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MEMORY BACKGROUND A phase change material may be used in a nenory cell to
store a bwoDoofssdat a. Phase change materials that are use@CrruSOBENOPY
devices may exhibit at least two different states. These states may be
referred to as the anorphous and crystalline states. These states may be
di stingui shed because the anorphous state generally exhibits higher
resistivity than the crystalline state. Generally, the anorphous state

i nvol ves a nore disordered atom r re r nt pul ses
may be used to WMW&%’ME@%@ %Q@%@%@gﬁgﬁstate. The
anplitude of the current pulse maypgofari ed to change the resistance of

t he phase change material. However, variations in the nmaterials,
fabrication processes, and operating environnment nay cause the resulting
resi st app@KGROUNBrent nmenory cells of a nenory array to vary for a given
rectangul ar current pulse. Thus, when programmng nultiple menory cells in
a menory ar r ayphaseiehdange triatesiel may bavsehis 2 memery ceBie sorpeabibaf ¢atdgr ammed to
one state, while others be progranmed to a diff.er te when the
sane r ePhasephpnge pefedys ﬂg‘?éﬁﬁ‘ls?cgﬁl ’ﬁ%‘ngﬁ'ccg?vf%w}]e lélﬁt%pfoe? Stgt&olrgfe cells while
programypd. Lo stalgéas. 493kd ReSha} Be MY TA0b BAKCArRBEMIAIAd SHREMITEgedIs. Thus,
there i s a contlnuing nee or better ways to program menory cells in
menory gysicaNiEedisiybe fistsgiished hgerusem theranmirshousRiaterzeppgtirerpnhigherT HE

DRAW NGS The subject matier regarded.as.the inventjion i icularl

poi nt ed esiativity thandhe erypialling siafey rqlﬁ/, hgeme quﬁaﬁa%dnﬁ%yg$%%log? hey

speci fi (&fs%ci)e?e ok d QMeRkd on,  however, both as to organization and nethod
of operation, dtoge% er with objects, features, and advantages thereof, nmay

best be undeRucoagulbycurrhepdsasandybd tred toplogrannthe pbess dhavgyasieriplipison when

read wth the acconpanyj ng draw ngs .i n. whi ch: . .
desired state. qug am%lituge of t%e curtent pulse mayq)e 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 cutrent pulse. Thus, when
programming multiple memory 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.

Thus, there is a continuing need for better ways to program memory cells in

memory 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:



1 WD 03/058633 PCT/US02/40994 FIG 1 is a block diagramof a conputing
systemin accordance with an enbodi nent of the present invention; FIG 2
i s schenewD®305%®gs am of a phase change nmenory i n accor dan®eTWiSv4E@ns

enbodi nent of the present invention; FIG 3 illustrates a plurality of
progranm ng signals in accordance with an enbodi nent of the present
invention; FIG 4 illustrates another plurality of programm ng signals in

accordance with another enbodi nent of the present invention;, FIG 5
illustrates another plurality of programm ng signals in accordance with
anot her enbodi nent of the present invention; FIG 6 illustrates yet another

plurality of m@gri@moegdfamﬁ&&@g@;ﬁg@@gﬁté&w@@%ﬁ% embodi ment  of

the present invention, FIG™ 7 illust circult 1n accordance with
an enbodinthedimerft of fe presestmyentionyenti on; and FIG 8 is a bl ock diagramof a

ortable co ication device in accordance with an enbodi nent of the
Bresent [ nvm&oz?s ?CE‘GWTI“F 51@%61 g% éhﬂnsﬁa%emoewmsqcﬁﬂﬂ%qewﬂaﬁu clarity
of il usdhRtdtRsht o?h{%rﬁégeﬁtin%ﬂtﬁéﬁt rated in the figures have not necessarily
been drawn to scale. ‘For exanple] the dinensions of sone of the el enents
are exagger atl@. 8 dhatriates atphurdlithef palgeamemig figialcihacédrfancEwithhar , wher e
ropriate, reference nunerals have been repeated anong the

??gﬁlr ggregrg)oaﬂ'g?rggfgle&g?qegg%mmg or anal ogous el ements. DETAILED
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i nvent i anothiebsyab@timent ofithé prefemt thvention;
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 diagram of a portable communication device in accordance with

an embodiment of the present invention.

It will be appreciated that for simplicity and clarity of illustration, elements
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 will be



WO 03/ 058633 PCT/ US02/ 40994 understood by those skilled in the art that
the present invention maybe practiced without these specific details. In
ot her i nswens®ss6e3xel | - known nmet hods, procedures, conponenPET/USNU4P4 cuit s
have not been described in detail so as not to obscure the present
invention. In the follow ng description and clains, the terns "coupl ed" and
"connected,” along with their derivatives, may be used. It should be
understood that these terns are not intended as synonyns for each other.

Rat her, in rtlc connected"” used to indicate that
fo. or " miPelRRie 5 8o Rt et g BIRGER 16vent gh Hg e @atoteahv R n ¢
each ot h@ese sp@iﬁ@ﬁ@tgﬂs Mo tHE s tAfded, Wl HEB o8 %%'Eﬁéreélrc nganen rect
physi cal or electrical contact. However, "coupled” may al so an that two
or  nor eansl ciewits kavamet hesn descritied éu detaibpe actotud phsoaacthe prdsent, inventioy.et still
co-operate or_int 0 ct ith each other. Turnin G, .1, an epbodi nment
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variety of portable electronlc systens suc or exa a portable
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comuni cati on gyst one- a two-way pager, a persaonal
communi c &CPRstedy 3(1153% o indica %Sﬁ ‘Pér E’SF&)@F@PmSémp‘@@r@ﬁ%hYﬂP@}loﬁ al

assi st angfe Lontﬁ’ét wifte a!ch léﬁlerAl atey RO 88 OTQI?AI‘Q%%%&B&F é@lat the
scope and app |cat|ono the pre nventron 1s in no wa Imted to

t hese exdirget ﬁwswﬁbmrdzemmnﬂeontamhﬁomp@iimpledhmayfmoanédiﬁhwtﬁse)ﬁt i nvention
may be used are nonportaple electronic apﬁllcatlons such as in cellular
base st dRPGFeMeLs yengt in §W°&E‘°EWPFBG@‘§?@ ety Pelexst eiglliprapaTete opinteragin t hi s
enbodi ”Wftheé‘cﬂ@ﬂ‘:&' ng system 30 may conprise a processor 42 that is
connected to a system bus 40. Although the scope of the present invention

i's not |imtebhrning t6 RIG. T, aﬁpﬁﬂ:)bdmmntm@m&:oﬁanmlﬂ@ thepresedt inb@iotanpl e,
one or re, m cr ogr ocessqrs, digital signal processors, mcrocontrollers,

or the |qegribedy BBt 26 D cORPTiSe 3 SPMPWANSYSEBh | SPmputiReysteRathl e, a
col I ect i, gy, 0 udddiiRa VARAS of PortdbAN S0 HonlAk Btefls QUL AL f&ae%mBIe, a portable

communication device (e.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 to
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 comprise, for example, one or more microprocessors,
digital signal processors, microcontrollers, or the like. System bus 40 may be a 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 03/058633 PCT/ US02/ 40994 to

syst em buw04G8/0588a3 a di spl ay controller 46 coupled to nenoPgTasn/4mbd er hub
34 by an accel erated graphics port (AGP) bus 44. Display controller 46 may
generate signals to drive a display 48. Menory controller hub 34 may al so
be coupled to an input/output (I/0O hub 52 via a hub interface 50. 1/0O hub
52 may control operation of a CD-ROM drive 58 and may control operation of
a hard di sk driv |t|o I/Oh 52 may oVi i.nterfaces to,
For  exanBresth DS AP 3 BisPlasisnbiie 460w B0 FratropReyrof e St
expansi e ce card
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and frorAmHMn&bHerngmwngmﬁacted\tqomphnmﬂ bus 62Mrid Bapéortidp@pedadsi on may
i nvol ve concur ly witin datI? to or reading data from phase change
memory  $3tlonyidi et e 18 addiionil/Q gantpyllss ahmay geestis iaput fEom amausede ed i n

this respachephaggs. change nmenory 33 may be a nenory array conprising a
plurality of %em)ry cell's that

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
.communicating data to and from phase change memory 33 as well as control and address
lines used to store and retrieve data to and from phase change memory 33. A particular
write or read operation may involve concurrently writing data to or reading data from
phase change memory 33.

Although the scope 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 different memory states to store data. This
material may be, for example, a chalcogenide alloy that exhibits a reversible structural
phase change from an amorphous state to a crystalline or a polycrystalline state. Due to

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



may include a phase change nenory material such as, for exanple, a

chal cogenide nmaterial that nay be programed into different nenory states
to store wetansskbs s naterial nay be, for exanple, a chal ecgasodedsd | oy
that exhibits a reversible structural phase change from an anorphous state
to a crystalline or a polycrystalline state. Due to the reversible
structure, the phase change material nmay change fromthe anorphous state 4
WO 03/ 058633 PCT/ US02/ 40994 to the crystalline state and may revert back
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resul t aﬁo‘f gﬁgle{r’é%bgaém"’éyﬁ grampRle. Avgemehange mpmert 3R mAR EREPHEIe spends
at thatGéS%q@%ﬂg&yre Accordi ngly, the phase change nay be induced by
resistive heating wusing a current flow ng through the phase change
material. TheA potmgreaoﬁthdnd:lmldogmde alloy may beedeated geantsmdrhaell 40 ti nes
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set st at@PtAFPANE: o‘gﬁFoﬂl}% 1%, the phise cﬁé‘fger@@’ besindpged by resistiedieating

using a current flowing through the phase change material. The programmable resistor

-

may exhibit greater than 40 times dynamic range of resistivity between the crystalline
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 a 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 state 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 substantially crystalline state, although the scope of
the present invention is not limited in this respect.

In multi level cell (MLC) operation, a phase change material may be used to
exhibit multiple states 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 using four



the reset state, wherein the reset state nmaybe defined as a substantially
anor phous state and the set state nmay be defined as a substantially
crystal |l iwoe oswosi683 al t hough the scope of the present i nveowiusn2i®hot
limted in this respect. In multi 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 acconpl i shed by changi ng the
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change material in state (1,0) may be less than the conductivity of the phase change
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material in state (1,1).

Although a binary 2-bit per cell system is described for purposes of illustration,
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
memory material has more than two states. For example, in a nonbinary system, the
memory states can be three or some other multiple of a nonbinary base.

Turning 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 celis 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 inventionis not limted in this respect. The
principles of the present invention may be simlarly applicable to any
syst em wwoa3bkss3phase change nenory material has nore tiren/uSom4m®vat es.
For exanple, in a nonbinary system the nenory states can be three or sone
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 menory 33 may include a 2X2 array 139 of nenory

cells 140, 141, 2, and 143, wherej cells 1 143 rise a
phase change ?e $© MEOORHRER I8 eé’Pf“%‘Y 13§ aflé?é%fl?%‘{% B Fig. 2,
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exanpl e, phase change ave a larger arr menory cells. 6
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row lin jow to drive current through the nmenor
cell. Iﬁot Y%eﬂ%@%ﬂrﬁ)‘tﬁ@nﬁg@éﬁg ange nmenmory 33 further COITD?I ses a d
progr ami ng Iﬁtlgmahb@hmemapl'ﬁdsedhmgeenérﬁ&ym fhehdreompaisedd frogapediagi on, a
read device 150 to performa read operation, and_ a timng device 170 to
gener at él@ﬁhgql?ﬁragqf&ﬁ%l% 1@ tojaerfosm 3 Wriferpperadion, 2 wad doyice B> GOio@eEPmaAs. I n M.C
oper at i nmenor
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state of the nore than two states after a progranmng signal is applied to
t he rremﬁFagW jpRemory cells 140-143 during programming. For example, read device 150 may

be used to determine whether the memory material in a memory cell is in a selected state
of the more than two states after a programming signal is applied to the memory cell.

Programming 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) in
accordance with an embodiment of the present invention are illustrated. In FIG. 3,
different times Ty-T;; are denoted on a TIME axis and different currents Ip and I; are
denoted on a 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 trailing portion 217.



Programm ng signal generator device 160 may be adapted to generate
programm ng signals to apply to nenory cells 140-143. For exanple, device
160 nay Weo oatsgssed to generate and apply the progranmm ngP€STgrsa/s0994
illustrated in FIGS. 3-6. Turning to FIG 3, a plurality of progranm ng
signals (200, 201, 202, 203) in accordance with an enbodi nent of the
present invention are illustrated. In FIG 3, different times To-Tl > are
denoted on a TIME axis and different currents lo and Il are denoted on a
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a maxi mum curlh ¢t eabpditvenid eigail 200 rhay lave Aifill tnnof Yibseaitiafypdro sinde of | o,
that is, the fall tine is the difference between tines T5 and T4. In this
embodi mik trailipg partion o sigpal 209 vlecrgages fiom jtymapmusy pephiyde 8 ¥ tser o si nce

(e SOl B 1K, 000 e SR | v

subst antsignklsy201 £2022 g2 G8 arp shigseandially nsirgétahgula@hilse? OPuls@ a1 208, ang

subst antziog lnL%I arllg)nl;eer%%e?rgg ltjg gsrtrira)tgflguslgrsﬁulszg.l %lellsses220010’, 28222,02? 'c?nccil 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 (Ts-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—T7) 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 (T1,—T10) of approximately 2 microseconds.
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 embodiments, device 160 may comprise a



203 may al so be referred to as triangul ar pul ses. Pul ses 200, 201, 202, and
203 have successively greater fall tinmes. That is, signal 201 has a fal
time greawerosiobsmBd the fall tine of signal 200 and | ess tiram/ushy4dod | ti ne
of signal 202, and signal 203 has a fall tinme greater than the fall tine

of signal 202. In this exanple, signal 200 may have rise and fall tines of
approxi mately zero (e.g., | ess than 2 nanoseconds), and nay have a maxi num
current anplitude (e.qg., ) of approxinmately 3 mllianps. Signal 201 may

have a urrent a itude of a Xi el mlli S, arisetine
of  appr BT &Oeﬁe"bt e Jlf fime EBPEOEFWI‘%S%E‘P?’E‘$ S e degtiv i SRS , 260

Nanos ecgRfsammi 220 S8y eﬂﬁ%@lrﬁentmwﬁy T66 Hiah BRpASPA b0kt the

approxi mately 3 I'i anps, arise tinme of approxmap zero, and a fall
time (Téllmithe of aamgrammg egnal B chapagrsdopnols, tr:Shggnpd)rtmﬁ:ef ttwy have a

maxi mum curr ent amglﬁtude of approximately 3 mllianps, a rise tinme of

appr oxi HeESEimt and a fall tinme (T11 _Tlo) of approxi mately 2

m crosecondsTh@g 39@%&9:%&@(1 oY Nalaleb=Taras B }fbﬁ"ﬁ vice 160
(FIG 2) maybe a t'o genera%e prog?ghggﬁé S|g &%gFZ%%&ﬁo apply to
menory deﬂréasedﬁ@mihtb&na)tlmunsmnphted@tmdtsrmnﬂmunﬂeuplﬁedel é6hd may be amgasurs@ a

circuit to set _the fall ti ng s als 200-203. In . alternate
embodi mBHEENS gErEeRt R@fdnﬂﬁtd{fe ’E?Ef‘nfBF lg@ga%(%@? o Bho dese mitescet R EII 09 4
ci reui t (bRa1$9hoL08 rﬁﬂe ﬂlérgi%e&’Fo l%dﬁéeotﬂ 83:[&9@}![)1.0@&32& %e@g he decay

rate of the progra ng signa I'n ot
conpr i s€oavasdlgtht decaysats ofprogbminling smalgfzomzpB agly derdeagased goal by shapi ng
a slope,of a trgjllng élgtlon of the gramm n gnhal. The decay rate

may be Hefgasethedall figle githese afog&m@ﬁlgaﬂw 1 dee gbqqnaﬁntdﬂusaraqugﬁm
d f 1 b
ecreaSPPGI%%{Bmhfﬁ)l’if&égﬁ%fér%?%&éa&éf%cay} ffett%armh@ réea’%lf' fg&lg@é)za _may e

measur ed ent “per uni tine si gnal
decay rsngaalzmImsag“amrﬂen@ramltgmaﬂhedadiuyraﬁibfmammriﬁahaﬁeté to reduce the
fall tinme of these progranm ng signals. . Conversely, the decay rates of

pr ogr anfiPRgdigegta thy crey: mispirayogammies ggadanaygbe polynomial, logarithmic, or

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 slope 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 216 that is set to a substantially horizontal slope and a trailing portion that is set
to a negative linear 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 programming
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



I ncrease the fall tine of these programm ng signals. In the enbodi nent
illustrated in FIG 3, signal 201 has a faster or greater decay rate than
t he decaywpaBmssss3 si gnal 202, and signal 202 has a fastercaasay4m9sd e t han
the decay rate of signal 203. In alternate enbodinents, the decay rate of
a programm ng signal maybe polynomal, logarithmc, or exponential, etc.,
al t hough the scope of the present invention is not limted in this
respect. In the enbodinent illustrated in FIG 3, the slopes of |eading

portion ai I| portlon 213 of signal 200 are set to be
substanfa%é?rlh)’tg‘éf%ulrtc‘&ao DPaliResignal- | nter nediate portion 212 of signal

200 is set tg bgnsesbdificndl hilo1doag N&lde 293 pr c%?zfmﬂ gﬁ‘s‘?@i fg

portion 215 ?‘ﬁ iés set to a Slﬂ%‘o{ant%%y ve?ttlshlcgl9 Ip a}lﬂln ear medi at e
porti ontczéxﬁamp]anude suffietent ® lwatihb phasetchadeymiterialadatmadmalyepktemd a trailing
portion that .i.s set to a nLﬂ?atlve | i near sl ope, Accordl ng 0 an enbodi nment

of the AROGHAIZS temp At aS AR %qlawé? chagge B2 subsepfiglly t he faII time
so t hat I si gnal
cool s tﬁltella&aggg% eggrogEe rEDr Hh%%{:lga?l gﬁrﬁg{%tgggu %‘ﬁﬁﬁ}l 31%!‘ o pl ace t he
menory siatd, thei matanmleﬁaylm:irapicﬁy eoddd. tTids maly be pt@niptished/bshatigsa The fal |
time of the E)rogranm ng. signal. applied to a phase change material my be

i ncr eas&ately Batial tpfor dag @@h%emafmﬁeg St%‘i’é]s eAg ﬁta%aem%atswhmo Usi ng

t hi | h
mt or | ol Qe Rattle phAE oh R B o g Eefln L AP BARP e but
9 WO 03a0oHHi9ds RaHE, kiDL 206 maly&iahea nlayirhine afr@lhltudel (Irp oDippirdi}&rrﬂfe@gB anmi ng

signal. Ipn, sone embodi me ments, device 160 may set an anplitude of

progr arrmlﬂhim?is@ﬁﬁﬁfaliBmﬁr?fa“rﬁélthaPL?d@ngiﬂcPF‘%ﬁ ent to heat the phase change
mat eri al of I phi @% W t he
phase change ma erer¥ E)nd I%éegll} aégt@? Al ﬁdt%?%?%%ggfé ﬁm%g%teoﬁg‘ggethe

phase chabgeaysesthe amplitude olf hegirbgrmpiih@bicialacas pplitade Stfiictent toiaat eri al

ey be EhaepShcziilsg clfa%gle renc.gt’cen-lzﬁ1 Jcosanna%/orgﬁlzgl%chrgg clarlatsu?ee Caimg )s/etrllaf\alll ?19116%)f the
programming signal so that after the memory material reaches the amorphizing
temperature, the phase change memory 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 cell in a polycrystalline
state, wherein signal 203 may have a maximum amplitude (I;) 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 a 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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relatively fast fall tine for the applied programm ng signal. As an

exanpl e, signal 200 may be used to place the phase change material of a
menory cewD odnssa3substantially anorphous state, and si gn®CTAG02/#@94 have a
maxi mum anplitude (11) of approximately 3 mllianps and a fall tine of

| ess than 2 nanoseconds. Alternatively, to place the phase change nmateri al
in a polycrystalline state, device 160 may set the anplitude of the
programm ng signal to an anplitude sufficient to heat the phase change

material to an. anorphi zi n er at ur, and s time of t he
or ogr ﬁm?Pﬁéje‘?‘f"ﬁﬁaPerg%"‘tWﬁ be PRI e S P BaR e B¢ BRssEchinga HEETAl et o
anor phi

p %hﬁgphlilﬁgﬁé?ﬁ&tré:{ﬁl% dutrﬂﬂge rrerm Eﬁﬁ&geﬁ r\SllH‘%ttﬁé Faﬂ ti r‘fi@ﬁig

a sufficient so t hat materi a ace

pol ycr ysitalot irmding ppatten stepepof ‘éneargmhb’r,o pddcg riad phazélahamy nbmeruﬂ; afdifferept ace a
phase chan%e material of a. menory cell in aP ystalline state, wherein
si gnal SB&Snag- ﬁ‘éhﬁéaéuh%%t}?ﬂbhaﬁ%ﬂ’h(’t“ﬁa@te( f Py Slfys'éi‘HB}eéiﬁtWél y 3 nillianps
and a f | ace t he
Phase chserigeEn bl AhOk R B fn BidhChi0n B Moy Do RN e Br Bl P00 )
anmor phosmcatit progimetiys sighdliinehis eedmasle nohg\rbsult if GiGatimgyths phastbBarfgal | ti ne of

the programm ng signal ,so that after the meno %Fmaterial reaches the
anor phi 2A3gal EhyerEephing "ﬁ@l’ﬁﬁ‘é‘g& P spendingensthe 431l g (eodcaymsigrrat a

suf fici {he i nt er nedi at e
st at e. Eg) tpgrc]) 9%% gﬁﬂ]gy&ﬁﬁor% aY tﬁ@%‘g{e{t}gﬂeﬁh}?el&leﬁgggl%ﬁ rpl"nas e change
mat er i alsulostandialiy amoyphoas ‘staﬁena Bllbstailt1elﬂy7ﬁ§}$tallllﬁe Sﬁa&f, 6r anmedrgietiatl gnal 202 may

have a _maxi mum a%tude (1'1) of approximately 3 mllianps and a fall tine
of appr é‘ﬁ‘ieﬁ%ﬁe@?(&}lss nanoseconds. To avoid er asing menory cells prior to a

wite operatiy 0 994 an
overwite ope(r%a ail};ol!r%le %’&g&éﬁgqpﬁg hfec%dl %d]h ggjt%ggg’[b{gs% ang)g mat eri al
to an aQoBiphkmongcdieperias uis Idalaf axfalgzoalwelphﬁsetlm@ﬁg’ﬁm@lﬁnalk ememonf rol | i ng
the fall tine (or decay rate or trailing portion slope) of the signal to
pl ace t iellsyHids sp 3quéﬁtgt§e resistancs pf the nhpserchppgg materials, 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 140 to a substantially amorphous state, e.g., state (0,0); signal 201 may be
used to place the phase change material of memory cell 140 in an intermediate state, e.g.,
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, e.g.,
state (1,1).

In alternate 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 memory cell

140 was programmed to the selected state of (1,0). For example, read device 150 may
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states, e.g., either a substantially anorphous state, a polycrystalline
state, or a heterogeneous state. Programming in this fashion may all ow for
overw itiwgoafsgbe cell since the programm ng signal in Porasexsypd e may
result in heating the phase change material to an anorphi zi ng tenperature,
and depending on the fall tinme (or decay rate or slope of a trailing
portion) of the signal, the material nmay either be placed in a

substantial |y amorphous state, a substantially crystalline state, or an

i nternedi ate et er ene t at re fromthe preceding
i scuss | BREUIRDF FSREH e eEm e SOR e L MNGFD | Lbid COmOeas rmy
heat anothgqeélstm% t@a@é@mﬁ@@ﬁ@ﬁmﬁ@é &rde@érﬁmseflfﬁ%rmélyt ﬁtﬁeéhgeg gkO set

t he resi stance of e phase change materi al s, there y setting the State of

t he assovatatialds almmroy belei the Ferget vbsistaer Atfieo applwngrsgnal 202 thehredstapdeange

materials.  of menpry cells 140-143 haye nore than two states, signals
200- 203 9?&9%@%5%%“@8“?&“5‘1% b regluged py applying sieaal 03 b hﬁ*ﬁ@@?ﬁ%ﬂr in a

particul ﬁfl t1'?ﬁ'enfﬁ th%%ﬂ tif@ o?@%nQIfZGZrU? 1 eSistafl@ ot tﬁ%gk[la% ah Qgxanpl e,

si gnal e used to place the phase change eria nenory cell

140 to answbsmanasedluywpamgmm 2681 thaehasea gmalles Al #mé ‘ihaﬁ)the Billghad 0201 nmay
be wused.to Béfcf .the phase change material of nmenory cell 140 in an
i nt er medighd s ﬁ%fagve progesg a(’@lylilﬁ pr%grglﬁmm@ggn%pavb@g didleeent &llp| ace the

h t t at
D1 craftto PRl Moplny BRITRAY (S0 of of et BRI oy VU BRI ] L0
mat er i aldesfredream(a.g.ctheldediddl tesisansd) bf ttrphiagd dhygngd m&teﬁbl isachistedl €, €. 0.

state (1,1). 1n alternate enbodi nents, signals, 200-203 may be used to set
the state of %ecaw%ﬁ%jﬂr&éwne@wgaa ff@&!@gﬁﬁé’l"éﬁﬁ’ﬁﬁ BrRltase ﬁaﬂng@mmm@s to set

rﬁmgl ﬁgé g%t%iﬂqe trgtﬂrrseérfg%“gﬁ fé%? %%%&IH rea(f A@ﬂl c%& élé Y/b%ryused to

per f or mfeorueell foycetiffer agiven ptograrimargdunent dignabnThi vadhtion théPresels inhegr anmed
to the selected state of (1,0). For_ exanple, read device 150 may 11 WO
03/ 0586 Phagsrehapegyaaterjalgn 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
when 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 programming characteristics (e.g.,
different resulting resistance vs. applied current) are placed4in 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 a fall time of

substantially zero. The fall time of signal 401 may be greater than the fall time of signal
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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 if the

resi st ancwoaB/osdee3 phase change material is above or bel oRCThE02/aM9get

resi stance. After applying signal 202, the resistance of the phase change
material may be 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

i h he .fall tji f I I 2. i S..i I, f | yi
br ogr amdbBe R dha haFime B Aart 4P2rnathe fnl bl SR B aREBrdry oo 1 190
to one Ghardthel fBREeloTERRIM0B! 38 tHIBYMBSIRRAE MTbyed bF {hetlgcﬁli?éjﬁﬁﬂ& state

(e.g., the desired resistance) of the phase change material is achieved.
Because poftidrstafisiganl 410 papkesbstaniallyatesti¢ah bnd/teishipe ofithei intephediatechange

menories, .the.act t enper at ur f. the age ¢ ge terial_ .in an array
of mermrrﬁ?rt.&%t} ?%51. 2{)/%?’9%? F‘g?#aé‘gi?ﬁ”‘%n@ a{f, g{ﬁna{;ﬂgim ‘B’re(ﬁglF%m’I’ﬁ ng current
signal . piich #haf hatd ABstaRAly SeHIchl 418pd, Q&intalﬂ?eaatﬁ@naﬁtﬂa%ggd al in one or
nore of ‘the nmenory cells to i nadvertiently programa nenory cell to an

er r oneousibsttuatiadly honzarthleslopsomd s, trailang @trtiombaviing amnegative henlimeanslépecthar i ng
processes,. and, operating. envi  onnment result. in different progranm ng
char act ef'Et W&tgtni‘%?lntp ICHQ]FF[}L?Q[BE? pgtggﬁragmlg}pggt@n&fé@@l MEBRY . wherein the

di T er erdecRb Q0K AR RIRY Shﬁhmﬁ@ﬁ@m)ge%i&ﬁé’g@&%@ﬁoﬁaﬁé @ftggigaﬁs A3 dnB3ght 1 NY

resi stance of the phase change nateria a rect ul ar pul se having a
pr edet enmayndstraasowith tinfe. current is applied to these nenory cells. In sone

enbodi nent s, e fall time of rogranmn i gnal maybe_ set so_that that
different ne F’Lysé@l'i“%es ﬁ‘&?f‘lﬁéoﬁi fqleg@atanﬂlsa%f‘%‘ﬁ?ﬁ ycessehorestestalics (e. g.
differe e Sitjlala ' ' r4pen in a ,
sel ect e(rjj[ hrsl(%sétsltaﬂ e\ﬁ}fgﬁs 'E’ ﬁ@b %%{ra[g%ﬁ)g\ln?nqnﬁ g’?g“%ﬁg Isely’sgogb%ﬁ %Uc? eafrg hf@%gggﬁ fferent
menory aeilisear) andpary withikiare, It kigs &abbditient theoflopes pf tgrieitaggpriognd may be

set so that_al] nor ells that the progranm ng signal is applied, sweep
t hr ough Ségqa!a%()&’ g&%ré"é’i?&% PSESaEmWILR s a%lé?@me@g‘%@@e@ thgmaximem gng 6
illustr L nanak:sec.l 1 LlinfitP s Jents of the
present | )\}@?1%1. Flg%al%'ggi%ﬁ{izl Sﬁé%ﬁ%ﬁ%@@%@w%@{’%ﬂ’ an@gj4 3 having
successisiglals WlesdZand &03. As amesxanhsie, thaxanRingym aingtialde 40 Gignslys00ane, e f al |

tinme of . o . . .
approximately 3 milliamps and 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 T
and Ts and is substantially vertical at time Ts.

Although the scope of the 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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substantially zero. The fall tinme of signal 401 may be greater than the
fall time of signal 12 WD 03/058633 PCT/ US02/ 40994 400 and | ess than the
fall timewofo3essganl 402, and the fall time of signal 402 may/use2/kwss than
the fall time of signal 403. In this enbodi nent, the slopes of the |eading
and trailing portions of signal 400 may be substantially vertical and the
sl ope of the internediate portion of signal 400 may be substantially

hori zontal . Signal 401 may have a leading portion that has a substantial |y

verti cal,_sl op er med rtion that has b

ot zontarnerase St iR hEu e Pl o R oRlg v Rkt sl ope
that  vaghesGudddly, lf&mwbp@@ahbh %ibgiramﬂlﬁg s&hﬂ%t%n%totr la8viké 864 [F1G. ppr i on of
signal 401 may deérease with time. Simlarl he sl opes of the trailing
por t i ongnayf gesepteadny Ofmlielarngran@mﬂgmals@&FﬁaSé ﬁlandlsettrtlmafallﬁir@s of thencl udes

signals 500, 501, 50 and 503. hayi ng, successi vel reater fall_ tinmes. The
sl gpes @Fogrﬁlgn{lp%ﬁgpﬁﬁt%gpgr@ghtgeg as§g°8ﬁ'ége§n%‘iry %?‘9 é’%&‘%y&?li negati ve,

nonl i negyo-1@B4o baé Mfwléggtﬁﬁggestatggw this enbodi ment, the slopes of the
trailing portions of signals 501, 502, and 503 increase with tine. Also in

thi s enbodi nﬁhbgramhmngmgnahgenerairmpklemudm((may imeludsiagirehit sOMprisingaf f er ent
conpared to the maxi.oum anplitudes |gnal s 501, /502, and 503. As
an exar‘rﬁFséSt"‘E‘PﬂélQ?H%l%g?]oé%w)lfaéetég gq)”dﬁﬁPo pProsEIBwE sighdk olisat el y 3
mllia ybe
appr ox rgngsilgﬁls pEE?TE) | a%@@&eﬁé%gzﬁ}t%ﬁ %bd‘gge%;ﬁ%lgg?mt%g%ft}%(r)*%&gg?lygnd 603
havi ng sapamtsssatethp fgjt tmbef tHeglrbgratinting sighalst hi dteemipocinb@ditnentshdevideopes of

t he trall portlons of ~si.gnal s .601-603 re negative and vary with tine.
In parti 160 lde gwaﬁ%qéampg 9%@11% s sl ,semprl@}ﬁg applog PgReshaping 601- 603

CHaSe O L SaL 6y Sl 0By AP RRAT AL Y VT o
wth ti machied, eeen times T4 and T5 and i s substantlally vertical at tine
-rrgs pélci hO:th hd hg dg\%gg ?50 EFIEBhS) 1?1213? fn%ln&delanc\llrecgft Itc? rréacll ?hqu%orrlnlatlr%rg s?tgrelernt hi's

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

route a current through 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 is in a

polycrystalline state, e.g., a lower resistance state.

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

present invention is provided. For binary MLC operation, three comparators 711, 712,

and 713 may be used to detect a 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, 712, and 713 may be connected to

reference voltage signals REF1, REF2, and REF3, respectively. The output terminals. of

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

721, 722, and 723, respectively. A read current, labeled Ic, may be used to generate a
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be pointed that that the progranm ng signals of FIGS. 4-6 maybe generated
and applied in a simlar manner to program nenory cells 140-143 (FIG 2)
as the prwgriansicdyy signals of FIG 3, or any conbi nati onPofi/tush®40994
programm ng signals of FIGS. 3-6 may be wused to program nenory cells
140- 143. For exanple, signal 200, 401, 502, and 603, 13 WD 03/ 058633
PCT/ US02/ 40994 having different fall tinmes, nay be used to program nenory
cells 140-143 to a desired state. Cenerally, for M.C operation,
progranm ng signal generator device. .160 .(FlG . / of the
pr ogr anfiad yospghRpTmRY ﬂe@."e‘g@ hgﬁamglg?rtlgl%glpflaﬁ)lm%t%%f% g#}l%%%té&s g?%gr ami ng
si gnal s - - &% JFRkefidrkoel0l 40TRm therefotd, S
140- 1437§§' g%%%?%?%éﬁ??ﬁ%ﬁ?ggﬁgﬁgﬁgw Pr ogram’rr?ng si gnal generdétor
devi ce 36§ beaed ticindidetedhestate of mecwrpeelsilHy a resistor and capacitor (not
shown) to set the fall time of  .a roqrg}r}r@\m?ﬁﬂ sigrn | . The..resjstor and

PR 51 NG i

capaci t or rmylhB&oBRaETR ofdhs jgad Vo ages ISP I VP he resi st or
and capaci tQr~;set,s i 08 c e YIS s longhefiodnediB140 andal t er nat e
enbodi nsﬁlél?céﬁ%%“?%@%n%“ﬁ?bﬁﬁfﬁ“@d?‘g waveshapi ng Cl o (not_ shown
conpri sinfiy bansedred inrfipeRspi2ng/23c iThe witpsit tamninadssof fiprflopx AAhi{783 may be
integrator/ranp circuits, e,xgon ntial and Io%%rfémlg (ﬁf)m% etc. Read
devi ce temnectEdcte appnerde qirgpit (3 thet may gaperale §Tena a %n stored in
t he npn%rg)ugfeﬁna}sdfo- 143. As an exanple, read device 150 may include a
circuit °¥ Ut &

a current through nenory cell 140 that results in a
vol t age develrgirefcealRgs sighaeREF 1 cREF2,1ah0 REF3 lsave thet fajewingyvoliage

proportional to the resistance exhibited by the ne cel).. . Thu a

P oher  ventorsbi R IHREEST BEF harAd hESELHT TRSAriesREtnr proat Ly Bider %, o
a higher_ r.esistan t ; y1di fBat the cell
isina resdﬁ}v%%ogﬁlgqq%isgatéggﬁrg@g?@geg@ba&%&ag% Grrs(g?;} ix’s){%‘r;]glg& Z?at e? Turning to

FIG 7, radpeeiifeadpemadte olitpirnghalie@l 062, b5 (3rhaaigor ldgiedégharaltage hetenfirlesent

invention is provided. For binary M.C operat%on, t hree, conpatators 711,
712 (“H”), and may be defined as state (0,0). Conversely, for aelative y lower Tesisiive

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:

Cl1 C2 C3 O0uUT1l OUT2 State

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
e.g., nmenory cell 140. The noninverting input termnals of a conparators
711-713 maY obesssehinected to nenory cell 140 to receive amCrngorampon of
the resistance of menory cell 140. The inverting input term nals of
conmparators 711, 712, and 713 maybe connected to reference voltage signals
REF1, REF2, and REF3, respectively. The output termnals, of conparators
711, 712, and 713 nay be connected to the Dinput terminals of Dflip-flops

721, 722, and 723.. respectively. regd current, | ahel ed.lc, be used to
gener at EoE IS HEhB SBROLET o0 Tase S Bad S0oh Ay o SHabe

recei vede@bithdrondiRieNEFekisRbcd SRhefnBféeliatad Vpe B8R 8f FHo8fatn \7&{113/ 713. The
read voltage is indicative of the resi'stance of nmenory cell 1407 and

t her ef oopsratigm)oripeoadethetprogramdingzg pulsdsait teapeedftimpgio theseletted40. The
conparison of the,read voltage to the reference vplt.ages results in output
o1 gnal & orysell AGCses i e Higgo el duty b HHPE PahioR S e BB Shenor y
cel |l 14@619%\2/b@‘%&%se?ltiﬁ&i%ﬁiuhﬂy,fok',ibQﬁItymé)én 4 £y B¢ Pow PG out put termnals of
flip-flops 721-723 maybe conhected to an encode circuit 730 that may
gener at e si giaenOWHIG BdarCefBodument 800 inatqurtartce withrihé preséet ireatioe vol t age

signal s. REF1, F2,. and have the foll ow ng voltage .relationship:

FEPT SReiREREs . ASHbRag 0 fmatyl‘ﬁoglpé%sF&WQE&&HFPWm&g?%ﬂ%‘P‘FW% hi gher
resisti pg a4k iShigh BeRfc SRMLY; ly rat; 7éd%, and 713
may respe%g?ve y génelr ata%‘goeut put %/}ngﬁiéil s'? éﬁf“’%@@g’nﬁ‘t@%a@‘ﬁ‘ﬁé@% ogi c

hi gh voldtdge 8pd{eemtailalypad|, didplay), ameenmary 886, awifa tradcaiger SHatlat Ay B.
Conversell%;,Le faor a relatively | ower resistive crystalline state of nmenory

cel | 1460 swsé?a{lamgmwﬁSﬁQ%ﬁl,ou%&eﬁepwh? REHRAt Ervpation isqehBmifed out put
si gnal St&mb&@meﬁﬁ%a%g?@l??gl %ﬂgggoﬁqﬁ}gweﬂtgl tage potential ("L") and

maybe defined as state wng truth table illustrates an
enbodi ment ofCoatrotlen820 mabdompfrze, fonexmeple, anewir inoZdhicrbproCséss, diklial OUT2
State signal processors, microcontrollers, or the like. Memory 840 may be used to store
messages transmitted to or by portable communication device 810. 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 to 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 a flash memory and/or a phase change memory such as, for
example, phase change memory 33 illustrated in FIG. 2.
1/O 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), cellular

radiotelephone communication systems, Global System for Mobile Communications
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LLL11¢(2,1) HLL21O0((1,00 HHLO11((0,1) HHHOO (0,00 The
timng associated with the generation of the programm ng signals nay be
det er m newolwg/osd683 ng device 170 (FIG 2). Timng device 1POTASOVides
control signals to 15 WD 03/058633 PCT/ US02/ 40994 progranmm ng si gna
generator device 160 and read device 150 so that devices 150 and 160

ei ther nmeasure the resistance of a nenory cell (read operation or program
verify operation) or provide t he progranm ng pul ses at the correct timng

h A h b d
f ashi on WRSPE Ul RryieBEine sylnn At hBetionn Mgl el aPHCN T my be on
a row b)@el’lﬁlﬁf RafdtSephbak Byd¥emd, Tifmb @1v1§10n@ﬂuﬁ§ﬁ0ﬂb&§§(tﬂﬁ@@) kt@gcor dance with

the present invention is descri bed. Enbodi ment 800 ray conpri$e a portable
conmuni c&lﬂ@l@ndd@Mése(EIDMA):uﬂluhlbradlqtdaplmnecsastsms; thied gerer8ibd (3@y i ncl ude a

o momor yvi0s s 8o BRek MR v erdiR, OV D00 malfeied 1o Bn ant ennac

860, alt hougMﬂ@c&wfea&a‘reM}%@ﬁﬁaﬁ% HaQ¥ 8841 mﬁs&a%ema{dd 'eﬂreag%eﬁrga

enbodi mrents having any or all of these conponents. Contr

conpris enanfyonochﬁem}mme, substftutmmsndmagafs; mdaemmmﬂmﬂmwﬂl nalv gcdvalo thesgnal

processo rocontrollers, or the lik Menory 840 may be used to store
message §[(ﬁ1reﬁ e ﬁi g[t tSothsrefRss, 19 b mtrstond thal Hhecappemsled slayng areduigndagenory 840

may al I L& s, ed by
control ﬁgf%gggﬁ%%g@%ﬁe o%?gﬁ&%%@%%ﬂgéﬂiﬁ%& coetr#%tloggﬁlgﬁ&g’{gbl ce 810,
and may be used to store user data. Menory 840 may be provi ded by one or
nore different types of nenory. For exanple, nenory 840 nay conprise a
vol atile nmenory (any type of random access nmenory), a non-volatile nenory
such as a flash nenory and/ or a phase change nenory such as, for
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exanpl e, phase change nenory 33 illustrated in FIG 2. 1/0O device 830 maybe
used by a user to generate a nessage. Portable comrunication device 810
may use tweansosticsr 850 with antennae 860 to transmt andPCTdiSer/¥®I4ressages
to and froma w reless comunication network with a radio frequency (RF)
signal. Al though the scope of the present inventionis not limted in this
respect, portable conmunication device 810 may use one of the foll ow ng
comuni cati on prot ocoI s to transmt and receive nessages: Code Division
Mul tiple Accer@?img cellular radiotel ephone conmuni cati on systens,

G obal Syste |Vbb| I e Communi cations 16 WD 03/ 058633 PCT/ US02/ 40994
(GSM cel lul ar radiotel ephone systens, North Anerican Digital Cellular
(NADC) cellular radiotel ephone systens, Tinme Division Miultiple Access
(TDMA) systens, ExmestoelcabisioE- TDMA) cel | ul ar radi ot el ephone systens,

third generatio 3G ystens |ike W - 2000, and
the |i Ee Whi P préég %{gﬂglftgatr%ﬁx%%ry&at gﬁ?‘ﬂ%ﬂ]f’? Eﬁaﬂg(‘?%s%@% | lustrated and
descri bed hergiihe aﬁﬁ%&&qh&ggﬁaﬂt@ﬁﬁceae%m&&%ca&%nﬁbﬁ@&ﬁﬁe tﬂﬁeref ore.

equi valents will "now occur to those skilled in the art IS,

t o be urtler stosiates.hat t he appended clains are intended to cover all such
nodi fi cati ons and changes as fall within the true spirit of the invention.
17 WO 03/058633 PCT/US02/40994 dainms 1. A nethod, conprising: applying a
signal to a raemryrmh@chb@bfaamwgmﬁﬁmo @1 "iﬁcﬁés‘?ﬁ%eﬁefﬁpﬁm gptting a
fall time of the signal to place the neno teria n one o the nore

t han t woredtucatagssistZnceldfehemmemody mbtedhlai m 1, furt her conpri sing increasing
the fall time to

3. The method of claim 1, wherein setting the fall time includes setting the
fall time of the signal to a first selected fall time to place the material in a first state of the
more than two states, and the method further comprises:

setting the fall time of the signal to a second selected fall time to place the
memory material in a second state of the more than two states;

setting the fall time of the signal to a third selected fall 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

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

the third state, and a conductivity of the memory material in the third state is less than a
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reduce a resistance of the nenory material. 3. The nethod of claim1,
wherein setting the fall tinme includes setting the fall tinme of the signal
to a firswovglssssed fall time to place the nmaterial in a fPcraiSozs@peL of the
nore than two states, and the nethod further conprises: setting the fall
time of the signal to a second selected fall time to place the nenory
material in a second state of the nore than two states; setting the fall
time of the signal to a third selected fall time to place the nmenory

mat eri al eof than two states; and setting the fall
tinme of Cé’PgWZ‘WlWSfﬂ‘ {lﬁllgéli‘ee@ ?aft;ﬁl tinme to place the menory nmaterial
in a fourth state of the nore than two states 4. The nethod of claim3,

wherein the first selected fall tinme is less than the second selected fall

time, the secﬁgnd sHieguetbdd phtlain ilrrfurllhsr doemsiﬂmetthigemtmlﬂﬂudmifeh& ed fall

time, and t dselecte time .less than t fourth_ sel ected
fal |l timese g{ao hﬁé‘?%?fyﬁ %qlajl Wamm §tempE qlei}lﬂi‘ey&%‘?a lihe menory

mat er i al aphlied {ohte flehithry Slatdrfil md%vﬁér&nttﬁ@mﬁuﬁeﬁ%{s&d b ¥ &%élﬂ erial in

the second state, a conductivity of the nenory nmateri a Int acond
state i snitesal redvhes ﬁxe@mmdplutmg|t¢rypemittutehﬂ1enn¢1mnyahatemal cbbbdMsraﬂast ate, and

a conductiyvi.ty of the nory materi.al. in th ird state is |l ess than a 1s
WO 03/ 05EE4ACTbEP Eisg‘?f %999!%0%1%%’&5 1%P1@§Fdd¥lat Het staie of themers thandWoourt h
state. @taté@e,hﬁﬁmg R &iaism ﬁon%érwtém L tg@MPrising setting an anplitude of

t he signal eat the nenor terral to an anorphizing tenperature when
the signal is applled to the mem)ry materlal and wherein the fall tinme is

set so that ter mater reaches the a hi zi ng tenperature,
the menory nateri éfhed'ﬂgtﬁn&ﬁ(\ﬂ%“%ﬂ er%‘ﬂfaPP]é’i%ﬁﬂg%ﬁl ‘(‘f{)eésﬁﬁﬁ lymge menory
mat er f alpuis AV AE A eddin@pdiioh that bEs Biorlth B BEy 1Rk Wik Celém‘mer ein

thefll’SE[ state”is a polycrystalline state alm1l
wher ei n aagdpltyailing pordoytiat ocaued aftbe sheagigriay reaghe8 the maximum level and wherein

the fall time is the time for the trailing portion to decrease from the maximum level to the

minimum level.

8. The method of claim 1, wherein setting the fall time of the signal

comprises setting a slope of a trailing portion of the signal.

9. The method of claim 8, wherein setting the slope comprises setting the

slope of the trailing portion to a negative slope.

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

that varies with time.

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
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pul se having a | eading portion that occurs prior to the signal reaching a
maxi mum |l evel and a trailing portion that occurs after the signal reaches
t he maxi NumoBessEB3 and wherein the fall tinme is the tinme fPar/ushz4mpai | i ng
portion to decrease fromthe nmaxinmumlevel to the mninumlevel. 8. The
met hod of claim1, wherein setting the fall tine of the signal conprises
setting a slope of a trailing portion of the signal. 9. The nethod of claim
8, wherein setting the slope conprises setting the slope of the trailing

portion {. n ive slope. 10. The nmethod of claim8, wherein setting the
sl ope in%:lgﬁaﬁg‘gﬁgdghelSﬁ%"aitlssrfogﬁeé’?m’tgﬁgf' varies wwth time. 11. The nethod of

claim8, wherein setting the slope conprises shaping the trailing portion
to change froma negative slope to a substantially vertical slope. 12. The
met hod of cl al¥n 8, Thihmetiod of elaitrlg whisirssetipe the figl fime snchinkepisetting he 19 WO
03/ 05863% PCT/tUS t?x/ 40994 signal so that the signal is nonrectangular. 13.
The net hogdf'&P &S‘ﬁna\hherei n setting the fall tinme includes setting a
decay rate of the signal. 14. The nethod of claim 13, further conprising
i ncreasing the decay rate of the signal to reduce the fall tine of the
signal. 15. The nethouetiodolf alam13, finthertamprisengiaomensgingrticaletal ratesofa phase

change terial. 16. .Th thod of. claim 1, further conprising applying a
second s{rhgﬁ%naﬁ8r?qllr§eﬂ}%ﬁﬂgfmﬁﬁftdt@?ﬁ%aland applying a third signal to the
menory material, wherein setting the fall tinme includes setting the fall
time to be greater than a fall tinme of the second signal and less than a
fall time of the tHaguetioddkclaia, whheimtbe hethaf nekaialrislfphasbeliappn t he

si gnal prln%,%gesﬂthe menory material in

16.  The method of claim 1, further comprising applying a second signal to the
memory material and applying a third signal to the memory material, wherein setting the
fall time includes setting the fall time to be greater than a fall time of the second signal

and less than a fall time of the third signal.

17.  The method of claim 16, wherein the signal places the memory material in
a first state of the more than two memory states when the signal is applied to the memory
material, the second signal places the memory material in a second state of the more than
two memory states when the second signal is applied to the memory material and
wherein the third signal places the memory material in a third state of the more than two

memory states when the third signal is applied to the memory material.
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
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a first state of the nore than two nenory states when the signal is applied
to the nenory material, the second signal places the nenory material in a
second stwD@30f868he nore than two nmenory states when thePsgasnz4®pgnal i s
applied to the nenory material and wherein the third signal places the
menory material in a third state of the nore than two nenory states when
the third signal is applied to the nenory material. 18. The nethod of claim
17, wherein the second state is a substantially anor phous st at e, the third

state is a substantiall tal l.ine st e i i

i nt er mediegesond Hte 1%@?@%@&"% ﬁ? Tesiiangs © ﬁmP %’ r%‘? § élslﬁsﬂiegﬁltsﬁﬁgte aild hod of
claim1l the £ BRfeis Bl tialn théresidBnWbBé 058633
PCT/ USO%I} fgglg%ﬁéé]?@héég%g% st%’trlgfllng grleatere'? an the res]iregt ance of the

menory Aednedry atatérial ihthefthirdstatst at e and the resi stance of the nmenory
material in the first state is greater than the resistance of the nenory
material in the third state. 20. The nethod of claim1, further conprising

determ ning whet heg, &E@Eod@f@&ﬁ ﬂ%ﬁﬁér%nipﬁsmg d@te&ﬁhﬁ‘&g ®Hethérahe of the nore

than two states after e signal is applied to the nenory. 21. The met hod
of cl ai méflorywhasrtil ik itet selovtedistage obtip masethan owpatatesgfiar thestgngkiance of the
menory material to a reference resistance. 22. The nethod of claim 20,
further @Bhﬁﬁosth%ﬁleméﬁbl ying a second signal to the nenory material if the
menory material is not in the selected state, and setting a fall tine of
the second signal to be greater than the fall time of the signal. 23. An
apparat us, capri sitRgnethodrefieiniyn 2 tvarcreih dbtaxmimip gadompatsss camhpaswedt at es; and

a device to provide a signal to the mam)rey material, wherein the device is
adapt ed 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 of the second signal to be greater than the fall time of the

signal.

23.  An apparatus, comprising:
a memory material having at least three states; and
a device to provide a signal to the memory material, wherein the device is adapted

to set a fall time of the signal to program the memory material to one of the at least three

states.

24.  The apparatus of claim 23, wherein the device sets the fall time of the
signal to a first selected fall time to program the memory material to a first state of the at
least three states, the device sets the fall time of the signal to a second selected fall time
to program the memory material to a second state of the at least three states, and the

device sets the fall time of the signal to a third selected fall time to program the memory
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to set a fall time of the signal to programthe nenory material to one of
the at least three states. 24. The apparatus of claim 23, wherein the
device sewo slosseBmnl | time of the signal to a first sel ectred/dsat/dodvi me to
programthe nenory material to a first state of the at |east three states,
the device sets the fall time of the signal to a second selected fall tine
to programthe nenory material to a second state of the at | east three
states, and the device sets the fall tinme of the signal to a third
selected fall tine to pr am.t he nmenmpry 21 WO 03/ 058633 PCT/ US02/ 40994
mat eri al ™ ﬂ&l?ﬁiqﬁﬁéétﬁ%@qﬁﬁéﬂlw%%ﬁé three states. 25. The apparat us
of claim24, wherein the first selected fall tine is less than the second
selected fall time and the second selected fall tinme is less than the third
sel ect ed fal l2%.i nelh@patbius ofgiamddy whedeirctha ifinst 2dlectat Elkiime & lessthat ance of

t he meno mat erial | the first state is_qreater than the resistance of
t he menory S gls?lﬁ‘?te‘i!l ﬁautth‘@e hge tséle%Fﬁ@I%‘H(%e ilessthamhe third ¢ he nenory
mat eri al g ddidd¥gn sigeoNd state is greater than the resistance of the nenory
material 1n the third state. 27. The apparatus of claim 23, wherein the
menory material is a phase change material. 28. The apparatus of claim 23,
wherein the device_increases the fall tipe to reduce a resistance of the

memory materi4l. 2B apparalispfclamddowheiers axesistangg el ibe memesy matariabin
conpris i 1 . i i I a sl ope
of Bt oo it Saft rafer B ol Risk ik o B ory M@ e Booh MO, 2 PET
t he devitbe resintgnce sEtheanamory midteriad irs e seddnd stasd is gréatd thdn thbeesistgrabf by
setting tg decay rate, i)f he sjgnal. 31. The apparatus of claim 23, wherein
the devi'@emeRAy pajegip] i thehigkstatee sjignal to program the menory material
to a selected state-of the at |east three states and further

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 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.

31.  The apparatus of claim 23, wherein the device sets a fall time of the signal
to program the memory material to a selected state of the at least three states and further
comprising a circuit to determine whether the memory material is programmed to the

selected state.
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conprising a circuit to determ ne whether the nmenory material is progranmed
to the selected state. 22 WO 03/058633 PCT/ US02/ 40994 32. The appar at us
of clai m&0,03k8s8Xi N the circuit conprises: a conparator RaTiusg2/#94 r st

i nput coupled to the nenory material and a second input coupled to receive
a first reference signal and an output; 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. 33. The apparatus of claim

23, wh int d i ng:
contr oIeIr glr A T aﬁ eg?eRPéf t%%?ﬁpﬁagﬁ{ %]o“flﬁ%enb tc%er‘Iui E?mp’&r%elrrzlr;gel 2rrent

having at Iea§aorhparr%r Bhah §ﬁ§§i(i|n1ﬁ£?!é&hﬁ5h ﬁoqné HRenfo?y hfafirafind :ﬁ&%on@ devi ce
adapted to provide a signal to the nenory el enent,” wherein the device sets
a decay matl‘ecomlpledherwg'ﬁalﬁrs‘rdefﬂmrgsargnaltwdrmmmtgmedndrrent to one of the at

| east three state& 35. Thg \E{ gm r]1£4 V\/nerelntheij ce sets
the decay rat®SEPI{ FUNPLRIGhBpviAg a Lirgtin C%‘%ﬂ todhe meneyy mateEial 8d® ogr am t he
menory  eipEd nphcd fe'drt§trec%fv%taese&tndt1@f‘erelf%s Saﬁq] taﬂ”ﬁ tates, the device
sets the decay rate of the signal to a seco e ecte ecay rate to
programthe nmenory elenment to a second state of the at |east three states,
and the devi se t he dec rate of the signal to a third selected decay
rate to progr tﬁ REiNEE W&‘e%?nﬂli‘ﬁd&‘”g?égt%mmmtt he at |east three
states. 36. The apparatus of claim 35, wherein the first sel ected decay
rate is greater than the second sel ected decay rate and the second

sel ect ed deca3d.r at A systemyy empprisinghan. the third sel ected decay rate. 37.

The appar atus of claim36, wherein a conductivity of the nenory el enent
PP acontrolller y y

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.

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

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

23



23 WD 03/058633 PCT/ US02/ 40994 in the first state is less than the
conductivity of the nenory elenent in the second state and the
conduct i WOy30f868he nmenory el enment in the second state isPCEasoyinam t he
conductivity of the menory elenent in the third state. 24

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

conductivity of the memory element in the third state.
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