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Technical Field

10 [0002] Various embodiments relate to methods and a memory apparatus. In various
embodiments, the method is for programming a resistive memory cell. In various
embodiments, the method and the memory apparatus are for programming one or

more resistive memory cells in a resistive memory array.

Background

15 [0003] Phase Change Random Access Memory (PCRAM) is considered as one of the
leading contenders for the- next generation nonvolatile semiconductor memory
technologies due to its competitive advantages of speed, power saving, capacity,

reliability, process integration and low cost.

[0004] PCRAM relies primarily on phase-change materials to store information. Such
20 information can be written via the transformation of the materials between the
amorphous and crystalline states and retrieved by sensing their difference in

resistivity.

[0005] Transformation mechanisms involve the melting and quenching of the
materials to the amorphous state and the heating of the materials at lower

25  temperatures to the crystalline state.



[ 0006] Various enbodi nents provide a nethod for programm ng a
resistive menory cell, the nethod including providing a progranmm ng
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pul se; wherein the electrical pul s8% des an el ectrical pulse
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respective voltage below a threshold switching voltage of the resistive memory cell,
and wherein the programming signal includes a peak voltage above the threshold

switching voltage of the resistive memory cell.



100101 Various enbodi nents provide a nmenory apparatus including a
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accordi ng\;.g? an enbodi nent . 51r gure 2 shows a SET pul se for
single | © MCRG MR UYE 5% an enbodi nent. 5[ 0014] Figure 3
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wi dt h at ent bi as vol t ages, ,according to an di mrent. [0015]
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voltage afie Hehfofy &by RicARIMOOIAEER0RGEAS N W ehBryAdelRMRARMA PRIpamming
15 circuit coupled with the one or more resistive memory cells and configured in use to
provide a programming signal to the one or more resistive memory cells to program

the one or more resistive memory cells, the programming signal including an

electrical pulse portion, and at least two bias pulse portions, the electrical pulse

portion being positioned between the at least two bias pulse portions; wherein each of

20 the at least two bias pulse portions includes a respective voltage below a threshold
switching voltage of the one or more resistive memory cells, and wherein the
programming signal includes a peak voltage above the threshold switching voltage of

the one or more resistive memory cells.

Brief Description of the Drawings

25 [0011] In the drawings, like reference characters generally refer to like parts
throughout the different views. The drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of some example
embodiments of the invention. In the following description, various example
embodiments of the invention are described with reference to the following drawings,

30 in which:



[0016] Figure 5 shows a SET pulse for nultilevel progranmm ng
according to an 10 enbodi nent. [0017] Figure 6 shows the correlation
bet ween PCRAM resi stance states and bi as voltage according to an

enbodi ne 18] Figure 7 shaws a nultjleyvel pragramjng e

accor di nﬁbﬂél%gg@]ﬁﬂoﬂ}wn n electricgprde 3adyg Prase dﬁ&lugggsﬁ’h%%éﬁji ise

di agram of.c@4RQMth LR —nBbd@dahase change nenory 15 array integrating

with IC switches according to an enbodi nent. [0020] Figure 9 shows a
bl ock di agram of a phase change nenory I C for nmenory chip

i mpl ementighi-Qht; i ' : t-al o LR

[0021] - THODFTARE Y St b e ik R 1o bR SEL R R an

dr awi ngs enftetlinzéntshow, by way of illustration, specific details and
enbodi ments in which the invention may be practised. These

enbodi nents are described in sufficient detail to enable those

E Kill fafl_ (001 Figurt 3t ﬂl(ﬁ&fsatihé ir'eletitpmbletbmemegﬂf?w ﬁibﬁflceeﬁfmbdbﬁﬁilsmgﬁey
e utilized and structural, logical, and el ectrical changes may be
made Wit wagth aag;fgﬁrﬁtr%asr%tﬁﬁqsr?écggwﬁéoapeewédxm%nti on. The vari ous
enbodi ments are not necessarily nutually 4 exclusive, as sone
enbodi nents can be conbined with one or nore other enbodi nments to

f or m new8WSd digisn dshoye eaplation hetpiess RCBARY gesistairgsnd Applisdsvoliage aly
PCRAM) , ; d talli tates i
(PeRen). difGcfiapls Al REIBRD S ARARUE and crystal line states | s

crystallize to the | owest resistance level, also referred to as a SET

et ort od A IARRRCHS & SEF AU ORT mbRICAL ARG R arBiERe 4o e

are ibl ustibatimtentisi ng a PCRAM as an exanple, it should be noted that
t he enbodi nents may al so be provided in other inplenentations of a
resistive nenory cell such as e.g. a Conductive Bridging 10 Random

Access Migm7y FigBeAMhas theNaaiebition Sfensédn BCRAM GB3iAeRRSSathe B4 Ybias

(MRAM or any other type of resistive nenory technol ogy.
voltage according to an embodiment.

[0018] Figure 7 shows a multilevel programming cycle according to an embodiment.

[0019] Figure 8 shows a schematic diagram of a portion of a phase change memory

15  array integrating with IC switches according to an embodiment.

[0020] Figure 9 shows a block diagram of a phase change memory IC for memory

chip implementation according to an embodiment.

Detailed Description

[0021] The following detailed description refers to the accompanying drawings that
20  show, by way of illustration, specific details and embodiments in which the invention
may be practised. These embodiments are described in sufficient detail to cnable
those skilled in the art to practice the invention. Other embodiments may be utilized
and structural, logical, and electrical changes may be made without departing from the

scope of the invention. The various embodiments are not necessarily mutually
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[ 0023] Various enbodi nents provide a nethod for programm ng a
resistive menory cell, the nmethod including providing a progranmm ng
signal to the resistive nenory cell, the progranning si gnal including

an electrical.pul se, and bj.as ulse cou d .15 th the electrical
pul se; V\heé‘rcg'] HJ%t He é‘?‘E‘Et?‘%E%dl ’Efgs‘éaq el ﬁg‘@gm&ﬁ @thcf’?‘? cdl "Huf s‘étcn
portion, éym%dhggnpkggng%kﬁqmﬂﬁghﬁgﬁ§ at least two bias pul se

portions, the electrical pulse portion being positioned between the
at | east two bias pulse portions, wherein the bias pulse includes a

vol tage 3@ \A’%’zgr]gl Eﬁé el A Sl doR ﬂgcééQ'I\F g(&m@vﬂ Rl E&d&fgﬁ%@gﬁ?&)’

cell, e programm ng Si es a’ pea
above t heth@ @morphehobmtl awstaldine rsgltasok dagmnoéd niamly byitlst abiktyndtloe yhased | .

0024]. I n,an enbodi hent e re tive nenDr i ncludes a
Chocgs maRe Bavial 1 trisgslte fohaTousiE BT ISeh s e Eae At el

reduces tdige &Rl t%teﬁ'ﬁtg?kuﬁé té AR KigRisE bisyRar®B BN Y, A8 teféiPediol @sVz? kESET
corresponding to a SET state of the resistive nmenory 25cel | 026]

In an enistate.ndsithough ke fallosghg indplementetibmgare allusigpeed singha ?E@Al‘dmjean
from about O. V t.0 0027 enbodi nt, t .
s nor dalite it HuGEBE ngfether R Rbodithe B R Tapots iy ingothBtoug

1 V. [003 1drﬂilen@dmoﬁmdd FedRdtivet MEmbRY @8I Cb'udh Sl &, ghhr@onﬂ%ﬁa@ Bridgidg)
t he range fromabout 0.6 V to about 0.8 V. 5[002 In an enbodi ment,

t he ddr atRasdomrAegees Megory (FBRAM) oion Yagnetaeasistine Randam iAsgessfMemery
electric %MIPHM% %r any other type of resistive memory technology.

[0023] Various embodiments provide a method for programming a resistive memory
cell, the method including providing a programming signal to the resistive memory
cell, the programming signal including an electrical pulse, and a bias pulse coupled
15 with the electrical pulse; wherein the electrical pulse includes an electrical pulse
portion, and the bias pulse includes at least two bias pulse portions, the electrical
pulse portion being positioned between the at least two bias pulse portions, wherein
the bias pulse includes a voltage below a threshold switching voltage of the resistive
memory cell, and wherein the programming signal includes a peak voltage above the

20  threshold switching voltage of the resistive memory cell.

[0024] In an embodiment, the resistive memory cell includes a phase change memory

cell.

[0025] In an embodiment, the programming signal reduces the resistance of the
resistive memory cell to a level corresponding to a SET state of the resistive memory

25 cell.

[0026] In an embodiment, the threshold switching voltage is in the range from about
0.3 Vto about 2 V.



[0030] In an enbodi ment, the duration of the bias pulse is in the
range of nanoseconds to m croseconds. [0031] In an enbodi nent,
the duration of the electrical pulse is in the range from 10 about 10

nanoseco about, 1. m crosecond. .[0032] | n an .enbqdi ment, th
Garat  on P2 i S SRasita (RGESSLd FRERbe pREE 1 o HexBBe from Soout
nanosecongl4 togapeit1 ¥00 nanoseconds. [0033] In an enbodi nent, the
resistive nenory cell is a binary nmenory cell. [0034] In an

enbodi ment, the resistive nenory cell is a nultilevel nenory cell. As
15 used hooomldcrdiiahedLink!h@URhd SHROBAY v6flde it tn R SRECHoR BuD-
i nclude nmenory cells which are configured To store a plurality of
bits by dhowm tegbdutdt$ Ngui shabl e voltage or current |evels dependent
on the anount of electric charge stored in the nenory cell or the
anount of electric current flowi ng through the nenory cell, thereby
r epr esent[002f]dnphwendlodinyendf thé dgratios bétheshia2@il€08 Sngen than therhadiioreof |
the resistive nenory cell is a nultibit nmenory cell. As used herein
the ter mtHECETIERPSSenory cell is intended to e.g. include menory
cells which are configured to store a plurality of bits by spatially
separated el ectric charge storage regions_or_current condyctivity
regi ons, [PAHdByan sspboadaments dhe "@iration jof ythgs bipg gitdses st igs thep gangepei6)
In an enﬁgﬂbggggﬁdst?ﬂi{n{)g‘:o%@gramﬁ ng signal is provided for
programm ng the nultilevel nenory cell in a first resistance |evel,
and a second programm ng signal is provided for programmng the

mul tilev r 1.0 A ase i e - Wherel

first re ?gﬁ%e %@ﬂg}d@gn tﬂi fg%ﬂ?ﬂ ? ?(Iglfné t@i%gtﬁgélc%ﬁg }S\é\{shl {sl%%aljralré%@ﬁgr\?el.
5[ 0037] laboein! (ewdnostcomdsttp abdng If micsdsce@sl st ance | evel and the second
resistance |level are different froma | owest resistance |evel of the
multil evel nmenory cell, wherein the | owest resistance | evel

cor r esporjié32] dn anStoibclimate, die diration bf ithevlettricainpulye &einl the range from

about 1 nanosecond to about 100 nanoseconds.
[0033] In an embodiment, the resistive memory cell is a binary memory cell.

[0034] In an embodiment, the resistive memory cell is a multilevel memory cell. As
15  used herein the term “multilevel” memory cell is intended to e.g., include memory
cells which are configured to store a plurality of bits by showing distinguishable
voltage or current levels dependent on the amount of electric charge stored in the
memory cell or the amount of electric current flowing through the memory cell,

thereby representing a plurality of logic states.

20 [0035] In an embodiment, the resistive memory cell is a multibit memory cell. As
used herein the term “multibit” memory cell is intended to e.g. include memory cells
which are configured to store a plurality of bits by spatially separated electric charge
storage regions or current conductivity regions, thereby representing a plurality of
logic states.

25



[0038] In an enbodi ment, depending on the resistance |evel of the
mul tilevel nmenory cell, various programm ng signals are provided for
programming the nultilevel 10 nmenory cell, the various progranm ng

i of the fol l qwing: vol. of the hias

|
E{ugg Z‘ " nld %@21% %P’g S‘Bg{?fﬂ t%@%?ﬁ)@?%%ﬂ@? ﬂ%&’w"ﬂﬂ#@gﬁ’ama?%ﬁmﬂg
the bi as tnaellﬁﬂmewepnfé rﬁlcen iRfa HRe rBliGGHde 1AL, RHA SCsechRP IPdgrMRmiAYS

enbodi nents provide a for progranm ng ohe or nore reS|st|ve
menory c eﬂlgaal ispravided fetirogrampning theanuléijevel mempoest erdldini ansskomt] registance

rovidin 0 t e o, nore resistive nory
et oo 1 sl SuambR B AlistietF el R ke Mordbne i Einabe G

bi as pulse coupled with the electrlcal pul se; mhereln the el ectrical
ul se Jinc an el.e trica e.porti.on th Il as _pul se

Phct udes 1¥Tidadh S et SRR et theisBient Expeits 1Guel are
portion Qﬁﬁ@&np%int b w&;t l?@stlé@ﬁﬁ@ 1ENE oAlthd %ﬁﬁmequ&hé% S, Sherein the
portions, wherein the bias pulse includes a voltage 20 beflow a

t hr eshol dowttr@anstm@ed@{el eqrecspbndstie adiiid state b the mdsleyel memoymstly
cells, and wherein the programm ng signal includes a peak voltage
above the threshold switching voltage of the one or nore resistive
menmory cdP038] Ih@o40iboiment, cmpbmﬂhgremthe resistangedeval ofitheanuléiiivel memory

menory cel |.s include one or phase c$ menory cell %thAQ
The f ur t (81 PEHOY BoSTITIE, Sgngls Hie RpERen o uosamming dfe FaVHIRYCL o
equalioy apsthbgabiE, thénﬁhrl’lﬁ"sgﬂﬁgfaﬁ'ﬁﬁlﬂgeﬁgndw vra%ﬁﬂ)%qﬁ &fe bhan&Boye the

nmet hod. [ 0042 Vari ous enbo nts provide a od for progranm ng a
resi sti vdolewingy veltage of ihebirephisel thepeakdvalpge 06 thedpragrammping gieashitley

signal t Oduhn%n 0%?[5(35615 Eulggf iy é’urgtmn of the electrical pulse.

[0039] Various embodiments provide a method for programming one or more
resistive memory cells in a resistive memory array, the method including providing a
15  programming signal to the one or more resistive memory cells, the programming
signal including an electrical pulse, and a bias pulse coupled with the electrical pulse;
wherein the electrical pulse includes an electrical pulse portion, and the bias pulse
includes at least two bias pulse portions, the electrical pulse portion being positioned
between the at least two bias pulse portions, wherein the bias pulse includes a voltage
20  below a threshold switching voltage of the one or more resistive memory cells, and
wherein the programming signal includes a peak voltage above the threshold

switching voltage of the one or more resistive memory cells.

[0040] In an embodiment, the one or more resistive memory cells include one or more

phase change memory cells.

25  [0041] The further features described with reference to the first method are equally

applicable, and hereby restated, in respect of the above method.

[0042] Various embodiments provide a method for programming a resistive memory
cell, the method including providing a programming signal to the resistive memory

7



cell, the progranmm ng signal including an electrical pulse portion,
and at | east two bias pul se portions, the electrical pulse portion
bei ng positioned between the at |east two bias pul se portions;
wherein each of the at.|east . t ias pulse portions.includ a
ospect | viTlo it BSEBET TR Soth BOwna fu frechiieh gl Hokint gd of Jeadt two
resi sti vepin® ey p6idibhs, the amdtrﬁeﬂleﬁslﬁswpdrh@n BEiAg RSN BétdRal tHel1eHies
a peak voltage agove the threshold sw tching voltage of the resistive
menory celWo, biag pdsegortiens; lerciteeach @ theras deagiclyer bibepuleg partiens iselodesea t o

L A R e S R

menorys appdr a#hétein thel pie pRghmingBi@iay [Rihidey,a péak ReltdpRnaboye ahd Mteshold

i ncluding gne or nore resistive nmenory cells; and a progranmm ng
circuit cOUshig \Wltage ehibe seistize meprosy £dbi sti ve nenory cell's and
configured in use to provide a programmng signal to the one or nore
resistive nmenory cells to programthe one or nore resistive nenor

cell's, tHO0pHobreatunthag festugerafesinbsdiwith gefgrenee de the Gest mpthasleare qula

bi as pul s ] clrl | se; rein the 15
eIectricéﬁpgﬁﬁgé%g%g%%gﬁéggﬁggﬁ%%%#%@%ﬁﬂgaﬁsé“%%ﬁ?on, and the bias
pul se includes at | east two bias pulse portions, the electrical pulse

ortion i ositioned. between.the at |east twa _hias pul se
ot ons. 100 B s BB iR ick N ey “Bhbrahitng e B om amewo o
SWi t cloi NGhy elehRBE aBhy IMBUdRE ofl oNBIbR: feSiStivd héR10ME BEIsY aki®h pfograffhing
wherein the programmng signal includes a peak vol tage above the
t hr eshol FUSHIt cewplpd Wit tha gae somere resstivhmeaoryrseles ansssopfigyed i g (P
cells. i t .St
col 15 i natads - ProfpEae IR o o GneBemRls ARy BRpb YA b kan
change neh®ronecet msore [ @646e Tinendryr édiley tliee pragrammndes Gignabdnobiding an

reference to.the first nethod are equally _applicable, and hereby
restat ed ,elqcmﬁagfa&t 2 % HES B 03‘833%4 ;ﬁ/lﬁﬂs %_2 sleptpaly poloair Whgsin the
enbodis e & tRlPYHILE IR IVIRERE ¥1e@t§%§igp%?ég?iohﬁﬁi YA B Had I M1l Eiieatspe

mermory array i ncluding one or stive menory ce
pr ogr anmitwg tdas pulse pertiops, ébie wiettnicalpulemportion eing pagiontd betweenthe at

cells and confiqured in use to _provide a. progranm Si | to,the

one. or - et P R GulsR aerec ot % Pisk s b e SilBiseiow
resi stivenl¥sHoM ¥wiehihg volthe: & ®8RBTOr RMEore ireigtvel MEmbAl &dls24hd wherein
el ectrical pulse portion, and at |east two bias pulsé portions, the

el ect ri cdhe pggwenpiogsianal eludes ppeakiiobagaatisve fethrasheldawitchiag voltage
blas29ul%gﬂgﬁ%%kgggﬁeﬁgﬁﬁg%Husﬂﬁgng the at |l east two bias pul se

portions in e respective v age below a threshold 5 sw tching
vol tage of the one or nore resistive nenory cells, and wherein the

pr ogr amm i.gnal _i,ncl.udes .a peak voltage . above the r.esh I{L

B Con nd 0t 38 apBEBeEn £ PREr B G iy s R R ot
In an enpgshd®apparhtl® imNKleQine B AR ré Fisdss thate idiRdry celd.| s i ncl uded in
the nenory apparatus include one or nore phase change nenory cells.

[0046] The further features described with reference to the first method are equally

applicable, and hereby restated, in respect of the above apparatus.

25  [0047] Various embodiments provide a memory apparatus including a memory array,
the memory array including one or more resistive memory cells; and a programming
circuit coupled with the one or more resistive memory cells and configured in use to

provide a programming signal to the one or more resistive memory cells to program



10[ 0049] The further features described with reference to the first
met hod are equally applicable, and hereby restated, in respect of the
above apparatus. [0050] Phase-change random access nenory (PCRAM is
a leadin contender for next- enerati.on _nonvol atil e sem conduct or
é}%ﬂc?@‘r‘ﬁ

menory t ShBFOYT ST TIREISY 4 veellga i PERpERm BN B&, ayt
are not lddrriQd pulse ﬁUrﬂ&?rmﬂp@E flab By BER ul&@%ftm%@p@l\éeélectncal pulse
consunpti on, hi gher storage capacity, greater reliability, better

process mortegﬂmlm@pomeﬂ bmeemlrrmﬁtde‘ctmtwm‘glas pehse p{)l@l@ﬁs,]wlﬁ@mmdagf

s IO R R ey PRIS® ot bR 1e3Sestf Softedy B0 e e

menor y C%lwht&hlﬂgwélta%é €ofdfHedond3@k NEoRk RARYIOL ahérhEryTBEARY Yand eWh&@in ﬁ%Ch
phase-change nmenory 20 cell may retain its data even when no Eower

suppl i ed pregremming pigvel degludes sl peek alfagseabaive thecthrasheld switghiag eotrgarfe
menory C?ﬂéo et(;}lﬁor%egmsqg ngtd rﬁcgﬁew ous data value. Accordingly, the

data val ue Store ase-change nenory cell may be intentionally
changed by a user. Further the data value stored in each

phase. on AR TE B ek S B SRl (R heShE M 19

[0052] Tihgengdtylappatatud inkhide®ne ot Biole piddd ch@ipk mednRory REWY. Mat i on in each
phase- change nenory cell my be prOV|ded by phase-change naterial s,

such as, for exanple, a
10 [0049] The further features described with reference to the first method are equally

applicable, and hereby restated, in respect of the above apparatus.

[0050] Phase-change random access memory (PCRAM) is a leading contender for
next-generation nonvolatile semiconductor memory technologies. The competitive
advantages of PCRAM include, but are not limited to, higher operating speed, lower
15 power consumption, higher storage capacity, greater reliability, better process

integration and lower manufacturing cost.

[0051] PCRAM may include a phase-change memory array that includes a plurality
of phase-change memory cells. Each cell of the plurality of phase-change memory
cells may store data. Being a nonvolatile memory device, each phase-change memory
20  cell may retain its data even when no power is supplied to it. A new data value may
be written into a phase-change memory cell, thus replacing the previous data value.
Accordingly, the data value stored in a phase-change memory cell may be
intentionally changed by a user. Further, the data value stored in each phase-change
memory cell may be retrieved or read without changing, disturbing, or compromising

25  the data value stored in the cell.

[0052] The ability to write, store, and retrieve information in each phase-change
memory cell may be provided by phase-change materials, such as, for example, a

chalcogenide alloy of germanium, antimony and tellurium (GST). Phase-change



chal cogeni de all oy of germanium antinmony and tellurium (GST).
Phase-change materials nmay possess two or nore different structural
states, i. a plurality of structural states. The plurality of

e.,

st at es of ase- change terial be distinguished on the pasi
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or nore partially-crystalline states and/or _an_ 10 anorphous state.
The cr ystodl qhiepécat prerertifs. Jopacfethesrafigbngrishing fatyrey wilkh dreudiscygsed in

si ngl e'”ﬂ&%%'e{ahﬁ?telst ate or a polycrystalline state. The
partially-crystallTine state of a phase-change material nmay be a

structural state in which a portion of the phase-change material nmay

he Sams ¢S SRR ARl hay B, P BRRUEY Y oBRAE SR el Mgl

rati o of indbdd Berysiline sfateasid/Omond of heorp Paaellghenglin@t@tdsadnd/dt 4nhe
crystalline state to the volunme fraction of the sane phase- c_hange

mat erlPal aMprphaas 5ieephbei srstalline sty Pk gsehpsershanggapateriglagey nalpdpea
referred - fr i oL (= -

mat eri al .S}r%(g%&&%ﬁbn%es?ﬁ% ﬁg%f %g‘%#%t%%:ng cs%és%,’% ?a?]}lt gﬁ gﬁséﬁ%ﬁg%iet-e & ﬁzfnge
mat er i al phasetdhange ntayerial ysdyabe iansnsthatie stawyinbehicB 0/ pottiva §ff &t plosed

crystallipity of a phase-change 20 material in.the . fully anorphous
state mfﬁﬁf@eo%atemﬁmwe be 1z eowa?ggp% sE¥s by wmLennats. BRohge
mat eri al HoRidnhst tR@kdn @bhate Shitbdhdtbr nShASEnTRY ey fiafiii¥ sMdd. dBiehtoeen
0% (fully anorphous) and 100% (fully crystalline), such as, for

exanpgbe, thayolvmedrchen oktba pbssearhdngddMerial inlshe oryetallhe Hatantd tHOYpluore
bet ween %po/.and %%0/ or ﬁ&tﬂv\ﬁen 30% and. 7Q% or_bet ween 40% ang 60%
251 0054] TR L 105, Kl PRSP FAES TRalrTal i) TS u B Bous Ry SpE RS 2
partial | yefenaid! apebestatred tEashist Bi@ionhl thetaRidifyabf tay pRése-change
partially-crystalline states nmay al so be distingui shed on the basis

of its fmatenabnBer exapple the ﬁna@t}qnai:@m&aklgmw @f a pReserchangg Bytgrial in the
| | H H f -. . | _ .
crysta 'fﬁﬁ}{/épi%{allﬁ?ecgat%trﬂﬁ 627 1doBe Rk ggg%kl*){lﬁil é;ix%&r}g@%%‘f pgéﬁé%ifg%i% he

st ates may cont 1 nuoustl y between ous

(ful l2y chiysérdd lin de) fully athotshivee Gtagninky bethe, apduhalattional astallistyaff aa
phase- change material may be di ,s{i mf:;ui hed on the basis_ of their
fracti on®h %?r‘ihé’cl%q mpferial {ngthe partially crystalline state may be any value between 0%

(fully amorphous) and 100% (fully crystalline), such as, for example, any value
between 0% and 100%, or between 10% and 90%, or between 20% and 80%, or
between 30% and 70%, or between 40% and 60%.

25  [0054] A phase-change material may also possess a plurality of partially-crystalline
states. Each state of the plurality of partially-crystalline states may also be
distinguished on the basis of its fractional crystallinity. For example, the fractional
crystallinity of each state of the plurality of partially-crystalline states may vary
continuously between 0% (fully amorphous) and 100% (fully -crystalline).

30  Consequently, the plurality of states of a phase-change material may be distinguished

on the basis of their fractional crystallinities.
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[ 0055] The physical properties of a phase-change material may vary
with its fractional crystallinity. Stated differently, the physical
properties of a phase-change material may change with its structural

state. T i C roperti es of. a phase-change, nateri al nmay he.
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Consequently, nunbers obtained from neasuring the physical properties
of a phageatetialigey ehangei with nigystowtualsyatcal bel Phivsibalepropertiesive aophasere
plurality,of structyral e th hase- chang terial. ]
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of the plurality of structural states of the phase-change naterial.
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associ at ' AiSt..; ug| [ o I ' t he
pl urali tgi‘/ﬁ{a (#b Jétg Srsgi?:ltq {Sraa 19‘5%%%%%}5%?& aﬁlgﬁ)g%gl?tghogns\gglcﬁg%legﬁ?g?Bﬁ%ﬂ)}g%%g% be
di sti nguichingst mateidie basis of the resistance of a phase-change

materi al . Consequently, 15structural states of a phase-change
material may also be referred to as resistance states of a

phase- chqogss] mhlice rregibtande0QF7h  Ahpeasenghangeidiaberi ahnymayitbeitalitge.t 0
reversibly transformati on between or anpng_ the plurali t%( of .

st r udf ur diccerdingdy 2 KeisHReR KYRG may bsnassecidpdvad sesh stata et theyplwalitynfe
to change i LA 1 i I :
Ther ef of o iggred SteS bFRE Rt BRARE HANGRL Bhkflr, ERpRLLUEHH kB liine,
may be achareee dthatdriabughy contaseddiatnd) whke st distidaty ainiqteatresisidnct healue.

phase- change 1materj al tated differently, the resistance of a
Phase- ohger e Pl BE S BGSE obhhevTiaRes FaRFRLBEY dalbe
crystal | igiihYuisHARIrCRE b¥sis Bhﬁle%éiﬁﬁxi’ée!df'ﬁ%hﬁﬁea&lﬁn/gé nfAtRRACorkERRARy,
material, i.€., fractional crystallinity of 100% may have the | owest

r esi 4§ anetuctural states hba phaseshangs watetial rody As@bprelercedclioas gesisiartcesiatds,

i.e., fractional .crystall.iinity of 0% nay have the highest
r esi stangﬁgpﬁﬁaﬁfn rrg%tglfl%lr mati ons between or anong the plurality of
structural states may be effected by providing energy to the

phase-c h?lﬂ%%] Tlghearsza—c éng-lc:r}l?atgrri]a rrx%ly BE bie goe IdthBI%ib?y transformation between or

among the plurality of structural states. Accordingly, a phase-change material may be

able to change its resistance in accordance with its structural state. Therefore,
20 controlling the resistance of a phase-change material may be achieved through
controlling the structural state of the phase-change material. Stated differently, the
resistance of a phase-change material may be varied by controlling its fractional
crystallinity. Typically, the crystalline state of a phase-change material, i.e., fractional
crystallinity of 100%, may have the lowest resistance, while the amorphous state of a
25  phase-change material, i.e., fractional crystallinity of 0%, may have the highest

resistance.

[0058] Transformations between or among the plurality of structural states may be
effected by providing energy to the phase-change material. The energy provided to a

phase-change material to transform its state between or among its plurality of
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phase-change material to transformits state between or anong its
plurality of structural states may be el ectrical energy, thernal
energy, optical energy, or ot her fornms of energy. [0059] Thermal

energy pr tothe has nge rla ormth
struct ural 5& S P9 %}g%w ﬁ? ﬂ &gﬁyeg% gnergﬁ,eor other

crystal |l i pemsbaémergf a 5 phase change material may be transformed by
thermal energy to a partially-crystalline state or an anorphous
state. Simlarly, the partially-crystalline state of a phase-change
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an anorphous state or a different ially-crystalline’state. In
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rapi d cooling of a phase-change material may al so be referred to as
quench ngsa%lﬂ’daﬁ’a?taﬁ@&ﬂattel n a highly irregular arrangenent of atons
in the phase-change material, thus yielding its anorphous state.
[0061] A Bhase change nmateri aI i.n the anorphous state or in a

parti al | P@60IA phpsenehange smaeral e prrtiphwupasiglinestate arre the weysialing e

state by g lﬂﬁ@#ﬂ ?q’ettgﬁ]sgﬂﬁéc?fo 1*955‘&19@858&565%9 ‘1‘1@5‘: t('gE i%&sg u&{aﬁ%& Ingffihon

t enperature a sufficrent per tron and
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[0062] The fractional crystallinity of a phase-change materi al
hence, i tiicln%ta@ubmmmg ca“taaplmse-nb@ngbenat@ml mody dsb by r@/farrrw fgas feenching,
t enperat y and/ or

eati ng and/ or cool f the
Dhace: andnf GRS rahnt e len et “Brndhmed Bt opRORt (i oPisgietinee
t enper at wiRergd)bhas wk]m@g‘alh@@hbm@ad/ or rate of cooling nay achieve

[0061] A phase-change material in the amorphous state or in a partially-crystalline
20  state may be transformed to the crystalline state by heating the phase-change material
above its crystallization temperature for a sufficient period of time to induce
nucleation and growth of crystalline domains while preventing quenching of the
phase-change material. The crystallization temperature is the minimum temperature at
which crystallization in a material may occur, and the crystallization temperature is

25  below the melting temperature.

[0062] The fractional crystallinity of a phase-change material, and hence, its
structural state, may be controlled by varying the temperature and/or time of heating
and/or rate of cooling of the phase-change material. Accordingly, proper control of

the peak temperature and/or time of heating and/or rate of cooling may achieve
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structural states of a phase-change material that span the fulll
range of fractional crystallinities in a phase-change material,
nanely, fromO0%fractional crystallinity (anmorphous state) to 100%

fractional c tallini.t crystalline .state), inclusjve. [0063].
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measuring the resistance of the phase-change material within the
cell. Retrieving information froma phase-change nenory cell, or a
read operation, may be achieved by providing a current pulse or a
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resi stance of a phase-change material. Accordingly, the 10 RESET
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Wit h t he changgnyaterial, andfhes, aggegtainhe ﬂEtSE'Pl@th@am}de@méb% pldsatchangsi t h
th
C b oot Sy oh ORI 0 2o I e IRKAILY RRELEHSD B

phase-ch

RESET st atasfortheioaf afrthe sttnqoirabeatehdnigepivat ehimle matetidle Accordinglyl, irend

state may be . heated to its | tin oint or near its nelting
operations may be performed without changing, disturbing, or compromising the data

value stored in the cell.

[0068] Data may be programmed into a phase-change memory cell in binary mode,
25  namely, the data value may be one of two logical states. These two logical states are
commonly known as the binary “0” and the binary “1” states. In the binary mode, the
phase-change material within each phase-change memory cell included in a phase-
change memory array may be operated between two structural states. A first state may
be designated the data value “1” and a second state may be designated the data value

30 “0”. Alternatively, the first state may be designated the data value “0” and the second
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20 point. The nelted phase-change material may then be quenched so
that it is transforned to the highest resistance anorphous state
(RESET state). The progranm ng of the phase-change material to the

ST oSl St B AT R T B GRS, 803 ol B

from t he dREBEInst Pebréed hBewIEdats tvalies, fehf afroturdl @ﬁ@e%egoq’ hagisnce
material in the anorphous phase may be heated to its crys

t enper at piasesy maydarsciceted & provisiela latgeicontrasé apresigtaneevalinst bel ow its

melting tenperature). This may induce nucleation and crystallization

I n the phase-change material, thus transform ng the phase-change

mat er i al [0@69] Néhelrangesaf resisthndeantuss of pphatd-¢haegs matesial BEY bs bateded byhe

programm f the phase-chan terial tgot T state b

el or pod % SF hetale SsRORRE \EOE A SO lanfe. A 4, RBSET, up Fielfips win o
oper at i OIRESETPhafemeb aNBeSPRIstiid Alay Heddsbddigted HithNtBe Rfest taifar¥Bf a
undergo repeated transfornmati ons between the SET and RESET st ates.

Si mi | ar | yphase-giaage eHende Araedingy, theabElngatenmean bresoTiaseda mathnihe

under 90 (ERRAEChA0PTORL LONBORINEED LNRIESET RRCEFELA! A

Each of these Dbinary pro operati € referred t

SET/ RESEBssty kel withQiShighbet resistafideddf @ phh&tchaffe gachiahhaserdihgivgehe
nenorg cell may drift over tinme _even if no energy is applied to the
phasél c h &g netetermay be wspeizted Hithihe pombens statefifia hasc-change material.

In order to provide a large contrast of resistance values, the resistance of the RESET
state may be at least a factor of two, and more typically an order of magnitude or
more, greater than the resistance of the SET state. The SET state may be associated
with the binary "0" state, and the RESET state may be associated with the binary "1"

15  state. Alternatively, the SET state may be associated with the binary "1" state, and the
RESET state may be associated with the binary "0" state.

[0070] In a binary programming operation, a phase-change material may be
programmed from the SET state to the RESET state. Therefore, a phase-change
material in the crystalline state may be heated to its melting point or near its melting

20 point. The melted phase-change material may then be quenched so that it is
transformed to the highest resistance amorphous state (RESET state). The
programming of the phase-change material to the RESET state may be referred to as a
RESET process.

[0071] In a binary programming operation, a phase-change material may be
25  programmed from the RESET state to the SET state. Therefore, a phase-change
material in the amorphous phase may be heated to its crystallization temperature or
near its crystallization temperature (but below its melting temperature). This may
induce nucleation and crystallization in the phase-change material, thus transforming

the phase-change material to the lowest resistance crystalline state (SET state). The

15
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10 state. Stated differently, the resistance of a phase-change
material may change over tinme even if no progranm ng operation is
performed. This may be referred to as resistance drift.
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t he resi sg]apgﬁ)c@g‘s_the cell may be different if neasured at a | ater
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day PCRAM crystallization may have to be induced within a short tine
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preci se \patticatpe samgiliat stdte tarthgpuhsique tesatanos ar @guiime,dhe ecsistarice lbf the
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| ead to varying resistance states anongst the phase-change cells of
PCRAM Fumatéres] ingreases svithnting| andgmay hpéame derepronpuhessl akuthet anerpows ng

he SET | - hi j f..t he. phase-ch .
Lot o, RRREEE Pt 4y S0P A A PEE  B Bl DR 58 o
state al $opdERl@Bldn withfiid RESET lstit; QNG Resé BEa pRBRSE withshetBNeatst at e of

the cells when a read operation is perforned. 10 Additionally, a
phase- change nmenory array wherein each phase-change nenory cell has a

di ff er enfjo@&] I&%ﬁiaﬁcé@ﬁﬂ&ha?i,ﬁ)reﬁﬁﬁél e phsE@RarbRl rhaei® o ReSeliniilit @R
and resistance levels. [0076] Difficulties may al so exist in the

i niti28l i zka PBR state plder yhighgnimbgr 06 SEGYRERRT shieles -Furthsr, clvg g doleminpes
e o ' | S Al v L ah
arpl | £ ud S D aftesebl' BEPREAANT Bitckes” Rk WRARR el AT B fhes ©

Thi s may chengduwell$ inctuded ik BORIN vt have deffeegtyiniifal asistaRes iAordingly,
phase-change material and the wide variatigons.in the initial cell

resi st an&&WVheanwfactorsd JiAp Mopey msorisauiss intdalizatiom ép theexlel stats keforeqy

be throu it Ad i . I - erpl-ayi i

et ool SRR SR bl e SR gl el
conveft i enad arGEdraptdrddocki erase, t he vol tage pul se used in the SET
process. However, the effectiveness of this nethod is Iimted by the
time duration wthin which crystallization and re-anorphization have

t o occur [0075hiais: deyabdCeAMntioned processes may be easy to understand, difficulties
exist in the SET process. Due to the high operating speeds of modern day PCRAM,
crystallization may have to be induced within a short time period. Accordingly, this

neccesitates the use of a small voltage window, namely, short time duration, high
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25 [0078] Anot her nethod of solving these issues may be through a
programcontrol. In this case, a nmenory controller may first read the
resi stance |l evel of all phase-change nenory ceIIs and may

the 1 onestHisSFCFERE 8% TRESEON MOeie uPay vt PG 5 HitaiSnd °
conpl exi toh tk ﬁré&s&ﬁ)lﬁgaﬁﬁmhﬁﬂéaﬁd plive Sufiion 3b@Qredn6 QAR phhk-Ranes
consunption and switching speed of the phase-c m?e menory cells.

a
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phase- change mate resi stan
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crystallization tenperature. Such’a bi as vol tage pul Se may “enabl e

fast crydwala diffaett SHEEstate sheor else i nvsultiin awn-onjfommeh RESETageltage and
electrical_.puls lfove the threshold swi tching voltage is applied.
Consequer{ﬁI a'm“teﬁ?vesr'ray lead to a 15 conplete crystallization of the
material within the pul se duratl on. A low bias voltage pul se applied
after a short time duration, gh voltazg)(eZ el ectrical pul se may

prevent d0&id mlﬁ%cmesanﬁhag@e@ﬁangbe initidization Ormerélabzaimtqfﬁ@e phase-
t ab t J t t
20r 0081} Rk, &, HisNEoh OPHIEER AL Ehe LATE 53! (ERMY BhaRied B wigh,
i ncl uded ampliaudsEETmend (sarozbtag@puisea;ghatdlaaa lenpxfrae demationsl Mhaisshapbs ded tot he

electric ul.se 101 and the hias, pulse 103 are illustrative and, pot
i nt ended % |aFﬁwatUi0ngnelr$>fr@?. Hetpgsitd théﬁé{%Pﬂ‘?oP}a dndathes widsp

and vol t 3gfatidksif arafitial AMGeBsufldlcfas. axis 104. In an enbodi ment,
the SET pul se may include be a single electrical pulse 101 coupl ed

with a DC bias 25 pul se 103. In an enbodi ment, a SET pul se may

i ncl t d bi

embod? me0 7 198 oD af 5 iage Tl s e eblro B i iifion of te
por ti ons cdfBky endPIBPinglelechital e Wi hi bﬂwﬁg&%ﬂb@k um& ARatRI than
101 may be positioned between the at Ieast two bias }lgu se portions

103a, 103isonyentignalewlpbailsants., tReobrespyes g@dﬁoshwaﬁ ipresagsidiawever,
vol tage ¥R Q%&Weh&% BP "3 hlggt(ﬂoa\/\fst ﬁllpl ¢ b\S/Oltﬁeagi%e duration within which

crystallization and re-amorphization have to occur in modern day PCRAM.
25
[0078] Another method of solving these issues may be through a program control. In
this case, a memory controller may first read the resistance level of all phase-change
memory cells, and may subsequently generate a corresponding SET pulse to set each
cells to the lowest resistance state. However, this may increase the complexity of the
30  memory array. This may also increase the power consumption and switching speed of

the phase-change memory cells.

17



30 a phase change nmenory cell. In an enbodi nent, the electrical pulse
101 may include a peak voltage ' YE above the threshold sw tching
vol tage of a phase change nenory cell. [0082] Figure 2 shows a SET

pul se 200 ingl g | evel progranm ng accordin 0, an odi ment .
The  shapeloBf futSefeis a8 h&VEa ioBEh Oe esbondd FIRGRIETIE be
l'i m ting. thd PORAMCRESGASAFRoad BipH résififide20Wfto M¥idRsitQPSBN GesifRhicdd6vels

i ncreases along a vertical axis 204. In an enbodi nent, the SET pul se
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el ectri cal0O]IAprlying & low iassbgfares @nd cafisir een tedetiicnl epwser mayapclpeyse.
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phasé’c h&’H&Eqﬁét [Bre AR BRE | S B, mfiﬂde e Beal el 6 2o
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cell.
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10 about 800 nanoseconds, or in the range of about 100 nanoseconds to
about 600 nanoseconds, or in the range of about 200 nanoseconds to
about 400 nanoseconds. [0085] In an enbodi nent, the | eadi ng edge 222

and pl at £ oAt L Q. JARe 8 sul.t _in the heati f the
phase. ohdigiA el AR s USRI JoCE MelTEH inst g FaRLGTR: oo
t enper at wnthodihentaTht shdpefahe BEA pdse 2@Bis ilctatbicn@dandd eakndedl foage
15 VP, may be greater than the threshold sw tching voltage VIH so
that a tHeERS] dmasincesiseigalens atharzgntgh axis 202 randrvalisge dnoreases alops a
peak anpl t p (RY: v, Q. 1
thresholakgﬁgfg ?thvéﬁﬁggéﬁ@ﬁﬁ@eéégﬂ ast§%$%§§§ﬁ§Fgggéf$§?ﬁl Hﬁ“&he
range sof donfigifatian. 10 fifst degment efriediowehigh-lboweconéighrationmay dehidde fisty
be in the range of 1Vto 9 V, qr in the range of 2 Vto 8V, or in
the rangdv6 atiory A 6@0?11%66&9}%9&11& lowahigholgye Cantigarafiormay gehipy coystal
enbodi mentoe e, {igAl idtheRl of e BRAREL INAMIRHEREESH MayFretHnd4BEnch;
t enper at Lgtrr%vg during % eepulose dluratg%n of pili t eau Zzagj’%r?. él. Iel cﬁjcﬂnr%g
T2, may rdslst schigvingheali ipitiongf thet thasd-clrange metesiahnd nucl ei, and ful |
crystallization of the phase-change nmaterial. This may result in a
sharp drop in the resistance | evel of

[0083] In an embodiment, the SET pulse 200 may include an electrical pulse and a

10  bias pulse coupled to the electrical pulse. In an embodiment, an initial leading edge
220 followed by a plateau 221 of time duration T,. In an embodiment, the amplitude
of plateau 221 may be less than the threshold switching voltage Vry of the phase-
change material. In an embodiment, the threshold switching voltage Vg may be in
the range of 0.3 V to 2 V. In another embodiment, the threshold switching voltage

15 may be in the range of 0.4 V to 1 V. In a further embodiment, the threshold switching
voltage may be in the range of 0.6 V to 0.8 V. In an embodiment, the amplitude of
plateau 221 may be in the range of 0.1 V to 0.3 V. In another embodiment, the
amplitude of the platean 221 may be in the range 0.3 V to 0.4 V. In a further
embodiment, the amplitude of the plateau 221 may be in the range 0.4 V to 0.5 V. In

20  other embodiments, the amplitude of the plateau 221 may be another value below the
threshold switching voltage Vry of the phase-change material included in the phase-

change memory cell.

[0084] In an embodiment, the voltage amplitude and time duration T; of plateau 221
may result in the nucleation of the phase-change material and heating of the phase-
25  change material to a temperature below the crystallization temperature. As utilized
herein, the crystallization temperature may also be referred to as the glass transition
temperature. For phase-change materials such as Ge,Sbh,Tes, the glass transition
temperature may be about 150 °C. In an embodiment, the low temperature heating of
the phase-change material below the glass transition temperature during the pulse
30  duration Ty may result in the formation of adsorbed monomers and nuclei within the

phase-change material. These monomers and nuclei may coalesce to form small
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the PCRAMin a short period of tinme. In an enbodinent, the tine
duration of the 25 | eadi ng edge 222 nmay be | ess than ten nanoseconds,
such as, for exanple, 1 ns to 10 ns, or 2 nsto 9 ns, or 3 nsto 8

or 4 nbod
Gur at 1 on T304 The B Bleaa s Byledtipan of B, FERORVEE et b esobifonas
pi coseconds, fea rﬁﬁmseaﬁnqs Qﬁ@ﬂitﬂs,, debéndiBy én ph@s@-oaaﬁ@/mﬁwﬂar;a@ﬁna&s such
nanoseconds, dependi ng on phase-change nmaterial paraneters such as,
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range of cﬁ‘l?ﬁ"tﬁe 1%9% BfQ&ﬁ%@fﬁgéosE nﬁ??&&boﬁx@%%@%@@‘ﬁﬂg%:Mhe'ﬂanéé‘@f

range of about 1 hanosecond to about 300 nanosecon I n the range
of about @b0un&fosmoserdsds do about 120diomessosmtspradsin the fange e atamg e600f
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oot oo B hols? 1 AR oscERl 05 15 35¢ Siie.f SRR SR TPOTEEnd 1 ne

SET pgl s&bdR0s0tp\WandRcddd] 8R% D rarlgd AN 0D BRHbsech® BMRbddtust of

pl at eau 225
nanoseconds, or in the range of about 200 nanoseconds to about 400 nanoseconds.

[0085] In an embodiment, the leading edge 222 and plateau 223 of time duration T
may result in the heating of the phase-change material to a temperature above the
glass transition temperature. The amplitude of plateau 223, including a peak voltage
15  Vp, may be greater than the threshold switching voltage Vy so that a threshold
switching event may occur. In an embodiment, the peak amplitude Vp of the plateau
223 may be a value above the threshold switching voltage Vy, such as, for example,
a value in the range of 0.3 V to 10 V. In an embodiment, the peak amplitude Vp may
be in the range of 1V to 9 V, or in the range of 2 V to 8 V, or in the range of 3 V to 7
20V, orin the range of 4 V to 6 V. In an embodiment, the heating of the phase-change
material at higher temperatures during the pulse duration of plateau 223, i.e., during
T, may result in the rapid growth of monomers and nuclei, and full crystallization of
the phase-change material. This may result in a sharp drop in the resistance level of
the PCRAM in a short period of time. In an embodiment, the time duration of the
25  leading edge 222 may be less than ten nanoseconds, such as, for example, 1 ns to 10
ns, or 2 ns to 9 ns, or 3 ns to 8 ns, or 4 ns to 7 ns, or 5 ns to 6 ns. In an embodiment,
the time duration T» of plateau 223 may be in the range of a few hundred picoseconds,
a few nanoseconds, to more than a few hundreds of nanoseconds, depending on
phase-change material parameters such as, for example, dimensions of the phase-
30  change memory cell, the composition of the chalcogenide alloy of the phase-change
material, the threshold switching voltage of the phase change memory cell, among

other things. In an embodiment, the time duration T> may be in the range of about 200
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may have the sanme anplitude as plateau 221. In an enbodi nent anot her
10 trailing/falling edge 226 brings the anplitude of the SET pul se
200 down to zero. In an enbodinent, the anplitude of the plateau 225
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ol onal | mey e @Rt 22 3 an s Bl YR 2B 5 € B SRR e
el ect ri cah hpatirfpeofixe phaye-ohhnden@ateri A AGWIthE glasORalsitioaytempetatge Thha

| eadi ng edge 222, the 30 plateau 223, and the trailing/falling edge
224. I'n &ROSAEBALABA HimerdvEatonrlued fasSET pwise 2R sraairangs e tey tevs ¢he

phasgzch I ri: e | i

Foour? i S s G S TR B S dRindh oo HIARL pthel il

pr event i paranictersseeich, for efanifle ghessonhafthe phatechalge themany cell, the
enbodi nent |.at eau 225 result in.the fully crystalline state .of
The phas EERETIET PLe: Fafleotentie, Hloyaft B e SHange T g el U Pagugidnay
resul t i gwR¥BnBe@lliabd o?ftht haPd 3R e ARARYRERS bRbie Jihdrt fhflgs. S¥dgen
renoval of these higher voltages may result in re-anorphization of

t he phasembhdimgrnt,Stherdines durhtionnde onadi bryinythetthegd ofebaZOrranasesomdsatoi ng
by t | ow voltage,.bi as, 225 may, al. so _avpi d these probl ens.

acorgi naror PO ABRe i, B Hud pis 8 Brito 80 chRRSEORET dp i eut 20,
be achi evdhiseconliBeorditiad fa8pe 6f atRhuB 8O abncddEondks & aboult i1108nMiNeddrid8Norlin3,
may be froma few tens nanoseconds to a few m croseconds, or nore

dependi néheoringn af abaith dAQ @aneseeqndgto shewnlemillisccondoraa, the snge,od #hew,
di mensi oggy Oflalfoggcoﬂg'sascg_ Eﬁb%?gﬁ)o microseconds, or in the range of about 800
nanoseconds to about 500 microseconds, or in the range of about 1 microsecond to

25  about 400 microseconds, or in the range of about 100 microseconds to about 300

microseconds.

[0087] In an embodiment, the two portions of a bias pulse of the programming
signal may include plateau 221 and plateau 225. In an embodiment, the electrical
pulse portion of the programming signal may include the leading edge 222, the
30  plateau 223, and the trailing/falling edge 224. In an embodiment, the subsequent low
temperature heating of the phase-change material during plateau 225 for time duration

T3 may result in the stabilization of the phase-change material and the prevention of
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10 nmenory cell, the conposition of the chal cogenide alloy of the
phase-change material, the threshold sw tching voltage of the phase
change nenory cell, anong other things. In an enbodinent, the tine
duration e f. bout 100
our at o1 RaERYy BP e S 8005 LR TR AR RAERSAN el B

m cr osecohd ﬁll;oemnallhh&tataﬁg ¢heOphaddohiingd Gnaiad SEIROMES] Hiilseabigh hildher
m croseconds, or 15 in the range of about 60 nanoseconds to about 1

M cr osecoffieges Mey TRt afvrahesfing 1 the Thaseehwose ity Futstt sudden

nanoseco r n@ﬁq@ t
nanosecon &?V%roqtﬁe%enggqeg%gga % a ougmggjoreﬁano %g%n soﬁtgeigg%tc%gg
nanosecondstetisl. Ancedingty, tenlow tea‘rpeaitmte Neatinpe b ehedovselfagebidse25mayy be
enpl oyed for di.f ferent devic ations 00 gure. 3 shows
the rel atd%h aYS(B‘E‘vFE%Sﬁ IPEREMS &F&ﬁg‘ﬁgﬁé QWdP%‘V“éc‘{“ftiai‘é%n%h PE @hgicetrngg

di f fer entimBbasts WRhIRIRSI AL Thd GurbQoRBr @ﬁ&gﬁ' 2BEe, tkhe dﬁﬁﬁ@ﬁ 'Igfmé)he

curves is illustrative and not intended to be Ii'mting. Electrical
pul se wi d:ter‘f,romafswrteajs regosacmedsda rad’cwomcrosnmmimsma’edngemlmg)m plaseal

302 and tical 04.
Bohi eve 4 uese FRSTE] RABEERE S00R ARt FOHPISCETPIPLE O53ns RFGe A n
el ectypi cahelﬁw&@n @Mtcoﬂ@bsﬁl@&bﬂﬂlb%ﬁal@ E@m& ARy AU pHIBY-chARPIthAerdal,
pul se wi dth I n an enbodi nent pul se may |ncI ude a | ow bi as
vol tage dbepreshold switchimgaiokiegs oEthe Pb@ﬁeﬁmgmmowmﬂdmn@m othenthingsi se
dt h of t d with
o ot 11 caf 5 BRCR int Biie " Y B B RAd 0T BB Bl Bicn®”

pul se wi db hitht 1By niierosdahds rortinahe trivgsepot Slﬁ)umwtﬁhnWecbﬁdﬁtb dbout 50
enbodi ment, the reduction in pulse width fromW to W nmay be froma
f ew nanod@icEerondy ey dherangent shavt 2B dBRRRsconds dn aheut lioo‘?llcé‘?@&ﬁ‘iﬂdé ot he
r edugti o

nanoscconaeUrgns Shroleed A0 Bha RHBbuy ) RARANEEATIR 4 oTaRkd o g
nanosecorl@®8 nanwseconds tie aban @@0 n&ncabtmmtls 21 in #recssgeoottbotic3 (Ehmmbse%@nds

d b d SET | ud
Vol tage. doanrcr @ sestroto gt in daF FpESE PR 400 5%%053? 300 Ae G se
wi dth of phheseSintis hi enibBainugt, r\&nandsﬁsgih d% g\%lsygin A e H@E&ﬁ&wyea o2

el ectrical pulse may have a 5 pulse wd od| ment’, the
pul se wi dilfervd desigelopplicatibher t han t he puI se width V2. In an

enbodi nent, the pulse wwdth WB nay al so be smaller than the pul se
width W.. In an enbodi ment, the reduction in pulse width fromW to
VB ma9 bd088dm aFigee Aashowecbadelation detvereal PERAM acrisawenasl, ckdricalas,

O o B SEHERCRRTBE b BB AR EE RS

to about céﬁ/e@mqlﬁﬁe@ﬁé&nd Abt infendb@td BO ARz, BRRHcaPBulfARARRCRBESrdd0
about 30 nanoseconds. [0089] Figure 4 shows the relation bet ween

PCRAM r e8$ §meriisatiig isacasesadpng @Jjovmrtt@lgféla/?rﬁ?aandorﬁmﬁtén@mcm%@ along
vol t ages a’&&ﬁﬁaq t3%4ar'1“0 g&gvg)engrgET a8 tﬁgc%p ﬁ Of %nf: somal pulse
i | lustrafive an i ht'en to be

i ncr ensesnchiiding an eléi:tﬂitml iprBat Bt Iﬁxllﬁclﬂﬂlﬂgaﬂbiaﬁ eslt@eaﬁﬁg ﬂeqmrreaqﬁﬁse
al ong a Vertﬁ1‘ cal_axis 404. To achieve a SET resistance R a
convent i SAdh WETngn sabpdmenliamE hpulseapay Wmdeﬁulogfeblawpltmﬁ coupled

i ncludin i , ;
el 15 8l bRGE 1 R SOGE (pBRPM Ao B A Ml )
an el ect nilowlbigsuldtage toupdel eith adiehrentcal piiee ajap hirecla polst agéthoW,t InemSET

pul se | nCl %dtl'hrr]rgent t&'le pu slea\%ld\t/}?l\{fga %’iaay be smaller than the pulse width W,. In an

30  embodiment, the reduction in pulse width from W, to W; may be from a few
~ nanoseconds to several ten nanoseconds, such as, for example, the reduction may be

in the range of about 3 nanoseconds to about 60 nanoseconds, or in the range of about
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20 coupled with an electrical pulse may have a voltage Vp2. In an
enbodi nent, the applied voltage Vp2 nmay be smaller than the applied
vol tage Vpl. In an enbodi nent, the reduction in appl | ed voltage from

Vpl to VWp nce bet

VL L0 VoA MRbsbEnf b ghPadplos B S TR e ELCHLPESRERERNERD,
or 0.4V ﬁlﬂbuﬂﬂi NAnosscofldd IV dnoebédivent, i BBTepIOd hiNinclude SERighubiae
may 25 include a high bias voltage coupl ed with an electrical_ pulse.

In an enbtRiiageseuple évnatlpet Pleetrigell pultfe Iefantq@ébogmerﬁutte@ql%wwhné the
VS, In- s L RRBEEARRL FhM b, FORIhEIE Nint BBt A e £9°
t he appl i pdseveldila®e. Ipsh eﬂlbnchnnemmﬂmqmtsenmdthtWe nmmdiel ﬁchlleﬂﬂtaaglee Milsgray
30" educt VO i St oo BTGl o ofts W oo olady soelo: thay e patsy
For exanmplgih iWie Ilg'aﬁfeﬁ{b%ﬁﬁﬁerﬁeﬁl\é’er@ﬂhcggg IﬁT)QIsggﬁidffPﬁoHleV@ td Ws tnpaylbe

or 0.2 Vto 0.9V, or 0.3 Vto or 004 Vto 0.7V, or 05Vt

0.6 V. ﬁrmﬂ%]feWm@nsmbdﬂjltmemqralt teg mnose:omdﬁthbfasa fSEExpuplee tlnmy

be varied var Itaeof e ul se. In ,an
oo rereat o Skt e of b Ackietnds P abos Ehadiephin Py in
coupl gd vhé Rane folf GB&utDi0afinBsHcoRds tyhﬁmftt' 4()Sﬁan%§&6hdd oalkn il e Byabbal e
a first applied voltage, and the first bias pul se may have a first

bi as vol t nogeoppdsdn abensdineeesecondssecond SET pul se may include a
second el ectrl cal pulse coupled with a second bias pul se. The second
el ectrical pulse may have a second applied voltage, and the second
bi as pul s[@ogﬁifim shews thedradation basiveery @ CRAMaresigtaborliane peak tapplied

i Tt ¢ Roege vt itAE T Fu e Moy 9 bl O e’ %“fege’

vol tage. dufiveafis #libtediveRAl nof @fentiBEtolf2 1538 DA G 1édGJoﬂt§Q@mc1%a§é§@[
pul se wi dt h, may be achi eved when a hi gher applied voltage is use

Conse‘éuer’fwomtﬂh@“i)ﬂp% andirepistanse ip¢reasge along asrertipnd|axis TigeackifyE|der
than the gy f i

reduct i on i'n pu sl\f\ésnggvh\;L gl %&?@ntﬁéﬂaﬁ%ﬁul? éf'jelfczlndélll tE \}\gﬁ&? rﬁmu PuE 6t
wi dt hs ofintlhding iarisitis aaldh@eﬁmsrdeﬁlﬁife ;nuhp‘}ﬁﬁa)i vt&’gagbé/pfl rImrmaezanmdlment a
nanoseco t o several ten npseconds, h,as, for 15 exanpl e, the
reduct i omy‘ﬂﬁ“e M3y PRECE 5 Bies Asdase souRlibSABATE EFcabpte- g an
nanosecongdshodMent nthteh@pﬂiﬁﬁ%lﬁé e JPAHE F ﬁﬁ@%ﬁ@lﬂ&%s 5%\?%% vZRage

nanoseconds or in th range of about 40 anosecon t o about
nano%comgple@ 00d1 pn Sﬂfmtltlcaﬂ Ipp]sei maphaeerigodiltmgatVeat re aamnhboddnmﬂ tlege

pul oo 1 ADREvATRe NEn o e ok B8 apliroaEe Ha o 4 emiodficatnl

wi dt h andhéRtubtinsl imdppBed Wélsdoet@f Vi ﬁatfppﬂlla%emawn@ PV Fop bxappk] ed
voltage. In an enbodinent, a second SET pul se may have a second ul se

wi dt h andherdijfcranse hefwesn Yec ardi Vel mey b @all Vﬁglls‘é, @raQ;Z ytoe0.8 86 md.3 V
appl i ed ;fﬁlotﬁg%‘rd rva{b GTRPA| AL, ¢ ?% \§.eﬁ10%ber§%dg1mte\/\f dté‘E’fm%ﬁsappqyl ed

greater an t'he Ti pul se"w'dth.” I'n an e

vol t age rmgtudeea aighl byedoldpercoupled puitls en Wledtritalpulkd) dh @as@Sbodiment, the
Consequently, t he secondn%gﬁl ied voltage may be lower than the first
appl i ed #BPEcsg¥oltagg qfnthe i HAYH mct‘-ﬁélgdéé]dé}bé’éasl Wl%ﬁlqoéﬂle@o‘{“tﬂag@

coul 0 T aRGRldh Pl hay 1063 oty Vel Sn A ilbdiimediOtncSip
range of about g& 1e y Bout(ﬂgg%{/ Sr i er aﬁge of gg& %](Sé%
about 7 Yhayore sohadler tHan\the (app]ln&]i,lVOI&gh'/VpQrInaimomnb(ﬁiu’demtotmt}mphedlthage
These are, exenpl flr ybexa I esh | ch not Tnt use of  the
30t echnol BgyRay also er than the app 1e VO tage Vp] an embodiment, the
30  reduction in applied voltage from Vy; to Vps may be 0.1 V to 1 V. For example, the
difference between Vp, and Vps may be 0.1 Vto 1 V,0or 0.2 Vto 0.9 V, or 0.3 V to

0.8V,0r04V1t00.7V,or0.5Vto0.6V.
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[0092] In an enbodi ment, a phase-change nenory cell may be operated
over nore than the two states used in binary operation. Since the
structural states of a phase-change material may be conti nuously

vari abl e ract | el inht - 0% %
2 phase. AR IR shBbofheds’ AELRITABEHPL 3L e By b ST Sprdli
bet ween tthe apglivdstolizé dfethe SSEN@alsanth hh pdmeisddi&8FEL fies ISHTapalee may
Accordingly, multiple bit nenory gperation over nultiple nmenory

ple | 3 C .
st at es mayclpde p Lt elorisical pusqtenpled IRthy Srstdias mplsselhe Tirst glgotgical pulse
Difficultj ' ' i - %@q@ |
i ncl ude %@f@@%ﬁgh@?ﬂ ? a\%{)/%g%? %&ggh@ﬁﬁ% ibg‘itg g’?\lcg iTt e%aq;?}rsﬁ%% Pﬁoeltage.
pr obl eam ilm abiendoginomeé raadecam] 3BT phlsp hesdancdbda g eeavadelegtrival pulsdenpiesie
the SET state ma sgﬁmll'tttg or nqQ resi.s an&; drift, while the RESET
state may"! Bipianaelser dbe Seed Sleried U Hay Y 2 SqcpRd applic
resi st anGRigR hidfle sBENIRRE Sl i hARY BEslahis! Wis S.Llliﬂ%‘%ﬁ%ﬁin‘i’éfﬁ,r

time and no 1npairnment of perfornence nay occur. [O However,
resi st andle shcohd apglical vadfage niaypleclgreater tham el first appdied ploltsgs, ottalsy el 5

ti b i iati i L st tat y |
cont usi oneTRITS 1OHERE P s doBl Bt BB Ry S hoes 18 DR SEdE L he
reliabil ishtte ash daitage 8tsBBkéEOPulsd wiGiRANhy A6 CRRIEVEY Whent ) BigheR lapflied

exi sts a need for block or area erase in nmultilevel phase-change
oper at i ovoltagsi i Biedc kopsequerily, dhe pulsef wiRRANBhe seqomtli HigT i mulsehmay be

mul tilev r t il ev ' 95]
' an omegA Rage e s §ldt oF e RS Titulel: G cRbQRRRT oheRicdel
W t h shoft pdige atithn(i.an dhd dfferenet thapeeet alp pale Witlihs ke firasnguksmd | n
an enbodi nent, the SET pul se may control the crystallization

pr ocesses CarkiI¥E) 18y Befroghadey SRreRgETIs o pgy crad trsnanqsqserdqustgh g, for
commyl SEla5hial fhe feﬂgﬁh‘i’l'sﬁﬁ%ﬁ%{ 5% S%] AhgY 'o?%%gﬁmaxos%k &StePbdul®0

phase-change nenory ce an enbodi nent, [ower applied
vol t ages namnsedymds,odriie Wiedrange vhabouh 30 hhwosstaple t@alshud (70 dianedecanispdr inhe

SET pulse. In a nmbodj ment, the | ower_anplitude SET pul se may be
conpat i bﬁ?&p W%%‘?ﬁ%\ﬂ}ﬂi,‘gj ?@Qééceﬂgﬁotageﬁm ?ecPﬁ‘fsan enmbodi ment, a bias
pul se may be used to prevent quenching and/or the re-anorphization of
a phase- .material after_a high voliage electrical _pulse is

enpl oyediﬁ]q%ﬁ?gﬁnn@ edPrPéhF‘}lEo‘ﬂlﬁ}?n‘sége ﬁ@?ﬁ%ﬂg Yayaeend Peﬂ%muﬂ%ee%r be

pr ogr ammyRgeOby P/Qn%dr@‘ﬁa%epu@s@a@% BEtH YEF %'uise.f O Eﬁﬁo&‘iﬁf&hﬂrﬁ‘l fikO9ET

resi stance levels“to a connonﬁlomest resi stance SET Igvel. n an
enbodd neptlse iy 88T apfiist pulsewidthandveay reluiers fisst eleciricel pulse h8ETZ a

resistange .l evels and achiev . better or er sensi ng-nar gi,n.
Longer 1 Freerhia e 35 W SrbofontbySiregld SAL e i aR o ditsse
used to kgdthind ilﬂdgi #eludb e REFIMIadRE A gﬁl‘Y@rﬁa_vintg 4 s@bhd epplasiaidi@ge. aht er
a high nunmber of SET/RESET cycles. [0097] Figure 5 shows a SET pul se

for multpR gv@pdimqggrthwqqu aulss riithgmay bggreater than the first pulse width. In

an embodiment, a lower applied voltage may be employed when the pulse width
25  increases. Consequently, the second applied voltage may be lower than the first
applied voltage. In an embodiment, the decrease in applied voltage could range from
0.1 V to a few volts, such as, for example, in the range of about 0.1 V to about 9 V, or
in the range of about 0.5 V to about 7 V, or about 1 V to about 6 V, or about 3 V to
about 4 V. These are exemplary examples, which should not limit use of the

30  technology.
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enbodi ment. The shape of the SET pulse 500 is illustrative and not
intended to be limting. Tinme increases along a horizontal axis 502
and voltage increases along a 10 vertical axis 504. In an enbodi nent,

SET pul s ' Nt ' 0 u
521, "in° S0 RO R sl rbed RRAP BA R0 (R AER
enpl oyed than SieTiwohstateChddd fir Biftyh@pehdtphe Since aie stradic@l kaeelofer pliasem
any ot her resistance |evel greater than the | owest SET resistance

| evel . | rFhaneconBisErlraRY be eomiinnapie vatablaey e pagnarafifiaghons) criglpllibties om
0.1 Vto Ipon:f‘ 0}% td o, £ %gl ’mcggﬁal]rga)pla’ﬂsé %e%ﬁ%ﬁ&éd‘%ﬂ rgs‘?’stm stALoe
f rom nanoseconds to ni cfoseconds, dependi‘ng on phase-change naterr al
par anst ertetweenhthaslowlest SETangiseanceli and nisighess RESE R aegistase: changingly,
menory cell... the conposition of the chal cogenide alloy of th .
Phase, charglent FROm ReaR chb PG CoRoly ot 208 1 PoIp RiLe
change neREdcHaRbd me gelRt her things. In an enbodi nent, the tine
duration'T5 may be in the range of about 1 nanosecond to 20 about 500
m croseconds, or in the range of about 50 nanoseconds to about 200

m crosecqp e dkidsne, R DRI S ahot

m cr osecgn s,] or K% nl‘%shes%c%%% g%lﬂgbfo?ﬁ%m%%g ﬂ%?@g‘%?p{"?‘g oﬁd 0

m cr osecoadsancerdrifnovdrdimarRmsisthcabofitm80fotrizns peobband $n bimagbapetrath

T o clec ghabiseghangp oAl tare e fiksam THREL Suonlitéd ssmgiees
ni cr osec s wHikARAS RESE A RaRRAF RN bronbBfcdigadtintcectlat A22 raltt the

plateau 523 may result in heating of the phase-change nateri al fo a
t enper at upsstaiise\wonirhy hpteesn the sl and RESETstates unaeases over @mbedd ment |
t he vol t age. .Vm sufficiently high and the pul se duration
sufficien ?/I 8@ gﬁgﬁm}cﬁgaﬁ;@ﬁ% from the highest resistance |evel
or fromany 30other resistance |evel greater than the |owest SET

resi stan . In an enbodiment, the.voltage Vm be in the
ange rr T ¥Ry ARG RIE ATI maR S AER et Reshaneey,
or frem bpdation Bedbus@Ohintd Pafiatiots P rédisvance lstatésOmap 104dt @ donYusieH i tRM 4
Vto 6 V. In an enbodinent, the pulse duration T6 nay be in the range

from a f dgnfidpgicacefnaemery satge s man reduse see sigbilityapbdalp mefersipn in
phase-ch ter.l r ters ol i of
t he phase-t¢ a%é%%%%nr%ﬁgg%,a?%oh%ﬁ%ggélr%}%%grﬁlgﬁﬁ(gmeﬁéeragﬁgﬁ (%glggfr%i%%lle
al | oy of phiwe-qhhageophatige. Thiseblbelt ortdiea tehase SsfOPGRAMS Giperiging Oint &ge
of the phaﬁe c@angq%énnenory cel|l, anmong other things. In an

enbodi nefulttlekel Rgdeamay betefredte apmplHevel RregianmiBghe of about 1
nanosecond to about 90 nanoseconds, or in the range of about 10
nanoseconds to about. 80 nanoseconds, or in_the range of about 30

nanog8coh¥P3{ dn 38 smbwiimantnasTEbRYse My bty a signeleciisdi prlsg Withhe
fanosEeo) . : . y
bl at eau S8 pdfof SEnRE oY BOlp Uil B bids tifie IR ARt

t he pl at 88T palkte rhay annecibdaei onystllizatiet pescebseai dridndrifalalli pliasedhends?26
may bring the anplit pl at eau down to _zero, In an

enbodi meMeIER megﬂp%mn%ngﬁi Yrteeaygdlses ebe pryius apeIRg
mat eri al sRekQWdhatl-ash et bt} EQR. tenperature. Simlar 15 to the

| eadi ng edge 520 'and pl ateau 521, a high bias voltage for plateau 525

and long heating time T7 nay be required to SET the PCRAM fromthe

hi ghgst r&f I ' :] au
528 gy BAOSRFRE SRSk bR BPRAG\RGes LTI, DBl
heat i ng shape afid/oc dutatioheffthofE T anize.cnendsnhalimenty tedowadsnplitede88iTng

h - teri t , | | e, )
onp asepgﬂg rr]x’gaey bqaacoei\itql)ae‘gblé) %Etﬁqgwevro?tagseu(c,‘R/I8§ tech(l)lglo%?aﬂxpaneembodlment, a
bias pulse may be used to prevent quenching and/or the re-amorphization of a phase-

change material after a high voltage electrical pulse is employed. In an embodiment,
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20 di nensi ons of the phase-change nenory cell, the conposition of the
chal cogeni de all oy of the phase-change material, the threshold
swi tching voltage of the phase change nenory cell, anong ot her

things. I#g r of
I . e RIEGHIP Bhat{ BT BT, JF Rl e AP
about 50 fnamdbenednism tangammtanaé)&va]s ¢to asemanadowest redisthrive Smh@eelotn

about 100 25 nanposecond o] out 100 m croseconds, or. in_the range
of about B0BMRHTBEEL SIS idmissdaey HBPIOVE R EQNSHRICY oY they Sﬁﬁerefﬂaﬁg%e of

about  80QA09AE GeRRFe taooe@t@pslé 1&%&&&9 ® Lol o' Belif ﬂq? Pq;e
about 1 m crosecond to about 30 crose ond n t e range o

about 510 avhizvod ecthndE Tt mlsboay alQ@bmmddee@untiahze[tMHOEhM gud pre@erghiows
the correlati.on P es., and 30 bias voltage
accordingkp8d5ﬁﬁgﬁﬁﬁﬁﬁﬁﬁﬁgRA %@%fﬁgﬁ%ﬁi elfSs is illustrative
and not intended to be limting. Blas voltage along a horizontal axis
602 and r t.ance creas al a ve axis 604. In_an

enbodi mar{ﬁaé@ gy @ég?‘ﬁbé‘ w1 f% malife @%ﬂ%@m& RECOBERANP o m
a hi gh regidanes. ?h@tsl@apEQ)fttH@ Sﬁli pUl&S 560 %"‘f?ﬁsiﬁﬁwe'dﬁdaﬂbt‘?ﬁ@ dnE%rBe a

bias voltage V52 may be required to SET the PCRAM from a ne
r esi st andaniéingt Eime lltm@S@EﬂTon@sl Iriznutel Rsis 502 aud ‘e:dtagdﬂmmea:sps alobgais

vol tage 5 Vi equ dto he, PCRAM fro Iowrelstance
stat 8% o tﬁ%%%’# @gl i g‘h Bpgim ﬁ%ﬂt Pl ?y lme&nﬁlkﬁiﬂ‘fa&b’%
V51, V52,edand2y/aad Waﬂé@u @zf fmraenémb@diﬁeﬁaafhu@ﬁaémf Hi?gﬂeola\/somﬁg@szg

V131, Vg2, and Vg3 E{gend on phase- change mat eri al paraneters

such as, D&t b%ﬁlanwed tQjS k¢ BRRA frame thehiigkest Iesistpncaderst gr feml anyt he
t t
Coos okl SRYERYAR BLIesPlet ISR TR AR SRLEL AN,

Vg2, and thdRBgaay tltmebmmvamge Nangey bé fOmloY ¥ @ 0,33V Mn 408A0dimeaite 7
shows a m,lhlél | evel S,[program'n g cycle according to an enbodi ment The
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I'n an en@ﬁ%g@%ﬁtenﬁ mgérgﬂllef%rssﬁl-ﬁhpég ?%E%G@S Y5RdsibRs SME glge{s,?%gwhﬂ

to the 15 common resi stanceé regardl ess
previ ous ntrﬂrg:bryrcekl,l the aompoditaredSthe Ichalacugeardacalilomelﬁthe plasé-chmgShhtqrisl,ses

of varyi i t,udes. and be, used to sw fch the to
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to RESET phase- change menory cells to a high resistance
20  about 500 microseconds, or in the range of about 50 nanoseconds to about 200

microseconds, or in the range of about 100 nanoseconds to about 100 microseconds,
or in the range of about 500 nanoseconds to about 80 microseconds, or in the range of
about 800 nanoseconds to about 50 microseconds, or in the range of about 1
microsecond to about 30 microseconds, or in the range of about 10 microseconds to

25  about 20 microseconds.

[0098] In an embodiment, the leading edge 522 and plateau 523 may result in heating
of the phase-change material to a temperature above the glass transition temperature.
In an embodiment, the voltage Vi may be sufficiently high and the pulse duration
sufficiently long to SET the PCRAM from the highest resistance level or from any
30 other resistance level greater than the lowest SET resistance level. In an embodiment,

the voltage Vy may be in the range from 0.3 V to 10 V, such as, for example, from
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20 state HR or a mediumresistance state MR In an enbodinent, the
fractional crystallinity of the phase-change material in the nmedium
resistance state is higher than the fractional crystallinity of the

phase- chaggey pRi@Ex/ allfrbfmtbﬁow v %t@@&gxﬁtcﬁ%ﬁnkﬂzmwﬁpﬁ%mh

a single SET pulse’711 may be "enployed to swt’ hase- ¢ ange
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el ectrical pulse. In an enbodi ment, the si ngl e SET se 71
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dlfferent e i St ance Ie S 00103] I n anot h enbodi . var ous
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SET pul s r .high speed data
transferelﬁ ﬂﬁe %ﬁgee%a@gﬁgggﬁﬁg&gmi %\l%b t"%a%%%cﬁ ‘fln gh vol tage and
long duration may be required to SET the PCRAM from a high resistance

st at d T 723 | owe ter
dur at1%on 18T AE et S i QBuE s SoavreY Brib Uiabliteid Ve
resi st anakwai tatthe plifau 3D taving ihogsnameyeleR o havinge difeRhelkel Ik Ja(ié
pr ogranm n% of the PCRAMto the sane | ow resistance |evel LR
F

[ 00104] FiRkgea! é%h&/\éﬂaﬁ%‘zﬂﬁi@ﬁﬁmﬁ @nmiargiramnéffalélnsw@ﬁ%maa by ghe
Change ”%Hﬂﬂﬁh atéﬂ%%}&% 2’&4’& rfnhﬁg: ‘?ﬁlai%s, tﬁlﬁcﬁ?a(rgfnent Sﬁo?lrd]ggt’dhee

enbodi nment hemati c diagram inc conp
| ayout ofheatigg obﬁpqnhagﬁ-d;ange madtdria belatv the @m trembition tanpteshutcd Sh@ilar

| ud
ot e 1P ooita e BB GTSS S0 41 Elaa S0 e Fioa yoLNS HelfRs SHS AN
array 80Qchmye el T hﬁ?rbé fgqﬁﬁé@tt@@E"P‘ fHe PERAWI tﬁdﬁ??h@ﬁ%ﬁest%@%gtance

802c, such as, for exanple, transistors (1 ncludin but
limted tevel MEmodMTgh@' alllipbt!tés of plateay 586 ey telin (ﬂ[ertanga/efso l Rato

T SeT B N BRI ARG GRR. b BRUTIEEL Do B SRR ST
microseconds, depending on phase-change material parameters such as, for example,
20 dimensions of the phase-change memory cell, the composition of the chalcogenide
alloy of the phase-change material, the threshold switching voltage of the phase
change memory cell, among other things. In an embodiment, the time duration T7 may
be in the range of about 1 nanosecond to about 500 microseconds, or in the range of
about 50 nanoseconds to about 200 microseconds, or in the range of about 100
25 nanoseconds to about 100 microseconds, or in the range of about 500 nanoseconds to
about 80 microscconds, or in the range of about 800 nanoseconds to about 50
microseconds, or in the range of about 1 microsecond to about 30 microseconds, or in

the range of about 10 microseconds to about 20 microseconds.

[00100] Figure 6 shows the correlation between PCRAM resistance states and
30  bias voltage according to an embodiment. The shape of the curves is illustrative and

not intended to be limiting. Bias voltage along a horizontal axis 602 and resistance
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20 804a, 804b of the nmenory array 800. The progranming circuit may be
configured in use to provide a programmng signal to the one or nore
resistive nenory cells 804a, 804b to programthe one or nore

resi sti Ve RRARLY 664 lasveﬁ%ggxig%bf: Ime gltn t BaRRd: M Bas vtcﬂﬁg% &Bi‘é\%l%fpgs

802a, 802b, 802c may be us to se e resistive ne
be progr armqeued FOSEE tenfTRAMrem d IGgh wesigtimcBOR& toshs SETahsistaidN 5 In

dIC itch,802b i it d F, i sti | 804a i
el ected FhPTEPOGRRm RESWRES Mar R Pt GAoP ol the B tgan ng
circuit, wadiugl rdsRENSs MR BAPKETCRLEAGAR,. IR Ml REhest R¥%idsh\Ritage

progranm ng signal. [00105]1n an enbodi nent, the progranm ng signal
may i ricl uMes aRyepetagpirehko SEFuths CRAM frobi adowulesistavgughtedioviht IBETe

el ectrical_pulsep ln an enbodi nent, the 30el ectrical pul na

i ncl ude allr?mgtég%? rRlsch‘ %F@O%ﬁep e BAY VPﬁ%geBi{é%l’ p _2sé'm§rae¥‘33i ﬁw'ulafe
at | east diferdat,agndpedch fHBE biRnsoltabss & xf UVLheahd erladhyrasiendt HE phase-
el ectrical pulse portion nmay be positioned bet ween the at |east two

bi as pul s1aBge maserial naFareierh suelk api fas cpampls, duyenisivos fethe phaterchgage

bel ow a t j i f [e resistive.
menory ce&%@g%{:@,’ ﬁ?o%gyoﬁﬁoéﬁké%%g%ﬁ r(‘)r%én'?(,?e @E)& ‘%ﬁ%g? aﬁﬁicﬁ%‘lgﬁ gral gy
i ncl ute aanp@gkotiert thage. mb@ventditmedty eshalfbigawdlaiés gy Mghamd Wi, hie
one or re 5 resisti menory cells 804a, 804b. In an enbodi nent,

t he one elﬁﬁ?"e@“&%Péé{&\Vetor%}r&ry cells 804a, 804b of the nenory array
800 include one or nore phase change nmenory cells. [00106] 1 n an
enbodi nent, the programm ng signal may include an electrical pulse
portion, BAWH: | ediguiend Fiows unyiéileyst mregiamming carlecagoorhing fol e

portion tb?ﬁﬂ&ﬁ:ﬁ@mﬁ@ﬁé gﬂﬁ@@@ﬁt@%??& i?lﬂ?tr e'aﬁ@ﬁ@t ihta 4 Bodinfifig. n
portions. I n an enbodi nent, edch o e at leas Wo Dbi as” pul'se
porti ons amagmbodineds @ singkpSETI mése aldyabe ubal covswitthrtes IRERASMWG @i ng

| t f th | St [ | 804a, 804b. |
enbodirefPMIEHL ISVEY TaHHG SEGratelnaseareruat te praiouoiel gesiaBets
the thregbalid 18 WhietlboBtnee! Ja2i98s SETIREsOE VAN ISl {16 3ds Sl Wi afis Ry

cel | s 804a, 804b. In an 15 enbodi ment, the one or nore resistive
menory cedleluse@swit@OudHPERAM¢o the romynaar lowyst8eistanvelSkdelevele or nore
phase change nmenory cells. [00107] Figure 9 shows a bl ock diagram of a
phase change nmenory |1 C for nenory chip inplenmentation according to an
enbodi nedf01024 an dnirndémiatiment) RESEIS pulsbaAgle and (708 ywitlC dififigrentnmilsede

control %Imrlglwoflsr X‘la?fabze geod ftg %Sendf 11-'31('?as%-ec: gﬁé"et I%CI%OI’Y cells to a high resistance
20 state HR or a medium resistance state MR. In an embodiment, the fractional
crystallinity of the phase-change material in the medium resistance state is higher than

the fractional crystallinity of the phase-change material in the high resistance state. In

an embodiment, a single SET pulse 711 may be employed to switch the phase-change

memory cells to a commeon SET level having lowest resistance LR, i.e., the SET state,

25 regardless of the previous resistance level of the phase-change memory cell. In an
embodiment, the single SET pulse 711 may include a sufficiently high bias pulse and

a high amplitude electrical pulse. In an embodiment, the single SET pulse 711 may

enable the complete crystallization of the phase-change material from different

resistance levels.
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20 control signal 904. In an enbodi ment, the control signal 904 may
be a read control pulse (such that a read operation is perfornmed on a
phase change nenory cell) or a wite control puI se (such that

i nformati writf.e ﬂﬁéﬁ gﬁglg L
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of Figure 5. In an enbodi nent where the wite driver 910 is
configured to provide a 5 RESET pulse, the wite driver 910 nmay be
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with or without the use of the bias pulses. Wth the RESET pul se, the
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resistan e %9911 ﬁrg?ﬁd; t RFE c

may be c%ﬁ?‘?‘ﬁgﬁ{rce%la 8@%#@? grhst & addr esasn dct:illrgc1 : 0?9}5? &J@gﬂ%h@é w2
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be further configured to convert the small anplitude of the signals
922 rPBad %0fa:t394b B the memoryoarray 00 Thg eregrgnmang erqyifanay begonfigueed ing he
smal | si r i 0 I n an
enbodi rre%l'%J @kosw%ggnigr?g? ggrgﬂlrﬁll}g@%h I'JO tﬂ@o §rdlglggé }e%mt‘?\ge m% %Olc—%g;hgﬁo Sfi ve

menory cé&Dils, tos prigrams , thé odnee xanmbe, ralsmlvarmbmbyy @Ell@m@ gbamgen an
menory cel | s arran and M col ums, ch as, for exanple

e
t he menmpFiRLRATRERt, quSV#FCBESr 8022, 302p- 7 5gmay ;hemsaql it yelsqst ﬁh§§F§§tI‘I73e
nmenory c I exgled I
r ow decod%eérn% géﬁa@gg? (fhiz}nh%@ toaghp?é(; cogs{[C g"ﬂt&ngc(%g?l gure
convéft waheé ICogvitchl SGdiseswitétd ©OBFarasttivadutresy et 8@ta Isi madaerﬁaﬂfor
wherein the row. addrlga]s sel ect |ine %2#{3 sel ects one ,row of ..t he N.rows

of resi sPTRESREIRE VIR HG ROFARMing F&p %Pﬁ%ﬂ?}gn%ﬁ?wﬂg‘z ilstrgsistye
embodi meRfemdty e6ll 809b id VAP TeORAhERYo dritfild gﬂﬁalmto 2i " decoder to
convert the Ioglcal address 918 to a col um address select |ine 930,
wherein the col um address sel ect I|ne 930 sel ects one colum 30 of
the M cofgyros) of rmﬁtemvb%dmrm AR by §fGudEEIPEYcRELIRY
920. Fortexan%)l e, If the colum aa ress seI ec%ﬁ% ngy930 I'S con?lﬁgured
t o sel ecpulsteargi ﬁ|b1@opu|lﬁn coupled with the electrical pulse. In an embodiment, the

30  clectrical pulse may include an electrical pulse portion, and the bias pulse may include

at least two bias pulse portions. In a further embodiment, the electrical pulse portion
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of a menory array 800 of Figure 8 (wherein colum enuneration starts
fromthe left) and the row address select line 928 is configured to
select the 1st row of the nenory array 800 of Figure 8 (wherein row

ti . i .
Fosurt i rReos B EAOBI AR oMt IR ERFRR O RS WinaREts BaTpIR

of resistige indnds p vdtalge 3@Idw aAdueshdidgivitching siolihges @f ntheramg  aehore
804b may be read if the contr signal 904.is a read control,. pul se.
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witten) influie SRV HagS i85 (1R0hrdshol ¥WritdeneC OMkdpR! o Ptk Séhe or more
Accordingly, the cooperating effects of the address circuitry 912 and
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these al traematyiosfls, i nclude all forns of nodifications to the bias

vol tage, applied voltage and/or pul se durations. In addition, the
alternative pul ses used may al so be used to SET the PCRAMto the

common | quesls]! evelmSaTehiRsdisbRnaR ﬁ%gﬁaﬁ]ﬁ%@%ﬁﬁn{a\kgﬂaﬁdé &% bRLARGE
state to the comon | ow resistance |evel. 0I11] Wile the invention
has been Bygetnasivomrang aé fragintvemnbliasi pylse ipbeibng thh clasfrinak pulee portiopdsing c
exanpl.e ' ' . un stood by those skilled in the
art e ToarPBEEbieel bt R bR el SRR e gt 1

Wi t hout depeist tvag biak Qiilseprtiglisihiy arthdecdpRpedtive Welthgd BElbOA tidsshold
defined by .the appended 20 clains. The ,scope of the invention is thus
i ndi cat edWiphingevolisge iiclie ng o mese rasistivenmegesy wallt 804204k tIni an

t he meani Y '

i nt endod Lot RO BrferfiHe S oy RhotbtPa G BB Sodath b o
resi sti vewntehimgyvadiegt oft the anet boeharenpsistbiengienpryo el 8044 §04bgriaran ng
s gne}ls t %mtbr(]) irrr1§1 ,I tl?uta I(n\{g opl?lg})erl%si(s:t?\lré Ihelglg?y Eeru%gsro?tgrgoﬂg of the memory array

800 include one or more phase change memory cells.

[00107] Figure 9 shows a block diagram of a phase change memory IC for
memory chip implementation according to an embodiment. In an embodiment, the
phase change memory IC may include control circuitry 902 configured to generate a
20 control signal 904. In an embodiment, the control signal 904 may be a read control
pulse (such that a read operation is performed on a phase change memory cell) or a
write control pulse (such that information is written into a phase change memory cell).
In an embodiment, the control signal 904 may be transmitted to each of a biasing
circuitry 906, a sense amplifier 908, a write driver 910, and an address circuitry 912.
25 In an embodiment, the control circuitry 902 may be configured to control the biasing
circuitry 906 and the write driver 910. The write driver 910 may be configured to
provide a SET pulse and/or a RESET pulse. In an embodiment where the write driver
910 is configured to provide a SET pulse, the biasing circuitry 906 may be configured
to generate a bias pulse 914, such as, for example, the bias pulse 103 in Figure 1, or
30  the bias pulses 221 and 225 of the SET pulse of Figure 2, or the bias pulses 521 and
525 of the SET pulse of Figure 5. In an embodiment, the write driver 910 may be
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5signal conprising: an electrical pulse, and a bias pul se coupl ed
with the electrical pulse; wherein the electrical pulse conprises an
el ectrical pulse portion, and the bias pul se conprises at |east two

bi as pul sc%nﬁgﬁlfeaqes enm% ﬁleeférqﬁiré:@vomrgé &) 1B0Fdk 1 R0 s@fbﬁﬂgg ﬁ?ﬁiﬁ%g@ig

bet ween t he eas bi as ‘pul se portions, wherein
conpr i sesxamptyd, ttlafganpbtludw of ¢dvhedhbitdas\a2lc BRhgne G26 agehoSEThmilse of

peak vol (8RB B FEs 8N o SRS ARHG Vi 20 n0p Y AEF SE e
mermory cejflFigdi@ 5. Zn arl BRLHELRAH wABRARE Wie HAVE! RO leonﬁ\glﬁé@tdﬁpﬂobﬁie a
resistive nenory cell conprises a phase change nenory c The

met hod ad%EﬁEaIT r'fgll&eo thnyvridnalriyer Q18I mey beoconﬁguvﬁdetce lgnnqsatgvﬁhdl mgmreﬂe

20 progra S .t he .resi esi s

cell to a %?%E‘SW l§e Wé g} eélfse Pﬂ@ éaglpélise%yﬁ%ry
cell. 4. RE'$ET @BISBQﬁe aesscs@xrd inft@ndro caly oLMhe n¥merly &l 920tRaydbe MR tBIaN
the threshold switching voltage is in the range fromabout 0.3 V to
about 2 \niglpresistancerf{genet hod according to claim4, wherein the
threshold switching voltage is in the range fromabout 0.4 V to about
1V 6. The method according to claim5, wherein the threshold
swi t chi nd?0H8 age il8 gmemhedigent; athg@oflﬁr@lnﬂm W26myy the edpdigured. ® V.

10  control the address circuitry 912 and the sense amplifier 908. In an embodiment, the
address circuitry 912 may be configured to generate a logical address 918, wherein
the logical address 918 may be used to select one or more resistive memory cells in a
memory array 920 for programming. In an embodiment, the logical address 918 may
be generated by a different circuit or IC chip and consequently relayed to the address

15  circuitry 912. In an embodiment, the sense amplifier 908 may be configured to sense
the signals 922 read on a bit-line when a read operation is performed on the memory
array 920. In an embodiment, the sense amplifier 908 may be further configured to
convert the small amplitude of the signals 922 read on the bit-line to full range digital
signals 924, i.e., the small signals 922 read on the bit-line are amplified.

20 [00109] In an embodiment, the memory array 920 may include a plurality of
resistive memory cells, such as, for example, a plurality of phase change memory
cells arranged in N rows and M columuns, such as, for example, the memory array 800
of Figure 8 including a plurality of resistive memory cells arranged in 2 rows and 3
columns. In an embodiment, a row decoder 926 may include an n-to-2" decoder,
25 configured to convert the logical address 918 to a row address select line 928, wherein
the row address select line 928 seclects one row of the N rows of resistive memory
cells included in the memory array 920. In an embodiment, a column decoder 932
may include an m-to-2” decoder to convert the logical address 918 to a column
address select line 930, wherein the column address select line 930 selects one column
30  of the M columns of resistive memory cells included in the memory array 920. For

example, if the column address select line 930 is configured to select the 3" column
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7. The nethod according to any one of clains 1 to 6, wherein the
duration of the bias pulse is |longer than the duration of the
el ectrical pulse. 8. The nethod according to any one of clains 1 to

7, Wwher ei §f 4 Remdy atdyog00ods FIQ&e ki qﬁfhe%i‘ﬁ £8lubr® dnlimfehBioh 3098 Afm the leﬁ%

nanoseconds to m'croseconds. he met hod accordlng to any one o
clainms | t@dahewméraédmss mcalmaw&m amfighreddb ecleeti thall™ por of thfsmemotjhe

range froma conds to _about 1 m cros
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100 nanoseconds. 10 11. The nethod according to any one of clains 1

to 10,5 whertesisfivcHacmari sl &ﬂébnéﬁmrghngbd, reSis@vanmmyelirﬁﬁﬁr maydie| read
12. Th t: a wherein th
esi st et bibnShufof Bl 8 A0 B ety vt AClRbe i

accor di ng84b mhpibe pragrambrexiejon va'ltfan st the egit@gigngl S04 nah Wwistepdoavbred
for progrann1ng the nmultilevel nmenpry cell in a first resistance

| evel , arflse- SEEYAMNSHH Hifr eamRFiAgnS Fﬁﬁ%{ﬁ of @emdérn% gigcuiGy 9p? ape Ahfmicnes
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the first resistan rent fron1 e se res ance

| evel10 IotchifEhmreret hod according to claim 13, wherein the flrst

resi stance | evel and the second resistance |level are different froma
| owest resistance level of the nultilevel 25nmenory cell, wherein the
| owest rq80Ek0gnce |Alwehatbverpubsepeofiles corrédpendhg t¢ tiake deferibb® In various

embodiments, these alternatives include all forms of modifications to the bias voltage,
applied voltage and/or pulse durations. In addition, the alternative pulses used may
also be used to SET the PCRAM to the common lowest level SET resistance state

15 from a higher resistance state to the common low resistance level.

[00111] While the invention has been particularly shown and described with
reference to specific example embodiments, it should be understood by those skilled
in the art that various changes in form and detail may be made therein without
departing from the spirit and scope of the invention as defined by the appended
20  claims. The scope of the invention is thus indicated by the appended claims and all
changes which come within the meaning and range of equivalency of the claims are

therefore intended to be embraced.
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mul tilevel nenory cell. 15. The nethod according to any one of
clainms 12 to 14, wherein depending on the resistance |evel of the
multilevel nmenory cell, various programm ng signals are 30 provided
for programming the nultilevel nmengryapdk!, the various programm ng
signals varying in one or nore of the tollow ng: voltage of the bias
pul se, the peak voltage of the programm ng signal, the duration of

the bias pulge, the-duration.of the.electrical, puls 16. A

et hod Ton- pRobbE o B R ik s S RGP bER e My oo panfifiing
resistive 5 rﬂimﬁﬂmg&rﬂra%ranﬁrhﬁg Biph#1Q6 tIEe0reFktive o @MW e Pgogamming
progranmm ng signal to the one or nore resistive nmenory cells, the
progr @i ng STYRhFOBRIISNS si ng: an el ectrical pulse, and a bias pul se

coupled with the el ' e; 1Owherein the electrical pulse
conprises an elegﬁrelgacb 1§£H%%rtion, and the bias pul se conprises

at | east two bi aabjusipmisepouplednsth théreleattieditpulsepl pul se portion being
posi tioned b%lgglq tﬁehe ec%glcall %31552 C(F)I}lll\gri?tgs?usl eﬂléflzn'scgl ;E)u%t;[ Ii)o?‘tni(s)r’l, and the bias
pulse comprises at least two bias pulse portions, the electrical pulse portion
10 being positioned between the at least two bias pulse portions,
wherein the bias pulse comprises a voltage below a threshold switching voltage
of the resistive memory cell, and
wherein the programming signal comprises a peak voltage above the threshold
switching voltage of the resistive memory cell.
15

2. The method according to claim 1, wherein the resistive memory cell comprises a

phase change memory cell.

3. The method according to any one of claims 1 or 2, wherein providing the
20  programming signal reduces the resistance of the resistive memory cell to a level

corresponding to a SET state of the resistive memory cell.

4. The method according to any one of claims 1 to 3, wherein the threshold switching
voltage is in the range from about 0.3 V to about 2 V.

25
5. The method according to claim 4, wherein the threshold switching voltage is in the

range from about 0.4 V to about 1 V.

6. The method according to claim 5, wherein the threshold switching voltage is in the

30 range from about 0.6 V to about 0.8 V.

7. The method according to any one of claims 1 to 6, wherein the duration of the bias

pulse is longer than the duration of the electrical pulse.
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wherein the bias pul se conprises a voltage bel ow a threshold

swi tching voltage of the one or nore resistive nenory cells, and
15wherein the programm ng signal conprises a peak voltage above the

t hreshol d switching voltage of the one or nore resistive nmenory
cells. 17. The nmethod according to claim 16, wherein the one or nore
resi sti ves. fbanrethodeictadingrtp ming enooiclamsrivod, phase the dngptioneifitrebias
cells. 20 18.. A pethod {_or pro%rag?m' nﬁ%@ r%gistive menory cell, the
net hod cd’i‘#ﬁﬁi%’i © TaNEH OF BRNPSeLNAs WJRICHSFRIIST gnal to the resistive
menory cell, the programm ng signal conprising: an electrical pulse

portion, and 25at |east two bias pulse portions, the electrical pulse
porti 6n Pelhgmsdwdiacentdingtie aneere efwdaims 1l teds whesetn thee dyratioh o the

: : . hoof th bi .
Do om0 b h ab SR e Bh B PR AR SBReage o
the resistive nenory cell, and wherein the progranmm ng signal

conprises a geeak vol t age above the threshold 30sw tching voltage of
the resi d0i Ve method poosding ta gny enepsieiips 4 3p & whersindbagwiatomgf denenor y
array, - g ARG E e GAMRY h Aouc A MFunBlecR & Ji55H fld o EIRAY
cells; an a progranmm ng rcult coupled w the one or nore

resi gbive nmenory cells and configured in use to provide a progranmm ng
[ | tq.t i sti

signa o11. Ji]l?e r?lgt%og rﬁccr(r)?éigg r&)e eslrllysoxievoqf claims 1 to 10, wherein the resistive memory

cell is a binary memory cell.

12. The method according to any one of claims 1 to 10, wherein the resistive memory

15 cell is a multilevel memory cell.

13. The method according to claim 12, wherein a first programming signal is provided
for programming the multilevel memory cell in a first resistance level, and a second
programming signal is provided for programming the multilevel memory cell in a

20  second resistance level, wherein the first resistance level is different from the second

resistance level.

14. The method according to claim 13, wherein the first resistance level and the
second resistance level are different from a lowest resistance level of the multilevel
25  memory cell, wherein the lowest resistance level corresponds to the SET state of the

multilevel memory cell.

15. The method according to any one of claims 12 to 14, wherein depending on the
resistance level of the multilevel memory cell, various programming signals are
30  provided for programming the multilevel memory cell, the various programming
signals varying in one or more of the following:
voltage of the bias pulse,

the peak voltage of the programming signal,
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menory cells to programthe one or nore resistive nmenory cells, the
progranm ng signal conprising: 5an electrical pulse, and a bias pul se
coupled with the electrical pulse; wherein the electrical pulse

conpri ses an&%&?ﬁtféfo@th%hfﬁul?@” ion, and the bias pul se conprises
| ons,

at |east two as pul se por the electrical pulse portion being

posi tioned beieiemidnhee th elb@fisd] pulwe. bi as pul se portions, 10wherein
the bias pul se conprises a voltage bel ow a threshold sw tching
vol tage of the one or nore resistive nenory cells, and wherein the

progr anmijRgSi ' I ] el d
i Ceni naCuATpaRgt S BFEIEM SRR i LG BRAKEY L A BSOREE o0,
The nmenomknapparay,the actoddongrisimgc| ai m 19, wherein the one or nore

resistive menory cells conprise one or nore phase change nenpry
col l's. 21, APHFG RRGEEPIG SR P 950 & MEHIRY SR EmoBHe eHor y

array conpri ﬁ}dg%mﬂﬁ-%%aﬂwﬁpﬁﬁ%ﬁtive menory cells; and 20a
. [ prist

progranmi ng circuit coupled w he one or nore resistive nenory
celI's and confi gan dedctiigal puksctandpr ovi de a programmi ng signal to the

one or nore resistive (cJEIDE V. © | 1,s tlo {@? ramthe one or nore
resistive menory® 8éF PEC tHE %196@? h}ﬁﬁ ?‘F&Q g}‘rlé‘?{ conprising: an
el ectipi cal puheRiIPHElelcRMcaPhis’mbipriseast cle¥Bicllipatsepoltich, BAd tHe®s, t he
el ectrical pulse portion being ] ) ]

pulse comprises at least two bias pulse portions, the electrical pulse portion

being positioned between the at least two bias pulse portions,

wherein the bias pulse comprises a voltage below a threshold switching voltage

of the one or more resistive memory cells, and

15 wherein the programming signal comprises a peak voltage above the threshold

switching voltage of the one or more resistive memory cells.

17. The method according to claim 16, wherein the one or more resistive memory
cells comprise one or more phase change memory cells.
20
18. A method for programming a resistive memory cell, the method comprising:
providing a programming signal to the resistive memory cell, the programming
signal comprising:
an electrical pulse portion, and
25 at least two bias pulse portions, the electrical pulse portion being
positioned between the at least two bias pulse portions;
wherein each of the at least two bias pulse portions comprises a respective
voltage below a threshold switching voltage of the resistive memory cell, and
wherein the programming signal comprises a peak voltage above the threshold

30 switching voltage of the resistive memory cell.

19. A memory apparatus comprising a memory array, the memory array comprising:

one or more resistive memory cells; and
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positi oned between the at | east two bias pul se portions; wherein each
of the at |least two bias pulse portions conprises a respective
vol tage bel ow a threshold swi tching voltage of the one or nore

resistive ne . reln.,t r ' signal
conprises a p@eéégl\%% 11%121633‘5\,@%%%%%6\5@%%;&%8Egﬁ%\;m@{gg‘ﬁﬁﬁ%mg fya%%lsgfldt he
one or nore reafigined éh 6RO Hyovidd 4 frograddninERENAERHhY oRP@analeWssistive
according to claim2l, wherein the one or nore resistive nenory cells
conpri se one BeMoRCEllyipprag@pLiig eneRHPPLE reE st memory cells, the

programming signal comprising:

5 an electrical pulse, and
a bias pulse coupled with the electrical pulse;
wherein the electrical pulse comprises an electrical pulse portion, and the bias
pulse comprises at least two bias pulse portions, the electrical pulse portion
being positioned between the at least two bias pulse portions,
10 wherein the bias pulse comprises a voltage below a threshold switching voltage
of the one or more resistive memory cells, and
wherein the programming signal comprises a peak voltage above the threshold

switching voltage of the one or more resistive memory cells,

15  20. The memory apparatus according to claim 19, wherein the one or more resistive

memory cells comprise one or more phase change memory cells.

21. A memory apparatus comprising a memory array, the memory array comprising:
one or more resistive memory cells; and
20 a programming circuit coupled with the one or more resistive memory cells and
configured in use to provide a programming signal to the one or more resistive
memory cells to program the one or more resistive memory cells, the
programming signal comprising:
an electrical pulse portion, and
25 at least two bias pulse portions, the electrical pulse portion being
positioned between the at least two bias pulse portions;
wherein each of the at least two bias pulse portions comprises a respective
voltage below a threshold switching voltage of the one or more resistive
memory cells, and
30 wherein the programming signal comprises a peak voltage above the threshold

switching voltage of the one or more resistive memory cells.
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22. The memory apparatus according to claim 21, wherein the one or more resistive

memory cells comprise one or more phase change memory cells.
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