MEMORY AND ACCESS DEVI CE AND METHOD THEREFOR BACKGROUND Phase change
menory devi ces use phase change materials, i.e., materials that my be
electrically switched between a generally anorphous and a generally
crystalline 5 state, for electronic nenory application. One type of nenory
el ement utilizes a phase change nmatérial that nmay be, in one application,
electrically switched between a structural state of generally anorphous
and generally crystalline |local order or between different detectable
states of |ocal order across the entire spectrum between conpletely

anor phous and conpletely crystalline states. The state of the phase change
materials 10 are gRfoROANS AdEd BEARBE ANBIRESFlon MG BEOR
crystalline, sem -crystalline, ~amorphous, "or sem -anorphous State

repre j resi stance value, that value is retained until changed by
anoth@ggggﬂggg$ ng event, as that value represents a phase or physica
state of the material (e.g., crystalline or anorphous). A transistor or a
di ode may pPragwonesde thdntory/ iz vitesaseoitasgechamigeraterang imaymatihiatethee as a
sel ect device to access the phase change material during programmng or
read nat i : ' 0, ' [ j ' t he
top SLPT SeeIPically Suh P LENRor oEh Py cdrRoFEahil 4 QERERL ERla®e e Lo
a relatively |arge portion of the nory chip, and therefare may, increase
e s Jor PR STis BETRG: aicalive: CEIA be e SR PRESR YOI ARaEr ey and
cost/bit of a nmenory chip. 20 BRI EF DESCRI PTI ON OF THE DRAW NGS The subj ect
mat t echanggamdiediabthat meay becintanenapicption, eledtackily pwitchastibetweeanal

structural state of generally amorphous and generally crystalline local order or between
different detectable states of local order across the entire spectrum between completely
amorphous and completely crystalline states. The state of the phase chénge materials
10 are also non-volatile in that, when set in either a crystalline, semi-crystalline,
amorphous, or semi-amorphous state representing a resistance value, that value is
retained until changed by another programming event, as that value represents a phase
or physicaln state of the material (e.g., crystaliine or amorphous).
A transistor or a diode may be connected to the phase change material and may
15  serve as a select device to access the phase change material during programming or
read operations. The transistor or diode is iypica!ly formed in or on the top surface of a
silicon single crystal substrate. Transistors may take up a relatively large portion of the
memory chip, and therefore may increase the memory cell size, thereby adversely
affecting the memory capacity and cost/bit of a memory chip.

20



distinctly clainmed in the concluding portion of the specification. The
present invention, however, both as to organization and net hod of
operation, together with objects, features, and advantages thereof, nmay
best be understood by reference to the following detailed description when
read with the acconpanying drawings in which: FIG 1 is a schematic di agram
illustrating a nmenory in accordance with an enbodi nent of the present
invention; 10 FIG 2 is a diagramillustrating a current-voltage
characteristic of a select device; FIG 3 is a cross-sectional view of a
sel ect device in accordance with an enbodi nent of the present invention;

FI G %F&IEF EELESPFRS iy be\@in@gportion of a nenory in accordance
with an—e%jgmw—m—m ention; 15 FIG 5 is a
cross-sectional view of a portion of the nenory of FIG 1 during

f abri cat i ot hersubjmd mittereeghndedaas bebodention is glaricwdarty peieted puterd i on; FI G
6 is a cross-sectional view of the structure of FIG 5 at a |l ater stage of

fabri gakihely cllffed th iHe éritlRfifg peridrreRthe pevifiehtidhe TRk piessHtan@intionG. 6 at
a later stage of 20 fabrication; FIG 8 is a cross-sectional view of the

structure of FlIG at _a.lagter L.cation:. FlG, 9.is5. a

or os< NBBEY Pt o ko BlgdtisdloR ot G of pftaliGR toBgindrdin Goikles?
fabrication; FIG 10 is a cross-sectional view of the structure of FIG 9
at5 a fegteress eag@dyantages thereof, may best be understood by reference to the following

detailed description when read with the accompanying drawings in which:

FIG. 1 is a schematic diagram illustrating a memory in accordance with an
embodiment of the present -invention;
10 FIG. 2 is a diagram illustrating a current-voltage characteristic of a select device;
FIG. 3 is a cross-sectional view of a select device in accordance with an
embodiment of the present invention;
FIG. 4 is a cross-sectional view of a portion of a memory in accordance with an
embodiment of the present invention;
15 FIG. 5 is a cross-sectional view of a portion of the memory of FIG. 1 during
fabrication in accordance with an embodimént of the present invention;
FIG. 6 is a cross-sectional view of the structure of FIG. 5 at a later stage of
fabrication;

FIG. 7 is a cross-sectional view of the structure of FIG. 6 at a later stage of

20 fabrication;

FIG. 8 is a cross-sectional view of the structure of FIG. 7 at a later stage of

fabrication;



fabrication; 5 FIG 11 is a cross-sectional view of the structure of FIG
10 at a later stage of fabrication; FIG 12 is a cross-sectional view of
the structure of FIG 11 at a |ater stage of fabrication; FIG 13 is a
cross-sectional viewillustrating a nmenory array in accordance with 10 an
enbodi nent of the present invention, ¥FIG 14 is a schematic di agram
illustrating a nmenory in accordance with an enbodi nent of the present

invention; FIG 15 is a cross-sectional viewillustrating a portion of a
menory in accordance wth another enbodi nent of the present invention; 15
FIG 16 is a cross-sectional view illustrating a nenory cell in accordance

with an ermédbgfﬁtcr%s EQ&ICH&FF%%W oft'ﬂ\é??xtdcﬂﬂé I, ét%'aﬁaﬁeﬁ&@ grBEl ¢

diagramillustr accordance wth ano nent of the
present invention; and FI G 18 |s a cross-secti-onal view of a portion of
the méAPIGAON ustrated in FIG 17 20 in accordance with an enbodi nent of
the present invention; and FIG 19 is a diagramillustrating a

current - voIFtI@géO@arcmcsksesécsttdrrai viewaotbawsty chre lof FABJSEt G 1afd stageaaocbl ock
diagramillustrating a portion of a systemin accordance wi th an enbodi nent
of the;miesgpt invention. It will be appreciated that for sinplicity and
clarity of illustration, elenents

5 FIG. 11 is a cross-sectional view of the structure of FIG. 10 at a later stage of
fabrication;
FIG. 12 is a cross-sectional view of the structure of FIG. 11 at a later stage of
fabrication;
FIG. 13 is a cross-sectional view illustrating a memory array in accordance with
10 an embodiment of the present invention;
FIG. 14 is a schematic diagram illusirating a memory in accordance with an
embodimént of the present invention;
FIG. 15 is a cross-sectional view illustrating a portion of a memory in accordance
with another embodiment of the present invention;
15 FIG. 16 is a cross-sectional view illustrating a memory cell in accordance with an
erﬁbodiment of the present invention;,
FiG. 17 is a schematic dia.gram illustrating a memory in accordance with another
embodiment of the present invention; and
FIG. 18 is a cross-sectional view of a portion of the memory illustrated in FIG. 17
20 in accordance with an embodiment of the present invention; and

FIG. 19 is a diagram illustrating a current-voltage characteristic of a memory cell;

and



illustrated in the figures have not necessarily been drawn to scale. For
exanpl e, the dinensions of sone of the elenents are exaggerated rel ative
to other elenents for «clarity. Further, where considered appropriate,
reference nuneral s have been repeated anong the figures to indicate
correspondi ng or anal ogous el enents. DETAI LED DESCRI PTION In the foll ow ng
detail ed description, nunerous specific details are set forth in 10 order
to provide a thorough understandi ng of the present invention. However, it
will be understood by those skilled in the art that the present invention
may be practiced wthout these specific details. In other instances,

wel | - known S, i : i it n
doscri bed i etara > HSCR SR Em il SRTRERT PRI £LiTH R FeSp o WRTY e
follow n escription and clains, the ternms "coupled" and "connected,"”

al ong %ﬁgﬁ&pﬁgpﬁg ﬂﬂ@éF?@%E}”W%?mBe used. It shoul d be understood that
these terms are not intended as synonyns for each other. Rather, in
particul ar enbodi nents, -"connected"” may be used to indicate that two or
mor e el enent wilbhbe appretiated thatifps sigepicdy and|darity iof Alustratiwmatlemients each

ot her. "Coupled" may nean that two or nore elenents are 20 in direct

physi GRisteite@ el fidiabs FRANE #ot neLBYRNBY beek QHIWEED sE@Y. For @xBRMIe [tRat two

or nore elenments are not in direct contact with each other, but yet still

7 . i i h_ ot . i I I di t
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menory cells 111-119, wherein nenory cells 111-119 each 5 include a select
devi c€larity Gnathar.mmgrecansidesad appmpriate.HelriaNee BXPesplsdpvedeen repeated

among the figures to indicate corresponding or analogous elements.

DETAILED DESCRIPTION

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

10  order to provide a thorough understanding of the present invention. However, it will be
understood by those skilled in the art that the present invention may be practiced
without these specific details. In other instances, well-known methods, procedures,
components and circuits have not been described in detail so as not to obscure the
present invention.

15 In the following description and clairr-15, the terms "coupled” and "connected,”
along with their derivatives, may be used. |t should be understood that these terms are
not intended as synonyms for each other. Rather, in particular embodiments,
"connected” may be used to indicate that two or more elements are in direct physical or -
electrical contact with each other. "Coupled" may mean that two or more elements are

20 indirect physical or electrical contact. However, "coupled” may also mean that two or



illustrated in FIG 1, the scope of the present invention is not limted in
this respect. Menory 100 nay have a larger array of nenory cells. In one
enbodi ment, nenory el enments 130 nmay conpri se a phase change material. In
this enbodi nment, nenory 100 nmay be referred to as a phase change 10 nenory.
A phase change material may be a material having electrical properties

resi stance, capacitance, etc.) that nmay be changed through the application
of energy such as, for exanple, heat, light, voltage potential, or

el ectrical current. Exanples of a phase change material may include a

chal cogeni de material or an ovonic material. An ovonic material may be a

e coRatTam e S0Rr B! PRaE Pl SpEH kG bt I Aol S

el ectrical current, light, heat, etc. An ovonic material nmay be used in a
menor yneragavith each athgh. el ectronic switch. A chal cogeni de material may be a
material that includes at | east one elenent fromcolum VI -of the periodic
tabl e or mEurhiagao A6 dr aalentadimentoia eserooy 100 rivillestatadieMehmirg dGen

el ements, e.g., any of the elements 20 of tellurium sulfur, or selenium
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a parti ar nenory e array during a wite or read operation.
CoLum lines 141-143. an ow,lines 151-153 al.s0 be r rred 1o as
fr edachd 3 selict e Vicoad 2P AuBShey B o ARHEES RESA TR 2
111-119 during programmng or reading. Colum |ines 141-143 may al so be
r ef er ilestratechin BIG. 1, ithe scopriof e prepest insantiaBismgt limileddntaisireseesdted to as
word lines. 5 Menory el enents 130 may be connected to row |lines 151-153 and
ey b@temory 100 may have a larger array of memory cells.
. In one embodiment, memory elements 130 may comprise a phase change
material. In this embodiment, memory 100 may be referred to as a phase change
10 memory. A phase change material may be a material having electrical properties (e.g.
resistance, capacitance, etc.) that may be changed through the application of energy
such as, for example, heat, light, voltage potential, or electrical current. Examples of a
phase change material may include a chalcogenide material or an ovonic material.
An ovonic material may be a material that undergoes electronic or structural
15 changes and acts as a semiconductor when subjected to application of a voltage
potential, an electrical current, light, heat, etc. An ovonic material may be used in a
memory element or in an electronic switch. A chalcogenide material may be a material
that includes at least one element from column VI of the pericdic table or may be a
material that includes one or more of the chalcogen elements, e.g., any of the elements .
20  of tellurium, sulfur, or selenium.

Memory 100 may include column lines 141-143 and row lines 151-153 to select

a particutar memory cell of the array during a write or read operation. Column lines



coupled to colum lines 141-143 via sel ect devices 120. Therefore, when a
particular nenory cell (e.g., nenory cell 115) is selected, voltage
potentials nmay be applied to the nmenory cell's associated colum [|ine
(e.g., 142) and row line (e.g., 152) to apply a voltage potential across
the nmenory cell. 10 Select device 120snmay be used to access nenory el enent
130 during progranm ng or reading of nmenory elenent 130. Sel ect device 120
may operate as a switch that is either "off" or "on" depending on the
anount of voltage potential applied across the nenory cell. The off state
may be a substantially electrically nonconductive state and the on state

moy. nave- 14T PRkl SRR et ai0 Beaferte XA Buffesh TS ST fBKRE 12

threshol d voltage of select device 120 is applied across sel ect device 120,
then dJiEesdpay Bewsed @ 20dpess Meran cets # 11 drY guring I3 EING BT FRATRS1 st i ve
state so that little or no electrical current passes through the nenory

cel I . Gdiumnnaicsviely148 may slebtbegefqatetd aabit ligeeandrrowharest el - b8 esdnol d
vol tage of select device 120 is applied across select device 20 120, then

sel ecty depl ¢t tHBYS wéwlﬁeéc%?,r;lcl .e., operate in a relatively | ow

resistive state so that e al current passes through the nenory cell.
I n_ot her rds, sel ect ,deyjce 20 may be in a substantially electrically
noficonduct NETBpASIETEnts 190 TTRKHE SoBPEAEREPIPRIT oot S Rots ABLLREY BF. o g,
the threshold voltage, is applied across select device 120. Sel ect device

120 nmpupked to ehsubdinaatliddh143 vierntlestideyicesat2. | Thgrefararwhema partirular
predet erm ned voltage potential is applied across sel ect device 120. Sel ect

o ST R T et SR PR S S e
St C%Q%erﬁ%&réeﬂls S84 iated column line {e.g., 142) and row line (e.g., 152) to apply a
voltage potential across the memory cell.

10 Select device 120 may be used to access memory element 130 during
programming or feading of memory element 130. Select device 120 may operate as a
switch that is either "off" or "on" depending on the amount of voltage potential applied
across the memory cell. The off state may be a substantially electrically nonconductive
state and the on state may be a substantially conductive state. For example, select

15 device 120 may have a threshold voltage and if a voltage potential less than the
threshold voltage of select device 120 is ap.plied across select device 120, then select
device 120 may remain "off “or in a relatively high resistive state so that little or no
electrical current passes through the memory cell. Alternatively, if a voltage potential
greater than the threshold voltage of select device 120 is applied across select device

20 120, then select device 120 may "turn on," i.e., operate in a relatively low resistive state

so that electrical current passes through the memory cell. In other words, select device

120 may be in a substantially electrically nonconductive state if less than a



as, for exanple, a chal cogenide or an ovonic material, and may be referred
to as an ovonic threshold swtch, or sinply an ovonic switch. The
switching material of select device 120 nmay be a material in a
substantial |l y anorphous state positioned between two el ectrodes that may
be repeatedly and reversibly sw tched7between a hi gher 10 resistance "off
state (e.g., greater than about ten nega-ohns) and a relatively | ower

resi stance "on" state (e.g., about zero ohns) by application of a
predeterm ned electrical current or voltage potential. In this enbodi nent,
sel ect device 120 may be a two term nal device that may have a

ol erodredar e VoIbe EhioRing <ba e ShafortiBol Attt SR adE e nge

menory el enment, the switching material of select device 120 may not change
phase deVitat 123G, Selest davice H2Agnambein &lsubstandiady coddvetye state iffrﬁgeai@lt thas a
programmabl e material, and as a result, select device 120 nmay not be a

menor YhéisvedeQerrﬁlﬂ@a%ﬁagé potitiaNB a;rp‘n@arm;trmﬁﬁseus@trd@x@mm Sehectsdvicshi ng
material " of select device 120 nmmy remain permanently anorphous and the |-V
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Turning to FIG 2, in the low voltage or low electric field node, i.e.-
where the Ivenesgebedimenssekrst seyiceel Abmayspnaised switchisgdnatesal such

t hreshol d voltage (labeled VTH), select device 120 may be "of f' or
noncoaduforiexgmpiadch elsicbgénide e laativerioymitarial, ares retydre isfered to agramat er
t han about 10 nega- ohns. Sel ect device 120 may remain in the off state

unti | ?oﬁtgftme%hﬁm ?Q@H %ﬁ%m w%n o ﬁpﬁhgeﬂvitcw Srr%‘t@rfd!%’f%@iec?ur rent

is appli y SW te Fect device T20 to a conduct i ve,

relat Idg\?tlcg 12% may be a material in a substantially amorphous state positioned between

two electrodes that may be repeatedly and reversibly switched between a higher

10 resistance "off" state (e.g., greater than about ten mega-ohms) and a relatively lower
resistance "on" state (e.g., about zero ohms) by application of a predetermined
electrical current or voltage potential. In this embodiment, select device 120 may be a
two terminal device that may have a current-voltage (I-V) characteristic similarto a
phase change memory element that is in the amorphous state. However, unlike a

15 phase change memory element, the switching material of select device 120 may not
change phase. That is, the switching mate-rial of select device 120 may not be a
programmable material, and as a result, select device 120 may not be a memory device
capable of storing information. For example, the switching material of select device 120
may remain permanently amorphous and the |-V characteristic may remain the same

20 throughout the operating life. An exémple of an |-V characteristic of select device 120

is shown in FIG. 2.



resi stance on state. After a voltage potential of greater than about VIH is
appl i ed across sel ect device 120, the voltage potential across sel ect
device 120 may drop ("snapback”) to a holding voltage potential, |abeled
V, Snapback may refer to the voltage difference 10 between VTH and VH of
a select device. In the on state, thegvoltage potential across sel ect
device 120 may remain close to the holding voltage of V. as current
passi ng through sel ect device 120 is increased. Select device 120 nay
remain on until the current through sel ect device 120 drops below a

hol ding current, |abeled IH Below this value, select device 120 may turn

of f 15 and-ret.ur a,relativel y, hi I.stance, ,nonconduct | ff state
inti |t he JHNBRdo A" 25 PuPe auabd 3u i SR By e debpuhte e
present invention is not limted in this respect, in one enbodinent,
sel ectvollegs epplicxbanwpsiglect devisecios destoiheagethreahyld opitage (febsled Vollt s, a
hol di ng voltage (VTH) of about 0.8 volts, a threshold current (I, about 4

nano- aaRet défican®oanhpibd e 6rhbaednducting CindBRbibit HORIAthety Righs. By
adjusting the thickness and type of material, the VIH may be about 2 volts

oss. (ranarhe 9n SPAE L Hbedl R oo e e VSR A0 R TIREHT I 1) of

read disturb if the snapback exceeds VTH of the nenory el enent, .
eneoutlRypti§tate ungl a suficentyedagei ¢-8- e 18 8PRESY 012 suffictand cHEEDMS and row
| i nes, adversely passing current which could reduce the resistance of the
menor yppliedrend., I, that may switch select device 120 to a conductive, relatively low

resistance on state. After a voltage potential of greater than about V,, is applied across

select device 120, the voltage potential across select device 120 may drop ("snapback")

to a holding voltage potential, labeled V,. Snapback may refer to the voltage difference
10  between Vy, and V, of a select device.

In the on state, the Qoltage potential across select device '120 may remain close
to the holding voltage of V,, as current passing through select device 120 is increased.
Select device 120 may remain on until the current through select device 120 drops
below a holding current, labeled |,,. Below this value, select device 120 may turn off

15 and return to a relatively high resistance, nonconductive off state until the V;, and |,
are exceeded again. |

Although the scope of the present invention_is not limited in this respect, in one
embodiment, select device 120 may have a threshold voltage (Vy,) of about 5.3 volts, a
holding voltage (V) of about 0.8 volts, a threshold current (l;,) of about 4 nano-amps,

20 and a holding current (l,,} of about 100 nano-amps. By adjusting the thickness and type
of material, the V;, may be about 2 volts and the holding voltage about one volt. This

may allow the snapback to be less than the V., of the series memory element to avoid



when the nenory elenent is in the reset state. 5 FIG 3 illustrates an
enbodi nent of select device 120. In this enbodi nent, select device 120 may
i nclude a bottom el ectrode 210 and a switching material 220 overlying
bottom el ectrode 210. In other words, switching material 220 may be forned
over and contacting bottomel ectrodeg9210. In addition, select device 120
may include a top electrode 230 overlying swtching material 220. 10

Al t hough the scope of the present invention is not limted in this respect,
bottom electrode 210 may be a thin filmmaterial having a filmthickness
rangi ng from about 20 Angstrons (A) to about 2000 A I n one enbodi nment,

t he thi ckness. .of t nefro 100At t 1000 A
|- andihEPSTRbBerpTiERt dite e Riaterd Sirstt Vone! Srm g K THBR0E 300 A
Suitable materials for bottom el ectrode 210 may 15 include a thin film of
ti taniemepErEging tite drnan and dive thercapacitenca sl the eelgyt ard (awiipes.car bon ),
silicon carbide (SIiC, titaniumalumnumnitride (TiAIN), titaniumsilicon

ni tri davéehi Phssingcyeenswaichiddaldiddueenhe regisangaotitive higndaddmesone
conbi nation ‘'of these filns, or other suitable conductors or resistive

condu r erial 220. 20 Although the scope
of thg‘h.g3 Qéﬁﬂg&#&lﬁ@%&:‘%&#ﬁeﬁﬁb%ﬁﬁl n this respect, swtching

material 220 nmay be a thin filmmaterial having a thickne rangi ng from .
abbut 20 AFIG. ABbistralevRn AMbodTBRE! € ARlERtARYICE 13 (TS EPeYBPSRl t chi ng

material to 220 may range from about 200 A to about 1000 A. In another
enbodisglent devibe 120hmakirehsdend betiotrcbliengodadNiald 2 2@ itnhingbeateoiat 22600 A

overlying bottom electrode 210. In other words, switching material 220 may be formed
.over and contacting bottom electrode 210. In addition, select device 120 may include
a top-electrode 230 overlying switching material 220.

10 Although the scope of the present invention is not limitéd in this respect, bottom
electrode 210 may be a thin film material having a film thickness ranging from about 20
Angstraoms (A) to about 2000 A. In one embodiment, the thickness of electrode 210
may range from about 100 A to about 1000 A. In another embodiment, the thickness of
electrode 210 may be about 300 A. Suitable materials for bottom electrode 210 may

15 include a thin film of titanium (Ti), titanium nitride {TiN), titanium tungéten (TiW), carbon

- (C), silicon carbide (SiC), titanium aluminurﬁ nitride (TiAIN), titanium silicon nitride
(TiSiN), polycrystalline silicon, tantalum nitride (TaN), some combination of these films,
or other suitable conductors or resistive conductors compatible with switching material
220.

20 Although the scope of the present invention is not limited in this respect,
switching material 220 may be a thin film material having a thickness ranging from

about 20 A to about 2000 A. In one embodiment, the thickness of switching material



Switching material 220 may be formed overlying bottom el ectrode 210 using a
thin fil mdeposition technique such as, for exanple, a chem cal vapor
deposition 5 (CVD) process or a physical vapor deposition (PVD). Sw tching
material 220 may be a thin filmof a chal cogenide material or an ovonic
material in a substantially anorphous state that nmay be repeatedly and
reversibly switched between a higher resistance "off' state and a
relatively | ower resistance "on" state by application of a predeterm ned
el ectrical current or voltage potential. Switching material 220 may not 10
be a progrannable naterial capable of storing information. In other words,
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material 220 may conprlse a chalcogen ot her_than oxygen, In one

embodi thiskness gf §‘é’ﬁi3fﬁi§grfﬁ@'€f'ﬁb22@wyn%/ eeprd0se- tel [ uri um and/ or sel eni um
In 15 anot her enbodi ment, switching material 220 may conprise silicon (Si),
tel lurium $W'ﬁdhingrrﬁa@irial 126 mayarslfageedaovieding@otion kelaitee@d0 osisgef t hese
el ements. In other enbodi nents, a conposition for switching material 220
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phosphorous (P). 20 AIthou%h t he scope of the present invention_is not
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material 220 may conprise a Si concentration o about 14% a Te

conceriter athiorilrafof ebchelc@PidamaAsrigioraenovatic oatedalab aui3TastislyGe 11

concentration of about 9% and an In concentration of about 1 % In another

exanplfnorphous state that may be repeatedly and reversibly switched between a higher
resistance "off" state and a relatively lower resistance "on" state by application of a
predetermined electrical current or voltage potentiai- Switching material 220 may not

10 be a programmable material capable of storing informiation. In other words, switching

material 220 may be a nonprogammable material.

Although the scope of the present invention is not limited in this respect,
switching material 220 may comprise a chalcogen other than oxygen. Inone
embodiment, switching material 220 may comprise tellurium and/or selenium. In

15 another embodiment, switching material 220 may comprise silicon {Si), tellurium
(Te), arsenic (As), _and germanium {(Ge}, o} combinations of these elements. In
other embodiments, a composition for switching material 220 may include an alloy
of silicon (Si), tellurium (Te), arsenic (As), germanium (Ge), and indium (In}) or an
alloy of Si, Te, As, Ge, and phosphorous (P).

20 Although the scope of the present invention is not limited in this respect, in one

example, the composition of switching material 220 may comprise a Si concentration of

about 14%, a Te concentration of about 39%, an As concentration of about 37%, a Ge



the conposition of switching material 220 may conprise a Si concentration
of about 14% a Te concentration of about 39% an As concentration of
about 37% a Ge concentration of about 9% and a P concentration of about
1 % In these exanples, the 5 percentages are atom c percentages which
total 100% of the atons of the constitgent elenents. |In another

enbodi nent, a conposition for switching material 220 may include an all oy
of arsenic (As), tellurium (Te), sulfur (S), germanium (Ge), selenium
(Se), and antinony (Sb) with respective atom c percentages of 10% 21 %
2% 10 15% 50% and 2% Al though the scope of the present invention is not
Ilmtedln respect enbodi nent hi n erlal 20 may
i ncl ud%o@en re onggaB@ét g%uﬁf‘ﬁraﬂgﬁ)w”&ﬁaga%] ﬁ?tlﬁﬂ (1t80é) ln%gngﬁe % ® the
conposition of switching material 220 nay conprise a Si concentratl on of
about th&coaniEsittonckswitciing madérial @20t may Zompnisas Iecarmendiatioatdf @hogf about
28% a Ge concentration of about 11 % a S concentration of about 21 %

and a ﬁ%cgﬁfée&srrc%htr@ﬂo%fabeui3@00‘V<anmcﬁ1c,@ﬁtréﬁ@ﬁ02§Bonﬁ:w7%eaaeé hin film
mat eri al having a thickness ranging from about 20 angstroms (A) to about
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el ectrode 230 may be about 300 A Suitable materials for top electrode 230
map i rearoertages are atamic psrcentegas whighriofal 1tq0t/aﬁf tha atoms akthetgagstitugnt ani um
tungsten (TiW, carbon (C, silicon carbide (SiC), titanium alum num
nitridgem&h&.N), titanium 12
In another embodiment,ra composition for switching material 220 may
include an alloy of arsenic {As), tellurium (Te), sulfur (S}, germanium {Ge}, selenium
(Se), and antimony (Sb) with respective atomic percentages of 10%, 21%, 2%,
10 15%, 50%, and 2%.
Although the scope of the present invention is not limited in this respect, in
other embodiments, switching material 220 may include Si, Te, As, Ge, sulfur (S), and
selenium (Se). As an example, the composition of switching material 220 may
comprise a Si concentration of about 5%, a Te concentration of about 34%, an As
15  concentration of about 28%, a Ge concentration of about 11%, a S concentration of
about 21%, and a Se concentration of abOL;t 1%.
Top electrode 230 may be a thin film material having a thickness ranging from
about 20 angstroms (A) to about 2000 A. In one embodiment, the thickness of
electrode 230 may range from about 100 A to about 1000 A. In another embodiment,
20 the thickness of electrode 230 may be about 300 A. Suitable materials for top electrode

230 may include a thin film of titanium (Ti), titanium nitride (TiN), titanium tungsten

(TiW), carbon (C), silicon carbide (SiC), titanium atuminum nitride (TIAIN), titanium



silicon nitride (Ti SN, polycrystalline silicon, tantalumnitride (TaN),
sonme conbi nation of these filns, or other suitable conductors or resistive
conductors conpatible with switching material 220. In one enbodi nent, top
el ectrode and bottom el ectrode may conprise carbon 5 and nay have a

t hi ckness of about 500 A Top electroge 230 may al so be referred to as an
upper el ectrode and bottom el ectrode 210 may al so be referred to as a | ower
el ectrode. In this enbodi nent, select device 120 nay be referred to as a
vertical structure since electrical current may flow vertically through
switching material 220 between top el ectrode 230 and bottom el ectrode 210.

“Sel ect _.device. 120 be 10 ferr. LR T4 sel I i f

hi n rTRRD BB Popouae T e e BR ool ¢t B b MBI R, 220
The threshold current (1TH) of select device 120 may be | ess than the

t hr eshafithese films @ ativer siitableerrAYRIPRSIS) rgsistive cardugtarsscomngatiblesyitt ance,
anor phous state. The threshold voltage NTH) of select device 120 may be

al t er eglyitshindhaizgémg 2200cess 15 vari abl es such as, for exanple, the
t hi ckness or all oy conposition of swtching material 220. For exanpl e,

i ncreasi ng t hu o] A I Ial I
t hreshol d \)hﬁ%gg%n%?&@‘zfnetbIto%@ﬁcﬁ@ﬂ%%{%dﬂgﬂ%ﬁ%&%ﬁy ggm%&%ﬁoga ect
device 120 nmy be altered or set b t£$ tége 8f %%ntact to,'swifchin
de%i ceanmaydaye a thigkness habrt 600 oy EPRElECHRES ZPPoman@lombe fele &8t er ni ne
t he hol ding voltage of select 20 device 120. For exanple, in one
enbodiaseat uppér ¢lbetrotie akddedtont ekmtrodhidi nmay elscabe p@rreddomssa bvadr sil i con
(SO telluriurn (Te), arsenic (As), and germanium (Ge) is about -300
electrode. in this embodiment, select device 120 may be referred to as a vertical
structure since electrical current may flow vertically through switching material 220
between top electrode 230 and bottom electrode 210. Select device 120 may be
10 referred to as a thin film select device if thin films are used for switching material 220
and electrodes 210 and 230.

The threshold current (I;,,) of select device 120 may be less than the threshold
current for an ovonic memory device set in a high resistance, amorphous state. The
threshold voltage (V) of select device 120 may be altered by changing process

15 variables such as, for example, the thickness or alloy composition of switching material
220. For example, increasing the thickness of switching material 220 may increase the
threshold voltage of select device 120. The holding voltage (V) of select device 120
may be altered or set by the type of contact to switching device 120, e.g., the
composition of electrodes 210 and 230 may determine the holding voltage of select

20 device 120.

For example, in one embodiment, if the thickness of switching material 220

composed of silicon (Si), tellurium (Te), arsenic (As), and germanium (Ge) is about 300



13 A and el ectrodes 210 and 230 are layers of carbon (C), then the
threshol d voltage of select device 120 may be about two volts and the
hol di ng vol tage of select device 120 my be about one volt. Alternatively,
if electrodes 210 and 230 are layers of TiSINwith a thickness of about
300 A then the holding voltage of sejgct device 120 may be about 5 0.8
volts. In another enbodinent, if electrodes 210 and 230 are layers of Ti AN
with a thickness of about 300 A, then the hol ding voltage of select device
120 may be about 0.4 volts. In yet another enbodiment, if electrodes 210
and 230 are |layers of cobalt silicide, then the hol ding voltage of select

devi ce; 120 be a t O. volts. Select devjce 120 rovi de a

ol at | DT FREHOSEAZLArEiAR0 1 e Gurho i bifien rfioRis Vebfadeta o
ot her swi tching devices such as, for exanple, netal-oxide- seni conductor

(MOS) salegideyiasr B2bmayi poabeut twectalisrand thediddiogyoitBga of sefpisbdedratiidiel y

hi gher on current of select device 120 in the on state may allow for a

rel at i gl YeHH@EbnBVOR! FTERSHIVEN, iEdecRydéd 2P0 ant @30RhRaby &l \UfaBeSiNRAitho
programa nenory elenent (e 130). 15 The nenory array shown in FIG 1

usi ng sglect i il ted i I r
ot ackif g aiest o gBGE00 B M R Ao ardr pB: HBYER U HE B2 Rou
configuration. An exanple of a vertical structure conprisi nc}g sel ect . devi ce
126 f d-8waltey & anethsr griosireant, ifxlectiodes 4K4 pad @d0iare fayers i Tihgwith aFl G
4, an enbodi ment of a portion of nenory 100 is illustrated. 20 Menory 100
my cdhipkhess of shdigt308t &, théA thamoidisg vataggonsslect ddvidb020veay yé Bhout
substrate 240, and a conductive nmaterial 270 overlying insulating materi al
260. 0.4 volts. In yet another embodiment, if electrodes 210 and 230 are layers of cobalt
slicide, then the holding voltagé of select device 120 may be about 0.15 volts.
Select device 120 may provide a relatively high "on current” for a given area of a
10 device compared to other switching devices such as, for example, metal-oxide-
semiconductor (MOS) transistors or bipolar junction transistors (BJTs). The relatively
higher on current of select device 120 in the on state may allow for a relatively higher
programming current available to select device 120 to program a memory element (e.g.,
130).
15 The memory array shown in FIG. 1 using select device 120 illustrated in FIG. 3
may be constructed by stacking select device 120 and memory element 130 in a
vertical configuration. An example of a vertical structure comprising select device 120
formed over memory element 130 is illustrated in FIG. 4.
Turning to FIG. 4, an embodiment of a portion of memory 100 is illustrated.
20 Memory 100 may comprise a substrate 240, an insulating material 260 overlying

substrate 240, and a conductive material 270 overlying insulating material 260.

Conductive material 270 may be an address line {(e.g., row line 152). Above



Conductive material 270 may be an address line (e.g., row line 152). Above
14 conductive material 270, an opening (not shown 'In FIG 4) may be forned
in an insulating material 280. In the opening, a | ower electrode 340 may
be formed. Over electrode 3 40, sequential layers of a nmenory materi al

350, electrode material 360, barrierigraterial 370, el ectrode 210,
swtching material 220, electrode 230, and a 5 conductive material 380 nmay
be deposited to forma vertical nmenory cell structure. Conductive nmaterial
380 may be an address line (e.g., colum line 142). In the enbodi nent
illustrated in FIG 4, nenory material 350 and el ectrodes 340 and 360 may

fOfme%ﬁapgtgfé n@ggér}faé %?%Jé%p@@;@oggmm F?(%.O%)Brﬁﬁgy%e%ﬂ% imaherial  or a

chal cogen enent 1 be referred to as a

phase 10 change nenory devi ce or, an Qvoni ¢ nmenor evice. .Further, in the
P iR tng et 280q Th ihe pRniag, et Slaurras 340 614 Bb SPHee- oD memor y
elenent 130 to forma vertical structure or a vertical stack. In alternate
enbodietesitesle IvEmeyuehtatdayerd 30 a mmasnobe nfadens B58h elestodegoatedial 866 120 to
forma vertical structure. In the enbodinent illustrated in FIG 4, select
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and t |

mat eri al s, e vertical stack may be referred to as a thin film

vertical stack. A thip fil teria be a.particul ar ¢l as
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materi als and may have a specified thickness, e thin filmmaterials my

r ef er Gandugtive material DH0ngay beaslasdsess liifyieng . celommyliraflée).t han zero A to
| ess than about 25,000 A In addition, thin filmmterials may be naterials

20 deposi t ggltHeseémBotimdntlildsi=ted #SFIG.ON rhenbR} fuesia 360 A%l elbotrodeaBrDe,

PVD ( Physi cal
and 360 may form memory element 130. If memory material 350 is an ovonic material
or a chalcogenide material, then memory element 130 may be referred to as a phase

10 change memory device or an ovonic memory device. Further, in the embodiment
illustrated in FIG. 4, select device 120 is formed over memory element 130 to form a
vertical structure or a vertical stack. In alternate embodiments, memory element 130
may be formed above select device 120 to form a vertical structure. In the embodiment
illustrated in FIG. 4, select device 120 and memory element 130 are formed using only

15  thin film materials, and the vertical stack may be referred to as a thin film vertical stack.

A thin film material may be a particuiér class of insulating or conducting material

debosited onto a substrate or other materials and may have a specified thickness, e.g.,
thin film materials may refer to materials having a thickness ranging from greater than
zero A to less than about 25,000 A. In addition, thin film materials may be materials

20 deposited using thin film deposition techniques such as, for example, PVD (Physical

Vapor Deposition), CVD (Chemical Vapor Deposition), or PECVD (Plasma Enhanced

Chemical Vapor Deposition), etc.



Vapor Deposition), CVD (Chem cal Vapor Deposition), or PECVD (Pl asm
Enhanced Chem cal Vapor Deposition), etc. 15 O her enbodi nents may i ncl ude
variations in the vertical structure. For exanple, in one enbodi nent,
barrier material 370 may be elimnated fromthe vertical structure. In
anot her enbodi nent, barrier material 1370 may be elimnated fromthe
vertical structure and el ectrode 360 may be conbined with el ectrode 210
into a single 5 conductive layer to forma single electrode. Further, in
anot her enbodi nent, electrode 230 nmay be comnbined with conductive nateri al
380 to forma single conductive |layer or single electrode. Menory materi al

350 may be @, E%@ﬁoeog‘rfmeﬂfs mBg‘?r%h?rﬁ‘%T@Qh?udﬁ%tﬁ&h?'vertﬁc%%ﬂ’bﬁu% P&t ng

pr ogr ammed |n nenor ylng a 10 current

to menory rraterlal 350 to alter, the mat e 50 bet ween a
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wherein a resistance of nenory materi al 350 in the substantially anorphous
st at e dtaictirreatie mnbtirar drmisodimesit, dissnerematerat 38 0ynapberalialin@®d fromthe
substantially crystalline state. Programrmng of nenory material 350 to
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voI tage potentials to conductlive tertrals 380 and 270, thereby g€nerating
ST aERS BuRf o PP Sindle SRCrEy FRenen B eneiiFr rordaeemglediig
deV| ce 120 and nenory el enent 130, then an electrical current may fl ow
th (r]I oug@3Onmmapbe crambingd witsooriductive praieaak IBQ tecfoapp siegle/epncgdive davestaral s,
" single electrode.
Memory material 350 may be a phase change, programmable material
capable of being programmed into one of at least two memory states by applying a
10 current to memory material 350 to alter the phase of memory material 350 between a
substantially crystalline state and a substantially amorphous state, wherein a resistance
of memory material 350 in the substantially amorphous state is greater than the
resistance of memory material 350 in the substantially crystalline state.
Programming of memory material 350 to alter the state or phase of the
15  material may be accomplished by applying voltage potentials to conductive materials
380 and 270, thereby generating a voltage‘potential across select device 120 and
memory element 130. When the voltage potential is greater than the threshold voltages
of select device 120 and memory element 130, then an electrical current may flow
through memory material 350 in response to the applied voltage potentials, and
20 may result in heating of memory material 350.

This heating may alter the memory state or phase of memory material 350.

Altering the phase or state of memory material 350 may alter the electrical



20 may result in heating of nmenory material 350. This heating may alter the
menory state or phase of nenory material 350. Altering the phase or state
of menory material 350 nay alter the electrical 16 characteristic of nenory
material 350, e.g., the resistance of the material may be altered by
altering the phase of the nenory mateamsi al 350. Menory material 350 may

al so be referred to as a programmabl e resistive material. In the "reset"”
state, nmenory nmaterial 350 nmay be in an anorphous or sem - 5 anorphous
state and in the "set" state, nmenory material 350 may be in an a
crystalline or sem -crystalline state. The resistance of nenory materi al

350, | Tyl o AR BRGHEMBFy BEMLATIONONS Sl TBNoOBI e Btk ADIBE |

resi stance of nmenory nm n“t’he crystalline or sem-cr

state. It |{s to be appreciated that the associatjop of reset a t with
amrpﬁ&&gef%ﬁu W@Sﬁﬁim@%% e mﬁ@%w?%naﬁ?ﬁ% &‘%O%Wé?fqugﬁsind t hat
at | east an opposite convention nmay be adopted. Using electrical current,

menor ynapbksoi B redbbedey deaheagednmebie neslsdivieviebyeriddi gher tenperature to
anor phosi ze nenory material 350 and "reset” nenory material 350 (e.g.,
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menory material 350 to a relatively [ower crystallization tenperature may
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menory material 350 nmay be achieved to store information by varying the
anmountrystaling pesemi-Cowtaling satat iTdhe resissante ehenemenumatefial@p@ iy thet eri al
=0 amorphous or semi-ambrphous state may be greater than the resistance of memory
material 350 in the crystalline or semi-crystalline state. [tis to be appreciated that the
“ association of reset and set with amorphous and crystalline states, respectively, is a
10 convention and that at least an opposite convention may be adopted.
Using electrical current, memory material 350 may be heated to a relatively
higher temperature to amorphosize memory material 350 and "reset” memory material
350 (e.g., program memory material 350 to a logic "0" value). Heating the volume of
memory material 350 to a relatively lower crystallization temperature may crystallize
15  memory material 350 and "set” memdry material 350 (e.g., program memory material
350 to a logic "1" value). Various resistancés of memory material 350 may be achieved
to store information by varying the amount of current flow and duration through the
volume of memory material 350.
Memory 100 shown in FIG. 4 may be referred to as a vertical phase change
20 memory structure since'current may flow vertically between address lines through

select device 120 and memory element 130.

In other embodiments, memory 100 may be arranged differently and include



Menory 100 shown in FIG 4 may be referred to as a vertical phase change

20 menory structure since current may flow vertically between address |ines
through select device 1 20 and nenory el enment 130. In other enbodi nents,
menory 100 nay be arranged differently and include 17 additional |ayers and
structures. For exanple, it may be dagirable to formisolation structures,
peripheral circuitry (e.g., addressing circuitry) , transistors in
substrate 240, etc. It should be understood that the absence of these
elenments in the drawings is not a limtation of the scope of the present
invention. 5 It should be noted that the nenory structure iIIustrated in
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structurel e con 28 A Bfanda one array
or arrays on a substrate or may be constructed as a process nodul e

i nser SEHCIUAESD PETiRDEER! CHEPEItEK (q)faoc%%etslagvCtrﬁ&ttrv)bdﬂraftﬂstet%'erﬂ@ﬁraa ures.
For exanple, this nodule may be integrated into a full 10 conpl enentary

nmet al 298] de- Jeshadn deatrier{tChEatptheabssntdaf these elbsenbwinl the draeimgniel and
P-channel transistors, their wiring interconnects, and other circuit

el emeplg, :ifrmaﬁgﬁ.%fmbﬁs@;%dw@at rebélR iR columm |ines may be

respective riven annel transistors for reading and witing
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selected menory elenment (e.g., 115), a "half select array biasing schene"
may base maEnsmtot eddiodecsedet deviots.adbeahemfooy sentpieeiliustratdd & Fidayd be
may be constructed as a standalone array or arrays on a substrate or may be
constructed as a process module inserted into a more complex process flow that
builds other structures. For example, this module may be integrated into a full
10 complementary metal-oxide-semiconductor {CMOS) process that may also build N-
channe! and P-channel transistors, their wiring interconnects, and other circuit
elements. In such an embodiment, the row and column lines may be respectively
driven by N and P channel transistors for reading and writing in ways apparent to
o‘ne reasonably skilled in the art.
15 Turning back to FIG. 1, an emboditnent of an addressing scheme may be
illustrated. For a selected memory element (e.g., 115), a "helf select array biasing
scheme" may be implemented, wherein a voltage of, for example, V volts, may be
applied to the selected column line(e.g., 142) and approximately zero volts may be
applied to the selected row line (e.g., 152).
20 In one embodiment, termed the "half select array biasing scheme" for the case of

programming a memory element, V may be chosen to be greater than the threshold

voltage of select device 120 (Vy; SD) + the reset threshold voltage of memory element



applied to the selected colum line(e.g., 142) and approximately zero volts
may be applied to the selected rowline (e.g., 152). 20 In one enbodi nent,
termed the "half select array biasing schene" for the case of progranm ng
a nenory elenent, V may be chosen to be greater than the threshold voltage
of select device 120 (VTH SD) + the n@set threshold voltage of nenory

el emrent 18 130 (VT, Reset), but less than two tirriesVIH SID. In other
words (VTHSD+ VTH Reset) < V < (2*VIH SD). Al unselected rows and col unms
may be biased at V/2. In this , approach, there may be no voltage bias

bet ween unsel ected row |lines and Unsel ected colum Iines This may reduce
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successi ve orcin acurret suf fici |n manltude th a fast
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edge greater than about 200 nano-seconds for the set state to change phase
of t hepperanty tmatanapbefar voltegeckiae befwesndinsejeateneror inesl antbunsel&ctedy be
chosen to be greater than 10 the threshold voltage of select device 120
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reset thres tage of nenory elenment 130 (VTH Reset). In other words
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b| as bet ween unsel ected row lines and unsel ected columm lines. This may
r ﬁduceucqe’ﬁﬁthk@fomgda Ceaeaigauiicendntmaggitusie mdwithg tass laknoegoapf @;ﬁsl n
this way, nenory

than about 5 nano-seconds for reset and slow falling edge greater than about 200
nano-seconds for the set state to change phase of the memory material
For the case of reading a memory element, V may be chosen to be greater than

10  the threshold voltage of select device 120 (Vy, SD}, but less than the threshold volitage
of select device 120 (Vy, SD) + the reset threshold voltage of memory element 130 (V4
Reset). In other words (Vy, SD) <V < (Vq,, SD + V;,, Reset). All unselected rows aed
unselected columns may be biased at V/2. In this approach, there may be no voltage
bias between unselected row lines and unselected column lines. This may reduce

15  background leakage current. After biasing the memory array in this way, memory
elements of the array may be successively-read by successively forcing a relatively
lower current or voltage than that required to write or disturb a bit, to determine
resistance of the memory material of the memory elements. A forced voltage is less
than the voltage that will exceed the threshold of the memory element yet great enough

20 to result in detectably more current through a set bit than a reset bit. Alternately, a
current less than Ly, of the memory element may be forced through a bit. This current

may cause a detectably smaller voltage drop across a set memory element than a reset



el ements of the array may be successively read by successively forcing a
relatively |ower current or voltage than that required to wite or disturb
a bit, to determne resistance of the nmenory material of the nmenory

el enents. A forced voltage is less than the voltage that will exceed the
threshold of the nenor-y el enent yet gyeat enou 20 to result in detectably
nore current through a set bit than a reset bit. Alternately, a current

| ess than ' TH of the nmernory el enment may be forced through a bit. This
Current nmay cause a detectably smaller voltage drop across a set nmenory

el enent than a reset 19 nenDry el ement. For exanple, the reset current may
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ohnms, so that the maxi num dro&across a set nmenory elenment nmay be under
about 10 may be gseataathan-aksuthe3 marokgad maydhe abgutrﬂam &R EI FeRrooesg ity
menory device wth VITH of about 0.8 volts, the reset device nmay clanp the

vol t aggeaRIsesRal RBOTEMDOYO deis; sodhateunafingi dros avidssausetthessingl di ng or
snapping back. This will provide a read voltage difference between the set
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deselect margin. In this enbodinent, for the case of programm ng a nenory
el emenbltage solosades o*fembrvojetvs;cemyabdm Oaﬁ)pbit@mthowaths@i"@ctdleﬁ Ot SNARRING ne and
zero volts may be applied to the selected row |ine. V may be chosen to be
gr eat gacit heRistiaf prbVige Role8d\RIith38 iffdrefgd BetwstVineeset 2hd reset state of
about 0.6 volts minus about 0.1 or 0.5 volts, that may accommodate the variation in the
hold voltages of the device switch and memory element.
10 Another embodiment of an addressing scheme may be termed the "one-third
select array biasing scheme." This embodiment may improve deselect margih. In this
embodiment, for the case of programming a memory element, a voltage of V volts may
be applied to a selected column line and zero volts may be applied to the selected row
line. V may be chosen to be greater than the threshold voltage of select device 120
15 (Vyy SD) + the reset threshold voltage of memory element 130 (Vy, Reset), but less
than three times V,, SD. In other words (V;H SD + V4, Reset) <V < (3" V;; SD). All
unselécted rows may be biased at (2V)/3. All unselected columns may be biased at
V/3. In this approach, there may be a voltage bias between unselected row lines and
unselected column lines of approximately +/- V/3. This may provide additional
20 manufacturing margin for variability of threshold voltages of select device 120 and

memory element 130. After biasing the memory array in this manner, memory

elements of the array may be programmed by forcing a current sufficient to change the



15 (VIH SD) + the reset threshold voltage of nenory el enent 130 (V7,,
Reset), but less than three tines VIH SD. In other words (VTH + VTH Reset)
< V< (3 VIHSD). Al unselected rows may be biased at (2V)/3. Al

unsel ected colums may be biased at V13. In this approach, there may be a
vol tage bias between unsel ected row | 4ges and unsel ected colum |ines of
approxi mately +1- V13. This may provide additional 20 manufacturing margin
for variability of threshold voltages of select device 120 and nenory

el enent 130. After biasing the nmenory array in this manner, menory

el ements of the array may be programmed by forcing a current sufficient to

changﬁpgggopgqﬁgmgf.y ﬁ.la?,{ngg‘ry material. For the case of reading a nenory

a voltage -of y be chosen to be greater than the threshold

vol tage of _sel ect de ce 120 (VIH S bu Ies t han ,the threshol d vol tage
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130 (VTH Reset). In ot her words (VTH SD) < V < (VTF, SD + VTH Reset) All
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di scussed above
V/3. In this approach, there may be a voltage bias between unselected row lines and

unselected column lines of approximately +/- V/3. This may provide additional
manufacturing margin for variability of threshold voltage of select device 120. After
10  biasing the memory array in this manner, memory elements of the array may be read by
forcing a relatively lower current to determine resistance of the memory fnaterial of the
| memory elements such as by the methods used in the V/2 approach discussed above
in the half select approach.
Programming a selected memory cell may include biasing unselected row and
15 unselected column lines as discussed above in the "half select array biasing scheme”
and "one-third select array biasing scheme"- embodiments. On the selected column
line, a current may be forced with a compliance that may be greater than the threshold
voltage of selected device 120 and the threshold voltage of memory element 130. The
current amplitude, duration, and pulse shape may be selected to place the memory
20 elementin the desired phase or memory state.
Reading a selected memory cell of the array may include biasing unselected row

and column lines as discussed above in the "half select array biasing scheme" and



in the half select approach. Programm ng a sel ected nenory cell may include
bi asi ng unsel ected row and 15 unsel ected colum |ines as di scussed above
in the "half select array biasing schene” and "one-third select array

bi asi ng scheme" enbodi nents. On the selected colum |line, a current may be
forced wth a conpliance that may be greater than the threshold voltage of
sel ected device 120 and the threshold voltage of nenory el enent 130. The
current anplitude, duration, and pul se shape nay be selected to place the
menory 20 elenent in the desired phase or nenory state. Reading a sel ected
menory cell of the array may include biasing unselected row and colum

| i nes»as. §i: faggpy- i ' ha ar, hi.asi me" and 21
"one-thi rwl@gﬁgﬁ%arr r aylgBqngsééﬁgmséghéﬁngﬁ%rﬁ%@ai nde(ﬁ{gl%ggﬁlg%@%? %ns of these
schenes for conventignal use that reflect margin needs, array sizes, and

| eaka§&ePeyitramvRDEoNF usedhat tliget MAEging1aesw BraY sEESoRRBISARSERI | ed i n

the art to determne the appropriate bias voltages that will neet product
speci feqatenmaTgs whirehpnodyclvaiay allo @appltdasanabiy. skiledontbé st toadetbeniappghieed to
the selected row |line and a voltage V applied on the selected columm I|ine.
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t
t hat rogram or disturb the present phase or nenory state “of” the

. r lement , If the menory elepent is,i "reset" stat t he noy y
crbneHeRa o era WP IS e Safied i g ierled ot ERB ansts §ofagd U ariiiegge,
| ow current condition to a 10 sense anplifier (tn_ot shown). The sense
anpl i on 8re aelpcled: endumadimear e ewrerisignplisgce of this forced voltage may be less

than the current that may program or disturb the present phase or memory state of the
memory element. If the memory elément is in a "reset” state, the memory element may
not switch "on" and may present a relatively large voltage, low current condition to a
10 senée amplifier (not shown). The sense amplifier may either compare the resuiting
column voltage to a reference voltage or compare the resulting column currentto a
reference current.
FIGS. 5-12 may be used to illustrate an embodiment to fabricate or
manufacture a portion of memory 100. [n particular, FIGS. 5-12 may be used to
15 illustrate an embodiment to fabricate select device 120 and memory element 130,
Turning to FIG. 5, memory 100 ma-y comprise a substrate 240 that may be, for
example, a semiconductor substrate (e.g., a silicon substrate), aithough the scope of
the present invention is not limited in this respect. Other suitable substrates may be,
but are not limited to, substrates that contain ceramic material, organic material, or a
20 glass material.
A layer of insulating material 260 may be formed over and contacting substrate

240. Insulating material 260 may be a dielectric material that may be a thermally and/or



colum voltage to a reference voltage or conpare the resulting col um

current to a reference current. FIGS. 5-1 2 may be used to illustrate an
enbodi ment to fabricate or manufacture a portion of menory 100. In
particular, FIGS. 5-12 may be used to 15 illustrate an enbodi nent to

fabricate sel ect device 120 and nenor3z el enent 130. Turning to FIG 5,
menory 100 may conprise a substrate 240 that nmay be, for exanple, a

sem conductor substrate (e.g., a silicon substrate), although the scope of
the present invention is not limted in this respect. O her suitable
substrates may be, but are not limted to, substrates that contain ceramc

mat er i I I n
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mat erl 260 ma dieleciric erial t.he and/ or 22
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al'though the scope of the present invention is not | | mted in this

r espeatthicknsss sanging fatreabaiit 3060A e pbhat €0,080tAi althwegs thasgope of them about
300 A to about 10,000 A, although the scope of the present invention is

not | brddedd idventiBhss h@ﬁmﬁﬁéd i thsd/tepeRg I’ﬁ%b%ﬁh@'m&@@iaﬂ?ﬂo eayPo®! anari zed
using a chem cal or chem cal -nechanical polish™(CW) technidque. Athin film
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patterned using phot ol |thograph| c and etch techniques to forma small w dth
in the vy- dithisthlmoal 2 sppdegityeanatesiat BE0 vmasbe frmed aveniyimng Bysulating il m
t hi ckness of

material 270 using, for example, a PVD process. Conductive material 270 may be

patterned using photolithographic and etch techniques to form a small width in the
y-direction (orthogonal to the view shown in FIG. 5). The film thickness of
10  conductive material 270 may range from about 20 A to about 2000 A. In one
embodiment, the thickness of conductive material 270 may range from about 200 A to
about 1000 A. In another embodimeht, the thickness of conductive material 270 may
be about 500 A.
Conductive material 270 may be an address line of memory 100 (e.g., row line
15 151, 152, or 153). Conductive material 270 may be, for example, a tungsten (W) film, a
doped polycrystalline silicon film, a Ti film, é TiN film, a TiW film, an aluminum (Al) film,
a copper (Cu) film, or some combination of these films. In one embodiment, conductive
material 270 may be a polycrystalline silicon film with a resistance lowering strap of a
refractory silicide on its top surface, similar to a poly gate used in CMOS over a thick
20 filed oxide, although the scope of the present invention is not limited in this respect.
An insulating materia! 280 may be formed overlying conductive material 270

using, for example, a PECVD (F’Iasma Enhanced Chemical Vapor Deposition) process,



10 conductive material 270 may range from about 20 A to about 2000 A In
one enbodi nent, the thickness of conductive material 270 nmay range from
about 200 A to about 1000 A. In another enbodi ment, the thickness of
conductive material 270 may be about 500 A. Conductive material 270 nmay be
an address line of nmenory 100 (e.g., gnow line 15 151, 152, or 153).
Conductive material 270 may be, for exanple, a tungsten (W film a doped
polycrystalline silicon film a Ti film a TiNfilm a TiWfilm an
aluminum (Al') film a copper (Cu) film or sone conbination of these
films. I n one enbodi nent, conductive material 270 may be a pol ycrystalline

St SRR (High Wehidi? pigghaf @%g@%%@%gman rlAPaKY sBL I bRideasy idiafigle o

its top's at e use n CMOS over a thick 20 Tiled
oxi de, although the scope of the sent ipvention js n limted in this
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material 270 wusing, for exanple, a PECVD (Pl asma Enhanced Chem cal Vapor
Deposintulating pratesaissuck3ad; bR ¢xdngble Deificon gioRides @ithopgly desscops oktien- on and
bake SOLCGEL process. Insulating material 280 may be a dielectric materi al

t hat : akniel it C ik i i Such as,
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for e, although the scope of the present invention
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the present inventionis not limted in this respect. In one enbqdi nent,
the tinventinesis not limitedl inthisgespeatein ane moﬁamenmgé thickpesRunswelna, o
about 2500 A. In another enbodinment, the thickness of insulating materi al
280 iRl 2BOwhayl Ay effrom about 500 A to about 2500 A. In ancther embodiment,

the thickness of insulating material 280 may be about 1200 A

Although the scope of the present invention is fimited in this respect, insulating

10  material 280 may be planarized using a chemical or CMP technique. The resuiting

thickness of insulating material 280 may range from about 20 A to about 4000 A. In

one embodiment, after planarizing insulating material 280, the thickness of insulating

material 280 may range from about 200 A to about 2000 A. In another embodiment,

the thickness of insulating material 280 may be about 900 A.
15 A sacrificial film 410 may be deposited overlying insulating material 280.

Sacrificial film 410 may be, for example; a s.iiicon nitride (SiN) film or a polycrystaliine

silicon film. The thickness of sacrificial film 410 may range from about 20 A to about

4000 A. In one embodiment, the thickness of sacrificial film 410 may range from about

200 A to about 2000 A. In another embodiment, the thickness of sacrificial film 410
20 may be about 1000 A.

Sacrificial film 410 may be patterned using photolithographic and etch

techniques to form openings 415 having sidewalls 416. Openings 415 may be holes,



Al t hough the scope of the present invention is limted in this respect,
insulating 10 material 280 may be planarized using a chemcal or CIVIP
techni que. The resulting thickness of insulating naterial 280 nay range
from about 20 A to about 4000 A. In one enbodinment, after planarizing
insulating material 280, the thicknes¥d of insulating material 280 may
range from about 200 A to about 2000 A. In another enbodinent, the

t hi ckness of insulating material 280 nmay be about 900 A 15 A sacrifici al
film410 may be deposited overlying insulating material 280. Sacrificial
film410 may be, for exanple, a silicon nitride (SIN filmor a

poi ycryst I il fi e | ridici Ll Q may
range V?%o?r']] g’ﬁﬁg?eiog'whawﬁ“ 0%%{].‘Ec 5'%%%@}124\% oﬁj(ﬁll 'rgreﬁmrp&%éﬁﬁ% ness of
sacrificial film410 may range fromabout 200 A to about 2000 A In

anot hé#SrR&fbodi ment, the thickness of sacrificial film410 20 may he about
1000 A Sacrificial film410 may be patterned using photolithographic and
etch techin gue=snimodiment, gpemingyst Yol &Halydd fegmeiddesiad psoltlitiogtpeinc agsl 415
may he hol es, 24 vias or trenches, although the scope of the present
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may formed using photolithographic and é&tch techni'ques. an exanpl e,
(ot BRI (ot e R 34T e emps R ARl Rac or o
to light. A mask (not shown) nay be used to expose sel ected areas of the
phot omsatedal tadight.i Aimasth(nsh shewnhewydiersed i pepeehssieatediareas ofththed. The-
etch nmay be ‘

photoresist material, which defines areas to be removed, i.e., etched. The etch may be

a chemical etch, which may be referred to as a wet etch. Or, the etch may be a plasma

~ (ion bombardment) etch, which may be referred to as a dry etch. If openings 415 are

10 formed using photalithographic techniques, the diameter or width of openings 415 may

be at least one minimum feature size.

The minimum feature size of a structure may refer to the minimum dimension

achievable using photolithography. For example, the minimum feature size may refer to

a width of a material or spacing of materials in a structure. As is undersiood,
15  photolithography refers to a process of transferring a pattern or image from one

medium to another, e.g., as from a mask to‘a wafer, using a certain wavelength or

wavelengths of light. The minimum feature size of the transferred pattern that is

available in state of the art IC manufacturing may be limited by the limitations of the

wavelength of the light source. Distances, sizes, or dimensions less than the minimum
20 .. feature size may be referred to as sub-lithographic distances, sizes, or dimensions. For

example, some photolithographic processes may have minimum feature sizes of about

2500 angstroms. In this example, a sub-lithographic distance may refer to a feature



a chemcal etch, which nmay be referred to as a wet etch. O, the etch may
be a plasma (ion bonbardnent) etch, which nmay be referred to as a dry
etch. If openings 415 are 10 forned using photolithographic techniques, the
di aneter or width of openings 415 nay be at |east one mninmumfeature
size. The mninmum feature size of a sjgucture may refer to the mni mum

di mensi on achi evabl e usi ng phot ol ithography. For exanple, the m ninum
feature size may refer to a width of a material or spacing of materials in
a structure. As is understoo 15 photolithography refers to a process of
transferring a pattern or image fromone nediumto another, e.g., as from

a maslﬁa fnecg?\()ﬁétﬂrof i3§§ f}pﬂtﬂﬂ%ﬁﬂt%bpea\f@\éﬁbﬁ@t h or wavel engths of |ight. The

m ni mum ure sizée o ans pattern that is available in state

of the art | C manufacturing may be limted b ilelimtations of tile
wavel engt h Sfveralderhpjares giaycke uspdinpchisve §¥9-@§h°9c5%p*arp EN81RES1 ess t han

the mninmurn 20 . feature size nay be referred to as sub-lithographic
di st and#wughitiescope ofiilrepsisensinvEotion Exatginetedsiotbisphepett, phage abifti ¢
processes may have mni mum feature sizes of about 2500 angstronms. In this
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wi dth ess than . : angstroms.” Several” techniques may be used to
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it hography, or x-ray |ithography may be used to achi eve sub- 5

| i t hodjtreginiphyitepbniiuenssingladisaro of blestrons toeypagmiesiatyen amafet oXgay

direct-wite lithography techni que using a beam of electrons to expose

resi Sﬂittﬁ@;rﬁpr\{%f‘rﬂy- referit@an advanced lithographic process for transferring patterns to a
silicon wafer in which the electromagnetic radiation used is X-ray, rather than longer
wavelength radiation. The shorter wavelength for X-rays (e.g., about 10-200 angstroms,

10 versus about 2000-3000 angstroms for ultra-violet radiation) may reduce diffraction, and
may be used to achieve feature sizes of about 1000 angstroms and less. Also, sidewall
spacers may be used to achieve sub-lithographic dimensions. FIG. 6 may be used to
ilustrate the use of sidewall spacers 420 to achieve sub-lithographic dimensions.

FIG. 6 depicts the structure of FIG. 5, through the same cross-sectional view,

15  after forming sidewall spacers 420. In one embodiment, sidewall spacers 420 may be
formed along sidewalls 416 of a sacrificial ﬁim 410. The distance between sidewalls
416 may be one feature size and may be formed using photolithographic and etch
techniques. Sidewall spacers 420 may be formed by depositing a layer of silicon
nitride, poly silicon, or another sacrificial material in the space between sidewalls 416

20 and patterning this material using a dry etch such as, for example, an anisotropic etch.

The distance between sidewall spacers 420 may be sub-lithographic. After

sidewall spacers 420 are formed, in one embodiment, another anisotropic etch may be



| ithography may refer to an advanced |ithographic process for transferring
patterns to a silicon wafer in which the el ectronagnetic radiation used is
X-ray, rather than |longer wavelength radiation. The shorter wavel ength for
X-rays (e.g., about 10-200 angstrons, 10 versus about 2000-3000 angstrons
for ultra-violet radiation) may redugg diffraction, and nay be used to
achi eve feature sizes of about 1000 angstrons and | ess. Al so, sidewall
spacers may be used to achieve sub-1ithographic dinmensions. FIG 6 nay be
used to illustrate the use of sidewall spacers 420 to achi eve
sub-1ithographic dinensions. FIG 6 depicts the structure of FIG 5,

t hrou &ﬂgﬁ f f ) Il spacers
420. %Eegﬁg e 'a%rﬁ%ﬁ%gs‘g%gﬁqab)gd lz]\((:ﬁepsr&ggg htﬁgfngbagrsf}? r@d aﬁﬁgng sidewal | s
416 of sacrificial film410. The distance between si dewal s 416 may be
one fé’éﬁrﬂ‘?t@rm ze and may be forned using photolithographic and etch

techni ques. Sidewall spacers 420 may be fornmed by depositing a | ayer of
silicon nifumidg to ptBy7 sinldnecembodimeamd seerifiskat filnk 44 0 sndnateeeraf 20 mashe
space between sidewalls 416 20 and patterning this materi aI using a dry
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Si dewa k spacers 420 may be sub-1T7thographic. ter evva I spacers 420

are formed, in one e i rent not her ..a e etch nma e 26 used to
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d| ameter. Turning to FIG 7, in one enbodinent, sacrificial film410 and

spacePEsepEsegnduetivesmaterial 27Aard mask and insul ating material 280 may be

ani sotropically etched 5 using an etching agent that is selective such that

t he et chi ngsagewn intRIgS7 ahe edthing operation exposes a portion of conductive

material 270 through opening 430. In one aspect, sidewall spacers 420 may serve to
reduce the quantity of electrode material (e.g., 340 shown in Fig. 8) formed in opening
10 430. In one embodiment, the diameter of opening 430 may be less than about 1000
angstroms, although the scope of the present invention is not limited in this respect. |
It should be pointed out that the use of sidewall spacers 420 to form opening 430
is not a limitation of the present invention. Other sub-lithographic methods, as
mentioned above, may be used to form opening 430, wherein opening 430 may have a
15  sub-lithographic diameter. Or, in alternate embodiments, opéning 430 may be formed
using photolithographic techni_ques and may therefore, have a diameter of greater than
or equal to about one minimum feature size.
Sacrificial film 410 and spacers 420 may be removed after forming opening 430.
For example, sacrificial film 410 and spacers 420 may be selectively etched while
20 preserving insulating material 280 and conductive material 270.
FIG. 8 illustrates memory 100 after the conformal deposition of an electrode

material 340 over insulating material 280 and in opening 430 (FIG. 7). Electrode



preserves, conductive material 270. As shown in Fig. 7, the etching
operation exposes a portion of conductive material 270 through opening
430. In one aspect, sidewall spacers 420 nay serve to reduce the quantity
of electrode material (e.g., 340 shown in Fig. 8) forned in opening 10 430.
I n one enbodinent, the dianmeter of opgning 430 may be | ess than about 1000
angstrons, although the scope of the present inventionis not limted in
this respect. It should be pointed out that the use of sidewall spacers 420
to formopening 430 is not alimtation of the present invention. O her
sub-1ithographic nmethods, as nentioned above, nmay be used to form opening

a1 or MRS ERRAR TR Sy CE, T TN, PR ARG <AeBeT R e e i

techni ques and nmay therefore, have a dianmeter of greater than or equal to
about ORDIRFHIMINNEeat o ether suitaldg Fesishve GaNduciors4 16 am&xapkieiedmSmy be

renoved after form ng opening 430. For exanple, sacrificial film410 and
spacermsatéagl Iy may sefentddvediyg etaieedcahiaper d8ppsiger{CVLY) prosedsat i ng
material 280 and conductive material 270. FIG 8 illustrates nenory 100

sl SPEYERRE sTBpe ST Rl <R BRI AR PiifRg SR Rl et 340
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exanpl e, electrode material 340 may be formed usi ng a chem gal vapor
deposintdybe yeubfo forot elesirodevmaterial 34 As @pexamplaeAbPe@damid kayaiti on is
not limted by the particular process used 5 to formelectrode materi al
340. I(jepﬁgmél,-,gin%{ys@e heednderstood that alternative processes
Following introduction of electrode material 340, the structure shown in FIG. 8
may be subjected to a planarization that removes a portion of electrodé material 340
10 and may remove a portion of insulating layer 280. Suitable planarization techniques
may include a chemical or CMP technique: Other techniques may also be used to
pattern materials 340 and 280. For example, a blanket etch may be used to remove
portions of insulating layer 280 and electrode material 340. FIG. 9 illustrates the
structure shown in FIG. 8 after patterning of electrode material 340.
15 FIG. 10 illustrates the structure of FIG. 9 at a later stage of fabrication. A thin
film of memory material 350 may be deposfted overlying insulating material 280 and
electrodes 340.
Memory material 350 may be formed using, for example, a PVD process.
Memory material 350 may be a programmable material such as, for example, a phase
20 change material. Memory material 350 may be an ovonic material or a chalcogenide

material. The thickness of memory material 350 may range from about 20 A to about

4000 A. In one embodiment, the thickness of memory material 350 may range from



may be used to formelectrode material 340. As an exanple, ALD (Atomc
Layer Deposition) nmay be use Follow ng introduction of electrode nmateri al
340, the structure showmn in FIG 8 nay be subjected to a planarization
that renoves a portion of electrode material 340 10 and may renove a
portion of insulating |ayer 280. Suitzbl e planarization techniques may

i nclude a chem cal or CW technique. Oher techniques may al so be used to
pattern materials 340 and 280. For exanple, a blanket etch may be used to
remove portions of insulating |ayer 280 and el ectrode naterial 340. FIG 9
illustrates the structure showmn in FIG 8 after patterning of el ectrode
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overl yi ng insulating material ,280 and electrodes 340. Menory material 350
may bénatgriaeipQaiayde abpu le, a PVD process. Menory material 350 may
be a programmable material such as, for exanple, a phase 20 change

mat eri al . Mwairodemmbesrizdi36850ayrby depositedvoaiyingwi@nbel materal ¢Bal cogeni de
material. The thickness of nenory material 350 may range from about 20 A to
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range rom 28 about to about n anot
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may be formed using, for exanp a PVD process. Electrode
some combination of these, or other suitable conductors or resistive conductors. The
thickness of electrode material 360 may range from about 20 A to about 2000 A. In one
émbodiment, the thickness of electrode material 360 may range from about 100 A to
about 1000 A. In another embodiment, the thickness of electrode material 360 may be
1.0 about 3700 A.
Barrier material 3?0 may be deposited overlying electrode material 360. Barrier
material 370 may be formed using, for example, a PVD process. Barrier material 370
may be Ti, TiN, Tiw, C, SiC, TIAIN, TiSiN, polycrystalline silicon, TaN, some
combination of these, or other suitable conductors or resistive conductors that provide a
15  barrier between electrode materials 360 and 210. In one embodiment, barrier material
may be composed of TiN and Ti films. The -thickness of barrier material 370 may range
* from about 20 A to about 2000 A. In one embodiment, the thickness of barrier material
370 may range from about 100 A to about 1000 A. In another embodiment, the
thickness of barrier material 370 may be about 300 A.
20 Electrode 210 may be deposited overlying barrier material 370 using, for

example, a PVD process. Switching material 220 may be deposited overlying electrode

210 using, for example, a PVD process and electrode 230 may be deposited overlying



5 material 360 may be Ti, TiN, TiW C SiC, TIAIN TiSiN polycrystalline
silicon, Ta sone conbination of these, or other suitable conductors or
resi stive conductors. The thickness of electrode material 360 may range
from about 20 A to about 2000 A. In one enbodinment, the thickness of
el ectrode material 360 may range fromSabout 100 A to about 1000 A

anot her enbodi nent, the thickness of electrode material 360 may be

In
10

about 300 A. Barrier material 370 nay be deposited overlying el ectrode
material 360. Barrier material 370 may be forned using, for exanple,
process. Barrier material 370 may be Ti, TiN, TIW C SiC, TIAIN, TiSiN,

polycrystal line sil|igon,. Ta sone conbi i f .syltable
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el ectrode materials 360 and 210. In one enbodiment, barrier material
be compdsbigkagssesNfaiectmde 210mswitthing matsiré2g0ofangplericpdeddl@ral 370 nay
range from about 20 A to about 2000 A. In one enbodi nent, the thickness of

bar ri @isciBésd bBbve Wi refren@dgeFfG.a8n about 100 A to about 1000 A
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a PVD

may

anot her enbodi nent, the thickness of barrier material 370 nay be about 300
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above with reference to FIG 3.
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atmospheric pressure or exposure to atmospheric gases between each thin film layer

deposition.

FIG. 11 illustrates the structure shown in FIG. 10 after batterning of materials

10 230, 220, 210, 370, 360, and 350 using, for example, photolithographic and etch

techniques, to form three cylindrical or box structures 500. Cylinder shaped

structures may be achieved using a single photo/single etch process. Box shaped

structures may be achieved using a dual photo/single etch process. In alternate

embodiments, box shaped structures may be achieved using a single photo/single

15 etch/single photo/single etch process. Although three cylindrical or box structures

are illustrated, this is not a limitation in the present invention, For example, in other

embodiments, more than three cylinder or box shaped structures may be formed.

In addition, FIG. 11 illustrates memory 100 after the conformal deposition of

an insulating material 510 on a portion of a top surface of insulating material 280,

20 and along the sidewalls and top surface of structures 500. Insulating material 510

may be a silicon dioxide or silicon nitride material. Insulating material 510 may have a

thickness ranging from about 20 A to about 10,000 A. In one embodiment, the



In one enbodinent, thin filmlayers 350, 360, 370, 210, 220, and 230 or a
subset 5 thereof, nmay be deposited by neans of a PVD process, in-situ.
That is, all layers may be deposited sequentially in a sputter deposition
tool w thout venting back to atnospheric pressure or exposure to

at mospheric gases between each thin fjlmlayer deposition. FIG 11
illustrates the structure shown in Flg. 10 after patterning of materials
10 230, 220, 210, 370, 360, and 350 using, for exanple, photolithographic
and etch techniques, to formthree cylindrical or box structures 500.
Cylinder shaped structures may be achi eved using a single photo/single

etch Rt . r i i I
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structures may be forne In addition, FIG 11 illustrates nenory 100 after

the c 6eBeUdd I NS W3t i h & B b i 1 i top
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s_ugf ace of str u&t@ res 500. Insulating material 510 nay be a silicon dioxide
orsi POsIeTees Yaterial. Insulating material 510 may have a thickness
ranging from about 20 A to about 10,000 A. In one enbodi ment, the 30
t hi ckness @& intestayer insylatet 820 arayshi® dapgsitetheeertingrinablaiing roatesal 81@bout
1000 A. In another enbodiment, the thickness of insulating material 510
may bentaRer iR8@atdr 520 may be, for example, a silicon dioxide deposited using a high

density plasma (HDP) process. Interlayer insulator 520 may have a thickness ranging

from about 300 A to about 20,000 A. In one embodiment, the thickness of interlayer

10 insulator 520 may range from about 2000 A to about 10,000 A. [n another embodiment,
the thickness of interlayer insulator 520 may be about 6000 A
FIG. 12 illustrates the structure shown in FIG. 11 after planarization of materials
510, 520, and possibly 230 using, for example, a CMP process. Conductive materials
380 may be formed over and contacting electrodes 230 by, for example, depositing a
15 layer of aluminum and patterning this layer using photolithographic and etch techniques

to form parallel strips that extend in the y-direction (orthogonal to the x-direction shown

in FIG. 12). Conductive materials 380 may be address lines such as, for example,

column lines 141-143 schematically iliustrated in FIG. 1. As may be appreciated,

column lines 141-143 may be orthogonal to row lines 151-133.
20 Other suitable materials for conductive layer 380 may include a tungsten {W)

film, a doped polycrystalline silicon film, a Ti film, a TiN fim, a TiW film, a copper film, or

some combination of these films. In one embodiment, conductive material 380 may be



Insul ating material 510 may be deposited at a relative cool er tenperature,

e.g., in the range of 200-600 degrees Celsius, and in one enbodi nent, at a
tenperature of about 5 250 degrees Celsius. An interlayer insulator 520
may be deposited overlying insulating material 510. |Interlayer insulator

520 may be, for exanple, a silicon didxi de deposited using a high density
pl asma (HDP) process. Interlayer insulator 520 may have a thickness rangi ng
from about 300 A to about 20,000 A. In one enbodinent, the thickness of
interlayer 10 insulator 520 may range from about 2000 A to about 10,000 A.

I n anot her enbodi nent, the thickness of interlayer insulator 520 may be

about i tes - E
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x-direction shown in FIG 12). Conducti ve materials 380 nay be address
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in F e appreci ate col um es 141-143 may be orthogonal

to row I| S 0 Other. suj materials for conductive |ayer 380
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T| film a TINfilm a TiWfilm a copper film or sone conbination of

t hese fil nin thererohediomrddiusgiated indriudidi, memenyenaternaB800 may alectsades
polycrystalline silicon filmwith a resistance lowering strap of a cobalt

si | i chale aa8FF02hay form memory element 130 (FIG. 1). Switching material 220 and

electrodes 210 and 230 may form select device 120 (FIG. 1).
Memory arrays using the structure illustrated in FIG. 12 may be manufactured
10  using thin films for the memory elements and select devices. In this type of an array,
single crystal silicon devices such as MOS transistors or BJTs are not used in the
memory array. Thus, it may be possible to vertically stack memory arrays on top of one
" another which may increase memory density with a relatively small increase in wafer
processing costs. FIG. 13 illustrates an example of a four layer stack of memory
15  arrays in accordance with an embodiment of the present invention.

Although nbt shown in FiG. 13, on-cﬁip transistors, peripheral circuitry, and/or
address circuitry may be positionéd under the memory array. This may reduce chip die
area. Memory array efficiency may be defined as the percentage of the total product
chip area that is made up of memory cells compared to the amount of chip area that is

20 used for other circuitry. In one embodiment, memory efficiency of 80% or higher may
be achieved by using the thin film memory structures as discussed above along with

placing on-chip transistors, peripheral circuitry, and/or address circuitry underneath the



on its top surface. Conductive material 380 may have a thickness ranging
fromabout 100 A to about 20,000 A In one enbodi nent, the thickness of
conductive material 380 nmy range from about 300 A to about 5000 A In
anot her enbodi nent, the thickness of 5 conductive material 380 may be about
2000 A. In the enbodinent illustrated2in FIG 12, nmenory material 350 and
el ectrodes 340 and 360 may form nenory el enment 130 (FIG 1). Switching
material 220 and el ectrodes 210 and 230 may form sel ect device 120 (FI G
1). Menory arrays using the structure illustrated in FIG 12 may be
manufactured 10 using thin films for the menory el enents and sel ect
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menor yortSolatileayeniany podmmdefitbe obipt.h an enbodi ment of the present invention.
Al t hough not shown in FIG 13, on-chip transistors, peripheral circuitry,
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iflustrated.
Memory 600 may include memory celis 630 coupled between row lines 610 and
column lines 620 which may run orthogonal to row lines 610. Memory cells 630 may
10 include a vertically stacked, thin film select device and a memory element such as a
phase change memory element as discussed herein. In other words, memory cells 630
may include a vertical structure that includes a select device and a memory element
such as a phase change memory elemeﬁt that are formed using thin film materials.
Support subcircuits 640 may be under memory celis 630 and may be coupled to
15  row lines 610 and column lines 620. These subcircuits may comprise drive and sense
transistors for the array, and also other supbort circuits helpful for efficient use of the
memory in a system such as, for example, cache SRAM memory. Placing support
subcircuits 640 under the memory array in this manner may increase memory efficiency
and may economically allow fewer bits per row line and per column line. This may have .
20 the advantage of increasing speed for read and write operations due to reduced
parasitic resistance and capacitance and may also provide for more efficient

redundancy schemes.



pl aci ng on-chip transistors, peripheral circuitry, and/or address circuitry
underneath the nenory array. Alternately, SRAM may be pl aced under the
menory array in available places to increase the bandwidth of witing to
the chip for later data placenent in the non-volatile nmenory portion of
the chip. Stacked nmulti-Ilayer arrays gﬁy gain access to on chip CMOS
transistor pitched 5 array support subcircuits such as, for exanple, row
drivers, columm drivers, and sense- anps, as schematically illustrated in
FIG 14. Turning to FIG 14, a nenory 600 is illustrated. Menory 600 may

i nclude nenory cells 630 coupl ed between row Iines 610 and colum |ines

620 whi ch ppy fé'ﬂllugi}'gag%&g%ﬂjgb&?m%}ﬁ‘fﬁ%ﬂ%? n‘?élrﬂ?mr%%éleznwm@ﬂy 10

i nclude a vertica hi'n m sel ect “devi'ce an menory ‘el ement

such as a phase change nenpry el enent as di scussed herein. In other words,
menor JOWENE & Bamediging AGaliaded SiasHe COAE AT e Fe EPRAR PHRFLAEY & sel ect

device and a nenory el enment such as a phase change nenory el enent that are
f or medxarsipleg atriownlirfe hmyrtee forinedusirgup poragicruBe raruNtsregithh 70, drel ander
menory cells 630 and may be coupled to 15 row lines 610 and colum |ines
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array, | so ot her "'support circuits he ul“for efficient use of the
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efficiency and may economically allow fewer bits per row |ine and per
col unsuirwrdedry anriasulating mtetid & S8deuen ageios Expmpta assilieprsPexdet or r ead
and wite operations due to reduced parasitic resistance and capacitance
and neynal&vedsioys daofmay Bel forefkahmplentingsten, and may include a liner (not
shown) of, for example, Ti and/or TiN. In an alternate embodiment, not shown,
conductive material 380 may be coupled to electrﬁde 230 via a conductive plug.
10 FIG. 16 illustrates an alternate embodiment of a memory cell (e.g., 115) of
memory 100. Although thé scope of the present invention is not limited in this respect,
in this embodiment, memory cell 115 may include an electrode 830, a switching
material 820 overlying electrode 830, and an electrode 810 overlying switching material
820 to conduct current between the switching materia! 820 and memory material 850.
15 In addition, memory cei[ 115 may include a memory material 850 overlying electrode
810. In other words, electréde 810 may be ‘under and contacting memory material 850.
Further, memory cell 115 may include an electrode 840 overlying memory material 850.
Memory cell 115 is a vertical structure that may be formed of thin film materials
and may be formed over a substrate (not shown ). Select device 120 may include
20 switching material 820 along with it's upper and lower electrodes 810 and 830

respectively, and memory element 130 may include memory material 850 along with it's

upper and lower electrodes 840 and 810, respectively.



redundancy schenes. 33 FIG 15 illustrates anot her enbodi ment of nenory
100. In this enbodinment, a rowline is formed using a salicided single
crystal active region of N+ or P+ For exanple, a rowline may be forned
using a P region 720, an N+ region 730, and a refractory salicide strap
740 of, for exanple, CoSi2, TiSi2, or3adNiSi2. This row line may be 5 coupl ed
to el ectrodes 340 via conductive plugs 710. Conductive plugs 710 nay be
surrounded by an insulating material 750, such as, for exanple, a silicon
di oxi de. Conductive plugs 710 may be, for exanple, tungsten, and nay
include a liner (not shown) of, for exanple, Ti and/or TiN. In an

alternat e §g@r€@gnﬁ5termg2§nﬁé@b %Gﬁh%@h@%ﬁe}@si@ﬂgr Felgs Campl ed to
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el ectrode conductive plug. 16 illustrates an alternate
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enbodi ment, nenory cell 115 may include an el ectrode 830, a swtching
mat er Fatth8Gnamery yiateriati8&0tmayl bedatnednlitrersame or sovitarguatesialy, lydng
switching material 820 to conduct current between the switching material
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nory material 850 overlying electrode 810. In other words, electrode 810
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is a vertical structure that may be formed of thin filmmaterials d
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switching material 820 along with its upper and | ower el ectrodes 810 and
830 the examples discussed herein for materials 380, 370, 230, 210, 360, and 340. In one

embodiment, electrodes 830, 810, and 840 may be a layer of carbon, although the
scope of the present invention is not limited in this respect. In addition, the thickness
10 of, and the techniques used to form materials 380, 370, 230, 210, 360, and 340 may be
used to form electrodes 830, 810, and 840. |
FIG. 17 is a schematic diagram illustrating another embodiment of memory 100.
In this embodiment, memory cells 111-119 each include select device 120, a select
device 125, and memory element 130. In this embodiment, the total snapback may be
15 reduced to allow use of a lower threshold memory element. For example, if the total
V;, for the péir of ovonic switches is about fwo volts, the individual V4, of each switch
may be about one volt by appropriate chbice of the switching material thickness. 1f the
V,, of each is, for example, 0.8 volts, the snapback may be reduced to about 0.4 volts
total from about 1.2 volts if a single device is used. Such a stacked series set of switch
20 devices may reduce the tendency to disturb a bit during read. Such a stack may be
comprised of one switch, two switches, or more switches in series with the memory

element, all placed between the row and column iine assisting reliable memory



respectively, and nenory el enent 130 may include nenory material 850 al ong
wth it's wupper and | ower electrodes 840 and 810, respectively. 34
Switching material 820 may be formed using the sane or simlar materials,
and using the sanme or simlar techniques as described herein for sw tching
material 220. Further, nmenory nmaterid 850 may be forned of the sanme or
simlar materials, and wusing the sane or simlar techniques as described
herein for nenory material 350. 5 Electrodes 830 and 840 nmy serve as
address lines(e.g., colum or row lines). Electrodes 830, 810, and 840 may
be conposed of materials simlar to, or the sanme as the exanples di scussed

herei%&%‘g@”@%’%%@@?‘)ﬁ%’ 370, 230, 210, 360, and 340. In one enbodi nent,

el ect ahd 840 may be a | ayer of carbon, although the scope
of the present invention is not limted in this respect. In addition, the
t hi ckness ADisgiustetad memasy pinerls! I0sand selecbdeayines 420 and BHoarez70, 230,
210, 360, and 340 may be wused to form el ectrodes 830, 810, and 840. FIG

17 | scomneetrenntd serihi agrangentdris i ahé rontutiinkeat, serdub dievizet 1Q0 aredp2y 100.
In this enbodi ment, menory cells 111-119 each include sel ect device 120, a

sel e%a&ﬂ%‘ﬁﬂ&%ﬁ%tc‘f@%ﬁ@m&rﬂo | FEPROht %fq)maalyrbé b %vﬁm‘&c}ﬂ%f@ » the total

snapbac uced to aflow use o l'ower thres ~menory .
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by appropriate choice of the switching material thickness. If the VH of
eaf:[]sis dlustrateder@gobe] arG:e8witto Bnsther kentmdimbachf theypresentdoverdwnt o Msbowrty 0. 4
" cell 115 may comprise substrate 240, insulating material 260 overlying substrate 240,
and conductive material 270 overlying insulating material 260. Conductive material 270
“may be an address line (e.g., row line 152). Above conductive material 270, electrode
10 340 may be formed betwéen portions of insulating material 280. Over electrode 340,
sequential layers of a memory material 350, electrode material 360, a switching
material 920, an electrode material 930, a switching material 940, an electrode material
950, and a conductive material 980 may be deposited to form a vertical memory cell
structure. Conductive material 980 may be an address line (e.g., column line 142).
15 The embodiment of memory cell 115 itlustrated in FIG. 18 may be formed using
similar materials and manufacturing techniqﬁes as discussed with reference to FIGS. 5-
12 and 15. MtheenmomnwnﬂmmvmedquG.ﬂlsdeddeﬂum1é§and1203m
formed over memory element 130 to form a serially coupled, thin film vertical structure
or vertical stack. In alternate embodiments, memory element 130 may be formed
20 above select devices 120 and 125 or memory element 130 may be formed between

select devices 120 and 125 to form a serially coupled, thin film vertical structure. In the

embodiment illustrated in FIG. 18, select devices 120 and 125 and memory element



total fromabout 1.2 volts if a single device is used. Such a stacked
series set of switch 20 devices may reduce the tendency to disturb a bit
during read. Such a stack may be conprised of one switch, two switches, or
noFe switches in series with the nenory elenent, all placed between the
row and columm line assisting reliablg nenory sel ection and operation. As
is illustrated, nenory elenent 130 and sel ect devices 120 and 125 are
connected in a serial arrangenent. |In one enbodi ment, select devices 120
and 125 may be ovonic switches and nenory el enment 130 nmay be an ovonic
menory. 5 Turning to FIG 18, an enbodi nent of a nenory cell (e.g., 115) of
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mat eri al 260 overlying substrate 240, and conductive material 270
over | §8Aghimidm werting Fiaeleri al 260. Conductive material 270 may be an
address line (e.g., row line 152). Above conductive material 270, el ectrode

10 340 naylrbmefmnedinhmtw&@tramuwms 1, marsotyahategiahB66 rminal el2dPodedy er
el ectrode 340, sequenti al Iayers of a menory material 350, electrode
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svm'tc i ng maerla | ectrode nateria and a conductive

mat eri al 980 dep S|ted to forma vertic r ceII structure.
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The enbodi nent of menory cell 115 illustrated in FIG 18 may be forned

usi ngSwitthinhanaierinb®2a lasdaaiectradasf 360 and 830tregh firquegieslsdeliez 488ed wit h
reference to FIGS. 5- 12 and 15. In the enbodinent illustrated in FIG 18,

sel eCSwﬂ@M’n@Qﬁaﬂ#@l apd n’?e%Pbé“fcﬂmé‘cpuéiﬁg sOMBAT BRI ShdEBRfitar hdhdfactueing a
serially colpled, thin filmvertical structure
techniques used to form switching miater:a! 220 described herein. Switching material
940 and electrodes 930 and 950 may form select device 120. Switching material 940
10  may be formed using similar materials and similar manufacturing techniques used to
form switching material 220 described herein. In altemate embodiments, switching
materials 920 and 940 may be composed of the same material or different materials.
For example, in one embodiment, switching material 920 may be composed of a
chalcogenide material and switching material 940 may be composed of another
15 different chalcogenide material.

In one embodiment, select devices 1éO and 125 may be ovonic switches and_
memory element 130 may be an ovonic memory and memory cell 115 may be referred
to as an ovonic memory cell. As discussed above, an example of an |-V characteristic
for select device 120 is shown in FIG. 2. Select device 125 may have an |-V

20 characteristic similar to that illustrated in FIG. 2.

Turning to FIG. 19, an example of an |-V characteristic of memory cell 115,

which may include memory element 130 and select devices 120 and 125 in this



or vertical stack. In alternate enbodi nents, nenory el enment 130 may be
formed 20 above sel ect devices 120 and 125 or nenory el enent 130 nay be
formed between select devices 120 and 125 to forma serially coupled, thin
filmvertical structure. In the enbodinment illustrated in FIG 18, select
devices 120 and 125 and nenory el enent, 36 130 may be formed using thin film
materials, and the vertical stack may 'be referred to as a thin film
vertical stack. In the enbodinent illustrated in FIG 18, nenory nateri al
350 and el ectrodes 340 and 360 may form nenory el enent 130. Menory

mat eri al 350 nay be an ovonic 5 naterial or a chal cogenide material and

may b a Vigd) i
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may be formed using simlar materials and simlar manuf acturl t echni ques
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940 and el ectrodes 930 and 950 nmay form sel ect device 120. Swi tching
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manuf acturing techniques used to formsw tching material 220 descri bed
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chal cogenide material. In one enbodinent, select devices 120 and 125 may be
ovoni seleat devies oand ovemimsyiteh mayrte defermingddey the thickniess eEaley and nenory
cell 115 may be referred
composition of the switching material of the ovonic switch and the holding voltage of an
ovonic switch may be determined by the composition of the electrodes contacting the
switching material of the ovonic switch. Accordingly, in one embodiment, the snapback
10 voltage, i.e., the voltage difference between the threshold and holding voltages of an
ovonic switch, may be reduced by reducing the thickness of the switching material and
using a particular type of electrode.
For example, referring to select device 120 illustrated in FIG. 18, if electrodes
930 and 950 are carbon layers and if the thickness of switching material 940 is about
15 200 A, then the holding voltage of select device 120 may be about one volt and the |
threshold voltage of select device 120 may Ee about 1.2 volts. In this example, the
snapback voltage may be about 0.2 volts, which is the difference between the holding
and thresholld voltages of select device 120.
In the embodiment illustrated in FiG. 18, memory cell 115 may include two
20 ovonic switches serially coupled to an ovonic memory to decrease the voltage

difference between the holding voltage and the threshold voltage of a memory cell

when higher switching and holding voltages are desired. In other words, rather than



to as an ovonic nmenory cell. As discussed above, an exanple of an [-V
characteristic for select device 120 is showm in FIG 2. Select device 125
may have an IN 20 characteristic simlar to that illustrated in FIG 2.
Turning to FIG 19, an exanple of an |-V characteristic of nenory cell 115,
whi ch may include nmenory el ement 130 3gnd sel ect devices 120 and 125 in this
37 enbodi nent, is shown. The hol ding voltage of nmenory cell 115, | abel ed
VH, may result fromthe hol ding voltages of select devices 120 and 125 and
menory el enment 130. The threshold voltage of nenory cell 115 may be equal
to the conbined threshold voltages of nenory el ement 130 and sel ect

devi ¢ %é%‘ﬁ Wbk Suth, Mg BresARAIEC ) 3 ooy Eheopussbanber oi

t he t age df a ect devi ce’or SRR Swit

~determned by the thickness or alloy osition of the switching materi al
of th@e@mﬂ@ degiaash "sRaPRae” wéﬁdnﬁg'%r:ggg@ JeddRe e valteosdifecsnstay be
determ ned by the conposition of the el ectrodes contacting the swtching
mat er betwezh thbeh@gboldcarsihbicling voltayedi afgryovoric omeenewyloedivaeedt highee snapback
10 voltage, i.e., the voltage difference between the threshold and hol di ng

vol taélﬁﬁcrﬁﬁ%éﬂd h%Yd?Hg%ﬁé\%éé:Qre JBYirRe reduced by reducing the thickness of

the SWtc g materi usli ng a particular type of electrode. For
ctoct  odesln SRP A ERE s FECL GRS RO g <2reh 350 Fisbie Batidtn 42 FRNERS: chi ng
material 940 is about 15 200 A, then the holding voltage of select device
120 nefysvitchirigponateriad 9201 may e abwteﬁﬂe&mndjth@dhtcggess)bf switeung destedal 120
may be about 1.2 volts. In this exanple, the

940 may be about 200 A. In this embodiment, the threshold voltage of select device

120 may be about 1.2 volts and the holding voltage of select device 120 may be about

one volt. The threshold voltage of select device 125 may be about 1.2 volts and the
10 holding voltage of select devlice 125 may be about one volt. If the threshald voltage of

reset/set memory element 130 is about 0.8/0.0 volts, then the threshold voltage of

memory cell 115 may be about 3.2/2.4 volts for meméry cell 115 in a reset state and set

state, respectively, which is the combined threshold voltages of memory element 130

and select devices 120 and 125. That is, a voltage potential of greater than about 3.2
15  volts may be applied across memory cell 115 to "turn on" select devices 120 and 125

and conduct current through memory cell 11-5. A voltage of greater than about 3.2 volts

may be applied across memory cell 115 by applying a voltage potential of greater than

about 3.2 volts to column line 142 and a voltage potential of about zero volts to row line

152.
20 In this example, to program a selected memory cell, e.g., memory cell 115, a

voltage of about 1.8 volts may be applied to unselected column and unselected row

lines, e.g., lines 141, 143, 151, and 153. A voltége of greater than about 3.2 volts may



snapback voltage may be about 0.2 volts, which is the difference between
the holding and threshold voltages of select device 120. In the enbodi nent
illustrated in FIG 18, nmenory cell 115 nmay include two 20 ovonic swtches
serially coupled to an ovonic nenory to decrease the voltage difference
bet ween the hol ding voltage and the tjgeshold voltage of a nenory cel

when hi gher swi tching and hol di ng voltages are desired. In other words,

rat her than 38 using one ovonic switch, two ovonic switches may be serially
coupled to an ovonic nenory to decrease "snapback"” of a nenory cell, i.e.
reduce the voltage difference between the threshold and hol di ng vol t ages

of an,qQvoni: I r i i ol es are
desi rgg aﬁ%h%ﬁ@@%@%&%c Wﬁi'?‘elﬁ(%gg-' ' 142%1;18%%@9\@%”%%&%9 Ea‘éﬁ' car bon, the
t hi ckness of swi tching materi al 920 may be about 200 A, and_ the th| ckness
of swheleRtasrovalng.ieg- r@udxnﬁ&;ﬁ%éné@élﬁxame-AaﬁﬁﬁS%lﬁ%d%%w%%ﬁm e
threshol d voltage of select device 120 may be about 1.2 volts and the

hol di Hgrivoh}'digen dile delseapbaleky ithe valRayednppbacrabs ntemaonyecaliol t5 mi@lyébet hr eshol d
vol t age of sel ect device 125 may be about 1.2 volts and the 10 hol di ng

vol t agey o dePdrﬁ%fb/oﬁFS'zcx?on%Zt% 4800t BD- Q@%lt&&@p%.ﬁ%ohfthé beil Ehﬁéﬁbﬁv d

vol tage o reset/set nenory el enent 130 is about volts, t'hen the
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conblned threshol d vol tages of nenory elenent 130 and sel ect devices 120
and 1eBmemdi30iby facingicuagst fhooeah memaery cg&ﬂe*akfewhtimaﬁsmthasﬂze 15 volts
may be applied across nenory cell 115 to "turn on" sel ect devices 120 and
125 selected column line remains within about 2.4 volts of the unselected row lines biased
at about 1.8 volts so that unselected memory cells are not disturbed. That is, the
column may not be allowed to be higher than about 4.2 volts during programming.
10 FIG. 19 may be used to graphically illustrate this example, wherein for the full
memory cell (all 3 components taken together), Vy, is 3.2/2.4 volts for a reset state and
set state, respectively, and V,, is 2.8 voits. The current through memory cell 115 is near
zero amperes until the threshold voltage, V+,, of, for example, about 3.2 or 2.4 volts is
exceeded, depending on whether the memory cell is in a reset or set state respectively.
15 ;i'hen the voltage across memory cell 115 drops to (for a reset bit) or climbs to (for a set
bit) the holding voltage, V,, of, for example,'about 2.8 volts, as the current is increased.

To read the value of the information stored in the selected memory cell, in this
example, a voltage of about 2.8 volts may be applied across memory cell 115. The
resistance of memory element 130 may be sensed to determine if memory element 130

20 isinalow resistaqce crystalline, "set” state (e.g., less than about 10,000 ohms) or if

memory element 130 is in a high resistance amorphous, "reset" state (e.g., greater than

about 10,000 ohms).



and conduct current through nmenory cell 115. A voltage of greater than
about 3.2 volts nmay be applied across nenory cell 115 by applying a

vol tage potential of greater than about 3.2 volts to colum |ine 142 and a
vol tage potential of about zero volts to rowline 152. 20 In this exanple,

to programa selected nenory cell, e.q., nenory cell 115, a voltage of
about 1.8 volts nmay be applied to unsel ected col unmm and unsel ected row
lines, e.qg., lines 141, 143, 151, and 153. A voltage of greater than about

3.2 volts may 39 be applied to a selected colum |line, e.g., 142, and zero
volts may be applied to a selected rowline, e.g., rowline 152. In this

exanpl e, aff %Eoﬁ%r%ﬁb&b‘??ﬁ'eﬁ? Yo 1’@9 ﬁ’{bd\i%aé of tl'[)&n'?orﬂj}ahonéﬁ?ﬂaquq Lo snapback,

t he vol tage drop across menory uce roma out 3.2
volts to about 2.0-2.8 volts dependl ng on the cell's menory 5 state and
cur r eselgsies, meswnyrellna veliagrnT ahpidr-Sivaits may be araligd B@%ﬁdﬂ%@onm%mry

el ement 130 by forcing current through nenory cell -115 whil e assuring that
the ddbdstagsplging@m® vbiteto thenselestedicohimn abduer@ véits o the sdletted rowsatact ed
row |l ines biased at about 1.8 volts so that unselected nenory cells are

not d'154 3‘5'\, allSRkr URselbbRd AU %Mgﬁgt 'I*?Fe @st %\%ufré)mbtﬁe@e%@édt han

about ol'ts during programm ng. sed to graphically
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state, respectively, and VHis 2.8 volts. The current through nenory cell

115 i owezmistanee oryshplines'setitstatetdrél mamesyelemeard] 138gis,in witHgh sesistapee

exanpl e, about 3.2 or 2.4 volts is exceeded, depending on whether the

Menor ¥nffphols "fdbe® $tAEt Indhiss@hbsdidient! heRreiek\&RIgtt devices may not “turn
on” for the case of a reset state, thus also providing a high resistance between the
selected column and selected row.

10 it should be understood that the above examples are not a limitation of the
present invention. Other holding voltages and threshold voltages may be achieved to
alter the snapback of memory cells by altering the thickness of switching materials 820
and 940 and the compositions of electrodes 360, 930, and 950. One advantage of
reducing the snapback of a memory cell is that capacitive displacement current through

15  the memory cell may be reduced, thus reducing the tendency to disturb a bit into a
different state while reading.

lln other embodiments, memory cell 115 illustrated in F1G. 18 may be arranged

diﬁerently and include additional layers and structures. For example, it may be
desirable to form isolation structures, barrier layers, peripheral circuitry {e.g.,

20 addressing circuitry), etc. The memory cell may instead be a ferro-electric or ferro-

magnetic material with different phases programmed by different currents or polarity,

and that result in different impedances when programmed to the different states.



15 Then the voltage across menory cell 115 drops to (for a reset bit) or
clinmbs to (for a set bit) the holding voltage, VH of, for exanple, about
2.8 volts, as the current is increase To read the value of the information

stored in the selected nenory cell, in this exanple, a voltage of about 2.8
volts may be applied across nenory cej{ 115. The resistance 0 nenory
el enrent 130 may be sensed to determne if nenory elenent 130 , |less than

about 10,000 ohns) or if 20 is in a |low resistance crystalline, "set" state
.g menory element 130 is in a high resistance anorphous, "reset" state
(e.g., greater than about 10, 000 ohnms 40 In another enbodinent, to read the

val ey ghekliy, BEGRRELP BRI I AR Sy oBLESH SRRSOl rdnvolbage o

volts to the selected colum and zero volts to the selected row and 1.4
vol t sagaesaldevinenelt shosld be taderstord Bial the phaerce ehibieseslemanisds meba t he
selected 5 colum to the selected row nay be sensed to determne if nenory

el enelfhitdtdfh ofthescapelofthe peisshaimventioystal [ ine, "set" state or if memory
elenment 130 is in a high resistance anorphous, "reset"” state. In this

enbodi t ' I : ' p f
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cqu nd selected r
ftﬁe present(l;nventlon IS described. Systern 860 may be used in wireless devices

~such as, for example, a personal digital assistant (FDA), a laptop or portable computer
with wi_reless capability, a web tablet, a wirelesé telephone, a pager, an instant
messaging device, a digital music player, a digital camera, or other devices that may be
adapted to transmit and/or receive information wirelessly. System 860 may be used in
10 any of the following systems: a wireless local area network (WLAN) system, a wireless
personal area network (WPAN) system, a cellular network, although the scope of the
present invention is not limited in this respect.

System 860 may include a controller 865, an input/output (I/O) device 870 (e.g. a
keypad, display), a memory 875, and a wireless interface 880 coupled to each other via

15 abus 885. It should be noted that the scope of the present invention is not limited to
embodiments having any or all of these corﬁponents.

Controller 865 may comprise, for example, one or more microprocessors, digital
signal processors, microcontrollers, or the like. Memory 875 may be used to store
messages transmitted to or by system 860. Memory 875 may aiso opticnally be used

20 to store instructions that are executed by controller 865 during the operation of system
860, and may be used to store user data. Memory 875 may be provided by one or

more different types of memory. For example, memory 875 may comprise any type of



10 It should be understood that the above exanples are not a limtation of
the present invention. Oher holding voltages and threshold voltages may
be achieved to alter the snapback of nenory cells by altering the

t hi ckness of switching materials 920 and 940 and the conpositions of

el ectrodes 360, 930, and 950. One advamtage of reducing the snapback of a
menory cell is that capacitive displacenent current throu 15 the nenory
cell may be reduced, thus reducing the tendency to disturb a bit into a
different state while reading. In other enbodi nents, nenory cell 115
illustrated in FIG 18 may be arranged differently and include additional

| ayer F I I sirabl faormisol ation
st ol HEHE HieRorye by BB pfueky. URer s Y shlp a3l Ty
circuitry), etc. The nenory cell may instead be a ferro-electric or ferro-
magnefMemertand/an a memon sucky an ey d90utiseHsseRd®rBi- di f f erent currents or
polarity and that result in different inpedances when progranmed to the

different §Oad@sce 810Maebaaiset by 4 heemergynersel 4 mmygale. l@grstm 360 By eri al

or device benefiting froma snmall access device. It should be understood
t hat - hesft S LA [ f th
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personal digital assistant (PDA), a |laptop or portable conmputer wth
wi r el idarfacpd®0 mayincladesn artehet ora wirelebg ransedieph altbough pragecqpeaaf

i nstant nessagi ng device, a digital music player, a digital canera, or
ot her t+@eyres 8t thhahtid MR limited in this respect.

Although the scope of the present invention is not limited in this respect, system .
860 may use one of the following communication air interface protocols to transmit and

10 receive messages: Code Division Multiple Access (CDMA), cellular radiotelephone
communicaiion systems, Global System for Mobile Communications (GSM) cellular
radiotelephone systems, North American Digital Cellular (NADC) cellular radiotelephone
systems, Time Division Muitiple Access (TDMA) systems, Extended-TDMA (E-TDMA)
cellular radiotelephone systems, third generation (3G) systems like Wide-band CDMA

15 (WCDMA), CDMA-2000, or the like.

It shall be further understood that thé ovonic memory has a substantial dynamic
range that, with the techniques used above and if necéssary with feedback that can be
realized by one reasonably skilled in the art, the physical memory cell may store more
than one bit by writing and reading more than two non-overiapping ranges of

20 resistance.

While certain features of the invention have been illustrated and described

herein, many modifications, substitutions, changes, and equivalents will now occur to



adapted to transmt and/or receive information wirelessly. System 860 may
be used in 10 any of the follow ng systens: a wireless |ocal area network
(WLAN) system a wireless personal area network (WPAN) system a cellular
net wor k, al though the scope of the present invention is not limted in
this respect System 860 may include aacontroller 865, an input/output (1/0
device 870 (e.g. a keypad, display), a nenory 875, and a wreless
interface 880 coupled to each other via 15 a bus 885. It should be noted
that the scope of the present inventionis not limted to enbodi nents
having any or all of these conponents. Controller 865 may conprise, for

exanp (o) r 0 Qﬁ@ﬁp

m cr ohgjﬁfars’gﬁegjrlg%%%r{nﬂgrﬁ' ﬂeggﬁig,%foye g@(gérrgrgdy()db@bgg?da& S or@él?nnsegrseages
transmtted to or by system 860, Menory 875 may_al sg .optionally be used 20
to stBrendassior @m{qr@)ﬁssqcham@ﬁ@at%@ﬂde@hwe@oaﬁ e widn gesirg ﬁpﬁﬁ 0? tree
operation of system 860, and may be used to store user data. Menory 875
may b@vpntivh.ded by one or nore different types of nenory. For exanpl e,
menory 875 may conprise any type of 42 random access nenory , a volatile
menory, a non-volatile nenory such as a flash nenory and/or a nmenory such
as menory 1 00 di scussed herein. |/0O device 870 may be used by a user to
generate a message. System 860 may use wireless interface 880 to transmt
and receive nessages to and froma wireless 5 conmunication network with a
radio frequency (RF) signal. Exanples of wreless interface 880 may

i nclude an antenna or a wireless transceiver, although the scope of the
present invention is not limted in this respect.



Al t hough the scope of the present invention is not limted in this respect,
system 860 may use one of the follow ng conmunication air interface
protocols to transmt and 10 receive nessages:. Code Division Multiple
Access (CDMA), cellular radiotel ephone conmunication systens, G obal System
for Mbile Comruni cations (GSM cell ddar radiotel ephone systens, North
Anerican Digital Cellular (NADC) cellul ar radiotel ephone systens, Tine
Division Multiple Access (TDMA) systens, Extended- TDVA (E-TDVA) cel lul ar

r adi ot el ephone systens, third generation (3G systens |ike Wde-band CDVA
15 (WCDWR), CDMA-2000, or the like. It shall be further understood that the
ovoni c ne }ﬁagas a substantial dynamc range that, with the techni ques
used above and if necessary with feedback that can be realized by one
reasonably skilled in the art, the physical nenory cell may store nore
than one bi-t byAWRAPPRUBAPMRIEN %y nore than two non-overl apping ranges of
20 resistance. Wiile certain features of the invention have been

i |l ustrat exdplaase deswyd trateridi@ver a,subaimgtenodi fi cations, substitutions,
changes, and equivalents will now occur to 43 those skilled in the art, It

I's, therefoLgucH; o?t&)@éﬂj fhaipHde FRRGBIRL FiaRividherBlrfthel SHiRH to
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and the phase change material form portions of a vertical structure over the substrate.

2. The apparatus of claim 1, wherein the phase change material and the
switching material are thin film materials.

10

3. The apparatus of claim 1, wherein the phase change material and the

switching material are serially coupled to each other.

4. The apparatus of claim 1, wherein the switching material is over the phase

15 change material.

5. . The apparaust of claim 1, wherein the phase change material is over the

switching material.

20 6. The apparatus of claim 1, wherein the phase change material is a

chalcogenide material.



a phase change material over a substrate, a swtching material coupled to
t he phase change nmaterial, wherein the swtching naterial conprises a
chal cogen ot her than oxygen and wherein the switching material and the
phase change material formportions of a vertical structure over the
substrate. The apparatus of claiml, erein the phase change material and
the switching material are thin filmtaterials. 10 The apparatus of claim
1, wherein the phase change material and the switching naterial are
serially coupled to each other. The apparatus of claim1, wherein the
switching material is over the phase 15 change material. The apparaust of

™ 1 herel nrﬁehs%[g}aﬁrg SIGRRE L ST Pind TerlVa st SMHGD! AdnpRLes T2 -

20 6. The apparatu wher ei'n Se change€ rra I's a
chal cogeni de nmateri al 7.. The appar at us of claim1l1, wherei n the verti cal

st r uctaiy @leﬁm@@%éeh&ﬁﬁm@ gsrialhhcuried foHe prasmeeirnafimatatiaieny sWighinel t o

t he phase change material and swtching naterial. An apparatus,
conpr irsategial.a menory material over a substrate; a first el ectrode over the
menory material; and
5 8. An apparatus, comprising:
a memory material over a substrate;
a first electrode over the memory material; and
a chalcogenide material over the first electrode, wherein the memory

material and the chalcogenide material are electrically coupled via the

10 electrode. |

9. The apparatus of claim 8, fur_ther comprising:
a second electrode over the substrate and under the memory material,
wherein the memory material is formed on the second electrode;
15 a barrier material formed on the first electrode, wherein the first
electrode is formed on the memory materiai;
a third electrode formed on the barrier material, wherein the
chalcogenide material is formed on the third electrede; and
a fourth electrode formed on the chalcogenide material.
20
10.  The apparatus of claim 9, wherein the first electrode, the memory

material, and the second electrode form a memory element and wherein the third



a chal cogenide material over the first el ectrode, wherein the nenory

mat eri al and the chal cogenide naterial are electrically coupled via the 10
el ectrode. The apparatus of claim8, further conprising: a second el ectrode
over the substrate and under the nmenory materia wherein the nenory
material is formed on the second el ecjyode, 15 a barrier material forned on
the first electrode, wherein the first electrode is forned on the nenory
material; a third electrode fornmed on the barrier material, wherein the
chalcogenide material is fornmed on the third el ectrode; and a fourth

el ectrode formed on the chal cogenide material. 20 10. The apparatus of

c1 8l MR i fEnddrind pRUER 868 o PR RRENOUBIGH Blociabiicl R eCONC
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el ectro e ofma meno enment and wherein t he
chal co eni de materi al and he fourth electrode forma select device to
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el ement. 11, The apparatus of claim 8, V\/nerel n the chal cogenide material is
a nonprogrammable material. 12. The apparatus of claim 10, wherein the
menory el ement and the select device are arranged in a vertical

configuraten sguk a%mmtclamn%ﬂé?em tﬁe%ta@dage%kdeymav@ﬁémé:él di rection
bet ween the sel ect device and the nenory el enent.

"5 nonprogrammable material.

12.  The apparatus of claim 10, wherein the memory element and the select
device are arranged in a vertical configuration so that current flows in a substantially
vertical direction between the select device and the memory element.

10
13.  The apparatus of claim 10, wherein select device is in a substantially
electrically nonconductive state if less than a predetermined voltage potential is applied
across the chalcogenide material and wherein the select device is in a substantially
conductive state if greater than the predetermined voltage potential is applied across

15 the chalcogenide material.

14.  The apparatus of claim 10, wherein the mehow element is capable of
being program‘med into one of at Igast two memory states by applying a current to the
memory material of the memory element to alter the phase of the memory material

20 between a substantially crystalline state and a substantially amorphous state, wherein a
resistance of the memory material in the substantially amorphous state is greater than

the resistance of the memory material in the substantially crystalline state.



10 13. The apparatus of claim 10, wherein select device is in a
substantially electrically nonconductive state if |less than a
predeterm ned voltage potential is applied across the chal cogenide
material and wherein the select device is in a substantially conductive
state if greater than the predeterm ngd voltage potential is applied across
15 the chal cogenide material. 14. The apparatus of claim 10, wherein the
menory el ement is capable of being programred into one of at |east two
menory states by applying a current to the nenory material of the nenory
elenment to alter the phase of the nenory material 20 between a
substantially crystalline state and a substantially anorphous state,
wherein a resistance of the nmenory material in the substantially anorphous

state is greater than the resistance of the nenory material in the
subst anti altPy cr{g@RPAratds of glaém Y juriher coRPTigEr at us of claim 9, further

conprising: a first address |ine under and contacting the second el ectrode;

and a secoadirstddidesss linenendereaid cogatiivg fheusddonel dettrodie, ansher ei n t he
second address line is orthogonal to the first address line_ 16. The

apparat us Qiseebdd gbg%ﬁs‘g@?ﬂéﬁg@?h@f&ﬁh afdtee, WndfeiR QAR skEGRd &l um num or

copper, the secon nprises alum num or copper 10 17. The

a ara%ys of. cLaiabS éﬂgr in t?e éhaljo enide material is a material that
i & i naddregpipg iy PENPYe ?3%%&@ addiessdig- i s adapted to be repeatedly and
reversi bly switched between a higher resistance state and a relatively

| ower resistance

16.  The apparatus of claim 15, wherein the first address line comprises

aluminum or copper, the second address line comprises aluminum or copper.

10 17.  The apparatus of claim 8, wherein the chalcogenide material is a material
that is in a substantially amorphous state and is adapted to be repeatedly and
reversibly switched between a higher resistance state and a relatively lower resistance
state by application of a predetermined voitage or current.

18. The apparatué of claim 8, further comprising a second electrode over and

15  contacting the memory material, wherein the first electrode is over the second electrode

and contacts the second electrode.

19. The apparatus of claim 8, wherein the first electrode contacts the memory
material and contacts the chalcogenide material.

20

20. The apparatus of claim 8, wherein the chalcogenide material comprises

tellurium.



state by application of a predeterm ned voltage or current. 18. The
apparatus of claim@8, further conprising a second el ectrode over and 15
contacting the nmenory material, wherein the first electrode is over the
second el ectrode and contacts the second el ectrode. 19. The apparatus of
claim8, wherein the first electrode ¢®ntacts the nenory material and
contacts the chal cogenide material. 20 20. The apparatus of claim 8,
wherein the chal cogenide material conprises tellurium 48 21. The apparat us
of claim8, wherein the chacogenide material conprises silicon, tellurium
arsenic, and germanium 22. The apparatus of claim 21, wherein the
chacogeni de material further conprises |Indiumor Phosphorus. 23. The
apparatus of claim8, wherein the chal cogenide naterial is a materi al
selected fromthe group consisting of silicon, tellurium arsenic,

ger mani um 2and Ibecorpraigs cbpkaimiemewrein thea charegepgamategabsorapases 8,
wherein the chal cogenide material is a material conprising a chal cogen

ot her silibam tekyfyan, arkenidbandlyermppamnat us of claim 8, wherein the nenory
material is a phase change material. 26. The apparatus of claim 8, wherein
the nenory material is a '

5 22. The apparatus of claim 21, wherein the chacogenide material further

comprises indium or Phosphorus.

23.  The apparatus of claim 8, wherein the chalcogenide material is a material
selected from the group consisting of silicon, tellurium, arsenic, germanium, and

10 combinations thereof .

24.  The apparatus of claim 8, wherein the chalcogenide material is a material

comprising a chalcogen other than oxygen.

15 25. The apparatus of claim 8, wherein the memory material is a phase change

material.

26. The apparatus of claim 8, wherein the memory material is a
programmable resistive material.

20

27. The apparatus of claim 8, wherein the memory material is a chalcogenide

material.



programuabl e resistive material. 20 27. The apparatus of claim8, wherein
the menory nmaterial is a chalcogenide material. 49 28, The apparatus of
claim8, wherein the nenory material is an ovonic material. 29. The
apparatus of claim8, wherein the nenory material is a tellurium antinony,
germani um ( TeSbCGe) alloy. 30. An appawatus, conprising: an ovonic nateri al
over a substrate; 10 a nenory material over the ovonic material; and a
first electrode to conduct current between the ovonic material and the
menory material, wherein the first electrode is over the ovonic materi al
and below the nenory material. 15 31. The apparatus of claim 30, wherein
the nmenory material, the first electrode, and the ovonic material form
portions of a vertical structure over the substrate. 32. The apparatus of
claim 30, further conprising: 20 a second el ectrode over the first

el ectrode 2f8d uﬁberanmeatuer@grcgaime&.@vheiein theanemert materd dhanavesia ode
contacts the nenory material and wherein the first electrode contacts the

ovoni gndraggri al ;

5 29. The apparatus of claim 8, wherein the memory material is a teliurium,

antimony, germanium (TeSbGe) alloy.

30. An apparatus, comprising:
an ovonic material over a substrate;
10 a memory material over the ovonic material; and
a first electrode to conduct current between the ovonic material and the memory
material, wherein the first electrode is over the ovonic material and below the memory

material.

15 31.  The apparatus of claim 30, wherein the memory material, the first
electrode, and the ovonic material form portions of a vertical structure over the

substrate.

32.  The apparatus of claim 30, further comprising:
20 a second electrode over the first electrode and under the memory material,
wherein the second electrode contacts the memory material and wherein the first

electrode contacts the ovonic material;



and 50 a third electrode over the substrate, under and contacting the
ovonic material; a fourth electrode over and contacting the nenory
material. 33. The apparatus of claim 32, wherein the second el ectrode, the
menory material, and the fourth electrode forma nmenory el enent and
wherein the first electrode, the ovodiic material, and the third el ectrode
forman isolation device. 34. The apparatus of claim 32, further conprising
a barrier material between 10 the first and second el ectrodes. 35. The
apparatus of claim 30, wherein the ovonic material conprises tellurium 15
36. The apparatus of claim 30, wherein the menory material is a phase

change mat %\r,mﬁ‘é eletfrodB bR RS §PH§t{atﬁoﬂfﬁ’£é§édﬁﬂcorﬂa¥ Oc%/ih“eaévosrg fatgyar a

substrate, erein the vertica ack conprises an oni ¢ sw tch
coupled to an ovonic nenory. 38. The apparatus of claim 37, wherein the
ovoni 84w t ch conprises a 51 switching material. 39. The apparatus of claim
38, wherein the switching material is a chal cogenide material. 40. The
appar at us effocitielacdddevher a@ind doméaadingrihe meboghmister@ler t he ovoni c

5 33. The apparatus of claim 32, wherein the second electrode, the memory
material, and the fourth electrode form a memory element and wherein the first

electrode, the ovonic material, and the third electrode form an isolation device.

34. The apparatus of claim 32, further comprising a barrier material between

10 the first and second electrodes.

35. The apparatus of claim 30, wherein the ovonic material comprises

tellurium.

15 36. The apparatus of claim 30, wherein the memory material is a phase

change material.
37. An apparatus, comprising:
a vertical stack over a substrate, wherein the vertical stack comprises an ovonic

20 switch coupled to an ovonic memory.

38. The apparatus of claim 37, wherein the ovonic switch comprises a



menory. 41. The apparatus of claim 37, wherein the ovonic nenory is over
the ovonic 10 switch. 42. The apparatus of claim37, wherein the ovonic
switch is serially coupled to the ovonic nmenory. 15 43. The apparat us of
claim 37, wherein the ovonic nenory and the ovonic switch are formed using
thin filmmterials. 44. A nmethod, cogwprising: formng a nenory materi al
over a substrate; 20 form ng an el ectrode over the nenory material; and
form ng a chal cogenide nmaterial over the electrode, wherein the nenory
material and the chal cogenide material are electrically coupled via the

el ectrode. 45. The nethod of claim44, further conprising selecting the
menor i romthe group consisting of tellurium (Te), gernmani um
(Gb),éﬁﬁ?hgﬁbﬁ%gg%} and conbi nations thereof. 46. The nmethod of claim 44,
further conprising selecting the chal cogenide material fromthe group
consisting of silicon, tellurium arsenic, germanium and conbinations
thereof . 10 47. A system conprising: a processor; a wreless interface
coupl ed to3Bhe fFhecggsoatusaiclamn@Borhereouiblecsvitahindimaberdsdésaor, the nenory
i ncl udi ng:

chalcogenide material.
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40.  The apparatus of claim 37, wherein the ovonic switch is over the ovonic
memory.
41.  The apparatus of claim 37, wherein the ovonic memory is over the ovonic
10 switch.
42. The apparatus of claim 37, wherein the ovonic switch is serially coupled to
the ovonic memory.
15 43. The apparatus of claim 37, wherein the ovonic memory and the ovenic
switch are formed using thin film materials.
44, A method, comprising:
forming a memory material over a substrate;
20 forming an electrode over the memory material; and

forming a chalcogenide material over the electrode, wherein the memory

material and the chalcogenide material are electrically coupled via the electrode.



a phase change material over a substrate; 15 a switching material coupled
to the phase change naterial, wherein the switching nmaterial conprises a
chal cogen ot her than oxygen and wherein the switching material and the
phase change material formportions of a vertical structure over the
substrate. 20 48. The system of clai 27, wherein the phase change materi al
and the switching material are thin filmmterials. 53 49. The system of
claim47, wherein the phase change material and the switching naterial are
serially coupled to each other.

45.  The method of claim 44, further comprising selecting the memory material
from the group.consisting of tellurium (Te), germanium (Ge),antimony (Sb), and

combinations thereof.

5

46. The method of claim 44, further comprising selecting the chalcogenide
material from the group consisting of silicon, tellurium, arsenic, germanium, and
combinations thereof .

10 47. A system, comprising:

a processor;

a wireless interface coupled to the processor; and

a memory coupled to the processaor, the memory including:

a phase change material over a substrate;

15 a switching material coupled to the phase change material, wherein the
switchihg material comprises a chalcﬁgén other than oxygen and wherein the
switching material and the phase change material form portions of a vertical
struétu re over the substrate.

20 48. The system of claim 47, wherein the phase change material and the

switching material are thin film materials.
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49.  The system of claim 47, wherein the phase change material and the

switching material are serially coupled to each other.



