ﬁym?@ Q&Iaﬁﬂncmésl adplyii, a plige second
selected fall time is less than the third selected fall tine, and the

t hi rd sél ect ehvinglal leadingeportien khes scdutsapiot foehd sigidl Feasldheg redinual lbvet amisa 5. The
met hod of claim3, wherein a conductivity of the nenory material in the
first state faing é@ﬁoqmawcwr%@‘mﬁ@tslgoaltfgacms thenmaximura fgvellanp whergis thefelbnd
state, a conqp? of _the 20 nmenory material in the second state is |ess
than a conduc e'\/isttb e gimeg e “Wa't’%'f”ﬁa?mpﬁ tp rgcreptsr fom dpey meximyyleke! de fffuct i vity
of the ”E”DanHﬁLﬁt&%l inthe third state is less than a conductivity of
the material Tnthe tourth state. 6. The nethod of claim11, further
conprising setting an anplitude of the signal to heat the nenory materi al
to an amor phigzi NY 1he MK 8 Gae el 8diGHYRhe it81 BRP ot 8 dighal BSnptisedTEITON Y
material and wherein the fall time is set so that after the menory materi al
19 20/ 0B/ 200GettinpL sle: df Aeratingpdeivinzr the sigharper at ure, the menory naterial cool
downs at a sufficient rate so that the nenory material is placed in a
first state of the nore than two states, wherein the first state is a

pol ycrystal | i9ne stfhe anethipd offelaimnie tierginofettio ierslabe opmmerises vettingpihygisiege of si gnal

i ncl udes appl
PP t e tra %ng pcPrtlon to a negative slope.

10. The method of claim 8, wherein setting the slope includes setting a slope that

varies with time.

15 11. The method of claim 8, wherein setting the slope comprises shaping the trailing

portion to change from a negative slope to a substantially vertical slope.

12. The method of claim 8, wherein setting the slope comprises shaping the signal so

that the signal is nonrectangular.

13. The method of claim 1, wherein setting the fall time includes setting a decay rate
20 of the signal.
14. The method of claim 13, further comprising increasing the decay rate of the signal

to reduce the fall time of the signal.

- 15. - The method of claim 1, wherein the memory material is a phase change material. -




5 having a | eading portion that occurs prior to the signal reaching a
maxi mum | evel and a trailing portion thaj, occurs after the signalodapchass
t he maxi num | evel and wherein the fall Ime is the time for the trailing
portion to decrease fromthe nmaximumlevel to the mninumlevel. 8. The
met hod of claim 1, wherein setting the fall time of the signal conprises
10 setting a slope_of a trailing portion of the signal. 9. The nethod of

claim8, wherd®n s&it Mefof e dam e fwBepeparisingaarplying a secosd sjgealdp e he
traili tion t tive slope. . 10. Th t hod of im§, i
setting the sraneyarRiEe Ees adhd wrape e rrieday et peigno S 31"
The nethod of ogkak fﬂacﬁmﬁéﬂ’aﬁﬁn@ e éﬁtn&lef?&b% pl%ar%l fﬁgﬁa @f‘{ﬂﬁé &%ﬁes ?%ﬁﬁ §91a§,he

trailing portion to change from a negatfve s e to a su

vertical sl opgndidsdthahhSanBhd@thedhirddighain 8, wherein setting the slope
conprises shaping the signal so that the signal is nonrectangular. 13. The

nmet hod of claim 1, wherein setting the fall tinme includes setting a decay
rate 26 of the sifreahethddof clbiwe 16eihbeth thd signahplaeek3he hembr aratetialinps fist ng
increasing the decay rate of the signal to reduce the fall tinme of the
signal . 15. THee gbteonorsrthan tiopmemonysiates whenHbe sionad sy appie@id Be Wenasy phase
change nateria“.%ﬁOhZOIOGIZDqg éG. Ihe nmet hod of claim1, fur}her
conpri si ng appf§ithd asELrG AR PGRe the ShaMosy MaleH Y 2 peeistate ahilie Z9 ving a
third signal jal rein g he f [

i ncl udes set ttlrh'%gwtaﬁré&?a %tX%e%?rE @%l)sgcés@%& %'_r's ? '?é’!t'%d %gt P %I"]%n}ofyﬁhe&%rial %r'ﬁde second
signal  and |\@rfeid figkid sigabilplidckd e AenfoRfmbbBiidi  Sihgd state of thk fnord fhan RS hod of

claim 16, wherein the signal places the menory naterial in a first state

of theidrore trisiory satesTRRE thie Hir@sigTal 182EPlict Rthé mematy maermpPpPl i ed to the nmenory
material, the second signal places the nmenory material in a second state of

t he nore
18. The method of claim 17, wherein the second state is a substantially amorphous
state, the third state is a substantially crystalline state, and the first state is an

intermediate state between the second and third states.

19. The method of claim 17, wherein a resistance of the memory material in the
15 second state is greater than the resistance of the memory material in the first state and
the resistance of the memory material in the first state is greater than the resistance of the

memory material in the third state.

20. The method of claim 1, further comprising determining whether the memory
material is in a selected state of the more than two states after the signal is applied to the

20 memaory.

21. The method of claim 20, wherein determining comprises comparing a resistance

of the memory material to a reference resistance.

22. The method of claim 20, further comprising: applying a second signal to the
memory material if the memory material is not in the selected state, and setting a fall time

25 of the second signal to be greater than the fall time of the signal.




than two nenory states when the second signal is applied to the nenory
material and wherein the third signal p)aces the menory materialsd pd/2006
third state of the nore than two 10 nenbry states when the thirdzsigna S
applied to the nenory material. 18. The nethod of claim 17, wherein the
second state is a substantially anorphous state, the third state is a
substantially crystalline state, and the first state is an internediate
state between?fhe SB@BPRIGIAhEOTPISING: SMamey matayial Eiag ilearh drest staiesaiond 4.7,
wherein a resistance of the ry material in the 15 second state is
greater than fj?lvéceg%§7°¥'fj‘3ﬁé@"%%n't?’ﬁ\é"ef?@ﬁﬁ?a)}erﬁﬁf”é'ﬁeﬁ'lth‘? fevicRés 39epted osebi e and

t he resistanc : i j fir i r than

t he resi st ancfeaug%e%)ﬁge Eﬁﬁelé@rn{)&r/@ nt?ggre i%la oB(nr};‘%l rleafl {oﬁﬁ%afsté?%tﬁ %E{SEE%?E%?S' met hod
of claim1, further conprising determ ning whether the menory material is
in a sel ect ed2gt at eheddpphid@is BPEAMI NP thalalies seld hefatiR ofihgRBhal ks appl i ed
to the 20 nenory. 21. The nethod of claim 20, wherein determning

conpri ses conirsirselegted falldigiedt arogram thd mednery mestaialto meirs kiat of the = lchstfl@eence

resi stance. 22. The nethod of claim 20, further conprising: applying a
second si gnal Sttgs. theedeviep sefe {reralitione dhthesionslie 2 seeppd pelasiedsel tme foprageam i n t he

sel ected Stattﬁ and settlﬁg% a fall tine 25 of the second signal to be
greater than PHECFIYMterboGrsepqnd stafe e at legst Spoppton GBI B8 devige seibe at us,

conpri si ng: LD i al, .havj least three states;. an . devi ce
to provide aafgil gna‘f’fx?éo@érﬁ[ato%éﬁr%ﬁfeﬁg? %ﬁ .‘”a 0 W?'E?r}? T%%O%@eﬁe%aégﬁagthﬁé;apt ed
to set a faldutd bithe RfedshBresls@nal to programthe nenory material to one of
the at |least three states. 24. The apparatus of claim 23, wherein the
device sets the fall tine of the signal to a 5 first selected fall tine to

progr amd t he rasmor yrhewdppara@b of olaith 24, Whibredit 1Bk Grsdkelbdial RNl tineasless apenest at es,
the device sets the fall tinme of the signal to a second selected fall tine
t o program tsheondepieetod falltimeiaad the second eelecied il fime isobsstthan the thire agectedchr ee
states, and the device sets the fall tinme of the signal to a third

sel ected fal %M to programthe nenory material to a third

26. The apparatus of claim 24, wherein a resistance of the memory material in the
first state is greater than the resistance of the memory material in the second state and
15 the resistance of the memory material in the second state is greater than the resistance of

the memory material in the third state.

27. The apparatus of claim 23, wherein the memory material is a phase change

material.

28. The apparatus of claim 23, wherein the device increases the fall time to reduce a

20 resistance of the memory material.

29. The apparatus of claim 23, wherein the device comprises a circuit to set the fall

time of the signal by shaping a slope of a trailing portion of the signal.

30, The apparatus of claim 23, wherein the device comprises a circuit to set the fall

time of the signal by setting a decay rate of the signal.




state of the at |least three states. 10 25. The apparatus of claim 24,
wherein the first selected fall time is ss than the second sel

time and the second selected fall tine iézel ess than the third selgg{lgg&@b&
fall time. 26. The apparatus of claim 24, wherein a resistance of the
menory material in the first state is greater than the resistance of the
menory material in_the second state and 15 the resistance of the nenory
material in tRé sedBhAPRARvseof dairy 28avkareip thendavise sple i foll Hime of the sianildonenory
material in the third state. 27. The apparatus of claim 23, wherein the
memory mat eri 31°91°8 {e GiFq0L BaigiR b ?rﬁ?'?é’?‘?%aﬁta.“e gigthe phlgast fireh stete ansk fudlhesi m 23,
wherein the deyice. 1 NCL. . I A, I n of the
romory mater 550 REAL R s nenle 1R abe 1ichels o TR B0
conprises a Ckéiedddstdi® set the fall tinme of the signal by shaping a slope
of atrailing portion of the signal. 30. The apparatus of claim 23, wherein
the device conprises a circuit to set the fall tinme of the signal by
settingb5a decad3 rallke gfpatahs of clgimad1, wiiteid CHeOfinb@Ofdmpades: I banpappamatinga of
claim 23, wherein the device sets a fall tinme of the signal to programthe
menory mat er i BBt inRyit goupigdde thedmernery eatsrialiand aagechnshigput coupied tg reseies afird

further corrpr%sin circuit to determ ne whether the nenory material is

a . Te Il
© Eﬁeé‘cg?@P%@f“éa” SttR{teAndcp SpSONCIGOMPELSHRA MaYINGSa BEt IBAUA CRHPIRE 10 wher ei n

progranmed tof

the circuit c [ - arat or, .hayi n first input coupled to the
memory mat er 1 G SRR A EBIARRY Arg o (P RRIeA 4o reselp SO, PEERCS 39 ence
signal and anyfahRubut and a second conparator -having a first input coupled

to the nenory material and a second input coupled to receive a second
reference signal and an output. 10 33. The apparatus of claim 23, wherein

the detdce i s33a ciThewpparatddlof chint ¥5 whBleinG R idvics igtcircdit.control l er; a
transcei ver coupled to the controller; a

34. A system, comprising: a controller; a transceiver coupled to the controller; a
memory element having at least three states and coupled to the controller; and a device
adapted to provide a signal to the memory element, wherein the device sets a decay rate

of the signal to program the memory element to one of the at least three states.

15 35. The system of claim 34, wherein the device sets the decay rate of the signal to a
first selected decay rate to program the memory element to a first state of the at least
three states, the device sets the decay rate of the signal to a second selected decay rate
to program the memory element to a second state of the at least three states, and the
device sets the decay rate of the signal to a third selected decay rate to program the

20 memory element to a third state of the at least three states.

36. The apparatus of claim 35, wherein the first selected decay rate is greater than
the second selected decay rate and the second selected decay rate is greater than the

third selected decay rate.

37. The apparatus of claim 36, wherein a conductivity of the memory element in the

25 first state is less than the conductivity of the memory element in the second state and the




menory el ement having at | east three states and coupled to the controller;
and a device adapted to provide a signa% to the nenory el enent, yﬁy%éy

the device sets a decay rate of the sighal to programthe nenory el enen

to one of the at |least three states. 15 35. The system of claim 34, wherein
the device sets the decay rate of the signal to a first selected decay

rate to programthe nenory elenent to a first state of the at |east three
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decay rate to ﬁ %%9 ﬁ g‘gegng¥ el ement to a second state of the at |east
three states, "and BNedIdSRS the decay rate of the signal to a third
sel ected decay rate to programthe 20 nenory elenent to a third state of
the at |least three states. 36. The apparatus of claim35, wherein the first
sel ected decay rate is greater than the second sel ected decay rate and the
second sel ected decay rate is greater than the third selected decay rate.
37. The apparatus of claim 36, wherein a conductivity of the nenory el enent
inthe 25 first state is less than the conductivity of the menmory el enent
in the second state and the 23 20/ 06/ 2006 conductivity of the nenory

el enment in the second state is less than the conduct|V|ty of the nenory
element in the third state.




