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[ 0002] M croprocessor -accessi bl e nenory devi ces have traditionally
been

TITLE OF INVENTION

PHASE CHANGE MEMORY STRUCTURE WITH MULTIPLE RESISTANCE STATES
AND METHODS OF PROGRAMMING AND SENSING SAME

FIELD OF THE INVENTION

[0001]  The embodiments of the invention relate generally to the field of
semiconductor devices and, more particularly, to resistive memory devices, e.g., phase

change memory devices, having multiple level resistance states.

BACKGROUND OF THE INVENTION

{0002}  Microprocessor-accessible memory devices have traditionally been
classified as either non-volatile or volatile memory devices. Non-volatile memory devices
are capable of retaining stored information even when power to the memory device is
turned off. Traditionally, however, non-volatile memory devices occupy a large amount of
space and consume large quantities of power, making these devices unsuitable for use in
portable devices or as substitutes for frequently-accessed volatile memory devices. On the

. other hand, volatile memory‘ devices tend to provide Jgreater storage capability and
programming options than non-volatile memory devices. Volatile memory devices also
generally consume less power than non-volatile devices. However, volatile memory

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

f0003]  Research and development of commercially viable memory devices

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



classified as either non-volatile or volatile nmenory devi ces.
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BRI EF DESCRI PTI ON OF THE DRAW NGS [0009]FIG 1 is a cross-sectional

view of a two-state phase change nenory cell in accordance with the
prior art.wpoQodsdiséd76s 2A is a cross-sectional view of apdhuesabane
phase change nmenory cell in accordance with the prior part.

[0011]FIG 2B is a graph of the total resistance of the phase change
menory cell of FIG 2A in response to differing programvoltages.

structure may grow. A stronger melting current is used to melt the GST material for
subsequent cooling to an amorphous state. As the typical phase change memory cell uses
the crystalline state to represent a binary 1 and the amorphous state to represent a binary
0, the crystallizing current is referred to as a write or set current lser and the melting
current is referred to as an erase or reset current Irst. One skilled in the art will
understand, however, that the assignument of GST states to binary values may be switched

if desired.

{0007]  Phase change memory cells known in the prior art typically have two
stable resistance states, corresponding to the binary 0 and 1. Thus, a conventional two-
state phase change memory cell ¢an store one bit of information. Phase change memory
cells with more than two stable resistance states are desirable because they would allow
each cell to store more than one bit of information, thereby increasing memory storage

capacity without significantly increasing storage device size or power consumption.

[0008] Researchers in China have proposed one such multi-state phase
change memory cell using stacked calcogenide films as storage media. See Y. Lai, et al,
Stacked chalcogenide layers used as multi-stage storage medium for phase change memory, Appl.
Phys. A 84, 21-25 (2006). As shown in FIG. 2A, the proposed multi-state phase change
memory cell 200 comprises a bottom elegtrode 201, a pure G5T layer 202, a tungsten layer
203, a silicon-doped GST l-ayer. 204, and a top electrode 205. This proposed phase change
memory cell 200 provides three relatively stable resistance states (1), (2), and (3), as
illustrated by FIG. 2B. Implementing three-state logic with cell 200 is difficult. Thereisa
need for a multiple bit phase change memory cell which is easily implemented and which

provides more than three stable resistance states.



[0012] FIG 3A is a graph of the resistance of each el enent of a phase
change nmenory cell constructed in accordance with an enbodi nent

di scl osed Wweressmsosrer esponse to differing program vol t a883us2008/060000
[0013]FIG 3B is a graph of four stable resistance states of a phase
change menory cell constructed in accordance with an enbodi nent

di scl osed herein. [0014]FIG 4 is a flowhart illustrating a nethod
of programm ng a phase change nenory cell constructed in accordance
wi th an enbodi nent di sclosed herein. [0015]FIG 5A is a

cross-sectional view of a phase change nenory cell having two
elenments of different lengths in accordance with an enbodi nent
di scl osed ' herein. BRIEF DESCRIPTION OF THE DRAWINGS

[0009]  FIG.1is a cross-sectional view of a two-state phase change memory

- cell in accordance with the prior art.

{0010]  FIG. 2A is a cross-sectional view of a three-state phase change

memory cell in accordance with the prior part.

[0011] FIG. 2B is a graph of the total resistance of the phase change memory

cell of FIG. 2A in response to differing program voltages.

[0012]  FIG. 3A is a graph of the resistance of each element of a phase change
memory cell constructed in accordance with an embodiment disclosed herein in response

to differing program voltages.

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

memory cell constructed in accordance with an embodiment disclosed herein.

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

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

[0015]  FIG. 5A is a cross-sectional view of a phase change memory ceil
having two elements of djfferent-'léngms"i'rl aqgordénce with an embodiment disclosed

" herein.

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

disclosed herein.



[0016] FIG 5B is a cross-sectional view of a phase change nenory cel
having two el enents of different cross-sectional areas in accordance
W th art ewbadésmosssdi scl osed herein. WO PCT/US2008/060000
2008/ 150576PCT/ US2008/ 060000 [0017]FIG 6A is a graph of the

resi stance of each el enment of a phase change nenory cell constructed
I n accordance with art enbodi nent disclosed herein in response to
differing programvoltages. [0018]FIG 68 is a graph of six stable
resi stance states of a phase change nenory cell constructed in
accordance wi th an enbodi nent di scl osed herein.

[0017]  FIG. 6A is a graph of the resistance of each element of a phase change
memory cell constructed in accordance with an embodiment disclosed herein in response

to differing program voltages.

[0018]  FIG. 6B is a graph of six stable resistance states of a phase change

memory cell constructed in accordance with an embodiment disclosed herein.

f0019]  FIG. 6Cis a cross-sectional view of a phase change memory cell
having three elements of different lengths in accordance with an embodiment disclosed

herein,

[0020]  FIGs.7A-7C are cross-sectional views of a phase change memory cell
configured as a stack cell in accordance with an embodiment disclosed herein at three

stages of formation.

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

embodiment disclosed herein at four stages of formation.

{0022}  FIGs. 9A-9F are cross-sectional views of a phase change memory cell
configured as a vertical cell with elements of dlfferent Tesistivities in accordance with an

embodiment disclosed herein at various stages of formation.

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

embodiment disclosed herein at three stages of formation.



[0019]FIG 6C is a cross-sectional view of a phase change nenory cell
having three elenents of different | engths in accordance with an
enbodi nentwaoieedesxg herein. [0020] FI Gs. 7A-7C are cr osraenbis®babo
views of a phase change nenory cell configured as a stack cell in
accordance with an enbodi nent di scl osed herein at three stages of
formation. [0021] FI Gs. 8A-8D are cross-sectional views of a phase
change nenory cell configured as a vertical cell with el enents of
different lengths in accordance with an enbodi ment di scl osed herein
at four stages of formation. [0022]FI Gs. 9A-9F are cross-sectional

views of a phase change nenory cell configured as a vertical cell

with el ements G024 f fldteiilArldEpsttopdbivesidws efeqiesaceagainemogncell

enbodi rrent di scl osed herein at vdrious stages of fornmation.
configured as a planar cell W1th elements of different resistivities in accordance with an

embodiment disclosed herein at various stages of formation.

[0025]  FIG. 12 depicts a four-state, voltage-sensing sense amplifier, which
could be used in conjunction with the mulii-state phase change memory cell embodiments

disclosed herein.

[0026]  FIG. 13 depicts a four-state, current-sensing sense amplifier, which
could be used in conjunction with the multi-state phase change memory cell embodiments

disclosed herein.

[(0027]  FIG. 14 illustrates a processor system that includes a memory device

according to an embodiment disclosed herein.

DETAILED DESCRIPTION OF THE INVENTION

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

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

f0029]  In one embodiment, two fully-switched phase change material
elements are fabricated sharing the same first and second electrodes. The elements are

7



[ 0023] FI Gs. 10A-10C are top-down views of a phase change nenory cel
configured as a planar cell with elenents of different |lengths in

accor danceww Hbs/&os7ebodi nent di scl osed herei n at thr eep@iggess/oebooo
formati on. [0024] FIGs. 11A-11E are top-down views of a
phase change nmenory cell configured as a planar cell with elenents of
different resistivities in accordance with an enbodi nent discl osed
herein at various stages of formation. [0025]FIG 12 depicts a
four-state, voltage-sensing sense anplifier, which could be used in
conjunction with the nulti-state phase change nenory cell enbodi nents
di scl osed herein. [0026] FIG 13 depicts a four-state, current-sensing
sense afpiigFaderch Hat beirsewprdiveaesiptange P venss e eiorofwregramimng voltage

mul ti-state.phase chan mory cell emnb ﬂ% nt.s di scl.osed herein.
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devi Ce canbe achieved by fabricating the elements with different phase change materials or by
adjusting one or more element properties, such as, for example, length, resistivity, cross-
sectional area, crystallization temperature, and melting point, as described in greater detail

below.

{0030]  Still referring to FIG. 34, the curve labeled R(a) corresponds to one of
the two phase change elements, while the curve labeled R(b) corresponds to the other of
the two phase change elements. The suffix “a” or “¢” following R{a) and R(b) indicate
whether the respective phase change element is in an amorphous or crystalline state. For
example, the label “R(a)a” indicates the phase change element R(a) is in an amorphous
state. By applying different programming voltages, four stable resistance states labeled
(1), (2), (3), and (4) can be achieved. In state (1), both elements are in low resistance
configurations, R(a)c and R(b)c. In state (2), element R{a) is in a high resistance
configuration, R(a)a, while element R(b) is in a low resistance configuration, R{(b)c. In state
(3), element R(a) is in a low resistance configuration, R(a)c, while element R(b) is in a high
resistance configuration, R(b)e. In state (4), both elements are in high resistance

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

[0031]  FIG.3B is a graph of the combined resistance of the elements R(a) and
R(b} plotted in FIG. 3A, i.e. the total resistance of the phase change memory cell. Because
the phase change memory cell achieves four stable resistance states, it is able to store two
bits of information, i.e. 22 or four discrete values corresponding to its four stable resistance
states. Total resistance level TR(1} corresponds to state (1). Total resistance level TR(2)

corresponds to state (2), and so orn.



according to an enbodi nent di scl osed herein. DETAI LED DESCRI PTI ON OF
THE |1 NVENTI ON [0028]In the foll ow ng detail ed description, reference

I s made t owigh@osaseagpanyi ng drawi ngs, which form a par tpdgneeisando
show by way of illustration specific enbodi nents in which the clained

i nvention may be practiced. These enbodi nents are described in
sufficient detail to enable those skilled in the art to practice
them and it is to be understood that other enbodi nents nay be
utilized. The progression of processing steps described is exenplary
of enbodi ments of the invention. However, the sequence of steps is
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[0033]  FIG. 5A depicts a phase change memory cell 500 constructed in
accordance with a disclosed embodiment. The cell 500 comprises a first electrode 501, a
first phase change element 502, a second phase change element 503, and a second electrode
505. The phase change elements 502, 503, comprising any suitable variable resistance
material, such as, for example, Ge2Sb2Tes, are each in contact with both of the electrodes
501, 505. To achieve different respective resistances, the phase change elements 502, 503
are formed with different lengths. The first element 502 is depicted as being longer than
the second element 503, although the reverse is also possible. An elongated portion 501a
of first electrode 501 is used to shorten the distance between the first electrode 501 and the
second electrode 505 in the portion of the memory cell 500 containing the second phase
change element 503, thereby permitting the second phase change element 503 to be shorter
than the first phase change element 502. Alternatively, the first electrode 501 could be
substantially planar while the second electrode 505 contains a lowered portion fo make
contact with the shorter phase change element 503. A dielectric material 514, such as, for

example, SiOz, surrounds the phase change elements 502, 503.

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

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



[0030] Still referring to FIG 3A, the curve | abeled R(a) corresponds
to one of the two phase change el enents, while the curve | abel ed R(b)
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i n an anor phous state. By applying different programm ng voltages,
four stable resistance states |abeled (1), (2), (3), and (4) can be
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change A RERY o uci?kéoss SGbhRSreh ha%df}@%ﬁft 54 @ferehd bdt%&w@ﬁéﬁ%ﬂl\h@d and

the fi I cé states. Progranm begins with a RESET pul se 402 to
r et ur n gedresieathsevi(ga) sidnslR{Hed progrmnmhglvalta@m pétausthst ateenativee.
state (4) in which both elenments are in a high resistance

conf i gembpdonent.Alemey mﬁﬁsﬁ@e spe1ercaere-satignplareanad hejghit P%‘éﬂe‘f‘éntﬁﬂ%ﬁﬁl%lm

vort %@s&efﬁé‘swé’f@r&w@%@g TA Y 2ot e s v S

stor ed i, fadd fEer% o5 fbdial 5@@5&%‘1‘@3&1@ |a§§ch e elements 512[ $1033] FI G
5A depi ct a se change nenory cel 00 constructed in accordance

with a discl osed enbodi nent. The ceII 500 conprises a first el ectrode
501, a first [0R86k chlihgehdiiGaddtang(B, d@l%é@@ﬁ@*@f%‘éd@ﬁ&ﬁg@ﬁ@ﬂénent

503, and_a second, el ectrode 505 c}' change nt s 502 5t
conpr i SERfFoRMpute IAspad Wl“ﬁ disqqsed E?’E‘ﬁ%ﬁ‘e tgFl lg}me HEFnael 1° po
exanpl gghﬁﬁ% 2 E?ﬁn bé‘é mﬁﬁé‘&%ﬁm&% hﬂe&%f(a{abief}@mﬁ&%fsfa@é%es

501, 5 I'eve eren respective tesistances, the phase

change m%ﬁm@vﬁﬂgresﬁQac@é@véﬁbf@ﬁee\/plﬁ& @hiah gl @ndntd mr‘tg@hstate'lﬂkesé irst
el enent 502 is depicted as being |onger than the second el enent 503,
al t houghangeanenogrel dgs cell €6 OEJBEZ% lﬁﬁl eonstapcted inmgenrdanc oA afisdered of
first electrode 501 i's user} nh 8156 di stapce hetween the first.
el et 1 GTPOYEITENANE HEER3 BifcLBEBEY S AAT S0 R oPE P BFPRES
menory .cell 500 _contaknin e

ek 2 Dbl v&tagpgre%ﬁﬁ@&ghg\gggﬁeﬁbmeotﬁér TREtHiRES,

t her eb eco hase enent 503 to be shorter

than thesfdd@tcubhRassh wﬁgee@byeﬁaﬂtat&@%e Abhertnaithieiiarenttghasd dhnsge
el ectrode 501 could be substantially planar while the second

el ect r eaketeSd5orlonidjistmgank onmoetklgroettipovperidesnakle a¢ fonexemplg fengthhe

shorter phase change el enent 503, A dielectric %ﬁéﬂ al 514, such as,
for exampstwitysiros:sesinnaburusrickdlizslion empeziyte BI9hEHNE PRIES 25503,

described in greater detail below.
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[ 0034] FIG 58 depicts a phase change nenory cell 510 constructed in
accordance with another disclosed enbodi nent. The cell 510 conprises
a first elgetwadcos7yO 2008/ 150576PCT/ US2008/ 060000 511,pc&/dd2bc8fosddbdse
change el enent 512, a second phase change el enent 513, and a second
el ectrode 515. The el enents 512, 513 are each in contact with both
el ectrodes 511, 515. Elenents 512, 513 have simlar resistivity and
hei ght but el enment 513 has a lower nelting point and a w der
cross-sectional area than elenment 512. Thus, the programm ng voltage
and resistance of element 513 is reduced. Because first phase change
el ement 512 and[ ﬁeiong ,]ghase_ chang}e el ement 513 have a substantially
simlar |ength,003%¢ ralillederpag ta Bl 64 1the otrve fabeled (@) comegponSdid ashran

in FIG i i rhed h i nplifyi | de f i
' g el AR B RN P i o el ot o
same nelddmértReidthe aGvORBIRE Réc% 9(5}?4:3%81{&.6{0 a#Fh f}lﬁ%{s? gﬁe‘ngg gﬁ]ln?efqg gfthe 512

but a lower resistivity, thereby acnieving a s

pr ogr amifiy “ablot égfdolldwing ®a)AR(B), BRA RaH LRl WNALGTRO IR pxgal gmen
513 has the sane cross-sectional area and hei ght as el'enment il but a

| ower r 87245 QRMRSR irid apemorphpup of apstaiihestetey Fackample) ghedatsd M bar | y

shifted,pr.oqr 1 vpltage. A dielectric material 514 surrounds the
phase ¢ ﬁ]g(%lﬁageset? ;8 RQ%F §R%§%?W? R(b} 15 in an cyyglalise siate: Hoyagplyimgadiffesat and

5B depi = Se ry.cells.c ructed in
accor da%gcéér\%%nﬁﬁ ia‘ssl%lgg%g%%gﬁg%g? %emg%g% t Sﬁébeieldiprr&ﬁ%)n@gr( i YK Bkcancde
so | i m meldevmrd In atatel(®), SXPROOREn&Rs 56 AVh B8, ABisARR, E.é.%@éétaﬂﬂ{éoer of
stabl e resjstance states. FIG 6A shows the resistance curves for

t hree pRadfigusationgdn ethier@nthe first eEnehkisdt ahighnbsisenehamgesRMHilaRt | |
e g. _celé QQO (ghglgee%_ﬂGCs constructed in accordance with a disclosed
enbodi ment < A VB s aredn fyy HsislensueoRiiswEation.Najstate 83 pefiistand
resista g f ' f .ogr.anmm ol tage are shifted
i th rossont UHRRAR BB RIng coRhREPIL e iBe Ed R Ber R e
achi evetesjricatanifigataing. i@ae(gmotist whd cshd HEHME 2RI Bove F@ﬁ%ce
material s or by adjusting one or nore el ement properties, such as,

for exafpifiBurationgtile thelitdapianyis iv p big mesthh@nrahfigieton. [n state (5), the
crystal h.li,%alti on te rature, and_nelting point, as described in

great er et & HEFHWCY F BB sPrEs s rerCT b serod e third elements are in

a high resistance configuration. In state (6), all three elements are in a high resistance, i.e.

amorphous, configuration.

[0037]  FIG. 6B is a graph of the combined resistance of the elements R(a),
R(b), and R(c) piotted in FIG. 64, i.. the total resistance of the phase change memory cell.
Because the phase change memofy cell adﬁ;é;es six sta‘ble Tesistance étates, it is able t-ol
store six discrete values. Total resistance level TR(1) corresponds to state (1). Total

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

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

601b, a first phase change element 602, a second phase change element 603, a third phase
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[0036] Still referring to FIG 6A, the curve | abeled R(a) corresponds
to a first phase change elenent, the curve | abeled R(b) corresponds
to a secongopb@geoszhange el ement, and the curve | abel edpdR(6sh008/060000
corresponds to a third phase change el enent. The suffix "a" or "c"
following R(a), R(b), and R(c) indicate whether the respective phase
change el enent is in an anorphous or crystalline state. For exanple,
the label "R(b)c" indicates the phase change elenent R(b) is in an
crystalline state. By applying different progranm ng voltages, six
stabl e resistance states labeled (1), (2), (3), (4), (5, and (6) can
be achieved. In state (1), all three elenents are in a | ow

resi st gﬂé}%eéen?en G2y S LB elg%fd'e?w Ao QRuctlifk i$ bidliRr (cPdhat $ffiRe f 1 1 St
elenment 181N a hlgh resi stance configuration while the second and

third ehsiei shaeehdrgedn cEbdGhiante ICQrHA gul edstoimd dbiovs bat sids3)
the first and second elenents are in a high resistance configuration
whi | e theethtrHietetheak 6ftemtl a sscand eforigoted pestiant it of frstrel¢aipeda 60l riach af
state the first and second elenents are in a i St ance

4) | ow re
confi gthethresphata dhangarlements 602$Enelhas & different fesprctivadeneth, faEing

configuration. In. state t fi . I.St.d | St ance
cont 1 oaravp BTk EE Pk ettt AP ERL b oL fufhvea ey

resi st L AL A Al hB brosfbdctibdil 8Ra o BB HhEseahenden a
hi gh rggfeg?g%gﬁé%&?h_ag{ﬂog@nﬁrﬁ h%ﬁ"rg, configuration. [0037] T
gr aph efenteh€ as aedetibebatioes indthatieeenod totHi6. B, elrdietesrR(radteridREh) suremvadR( c)
plotted in FIG 6A i.e. the total resistance of the phase change
menor y thephase geogesements 6phass t8hange menory cel | achi eves six stable
resistance states, it is able to store six discrete values. Total

resistance | eyel,111 rr _ T Easist
oeer Ty USROS R Bl ek Blasgs e

6C showssRB&I RQ&iBIcBh Be &dristiatidd 85 Dickaeld. FIGE ahe(pilasteate hargedtbatnmay
cell 600. The cell 600 conprises a first electrode 601 with el ongated

por t i obe ub@ila foB0 4 iqurstdté plstse phrnge mermary eelkdsarptask cgb24s Aovadp B, phase
CnaNge e Sabmiory cellstack 700l torrRed eomprifing a Hist 18720 Of phasd Change Heataral AL,
for example Ge:SbaTes, a dielectric layer 702, for example 5i0 and a second layer of phase
change material 703. The resistivity of the second phase change material 703 is altered by
doping 704, for example with an O or N dopant, as shown in FIG. 7B. Conductive
sidewalls 705, 706 serve as electrodes and are formed on either side of the gate stack 700, as

shown in FIG. 7C.

- [0040]  Phase change memory cells in accordance with embodiments
disclosed herein can also be constructed as vertical cellsFIGs. 8A-8D illustrate a method -
that can be used to form a four-state phase change memory cell as a vertical cell. As
shown in FIG. 84, a bottom electrode 801 is formed with an elevated portion 801a, as
described above with reference to FIG. 5A. A layer of phase change material 802 is
deposited over the bottom electrode 801, as shown in FIG. 8B. The phase change material

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

12



change el enent 604, and a second el ectrode 605. The structure is
simlar to that of the four-state phase change nenory cell depicted
in FIG S5Ayandosdgewgi bed above, but adds the third el engftuatdkossnde a
second el ongated portion 60l b of first electrode 601. Each of the

t hree phase change el enents 602, 603, 604 has a different respective
| engt h, causing each to have a different resistance. D fferent

resi stances can al so be achi eved through ot her neans, such as, for
exanpl e, varying the cross-sectional area of each phase change

el ement, as described above with reference to FIG 5B. A dielectric
material 606 surrounds the phase change el enents 602, 603, 604.

[ 0039] Rblagsc ahhanpesitasTnrmed ehireuridingibe phat@rbangei ddmerthH¥di Fiéntistop

di scl osed herein can be constructed as stack cells. FIGs. 7A-7C

i |1 ust red¢eceroge Bef in deendipmmedcayir prd nseptastyvithhitmtyopbare dpageelaneass
change penory cell as a, st cell. As. in FIG 7A, nenory cell
st ack @éﬁ%‘ﬁﬁ‘ﬁﬁnw}?{m (Ol Wﬂrﬁ;w of phase change materi al
701, for exanple Ge2Sb2Tes, a dielectric layer 702, for exanple 5i02,
and a second |@yay Ofn RhaSAmGREAEE EREABb@AMeAD 3 phikechargd Bbinvhyt ¢l Of

t he second. phase change material 703 is altered by doping 704, for
exanpl econstriict@hinGearrdihed bpantith campsibawwhasechEhgs el@BentSohide came length

sidewal I's 705, 706 serve as el ectrodes and are fornmed on either, side
of the kptiffeentahagohangamaraehrompostiens. FEGs. 9A-OF illusteaigyiyyglieppriive
change nepor, |1 s in.,accordance w th _enbodi S .dksclQs ein
can o soeety afiBim Becla SEe AT s Metgry &1 A ROV GBS F A"
met hod 54 d AlcforfiRlt 8nd SHbsdhBhErRhgEAe Chagelerrirop2,cel |
as a ve%lgﬁog @Qle{g??rﬂ%sa &gov]\:n ign F?G 8?6\, a bott%ﬁl&gl ectroc?e 801 is

f or med 9g3tda ttansaplegiaseatiapg hiterial 88l ten fsmedé suer dneddn abmad wilt the
reference to FIG 5A. A |ayer of O%gase_ change material 802 is h
deposi tleattopvelectrdds 9Bbtes graval @diie othe Aditlecs mateRd 1§ lRrppdsurgmdigdhe
phase chan

el ement a8 g‘?afn%tﬁgl,reh‘glgm?ﬁ%@hii‘%ﬁ%]q%dveg%ﬁe%ﬁépﬁm@m‘a@%%?c&fﬂéﬂgﬁnﬁ@& erial
2008/ 15037 %ﬁ%@%ﬁ@@ﬁ!rﬁﬁﬂ%Qléih%ﬁm e R TRilelB6n1d 02 3

surroun ase change el enents 803, 804. A top el ectrode 805

i s t hentok@edeTo aredve aliftbrént redutdraed, omé dithe dlemems Sphmsebjetied pedapingrent s
803, 804 and the dielectric material 806, as shown.in FIG 8D. .
[0041] $05. fon exavopln Erone depiag] whils the efhgiriPReH 02 EBSRIMES ﬁﬁ%wwm y
cel | cogﬁ%éected i n accordance herewith conpri ses phase change

el enent the sane length but different phase change nateri al
conpositions. FIGs. 9A-9F illustrate two alternative nethods of

form ng such ajpphgse RehangetoWADID, it &h hiterdstivelatndimerf] @e fase change
bottom el ectrode 901 is forned. According to one enbodi nen

t, two
phase celamget 99 énformed Godirsigd@sothengemsigial. ghdislecicaryeiaigieisiommedr o
then fornmed over, and in contaci..wWifth the, bott |l.ectrod 1. as
shown i fropnésthegphiasnchigngs @E‘F‘F’i‘t@to?raf‘&?ri“ﬁﬁwei% eo‘ﬁgf%%“g E}art%haﬁﬁ?%%b? he

Tt or of0 BRI AL Pl Pt g oA ] b O o i o

t he phaggehangecRldPmRa &affe1eHOR 903 6 4 REdrRiphaloctani evneeril Rdvrgnt
resi stances, one of the elenents 903 is suﬁ%ected to doping 905, for

exanpl edfifeeant Mesthtipity thanwhe fist pieee dtahee metesirbNR i0Pmed it Franpeleicheds
shown in
in the dielectric material 906 and over and in contact with the bottom electrode 901, as

shown in FIG. 9E. According to either embodiment, a top electrode 904 is formed over and

in contact with the phage change elements 902, 903, as shown in FIG. 9E.
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FIG 9C [0042]Referring to FIG 9D, in an alternative enbodi nent,
one phase change elenent 902 is formed of a first phase change
mat eri al . Wodoedgedsi c material 906 is forned around thempinassedange
el enent 902. Alternatively, the dielectric material could be forned
first and etched to forma channel in which the phase change el enent
902 is fornmed. A second phase change el enent 903 of a second phase
change material having a different resistivity than the first phase
change material 902 is formed in a channel etched in the dielectric
material 906 and over and in contact with the bottom el ectrode 901,
as shown in FIG 9E. According to either enbodi ment top el ectrode
904 is formed [0%4S] afbasershangetragrnonyicells mh@copiﬁ@s%weﬂ?zfﬁé?@déﬁ%nts 902,
903, as_shown in FIG, 9R WD 2008/ 150@116P§§1t@g 08/ 060000 .
[ 0043] q%%@délﬁréﬁg@nr?ér?@?%@dlaépﬁﬁ‘a’é Wi A PR WEWT s
di scl os d ein be constr I a
32% |q“‘?ﬁ Pfefprrﬁlélgafﬁért ﬁ%&%ﬁ%& Cﬂ:%%re D(?&i!l(ljl? Ceiﬂiscé 1%% L1ake

t op-do our “state phase

change STBUAIH FRE l1bA2Srsarf] BGHA éié‘dﬁodeﬁﬁ)oﬁ h@mrb Porrle@ onkOAbsthdté Glot and

second ectrodes 1001, 1002 are formed on a substrate (not shown).
The fi rshbwal.eTid fagiecldddde 100l indedesan eetehéntisntipoitlile o &O0mectate
accommodat e phase change nmaterial elenents of differing |ength, as

descri i@Busprhengomateyial dempnis of difring lenatieds descrigd Predodrbp ot PR over

then peasiaateEal 100F FoER ASLE: TRASGE raLa a8 e rTE Thishee gos,
both i %%Rgé I?_chi%n %%\e'il%%g el ko R %gﬁﬁ& &h xfléldﬁ@ 1 g4, 16672,
wn |

as sho ectrlc t shown) is forned surroundlng
t he phasgh ghanget ehamenst &mcox&w&nodes 1001 and 004/4ds showain Blftolder
pl anar cell enbodi ment, a phase change nenory cell constructed in

accor dahdieldrsicit fhovmiistpmres %%@déﬁa@h‘gﬁh%ﬁ ereat slegrnisHll4s 30fe-
length but different phase change material conpositions. FIGs. 11A-E

are top-down VI:QQ&Z lI.nUSt r%l n aﬁgelﬁt%]rﬂlﬁid%ﬁ&{tvae EQQ,Q% gen{()% E@IPQ

such a phase ¢ e nenory own in FI 1IA Frrst and

second &h@&ﬁ&&ﬂﬁ%é&@&cem%@f@n{ sEBshasdanagdilagene odihe sarbhient ,
a phase change material is dep03|ted over the el ectrodes, then

pat t er riad di ferémrphasebapgremetechbogepoeitione ilss. 1103 are qRsdowR vieWswn i n

FI G 11B. To achi eve different re?tj stance one t he el enen s 1104
i s subjiBusteafngdvashrmgtivemsthodept (arming suc Bl}asmp lopamtt TR ej%she

ot her aelslthi%cgnten%é&%ﬂ&r & Ms&%@ele&ﬁﬁ%bﬁw 100 Bk RrrrdelC-A kSt to one

altern one phase ange e enent 1103 is forned of a

first pé?ﬂl&%h&l@ﬂtng8h£&fcﬁéﬂg@|matéﬁa1$§uﬁfs@sme@i d%leﬁhelerb&rodbssthempattqﬁm’ste
change el enent 1104 of a second phase change material having

di f f er efotmtesiphbsechayge diementh£108; 1184, apbbayen BHIEJEE mhe agveye deéef?er ned
between and in contact with electr des 11&,@@:- ﬂ]rD%O%Z as ﬁ W@I
FIG 11Esisianeasemed theelqmatts S04 ie§teflc5‘? hBARP pHaLE change
el eMent & 1&&2 %\Hrul%ejtge other element 1103 remains pure, as shown in FIG. 11C. Inan
alternative embodiment, one phase change element 1103 is formed of a first phase change
material, as shown in FIG. 11D. A second phase change element 1104 of a second phase
change material having a different resistivity than the first phase change material is
formed betweéen and in contact with electrodes 1101 and 1102, as shown in FIG. 11E. A

dielectric (not shown) is formed surrounding phase change elements 1103, 1104.
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WD 2008/ 150576PCT/ US2008/ 060000 [ 0045] Menory devices with
mul ti-state phase change nenory cells, such as the enbodi nents

di scl osed Wwermigmsosvgst al so conprise multi-state sense @wrphLbis@soos N
their readout circuitry. For exanple, nmenory devices with four-state
phase change nmenory cells, such as those depicted in FIGs. 5A and 5B,
require four-state sense anplifiers. FIGs. 12 and 13 depict two
possi bl e sensing schenes for sensing the resistances of four-state
phase change nmenory cells. O course, other enbodi nents and
configurations are possible, including those capable of determ ning
nore than four states as is known by those skilled in the art.

[ 0046] FI G 12 [des5} ct Meandrpdeviedsatith multi-dtatg phase nsangg nswhaywelispsuch as
sense anplifier 1200, which could be used in conjunction with the,

mul t i - $herembedimentschistinged heneisy rustalso wrpras Mkt gatgiserse sawHipE infhsir
The sense, anplif.jer_1200 oﬁtai ns the.first . bit of the 1téwo-bit resul t
by applSHaRs BN EPE SXAmE L PERPIATRTGRr BP ATHITRLS RAFSE AR 83 Tl L

Vol t 206 ROLI ESRMNANG RAGE FlGS ERLRE 3GEq R BudliAg baiae bhipludb 2nk, t he
readout "vol'tage corregpon ingto are er%nce resistance Ro. If R >

1/ 2Ro tih@RdtibQepict o pistiblesedsingdchenyd 5esenbiig tHei resistakiel of Bubstatef t he
first bit is 0, the sense anplitier obtains the second bit by

det er niphiasgchahgt memotheells e outrsey oftengrabasimends prshdinfiguradionedfest ance R

is greater_than 1/6 of the readput yqltage coryesponding to the
refere m?ém?]ésli‘@‘%‘ﬁﬁ‘tgéhw.Cali’f‘fblff:&fdd%feéﬁﬁ“’f%@%mt tﬁ%“ éoé‘{: gtﬁﬁs B} g kngwa by
Clhervm'tlslgges Wl%a%?@%”a‘}'t bit is 0. If the first bit is 1, the sense
anplifier then obtains the second bit by determ ning whet her the
readout voltage corresponding to cell resistance Ris greater than
5/6 of the regdos] voiG.ageepiosadspastate nglthge-dehdng shemehoe seasd st ance

Re. If R> 5/6Ro then the second bit is 1. Qherwise, the second bit
is 0. Fmpifiend209r whish cowlddeasedisogrivapion with b guut-sipn phagechange

COLT SPRRCLIR, NGBl Sh A%, TSR IEHS SRR L
Ve sosat st PR SRBRS el e R o,
cur r entyohegstdrtespolting tdf @il resisans & is greater than 1/2 of the readout voltage
corresponding to a reference resistance Ro. If R > 1/2Rq then the first bit is 1. Otherwise,
the first bit is 0. If the first bit is 0, the sense amplifier obtains the second bit by
determining whether the readout voltage corresponding to resistance R is greater than 1/6
of the readout voltage corresponding to the reference resistance Re. If R>1/6R» then the
second bit is 1. Otherwise, the second bitis 0. If the first bit is 1, the sense amplifier then |
obtains the second bit by detérmining whether the readout-volfage Eérresponding to cell
resistance R is greater than 5/6 of the readout voltage corresponding to the reference
resistance Rs. If R > 5/6Ro then the second bit is 1. Otherwise, the second bit is 0. Thus,
according to one embodiment, a readout voltage corresponding to R =0 yields 00, a

readout voltage corresponding to R =1/3 Ro yields 01, a readout voltage corresponding to

R = 2/3 Ro yields 10, and a readout voltage corresponding to R = Ro yields 11.
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anplifier 1300, which could be used in conjunction with the

mul ti-state phase change nenory cell enbodi nents discl osed herein. As
shown, whewoaodsixeds r ead voltage is applied, three currgyuSeRBEIE0
conparators 1301, 1302, 1303 conpare a readout current correspondi ng
to cell resistance Rto reference currents corresponding to reference
resi stances 1/6Ro, 1/2Ro, and 5/61201 respectively. The first bit of
the two-bit result is the output of current sensing conparator 1302.
Thus, if the readout current corresponding to cell resistance Ris
smal l er than the readout current corresponding to 1/2Ro, then the
first bit is 1. OGherwse, the first bit is 0. The second bit of the
two- bit resul t [(P&]obtfdriddiepirtspefoni-statet duerentitapsitig efhehtedfot Mse@ge cur r ent
sensi ng copparators 1301, 1302, 1303 through |ogic gates 1304, as
shown.  HBALEr Al vaishgonlsl kerhsed iroaivnstian with thegaidtitstate phasatchange

‘Ef’ilr Ef DRRlop Y eenSaTintents SuciSiod Reroly AT 0B SEHUA RS0 TR 3 Re
i : fagQuhs; ' = i 11.
! 0040 M icAIHER L ABHGh L LS CRIDEE BRRELDS chodfe B Bl L

enbodi nemtespateing iobell radBtAdIR iherbelcalenie adredpasdiR@ td re@rerite MENMDI Y
device integrated circuit having one or nore arrays of nenory cells

const r Ukesigantes 14&e df arred SfBotrespepidctlineftedirgdditor tipgerolet wsult isThe
i be utilized in a typical

correspondi integrated circuits ng . »
proc esg%‘f’%‘é{)‘%tcgﬁ?nt%S’?S“ég(%ﬂ?ﬁTaé?tOT:}%&z' U thesepdpud surgentypirggponding to

process 4 i L oV Nng
R s e R T
descri bisilishe Oehdiwise, e Gies SR 0. SHHRtsednd P Haswd-HHI0RRYE B baYRHSH
generally conprises a central processing unit (CPU) 1401, such'as a
M cr oprRASEBg dre, otdptiod thethresicyrrent sprsingeeyraratons 1801 8302p1308 tamugblogic
digital | ogi ¢, devices, which communi cates with one or nore

| nput | GRBUCTY FF 050 THe oS BE AR Bre Sbimenfgareaden current

2008/ 1 k )£ ' : Q i.C ith
the CPUTLIOL oudr ohuc 1108 Ty Ea ot s Pandde s, S TR e ¥
100491 seaddiheugaseorbspadndDFpelRer/SHSHA 10, BRd PrRE6SSQkrebY &rRED

may include peripheral devices such as renovabl e nedi a devices 1402
(e.g., teB-Rwvields e or DVD drive) which communicate with CPU 1401
over the bus 1405. Menory device 1403 is preferably constructed as an

i ntegrated cirggaiat , meh ingludes one or nore.arrays.of.phase change
nmenory devi ces[.%%gi dgsulh?gt&%e Rﬁﬁge %eann%er'ryeﬁlgﬁcfIS’W%(%?GB%&QOS%& ned

Wi th t RentkRERS Bscribl he@Xa TR ELIRbE ddQflas B8t 7 a$hdMHr§ de PRt 84
circuit. [ 0050] The phase change nenory cells discl osed

her ei n ciramit bavifip omecr ugiergragorimeanoryralls depositdd inaccardgicamtitt i on, and

et ching techniques wel] known in the art. Additionally, and al so as
el | kﬁmdilﬂEI%ﬁgesa‘f\gf%J hegein hhgseorieppprgineintagratedscleguls mppibe atilized in a

bor der : i I G j the..sides not. i,n_contact W
ol cct r o s e bl R dble MG DEEHARR (Wb ab et i,
have beRdt itk@eddsiahfeh@y déich 9408 eRBASENENGNTCed THBE Hahg@imeAdrPXaERl ary
vari abl e resistance material. Enbodi nent's of the i nvgntl on may al so
be f or medrdarch wothhibe etppdimenfs desaribad hereire A ploasse systery siadh.as a

computer system, generally comprises a central processing unit (CPU) 1401, such as a

microprocessor, a digital signal processor, or other programmable digital logic devices,

which communicates with one or more input/output (I/O) devices 1404 over a bus 1405.
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[0051] The above description and draw ngs should only be considered
illustrative of exenplary enbodi nents that achieve the features and

advant agesw@esesisi@s herein. Mdification and substit utdcginss26¢3/060000
specific process conditions and structures can be rmade. Accordingly,

the clained invention is not to be considered as being linmted by the
foregoi ng description and drawi ngs, but is only limted by the scope
of the appended clains. CLAIMS What is clained is: 1. Aresistive
menory cell, conpri sing: a plurality of phase change resistance
el enents provi ded between a single first electrode and a single
second el ectrode, each of said resistance elenents having a

res tt ' i f i
pecifg\égﬁﬁﬁgg@gﬂﬁ %ﬁﬁﬁm&ﬁ%s LHACHE @PUOf40 PERSY rbagrmoa@%méauyage

mhiph ative to the resistance curves of others of said
reSIStQﬂﬁ@gﬁbemﬁmﬁﬁcon&bﬂélhe resistive nmenory cell of claiml,

wherein the plurality of phase change resistance el enents conprises
two phase change resi stance el enents.
[0049]  In the case of a computer system, the processor system 1400 may
include peripheral devices such as removable media devices 1402 (e.g., CD-ROM drive or
DVD drive) which communicate with CPU 1401 over the bus 1405. Memory device 1403 is
preferably constructed as an integrated circuit, which includes one or more arrays of phase
change memory devices. If desired, the memory device 1403 may be combined with the

processor, for example CPU 1401, as a single integrated circuit.

[0050] The phase change memory cells disclosed herein can be formed using
conventional deposition, implantation, and etching techniques well known in the art.
Additionaily, and also as well known in the art, the phase change elements are typically
bordered by dielectric material on the sides not in contact with electrodes. It should also
be appreciated that various embodiments have been described as using a phase change
material as an exemplary variable resistance material. Embodiments of the invention may

also be formed with other types of variable resistance material.

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

claims.
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3. The resistive nenory cell of claim?2, wherein at a first
progranm ng voltage the first and second resistance elenments are in a
| ow resi stance state, at a second programm ng voltage the first
elenent is in a high resistance state while the second elenent is in
a low resistance state, at a third programm ng voltage the first
element is in a lowresistance state while the second elenent is in a
hi gh resi stance state, and at a forth programm ng voltage the first
and second el enents are in a high resistance state. 4. The resistive
menory cell of claim2, wherein theCEARS resistance el ement has a
first length and the second resistance el enent has a second | ength

| ess than the first length. 5. The resistive nenory cell of claim 2,
wher ei n tWaatSeclaigedriesi st ance el enent i s doped such that the second
resi stance el enent has a resistance different than a resistance of
the first resistance elenent. 6. The resistive nenory cell of claim
1, wherein thes Rlsirdd nboRf celh@spriziange el ements conprises three
phase change el enents. 7.” The resistive nmenory cell of claim®é,
wherein at a famaeliyrodghesmehangeveristange elemests pravadadrigtwegn@ singier farst

el enent s [y QW L esi e st : i ng

Vol tage (ASTPHF et AHE SRRl BERGR AL or Shd RoRREN e BERORARILY,
second andsgehiivedesditamnerius/cat e finwtian bbDprog@sinsihgncleags tvdiich, is sliifted tehtive
progranmm ng voltage the first and.second elenents are in a high
resi st ande rﬁfl%ta'g&’?icf‘@’eﬁ H!{-eo“f‘f‘f?ro salf EHStPCes LePRNtSy | ow resi st ance
state, at a forth programm ng voltage the first and second el enents
are in a low resistance state while the third elenment is in a high
resi stanck st akhe resagtiva nfenforn gl efglawmi, péjerest tha ghirality ef phapeehappenent

s in a | oW esil AR oAEALS WAIhE LG SSEaNth ANk d el erents are

in a highresistance state, progranmm ng vol tage the
first, second, and third elenents are in a high resistance state. 8.

The resiz%iveéﬂen2%¥.cell of %iﬁLl, ereiq %h% | ural i.t f gﬂpse
change rebi st aEESRARIOTE SHEeh LAl % Slipredt ataditd FE?\%@‘E“‘&‘F\%Y? fage the
r esi st anc@sedndBdHnd resistance elements are in a low resistance state, at a second
programming voltage the first element is in a high resistance state while the second
element is in a low resistance state, at a third programming voltage the first element is in
a low resistance state while the second element is in a high resistance state, and at a forth

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

4, The resistive memory cell of claim 2, wherein the first resistance element has a
first length and the second resistance element has a second length less than the first

length.

5. The resistive memory cell of claim 2, wherein the second resistance element is
doped such that the second resistance element has a resistance different than a resistance
of the first resistance element.

6. The resistive memory cell of claim 1, wherein the plurality of phase change
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9. The resistive nmenory cell of claim1, wherein the nenory cell is
capable of storing at least two bits. 10. The resistive nenory cel
of claim2, wherein the first resistance elenent has a first wdth
and the second resistance el enent has a second width greater than the
first wwdth. 11. The resistive nenory cell of claim1, wherein the
resistive nenory cell is a stacked cell. 12. The resistive nenory
cell of claim1l, wherein said single first and second el ectrodes
function as respective first and second conductive sidewalls fornmed
on eit herelahées afmgibdthreeghaicathergead anamnt. S. 13. The resistive
menory cell of claim1, wherein the resistive nenory cell is a
vertical cell. 14. The resistive nenory cell of claim4, wherein

said first el egohOdQivEasenitily 841PHLAIRK, RPkLOR 2URSDrbSanhifid Citabbrst,
di stance between said first electrode and said second el ectrode in a
portion ofcandeanddbird elepenivarping lewirpsiguise aaie fig seprndsvegaamitsTdteghce

el ement. th&?rst %Q%ﬁﬁt%? beed hi¥h ¢ ?ﬁgé( st5E iRt eg’(!)l‘[ﬁ dha tHYﬂfél@ﬁa?%@ e a
second electrode has an ePongated portion use o shorten e
di st ance lbetreggmcsaiatk, bt 7 third pl@rimade vaitegesthe trss enbsedos] dahemdaeima a
ortion af the resistive nenory.cell containing the second.resi n
2| ement . cingh resistance state W?lllgﬁ'le ti:ll¥d elementcm Pn a low regstance state, at a for‘[(l:iS stance
programming voltage the first and second elements are in a low resistance state while the
third element is in a high resistance state, at a fifth programming voltage, the first
element is in a low resistance state while the second and third elements are in a high
resistance state, and at a sixth programming voltage the first, second, and third elements

are in a high resistance state.

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

resistance elements comprises four or more phase change resistance elements.

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

storing at least two bits.

10.  The resistive memory cell of claim 2, wherein the first resistance element has a
first width and the second resistance element has a second width greater than the first
width.

11.  The resistive memory cell of claim 1, wherein the resistive memory cell is a

stacked cell.

12.  The resistive memory cell of claim 11, wherein said single first and second
electrodes function as respective first and second conductive sidewalls formed on either

side of said resistance elements.
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16. The resistive nmenory cell of claim1, wherein the resistive
menory cell is a planar cell. 17. A nenory device, conprising: an
array of nenory cells, each nenory cell conprising: a plurality
of phase change resi stance el enents provi ded between a single first

el ectrode and a single second el ectrode, each of said resistance

el ements having a respective resistance curve as a function of
programm ng voltage which is shifted relative to the resistance
curves of others of said resistance elenents. 18. The nenory device
of claim 17, wherein the plurality of phase change el enents conpri ses

t h h t The f
wher o1 n- aB-a (RSB HEIAN R TEEge TR I SE g e B Rbnir Hse
change elwpmat&liare in a |l ow resistance state, at a second

progranmm ng voltage the first phase change elenment is in a high
resistance state while the second phase change elenent is in a |ow

resi stancgy st aff, Qi@ nfemcﬁ‘g cAf QAR RGN %a?l&f? rst O€ctfddb Bhs Bhé%ﬁfgated

change elenent is in a esl stance state e the second pha
change elmmmiont used td shogteinthgllistase bemglesasd Atseelecimde and saifl egcohd electrode

progranming ol § %qglfet hestgwlrermsémc? n%e It &6 axmn M RcSndte setance GRS are in
a high rdQPPPRK e Y
15.  The resistive memory cell of claim 4, wherein said second electrode has an
elongated portion used to shorten the distance between said first electrode and said
second electrode in a portion of the resistive memory cell containing the second

resistance element.

16. The resistive memory cell of claim 1, wherein the resistive memory cell is a

planar cell.

17. A memory device, comprising:
an array of memory cells, each memory cell comprising:
a plurality of phase change resistance elements provided between a single
first electrode and a single second electrode, each of said resistance elements
having a respective resistance curve as a function of programming voltage which

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

18.  The memory device of claim 17, wherein the plurality of phase change elements

comprises two phase change elements.

19.  The memory device of claim 18, wherein at a first programming voltage the first
and second phase change elements are in a low resistance state, at a second programming

voltage the first phase change element is in a high resistance state while the second phase
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20. The nenory device of claim 17, wherein the plurality of phase
change el enents conprises three or nore phase change el enents. 21
The nmenory device of claim 17, wherein each of the nenory cells is a

vertical cell. 22. The nmenory device of claim 17, wherein each of
the nenory cells is a planar cell. 23. The nenory device of claim
17, wherein each nmenory cell is capable of storing at |east two bits.

24. The nmenory device of claim 17, further conprising a readout
circuitry conprising a plurality of nulti-state sense anplifiers.
25. The ndhamngeyeleinant canaflow resisan2d statehatraghind pagramuing ivokagattee Brshptase
anplifier_determ nes .a resistance state a respective nmory .cel |
by conparPHEESFTREBUR ¥ Renes PO ot s o et EreHeBe s Pt

respect i UgglhRERIaNcLRAtt, anti bha RorthgRelgbim¥e] G 8e te fir® 3RO Bdon@plide a
reference resistance. . ) i
change elements are in a high resistance state.

20.  The memory device of claim 17, wherein the plurality of phase change elements

comprises three or more phase change elements.

21.  The memory device of claim 17, wherein each of the memory cells is a vertical
cell.

22, The memory device of claim 17, wherein each of the memory cells is a planar
cell.

23.  The memory device of claim 17, wherein each memory cell is capable of storing

at least two bits.

24. The memory device of claim 17, further comprising a readout circuitry

comprising a plurality of multi-state sense amplifiers.

25.  The memory device of claim 24, wherein each multi-state sense amplifier
determines a resistance state of a respective memory cell by comparing a readout voltage
corresponding to a resistance of the respective memory cell with a readout voltage

corresponding to a reference resistance.

21



