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t ent, Appl cation.No. .60/ 692, 7 i June. 22 .
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U.S. Patent Application No. (TBA), filed on an even date
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Background Techni cal Field [0003] The invention
generally relates to nonvolatile random access nenory
wa@emaysitand nore specifically to nonvol atil e PERTUS06/017902
access nenory arrays that use nanotube articles having
re-progranmmabl e resistance to provide unit cells that
may be C NP S of
Re! at o L EORRc R HOR O S Al on NS 2552002,
mentittegd NRAM Byva/Blosk ReteasedBimYelecinble (MeeBevionNenatelé ce
are having a | ow production cost, nonvolatility, high
dé APty, |ow power, and high speed. Convent i onal
menory sol utions include Read Only Menory (ROV,
Backsreghammabl e Read only Menory (PROV), Electrically
Programmabl e Menory (EPROV), Electrically Erasable
Programmmabl e Read Only Menory (EEPROM), Dynam ¢ Random
AccesEediegl fidldrAM) and Static Random Access Menory
(SRAM. [0005] ROM has a relatively | ow cost but
nn [
O oy Ry KO B e Bl s ety
arrays end emcke pecifieslly hmOmhtmmndmmlaMaswmemrmwtﬁaﬁRa\A

read cles, but has relativel se.ti nd
nand 8 ¥ i 1 By e B AR FURor R el e ey be
empfosel &8 intdEnEPMréafs. " Fl ash™) is inexpensive to produce

and has |ow power consunption, but has long wite

cycles (nms) and | ow relative speed in conparison to

DRAM Biscain ofRelated &rto has a finite number of

read/ wite cycles, which |leads to |ow |long-term

[0004g! i eﬁxl']ﬂgtrfa]}{t B M erRRMor %@ﬁ%ﬁ%@%@n FERROW 266m@lercial

non- nmeani ng t hat ower to the nmenory is
elecironie devipt et hatving aﬁewmrpdwtioh costt monvotanidity, ifghr cﬂraumtyxdow

powgh & ighiteresl PR R pREReRon Qo Bt s ter g SRSy

(ROMBP REJgkAfiBalbly Read Onk/ M@ﬁlbt;c?imyw H1E@EE8E B¥eFaynhadle
mlliseconds to conpensate forcharge Ieakage Al so, a

MemerydEBBOM) E&@trenaﬂzz ﬁaasgék« Rrpgr RepdsOnlydMemery
t
RSB L RiguoPRSRIL SRRty PSRATH LGl Raliy pcess

Mens@pdSRAMCI rcuitry rrust be included to "refresh" the
menory contents both

[0005] ROM has a relatively low cost but cannot be rewritten. PROM can be
electrically programmed, but with only a single write cycle. EPROM has read cycles
that are fast relative to ROM and PROM read cycles, but has relatively long erase
times and is reliable for only a few iterative read/write cycles. EEPROM (or “Flash™)
is inexpensive to produce and has low power consumption, but has long write cycles
(ms) and low relative speed in comparison to DRAM or SRAM. Flash also has a
finite number of read/write cycles, which leads to low long-term reliability. ROM,
PROM, EPROM and EEPROM are all non-volatile, meaning that if power to the
memory is interrupted, the memory will retain the information stored in the memory

cells.

[0006] DRAM stores charge on transistor gates that act as capacitors. These

capacitors must be electrically refreshed every few milliseconds to compensate for



before the capacitors discharge, and after a read
operati on. SRAM does not need to be refreshed, and is

wo a®b/128lati ve to DRAM but has | ower density BEMUSE06/017902

nore expensive relative to DRAM Both SRAM and DRAM

are volatile, meaning that if power to the nenory is

' Pt FRoY, df WMilelcahR5Brs, Bl ifoRfago
Char%ér:l%%%arﬁgt %ﬂ’.’ a?%bgodlﬁ]% Co%{sc%gche tel Y, Cgiii stirng et "
mustsohseguenthy bereawistieh &bthe mendnyoIbes esnplicateg reenyaienydesign,

ei ther nonvol atile, bu t r.ando accessi bl e and
becaae EbaeFICOSTEY Do RS TR it SOy fghigns both
beforel tHE EFhcASs |dis‘§:Mar%9, aalllaft Mtatiopb@tivh] SRAMIIbES Mt @Bed to

reliability of the circuit's function; or are

be refnobleedi huad isdant relatine to IDAMG buelpsdgwerdandisy perhisgnomBave a

| ow densi t r & t I es e atte e
expep Ve ftRlee? DA R A ORB Al S B B e
powdrag ied memBAM:s (YEMBte®thd ReRFRENRIWIL 1RMMhEFROMd have

nonvol atile menory cells that are generated fromthe

inforgyatient ati on of a magnetic or ferromagnetic regi on of
material. MRAM utilizes a magnetoresistive nenory

[0002136"%61356 hl éxﬁtiﬁ?%@ﬂn&?ciﬁil}t Q@ﬁlaﬁf&%cﬂfﬁbﬁ%ﬁegs%?é Eenerally

gnet oresistance or giant negnetoresista .
eithef eomariagedivit aotmahdomlylsscesBbidandfhavh edewtdgpsty, bighmenor y

proa§ b ol SRACk b il By bR g s o
the cITBEITR fhEctiFBRIEY ate G6lhtile, ARABIRH e ERHPLITRBMN SYstdn HBABLbr have a
unctions, has al so been exam ned but has not led to

low dessip- Semb emetgingicchnnlogeshayRateapiddde gddesiritses a

short%{)ﬁlﬁ iSt architecture simlar to DRAM but instead
utilTizes a thin filmferroelectric capacitor and an
externally applied electric field. This capacitor is

[0008E! i eFoedximplegamagnetic RAN BERAM)ailr fprodbmagretic RAMAFRAM)

T R T T
or feff@ﬁﬁ?ﬂet&eﬂe bidnle lﬁﬁtérf&l. bl@[lilmgﬁﬂiz@ﬁ]ﬁi nﬁ%ﬁet@fe@fsﬁ@é’hfe

manu act_ure as z;lr ge-sca. e i r]t egr ate _corrponen.ts. ee
elementgwhidt is haseNon. citheigbg agigatropic SRGNEQFSISENCO O YYAL.

{9580 00N 1SS STERS RS BeRBLYof 600N

are noAVElaHR] bidthaby a kdlgttielyiigh rédistarek whalow dassityc Hadigierdon
thin-filmalloys, which incorporate el enents such. as
propewdaniansie pemery gell- basedmnes dnaanstis tuppel jgRetaR ips@lso been

exangiggqiié@, h%l%1 ?Pi!o l\%d h@glapéétﬁaf%rdéﬁﬁﬁérkfaﬂfe@pmepﬁeHSFRAM uses
a circuit architecture similar to DRAM, but instead utilizes a thin film ferroelectric
capacitor and an externally applied electric field. This capacitor is believed to retain
its electrical polarization after removing the externally applied electric field, yielding
a nonvolatile memory cell. However FRAM memory cells tend to be large, and are
difficult to manufacture as large-scale integrated components. See U.S. Patent Nos.

4,853,893; 4,888,630; 5,198,994.

[0009] Another emerging nonvolatile memory technology is phase change
memory. This technology stores information by inducing a structural phase change in

thin-film alloys, which incorporate elements such as selenium or tellurium. These



the formation of a bi-stable switch that functions as

a nonvol atile nenory cell. This technol ogy, however,
wW@ppedrd1t o operate at a sl ow speed, to be di f PCTYUF1006/@17902

manuf acture, has unknown reliability, and has not

reached a state of commercialization. See U. S. Patent
alloga&e bBliédvtd 18 Qdmaift sBHR M Bdih y&dlinb Grd aPoftdud88tes, allowing

0010] Wre crossbar nenory zas al so been proposed.

the Kematiprsof Phi-gtable Nogch that fi@cldns; as@, MOBYOBER; memary cell. This

,#6585. These oposed nmenory cells utilize
techfoE R el i S e a B e G PEareL b
man¥dttgB, B8 inkeowR telablity, 288 ThaOPRstUEiBEd d8ReNei ng on the

particul ar inplenentation) are crossed, with a |ayer

compgperejalizasion mSee Usb) Reagant Nos Cotiodtna 4. 843 4886665t 08.
the wires at the junction. By controlling the
ndwixghe ' S r
O LA SR Akl sfoberR AR, e ST PIRONE
6,128 4nb 1163,630 parkir @ 18fHE55. rithesopropodedaficradigaictls adlize molecules
contact wth each other .generate a respective "on"
to bl bgigoig fHitehesTHv W&F%@? eymetal or seiicqnduotor
depHAMY S thkd PaRfbul driinbRidcAftiBh) 4r8 Grtisbdd) Hithl DRV of one or more
specializéd wire junctions.” It also may not retain
molegytar soaponndssapdwichad betsean thel wiadsi dtithejupetiong Bycariteelling

' nt instability found.in red rocesses, and.the
e 4a1GF1CERY hABLERI Dok bor Rt afie iy BEREERR AR
oxidaB6d/idduBEeie rdabiionsBREWY WHRY afeSisroigtantdas PupsLNeGAchl

whi ch use nanoscopic wires, such as single-walled
contaeh Wi earhrtherie genarge AEpPRetivs YBA O | ‘o c strisn I hisferm of

. . . > 00 G
ety B8, R TBNrRabA . S0R. MO B RGP i
junchianuf Iaelso megy' na metaifinomacl aiity ok éengetermlreljiabil@golodnmg to the

. . Nanot -, Based. Nonvol ati |l e Rapdom Access nory for

1nhe’{%1|t g@fﬂ%ﬁfty?ﬁ IH ’x.prg%qs§q$c%t’1ci'] \?]8 |r1_s@9§§?grﬁ%euo§ ) éh;e’ 7

chendi¢hlsongffd@d(shier ei naf ter these devices are called
nanot ube wire crossbar nenories (NTWCMs). In these
proposed devi ces, individual single-walled nanotube

[0011j] ; e sRegeatly mpmaREEviRes havs ifep Pignosed whishiuse ngnasesrie y

. L entr) : 3 . .
i3 3 FREEL LRl b A0t AR LMl e
as megloay calts. See D@ 02/06208: ' Namsschpio W e Balseds Datieed|, iArgys, and

¢ d | Led w ds. t
M e MR i) TRoae Bk oF Al et
BasddUWN6&dvdMtile 'ﬁtahﬂé}ﬁtﬁﬁ,@eééﬁM&ﬁofy%%l&!uﬂﬁ%xﬁﬁlﬁﬁlg,’” SenZt N1,

a rectified junction. Wien“el ectrica
289, pp. 94-97, 7 July, 2000. Hereinafter these devices are called nanotube wire

crossbar memories (NTWCMs). In these proposed devices, individual single-walled
nanotube wires are suspended over other wires, defining memory cells. Electrical
signals that are written to one or both wires cause them to physically attract or repel
relative to one another. Each physical state (i.e., attracted or repelled wires)
corresponds to an electrical state. Repelled wires form an open circuit junction.
Attracted wires form a closed state, forming a rectified junction. When electrical
power is removed from the junction, the wires retain their physical (and thus

electrical) state, thereby forming a nonvolatile memory cell.



power is renoved fromthe junction, the wires retain
their physical (and thus electrical) state, thereby

w0 oooaitzy1e nonvol atile nenory cell.[0012] Mor ePCEUS2D6/§17902
proposed nanot ube ribbon crossbar nenory ( NTRCM
devi ces offer the advantages of being non-volatile,

vi . . : 2 i by
100167, Vo ghcRP BRI BihcBRRER cRitnor achll (RIRCALY
deviek ffehthe iadgamagdes o beliagmea-volatie heviag adow proddiiab cost per

. The nmenpry offers conpetitive performance to an .
bit, agyglh d<AsHy cfapirgh a%(ﬁé%s@pﬁ i%ﬁg%frﬁ%‘ﬁ‘{mm’ a@%ﬂ%@) having a
high *agéey SLroldrattieith rfich, MRABULGS e ShbeRitia peRBrAdhce to

el'ectronmechani cally responsive nanotube plus”3 array
and dchieses 4 bighemdensity thad copwhtipha SKAME; Yeanusd it vtilizes. a t(Woe

.menory offers the relative advant ages of havjng a .

devigr g FGES PR e NS PO e ORDC K & dfray lines
to con@BVAldatid ihk Ynerh819 1311 stdic>. TIRALSRbryNTferSihR k8lali92 advantages

di scl oses, anmong ot her things, NT based
of hayingca nondashiaeliateadiope VPR O) eprrhtiens apdASHKPIEHIY s

These circuits include a structure having supports

t endi C t : 2 d
10013} S 0B, B PR Hcl R AR Bin B TR M base
electsanpgphatisal Sirspies) ductamametnory delibohesacirosiss inhmde a structure

.electrically _conductive traces. Each ribban conpr.i ses
havigg R PBPTthBHEAding GO S5 f 8 RUHRE: anlelgrien Begtoppve

trace¥imbet ek nfhé\gr?rrgyé%tg L2 pePnartdRRIbbenPicroRNAs Higically

(nanof abri c) e patterned into ribbons. Then the

condpgtingdreses afadhgihboadoaprisengnsrme mere mangiplesst &or example, as

. .NoNV.0 [ ct.r anical nor. S 1. i hpon
aisclPFRIRLES G bR A e BT A eSS oy B
pattePheRiGhiol fibonSt THaH 8 ribbosOedntel ustd ac@snpundhirio tiate

ri bbon. The defl ected physical state of the ribbon nay

nonvglatikpelectiengcprisalanemarycisie-e SpoHBPYS crBPREeRaHcally

defleafa®lein szg‘Sn&%'e?e%h%l Eﬁ%ﬁfu% 3k ol BablRSnARR I AbBnE The
properties, neaning the ribbon retains i1ts physical

deflecredcphtybiealastade ef thafribomtmayrbel hadettarepreseana corrgspwrding o

. . the nmenory _cell. is._remved, explained in U S, .

mforrsg(tlemstaﬁo.yﬂ@, %ﬂeiﬁeé @E;/Slfﬂﬁ F@é@%&&ﬁv‘iﬁf@ﬁﬂMﬁ?se&wﬁwg

the ritoH $&5ind RS pBY S& (ARBARERTUrE dlforidiohil) S@td Sven ifpdMiires the
the two of Phe traces are el ectrodes to control the

merr?esf c@gis tr?novﬂd- tAﬁeTXmla;ib@hin I[I.QloRa@nrm 6913 ¥s thiegy trage
' in U S
e B B BBl RSk b p TSR v

the tfa@8Patt BRciBdeRItb abnttslane dcfthefios bf & ribbogr own | ayer or
matted fabric of nanotubes. To fabricate suspended
[0018F 1 Ot iR kony Y ﬂag% b ol 55 b iBed U 8 atsh
Application Publication No. 6,919,592, by selectively removing material from a
deposited or grown layer or matted fabric of nanotubes. To fabricate suspended
nanotube ribbons, multiple masking steps may be used. Sacrificial layers may be
fabricated both above and below the nanotube ribbons in the switching regions, where
the ribbons will be suspended. The sacrificial layers may be subsequently removed in

order to leave spaces above and below the ribbons, i.e. to suspend the ribbons.



fabricated both above and bel ow t he nanotube ri bbons
in the switching regions, where the ribbons will be
waowpreerded. The sacrificial |ayers may be subseqUEsiong017902
removed in order to | eave spaces above and bel ow t he
ribbons, i.e. to suspend the ribbons.[0015] An ideal
nor d ce f I
[001§Eabl %1% i & de‘l% ce fgla leas? n@m@ gltuf)gsc‘e%ﬁs l)f?f% %%?er{alﬂfets a

ow CO egr on for rrcation

simpls 16§ coxt 1§feg1ragob tdricataicaoh uﬁi\{@‘éxiéﬁ@glbﬁlkeﬁs SBCMOS
menory device could be fabricated with only aone

procgsses-t Peshial mamerR ¢ryiqespukd hedabrgaterwith oplky %cﬁdfi}t@ﬁall
f
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addipiomal ipeesssuepeol ati |l e nenory arrays that include
two-term nal nanotube switches. The arrays include a
lurality of menmory unit cells, each of which receives
Sumpgsy |ine, a first word line, and a second word |ine.
Each nenory unit cell includes a cell selection

[0016] ansild fesentidflemtidtOftoVidbsthdlvdldNOmE RO RddysiBahdltiee
articl e of repro rammabl e resi stance, the state of

two-giminnl darcsvle setchen el hograysindvds aplgralithef WEmeFY, uihrells.
each o?lv{rhlc}[ %Q%l #JB'Q fihe oanﬁrs F;ﬁﬁ'i QJF{PE BN Wo&@}‘mé 'Eajcﬂd es
a plurali eac

MEND ry menory
menogg ahi cely 1rﬁ1d01le§ akelh &;Iecmohltraﬁklsmradd |ai nio@ 5 chtﬂe twe-earariohl

word line. Each cel l udes C sel ectj on
nanqtiibecasticle gf é?Pé‘Eﬁr?megg{ﬂ reast@acee Sﬁt? et W%ﬁafereﬂfwgleaﬁlae
log1éah§ta@&fthéﬁx€mb%7§xﬁ{€af the menory cell in response to

activati on of | ease one of the bit line and the

first word Ilne. Each nenory cell also includes a
[0017ho- tEénder vas aspert; @mmemgora@vrazz enchmis elpluraltynd eecmpory gells,

each%gmg e (%ece(i)xq V\#?tbht\ﬁ%et gh &5 11%1@ aﬁh gg%dnﬁ%!/ord line. Each

cat ube ar

menio@y géIn ﬁichld&s @ pelt @éléqtloﬁwbhﬁ dpdrabliylzeusied to thelfesitwatd line

circuit and the second termnal 1s ogera %@pl ed t
and thg bitdinedn gelgesthe memery sHbinFesRMSe t9rac yat%ﬂns% 3t HRPQBRSO
the HIFIRY 3hd3RE ;l?s& bR fihé C écth ﬁ&%@%ﬁ afs%qﬁélﬁgest awdn&nmaal
I'i ne, I TSt mord I ne e second word [ine of
switelHng dedbd, whitheinclpdesfiisbandiecond tondsctcmiamuaabﬁn electrical

sel ect.in he cel east e of . t.he
comfipfaion Vithd refgtabp AR i e dinal SRy PRFoRblef1 1§ the
cell @l@gionichahit Gid 1HelsbondQerdiinh18Q6her19 cOhipled® thkkeddndavord

first word |ine, and second word |ine to change the

line.r B Bemeeeaisdy alseinghides & memary ppératioeeivdroperably coupled to
the bﬁ:lgneg ghgeq’;}?t \;vgfdrﬂr{éalar?d 8 s@cgnﬁlvégrh YlﬁL: bt Qalcgh:efleﬁ‘hg toﬂ@x%ﬁon
circuit is capable of selectmg the cell by activating at least one of the bit line and the
first word line and applying a first electrical stimulus to at least one of the bit line,
first word line, and second word line to change the resistance of the nanotube article
between the first and second terminals to a relatively high resistance. The operation
circuit is also capable of selecting the cell by activating at least one of the bit line and
the first word line applying a second electrical stimulus to at least one of the bit line,
first word line, and second word line to change the resistance of the nanotube article

between the first and second terminals to a relatively low resistance. A relatively high

resistance of the nanotube article corresponds to a first informational state of the



circuit is also capable of selecting the cell by
activating at |least one of the bit line and the first
waoweod/12iime appl yi ng a second el ectrical sti nmulRGT/US2084/017902
| east one of the bit line, first word |line, and second
vvord Iine to change the resistance of the nanotube
t LS a
e e R a SR Uk w AR RE R e S BPihe
corre:ipsmdtt tmc&coﬂd tnfiermeéinndl sbee of the cheen@grcesponds to a
first informtional state of t hemenory cell, and
ce.of the nanotube

ere are [ veI | st a
roof§1FT ChBa il ashiet s s R oRe R E AN A SRS R o of
nonVd18ti18E MRk YestRArlce of 3 ¥BLt diid alaydRak NAL: AdBEERh atlrﬁe@ Qarger
first and second informati onaly states are nonvol atl l'e
thantthe rsisédnce @hthe setondrstatd.i r st state may be at | east
about ten tines |ar ger than the resistance of the
con af.8a I th S th
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gatespsoures, aadd deaidr The gatd heaygrtia eleytidabedmact vet the flasit word
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A TP i o B he CBpaSabfieL ity e
selegfiqnoaifouitiingdidede@sFBT.FET. [ 0020] Under anot her aspect,
the operation circuit reads an informational state of

e | sgl ect | the ctivati.n
00200¢ BRBenet oo e Ebba0h bPEHE fape B o GhgliFhiMhee of
the m@pbiyi ¢l By debdng tHerddll by deavitlig delethetit tifkeard the Firdie
Wor(gnd the first word |ine. The read stinulus nmay include

Hpe ondiaprlying adeadnyinyiys tadhe othgriof the be be and &tw fanst wond
[ t A
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circuit thay rerel the thfoimeationalsstatevof tdhe Iceﬂl by «ﬂeteatytmnh@tvhwhar the voltage

on iR BEUAF Lo e hon i e el Pesobyetoe.

ReadiRg ) infiimali6fd Hatd SYdBE nRBRIES1! A5P 86 b nohRsPRevakéfout
circuit includes a latch corresponding to each nenory

operg@dn. and records the informational state of the nenor y
cell in the corresponding |atch before erasing the

002TF 0! HnG& D&

00 g chotipes:, M UG AOPL Rl ASRRE 1A orregponding

to eaeh asenoyech o recbnots thdimfdrintatibna|seaté of tha Imamrwbl]tsn théhe

rase operation may include applying one or nore

CO“‘VBP’?@@% aé re W‘%‘tgeﬁﬂﬁ mﬁ?‘%?’rﬁ% 1t ude of the pul ses, a
wavef or m

[0022] Under another aspect, the operation circuit includes circuitry to produce an

erase operation for the first electrical stimulus. The erase operation may include
applying one or more voltage pulses, wherein an amplitude of the pulses, a waveform
of the pulses, and a number of the pulses together are sufficient to change the device
to the first state. Under another aspect, the operation circuit includes circuitry to
produce a program operation for the second electrical stimulus. The program
operation may include applying one or more voltage pulses, wherein an amplitude of
the pulses, a waveform of the pulses, and a number of the pulses together are

sufficient to change the device to the second state.



of the pul ses, and a nunber of the pul ses together are

sufficient to change the device to the first state.
wheaen2Aamnot her aspect, the operation circuit iPCT/US®6/017902

circuitry to produce a program operation for the

second el ectrical stinulus. The program operation may

] : '
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electainal commoundieationf witlh e bixlins esd t Gige tred liae ¢o salédtithed mednotyocell
change the device to the secon 0023

in reéﬁ‘ﬂ?ﬁ%@ra%‘é’ Bfé%‘% of af lﬁaéhB‘}%Pfé]éﬁ" bit ipe P%‘Lﬁ’& g Stc‘@%fld%me "The

men%?* 841 hieH irfelddel bltwbRe8liff hhh&be mﬁg QWL BcRdes

. line and a first word line to select thé nenory
first erd secpnd cemhmhsetetrmmlstm@mctrmal ofmanicelaen wehe n@ﬁotuhe

el e S GPpaaLE dt HepieReupteah Ul TRgef steion bt

and ﬂi@ls@ébnﬁ@@ﬂnﬁﬂﬁ&s fd Elsétris domaa@chtioR REHICS seéBnd ¥ord M. S
in electrical communi cation with a nanotube article.

Seleqting the memark cpll pad 2pplying adireielacidenl siiorins o sbleass anewt e
e bR FE b 14 BB VB ek SSR00E: LEpE R

devﬁelbeﬁwbd:m@etfhﬁ amnsecondaeinlinas troappleyativglyaloks ﬂeSlEtance to a
ctrical stimulus _ to_ at | east one_ of the bit

relatfve Yehighgesiptanche SelertingBe SIS el P épnzlwga@ég%{ld | Aeétricar

st1mﬁ1%§ 't(?‘&tqgé‘s? ofif of 48 bﬁ‘MnteclhﬂsflgofdﬁYﬂeC EndSIHRE Wokd nd Ellahbes a
and second termnals froma relafivel y | ow resistance

resistamce of @Ieatmwhing devigh beleskes therfiret arSedeeond teyminiaks fraemer y

relatfy e s Pk 8 LRI slhte, ofe fdlehifiah fesllange

betwéet thelfirbandnaBERBteANMER lcsﬁasémdsnﬂ‘o 4 it BifbinGitiongl stey bEe
between the first and second termnals froma

memogy gel}. wad herfelivelydpwirasitence betveea)the fiysbpyd sespnd terminals
corregsﬁéﬁcfstté'agigconﬁ*}‘ﬁfdd rfilaftbial ?t:a% S fRistance between the
rst ‘and Second term nals correspords to a first
i nformational state of the nenory cell, and the
[0024p| atUnder pndtber aspecisthafice abé sevoad infloemétiorst stated asewond

volae” THE sy ey D] B A DRt are Y R reanpu TpRfes

largefrltlﬁaiﬁthéﬂéils‘éaﬁfé@%@tﬂdkfe@éﬂﬂ%‘tdt@nm states are non
voI atl | e. The resistance of the first informational

te may be at | east about ten tines |larger than the

[0025]33| S %ﬁ% anether anpeefelbis sell salegtion gingni Hclugeg @rtragpision sith a
I
pateylf BREle, phl F A TRELAEN0BeTh Eidog] QiEEREaRon it the st
wordjhties theagoubee is in ekecitalicommumicaion mﬂi uhe |ﬁ1rsm| cbhdddmse tdrmsdal,
the source |s.in e ation

and %{F){d?@]{; %%%fqlqcértlc SRRRbRIcgon ‘é(f‘th1 1t me n er anot er aspect,

the cell selection circuit comprises a FET.

[0026] Under another aspect, the first electrical stimulus includes applying one or
more voltage pulses, wherein an amplitude of the pulses, a waveform of the pulses,
and a number of the pulses together are sufficient to change the device to the first
informational state. Under another aspect, the second electrical stimulus includes

applying one or more voltage pulses, wherein an amplitude of the pulses, a waveform



and the drain is in electrical comunication with the
bit |line. Under another aspect, the cell selection
w@eooentiiconpri ses a FET. [0026] Under anot her PEEPS29D6/017902
the first electrical stinulus includes applying one or
nore vol tage pul ses, wherein an anplitude of the
of tHUhERS, and AVAMEHeD OIS pullR8 tdPettRe Sre sBitibidht Y BRSToe e GdVAce
pul ses together are sufficient to change the é%V|ce to
to therfscqndrigformationakstaiconal state. Under anot her aspect,
the second el ectrical stinulus includes applying one

Bri . 2. V0 s, wherein an anplitude of the
nﬁq@gﬁ%%@%@ﬁ%ﬁ%@% he pul ses, and a nunber of the
pul ses together are sufficient to change the device to

[002Me skcberawingr mati onal state. Brief Description of
the Drawi ngs [0027] In the Drawing: Figures IA and IB

are cross-secti | representations of .certain .
enmbodi BT is’o@dﬁgﬁm@dﬁr gﬁsﬁe%nqr\ﬂif-e?@s?ﬁtﬁ%‘?nsﬁéﬁﬁﬁﬁﬁe
embdMNnhRESE nohlvilkitBe HfokdnAnd GREIREd Gvif@Rs.esent ation of

the non-volatile two-term nal nanotube switch of

figure 1A in a high resistance "off state according to
cer t aFigueriSoldiafshematis reprrsentpiiemefi thtnorFvelatite tho-fesminal

&Ghe 1 G - [ € -vol atil. .

R L A R

embpdisentseofake Ihoaritiat; at e according to certai n enbodi nents
of the invention; Figure 2 is an illustration of a

menory. array. wth each menory.cel] including a cell,

el echieRE T s seherBe BPEPPIMIT R e P ket Rt opina
nandiibhe SWtcAGE Slptid DA P2 GRY tRitarRE PO IR 5§Qo‘ﬂfﬁng W& certain

invention; and Figure 3 is an illustration of
embgdigieats kg inkeRtimor ns of a nenory array according to

certain enbodi ments of the invention. Detail ed

Descry:pt i ' ts.of the

o oo it otls WINRRIBOCLEL REMARTRAE) TRR LS heidfy ol

incliding aidd] sedavoFEDendmtrionhasatiie two-teepirg hamotatd Svitch according
resi stange. Igfggneral , the array includes a plurality

fo cegl e Reentioneandof whi ch i ncl udes a cel |

sel ection transistor and a two-terni nal nanot ube

swi t Ghgurands b iIRRERAGH ¥f GRARAABHaveforthsRifta théM6ry array

according to certain embodiments of the invention.

Detailed Description

[0028] Preferred embodiments of the present invention provide scalable memory
arrays that include nanotube articles with reprogrammable resistance. In general, the
array includes a plurality of memory unit cells, each of which includes a cell selection
transistor and a two-terminal nanotube switch, and is operably connected to a bit line,
a first word line, and a second word line. The cell selection transistor is used to select
the cell by applying an electrical stimulus to the transistor using the bit, first word,
and/or the second word lines. The two-terminal nanotube switch is operably
connected to the cell selection transistor, and is used to store the state of the memory
unit cell. The two-terminal nanotube switch includes two conductive terminals and a

nanotube element. The resistance between the two conductive terminals characterizes



a first word line, and a second word line. The cell

selection transistor is used to select the cell by
wappbgzaigt an el ectrical stinulus to the transi BEDDS2006/017902

using the bit, first word, and/or the second word

lines. The two-ternminal nanotube switch is operably

the ABRE Oyt 8. %hl'gh?@&ﬁ&ﬁde%fhté ERNH BEQhs ag(;%q “(?’ state,

used to storé the state of the nenory unit cel
and amtr@mmmlstaﬁﬁamb@b@e@m 2 higlq ¢ states Thevcelbcamchect i | ve

erm.n nat be el e resistance
repr ey n@lihed eRBIH T SRRk anY ek ap P B sl
stim@ltiab ehedit, g WD/ ehd secbndivid K@i St ance state can
be used as a logic "O state, and a | ow resi stance

ate can be used as a logic "1" state. The cell can

[00393" eQFl% @maﬁﬁlfﬁww%%\m%ﬁ@atﬂ@m@éhe pFEIryeoBpeReat inglndes

FE?pr st” word, agag;yolg eAer c(%k glﬁgblﬁm na“&?t“}b‘g‘}@?’@’%ﬁle

twomhnnialnmnmubé (MT)rmmtohest acb prozideanat vdbstilewnio cyllcihapang bé
ncl.udes NFE PFET, particularly NFET, array
emp \?fié%glte?rrﬁte B%WWatl on with nonvol atile two-terninal

nanot ube (NT) switches, to provide non-volatile unit

[0030@! | SE#BOdinioRYs dTewSTBthRYA hoholh b OF & RcheS i Wi Be
[0030] Enbodi ments of two termnal nonvolatile NT

includggtin Res-velagilc %frpelﬂé aferdsiserdfeed in M. Hotatens | AgplicatiamNe.

I = ent | i cati
R R R s T
MakS}gSz&l‘m” Sitheetl (Méztrfm@ﬁ d@fe H%Bé@lflﬂgar&limqng 4 tdmedhonAs ee\ae fthe

dat e Qer ew qﬁmh and haying a comobn assj ghee as .t
Prese SRBHTAULB PP CHFRN 0 PR DR ISR T239 NFFigHn Apeir entirety by

referef&Or porated herein in their entirety by reference.
[ 0031] The nanot ube switch conponents in the described
enbodi mrents may be fabricated by, e.g., depositing and
[0038%¢ ¢ eFlisi mﬁgloalbnéwatph reyipenens idithedesciibat erolhodiinehts may be

ri nanot ube WItC
rabr SRR " ok P BRI LAY S AR Rl T
nanoduite ibdne: amesaﬁmdﬁmm&hmﬁw be 88l iatmdrerySRiRed thae
of fer NDRO operation, non-volatile data retention, and

aChl?Vwemﬁﬁ'mlé‘@%g@EaIP@é@aﬁ agelenseras ARAMS, gird 4téhe same time
offel(l\@b% %%ratﬁﬁd n6h- Q/ Biild ioREan %n c%gsgém )

| ower t ageés, an t ose
Furthempwilieer (rprcvgihmhamt abe tBned mhyebe fR6382ind anmrb lowet soladges,

then 1R L EPRRIMNAR AR G ghes that can be incl uded in

Two Terminal Nanotube Switches

[0032] Embodiments of two-terminal nanotube switches that can be included in
the described memory arrays are described in U.S. Patent Application No. (TBA),
entitled “Two-Terminal Nanotube Devices And Systems And Methods Of Making
Same,” filed on an even date herewith and having a common assignee as the present
application, the contents of which are incorporated herein in their entirety by
reference. Associated structures using the switches, along with electrical
characteristics, methods of fabricating, and methods of integrating the switches with

existing semiconductor technology are described.
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the described nmenory arrays are described in U S.
Pat ent Application No. (TBA), entitled "Two-Termn nal
wolovetizdiel Devi ces And Systens And Met hods OF  MaKi/mgR006/017902

Sane,"” filed on an even date herewith and having a

conmon assi gnee as the present application, the
00330 Hhde s 9l MDA EolNEAI AN A RCkefEiGA Br 4 Rolifile 2.

by re erence. soc ated structures using the

termignal maﬂtbaf.be saliehg2viNg) 16 dmhoiubakleaieat 25 ﬁsadlspxised: en substrate

thod of fabricating, met hods of rating.the
35, ey l4veEQ wﬁ% W) nﬁ&‘%ﬂ?ﬂ'ﬁf‘c‘? 8@6%%‘%2%3? 59&5?1@
ovellqg§ﬁ% S{‘fh 0% %S cbh@ie J:l’é‘niehﬂs UStamat2eS whidh @S Both deposited

ction entation of a nonvolatile 2- term na
directiz oot osutietedémer? 25'NB) thisemiaiimentb parsiteresniems 254s

N

ehn@mgqbgpgk&@g termnals, e.g., conductive elenents 15
and 20, which are both deposited directly onto
nanot ube el enent 25. In this enbodi nent, nanotube

[0034) e nérandpstiveselpments L ael 4 p1siih contaciqyidh simalus eappihe0-
sinffi ey SLREE A SRR O En IR 1ot

20, wdtich él&ngesathlerstammﬁmtch\/]/[)t Matispedificallyi, nanstubesdement 25
St.i nul.us.ci 50 electricall i mul.a at | east
resposigs o e SHRHALT bi CRngiRg e repstanta Ogéwﬂm‘gﬁet@ﬁ%ges

condﬁ&?véél@rh@nt@ flsen Q@ Hnd %latMérv%lLﬁzRﬁQhé e8RtdnYe coBIpbMio the
el ement 25 responds to the sinulation by changing the

state0€ dhestveitabe Tl exavhplehif sthmbles wisewit 20 Aplies iaviastallentiel s 15
the.rel ative. val
sisn G0 S o at it S o b Pl S Sgent s
conduiétivel d1EMEMS 161ang QOtth&Dnaiiﬂ@ﬁibe%&rﬂerft 26 séspehdchy (maagm g the
stimulus, which may be for exanple a rel ativel

resisipgeq alihe sgwica bé‘i&‘feﬁ’é gendyetipsgemgpg dongd 2049 éﬁ%lﬁ%( 131 lgh
Gc Tee in
rosis@iCe. "his LfLLASRAC IS o AIUH oD Sl BORARe Ao, SRADI N0
electeita roendsctibn 1sxrﬁ1at%1}t @oa betstean CVIﬂﬂLthlhtB glemeesiIStaad @9, The
hi s .corresponds er as "of f staI of th
impedtAe TR SaRs L5 AR 20 Tg i te TpuFuY pRit i T st g
exantiﬁé \&Pﬁﬁnﬁl‘&@ ditcdit 3®a 5@11@&7& Béc‘é)né BleRtiftaPQimding wmaeﬁﬁsx ®8 for
between el enents 1 20 may al so berelatlvely hl%
exaniple & i¢lativinlaw veltrceand mgu@entu apross coafdugive plemgnts 15@nd 20,
then %Q{P tu e el%megticf%1 1% n%gHS cﬁfﬁl édﬂlgyés anc\émfﬁ{% s%%h%%tvfle%&l
e are e an a current across

condqam\fwaéﬂnms abere o so i&lﬂhﬂlﬂmw fekigtano@ Mhliisl berredpendsto a

25 responds by changing the resistance of the swtc
“prog;@.fno\gf‘éﬁ or “on” g/tate of tl?e de%lce where electrical conduction is relatively

good, or even near-ohmic, between conductive elements 15 and 20. The impedance
between elements 15 and 20 may also be relatively low in this state. The “erase”
current associated with the relatively high “erase” voltage may be greater than or less
than the “program” current associated with the relatively low “program” voltage.
“Erase” and “program” currents are typically in the nano-Ampere or micro-Ampere
range, and are determined by geometry and material selection of the nonvolatile two-
terminal nanotube switch. In general, the resistance as well as the impedance between
the first and second conductive elements of the device is a function of the state of the

device, and can be determined by measuring electrical characteristics of the switch.
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conductive elements 15 and 20 to a relatively | ow
resi stance. This corresponds to a "programed" or "on"
wG@r@bae2ail t he device, where el ectrical conductPORUS®06/017902
rel ati vely good, or even near-ohm c, between
conductive el enents 15 and 20. The i npedance between
[003%{1 e ”B(",‘Sn?l#il:év@élgmg&s 8808 Ardifrefefdtity hisak ¥t h%ddauwl s
state. erase” current assoclated with
mater'fall anil vet e theghmeer differentohaterid dapandiveg ofr @atcbsmtdh an or

ess than the c t as oci at
pertorgiages SRS GES B SRanc el Sepafe TS g 20 b for
example Ot Mposét sERb&1sAush hyRhCHL LY, AlnAfuhEd ) W AORME, A,
m cro- Anpere range, and are det er m ned by geonetry ‘and

In, TpygPibe Bin.as vesdl asthesrsuisable mstako avd cembinatieniafdhesen Metal

o808 OB A€ ATk g L e SRERe T

CNBE tﬁaiﬁml\%esqémgféemimw eQltiveallad fandedridonblefwdlled, &k akampit), or
the device, and can be detern1ned b%)neasurlgg
condiicti¥e Ritiides. Hdesaof whirides wish g5 Rufe Ry Hd5¢Six and TiSix

mayc%%%g&t OMRr ﬂnﬂ%ﬁ&?nd%@to? ndd %Qfg%ﬁ%ﬂt&f ﬁ{a?é} als &?ﬁda?soq;e

uctive material, and can sane or ferent
usedrdhaurlatat 3@iﬁsqeeﬁdrzrbgy aruitdbie 1daﬁatn@dnptenﬂoformample Si0,, SiN,

t f tch 1 Conduc
Al G BB G AR Pl Gnids, gh siner “y@blegBed TR CoudA s
and ﬁéulaﬂi’ve m@[eﬂal‘é' that@dn bR&sed\in,2-YINS G0, aréfaescﬁged im n%rehtén ddthl in

Sn, as wel as ot her swtaberretas and i nati ons
U.S JRaterth deppln. D@t &TB A, enjileds {iEwio Asrrminal Narmktahe Dfmpqs anfib| n,

Systf:ﬁlg %%-(I:l ?Ofeggotc{g g):f %’%}Lj(lértlg?\g e > ?Pe% %[ a esife Idr &:l ﬁégé

fwal 1'ed,” and double
wal | ed, for exanple), or conductlve nltrldes OX|des
[mnm sdmﬁﬁ&&mmmmmmsaﬂbmﬂﬁkmEWQMMM2ibsmmmmfmmwd

b d. Oh f [
Carbglé ﬁ%&mﬁﬁ N ilse lrjesf%a%m %ﬁ&a&éﬁgﬁ?ﬁ N %@“ﬂ@fgaf? {heﬁﬁ‘f}?%{”a‘f may

be raRiokity Bfi&fted QPIHYa a%H 'aﬁ %ﬁéﬁaﬁ&ﬁﬂihﬁ% 'nY)?chfﬁhﬁfn'eélto arf or
exanpl e SI O7, BeO, GaAs, i m de,

orientatien Ofsm.ﬂnptaﬂ)b @lemmne 25 aNan@ubmib@snT@ fgen@ﬁ Y emb%tlaﬂﬁ

ve nater an be us d i.n
contgl3do PhtiSsat o ok Empotpbis O St Wl ol ey
nandtdbwitddtave bedicaillyeridédiurtkedNand thehanbeive eRsneand
Systens and Met hods of Maki na Sarre " filed on an even

subsa?atn@llh EPHRFRHTO a[tmeg potos ghieaisrisallineriented surfatey o some
emb%h ar{a&n})fﬁlbglal n't 3r bﬁ@g 0901%]c Fegla;ﬁ()ﬂl%nductwe

nanot so referre to a a nanof abri
elenNatsoIimﬂéorlm hiefilankzhsalsoine ofrthe foeesiandootube eleient 2%, In

or have an orientati t.hat not .constrain
somg qmppHigpty, PEIPUERe ASHeRtIad @P&%é gleynyallig AeRQipRes ?g“}ﬁf
and/Bl RIMBRY 18 $RRS@bEYVEWRSER BAA/E} dotible-walled nanotubes (DWNTs).

In some embodiments, nanotube element 25 includes one or more bundles of

Sal

UL—AT‘

nanotubes. Generally, nanotube element 25 includes at least one nanotube. Methods
of making nanotube elements and nanofabrics are known and are described in U.S.
Patent Nos. 6,784,028, 6,835,591, 6,574,130, 6,643,165, 6,706,402, 6,919,592,
6,911,682, and 6,924,538; U.S. Patent Publication Nos. 2005-0062035, 2005-
0035367, 2005-0036365, and 2004-0181630; and U.S. Patent Application Nos.
10/341005, 10/341055, 10/341054, 10/341130, the contents of which are hereby

incorporated by reference in their entireties (hereinafter and hereinbefore the
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conformto surfaces; in sonme enbodi nents, one or nore
termnals of a two-term nal nanotube swi tch have
waembitzahlly ori ented surfaces, and the nanot ubRCEUS20861017902
substantially conforns to at | east a portion of the
vertically oriented surface. In sonme enbodi nents, the

DA SR (O R RO L

be ubezhiat2-$NBH Ocite dd¢veripat wpreatendanail indé. SePanmrApih. No.(TBA),

cntie e FEIFHEY DGR eSSy e o MRt abMaliine

Sam@arfgg&lglggn AN hab@{ipr doubl e-wal | ed nanot ubes
(’DV\NTs In some enbodi nents, nanotube el enent 25

i ncl udes one or nore bundl es of nanotubes. General | Y,
[003ﬂihn ot Gererdlyeitrsmre2Eblamdiatithe s abues bEthe thighnandrlawarsibiences are

of . nmaki anot. enment s .and, n abri c
sepafitd'Rh 5 Rhss AR SIRE R RRGHEE T SURP her@RRt AFRREAL e
“offOstdfdhal 4 Besifantd Phdr Klat 16asd 6ot 30 tinkes et fibin aGedi 8ot
6, 919, 592, 6,911,682, and 6, 924, 538; S. Pat ent
e ‘pybstaieatnsamRpElegbenbedmeas, the (off soixdEs@n impedance that

t
s ati%gf'?b%ﬁf‘?@ﬁ%ﬁ&ﬁ*&%@%éﬁﬁ%@f%ﬁf‘%&so 595 Fotope
embdzﬂlhibﬁﬂslﬂﬁ “ptdpeammieti’eat Sowf stufeiicthaasaterived dlya resistance (Ron)
e SRR S et S RSB e
1 MIGHR! 868 smbsRABnENBE @éﬁ%ﬁ”%rf“gff’ ' BaRak EQﬁa&Eﬁf@%lrEysa

that can be used in 2-TNS 10 are described in greater
resisgamca (Rorrhbatwesn @mclgcmve,ﬂqigmnts W6 and TBR)at isegenetallydn thewenge

e Devic stens_an tho
of 1 BR R MECDHRBL RN, e 300 S ol R et " oedyio no
changen@tibdtinyulind c1tc§iutfﬂ()&i@[1@§3b@tﬁéi&bpﬁdpﬁatééﬂlétﬁ&a@ Etnhﬁl%s I gih
and | ow resi stances are separated by at |east an order

leastqne pf gandugtige elepentsde avdOepndiicr FidaISHiNe S if peWerds f
S
remﬂegtggornlﬂ ?%ad?]rcgﬁr gg?@p@ﬁ:&ﬁg%ﬂ alsé‘heﬂeﬁﬁ@% g?egsqyc% 0}9 1‘N§“ié
withparr&ﬁedas&dctmtxemﬂ-nﬁrdpsratlbhemnﬁ(b) sftoabearhp]s smnultrpeldam:ﬁ)
IS at |east t 10 tines, hj rtha an

may s gl e dn e enE s dirass CoRIEHT L ERBBa 2Rt 20, e
meastPé B 18TbMRALe FObetwBn the @nbudtfrelahéfs. eThig ?éiml't)éﬁc@ can be

resi stance (RON) between conductive elenments 15 and 20
mea-‘tuii@d by gegaviagahe quriant flow beawg@ whdugve@amentold and Zhand

fromC at a le&flﬁg(%lgé %@ﬂ{alcﬁf;ee is{:qs g ﬁ@%%?‘%d&%fﬂgge%&g %ﬁ (tahat # does

not chaﬂghma istace ofl tReraentice. 1Anéhel XAndphads 4 Sehionof aétbmﬂnmgt the
e of 10 MOhmto 10 GOhmor nore. The two states

stateagf gg%%%mgqslupgg pre-@hargqc}ftgg,llléeocqp@@ltance discharge through

(between) conductive elements 15 and 20 is described further below. Example

electrical stimuli and resistances for “programmed” and “erased” states for some
embodiments of two-terminal nanotube switches, and example “read” stimuli, are
described in greater detail in U.S. Patent Appln. No. (TBA), entitled “Two Terminal
Nanotube Devices and Systems and Methods of Making Same,” filed on an even date

herewith.

[0038] In some embodiments, thermal and/or electrical engineering, that is

thermal and/or electrical engineering management (design), can be used to enhance
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change until stinulus circuit 50 applies another
appropriate electrical stinmulus to at |east one of
w@ovdnzxiive el ements 15 and 20, and they ret ai PCHUS1086/017902
even if power is renmoved fromthe circuit. Stinulus
circuit can also determne the state of 2-TNS 10 with
i
e B o Ol BRRL o An Ty & Patent
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) eater detail :S Pat ent Appln. No. (TBA),
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and Met hods of Maki ng Sanme,"” filed on an even date
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ectrical engineering, that is thermal and/
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e SW escCri
formiNeg a (d@AYhmie Rbhiatie it tHe/\@pstitérbmtabf Mbtuba l@ﬁ:nﬂ&lv Rsesat and
Systens and I\/Et hods_ of Maki ng Sane, on_an even

Overl:?@trég%ﬂéw copduqtivg glegeps2y)’ |crva§1@1?8a@aé@t®e@}eé@€§t dechy dnal
contfcﬁﬁﬁ%%@ 521?1]@’\%;\ 4%% ; éeﬂt\‘&ieﬂtdvleﬁ 1%] ﬁé]l%an d i’or%%?ﬁi@}étﬁ? the

sw tch i n which or elettrical
range il tedh non, oamabe remge of 4250 gum). Insoraqunnbd sﬂmbddlh;pnt

[im.ting the overlap be anotub
contielfisu e LeBe Bk s Bt B0 mip e s frd Batopgor mikhe
switéH BPABSFHORNEIPES thadcedederibedbo¢ fdrR&/itdH a0 o@fﬂgﬁfséeIA of

|nsuI ator 30'. Nanotube elenment 25 is arranged to

with a speci fied ‘geomst rical relationship

0040 ' Sijches 0GR NG Hhsetiecnt Mes b e ABrara e hbos
111usﬁ‘%té\hcg Ran pT%%f%va tttl%guﬁﬁ \/I\hﬁ%&ﬂtg ar;\gﬁ(g%ts ft]h gg%gtsi'é: § gqn memory
arrayi usag hanotube artivdesovittbeped gramniablSesistance. Other embodiments
of 2-TNS that can be used in memory arrays are described in U.S. Patent Application
No. (TBA), entitled “Two-Terminal Nanotube Devices And Systems And Methods Of
Making Same,” filed on an even date herewith and having a common assignee as the
present application, the contents of which are incorporated herein in their entirety by

reference.

[0041] Figures 1C and 1D are schematic illustrations of 2-TNS 10 shown in figure
1A, in “off” and “on” states respectively. Figure 1C illustrates switch 100 in an ‘“off”

state 110. Conductive element 120 of figure 1C corresponds to conductive element
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[0039] In this enbodi nent, nanotube elenment 25 is

patterned within a region that can be defined before
wo@rooafizarl deposi ti on of conductive el ements 15PCHINSZ006/017902

20" . Conductive element 15 overl aps one entire

end-regi on of nanotube element 25, form ng a

20 1rﬂﬁ§[re (i?%d S&H{H o{f/eeerléhgﬁt:lSS%Bﬁg%gﬁlﬁs ﬁﬁ&) tﬁk\%;@%r#%ﬁnég in
flgurEQA lDNﬁ’(dt@IﬁSelémamt 125 eortpordd todnotupe alemamt 2Bl fghre 1A.
ver| ap, length 40'. Controll ed overla Ien th may be
Stimpls CHLRIHHPR applics RBEPIPRHYE eloptriral Fimuat Breastonend

r
I
switchat G is ahsraalndzmebmmr&atb'ﬁzlyrtdgh algctsinhl rekistbce pepwedieelements

sim ar t. se descri bed above, fo
115 G |4 € Hich gdrspraife At Sortisty sty Soehibaeidiciiatively
poorfe'lélﬁ‘i@ chfta@Mtvl Bn@IEndnll eNGeHe1bMehe] 10, IRigkE aD W@strates
exanpl es of two-term nal nanotube sw tches that can be
switehs B’ jim anomst sfata i 8y Landietiyercderoentd@0a ek figyre d Digopigsponds
roqr I SISt ce.

to C()[Dﬁg%tl\% ae :1)enk% 2@ ég llgHrenlngfSPd C%I}Cplg(lgg gfrég‘l% ggj(;gl' g I'p eap&ldl@
conddctve Elainend 15 pFidueal Ao Stlﬁﬁlus(chBéq)t 156mppﬂ1|e§ @ppropriate

" Two- Termi nal Nanot ube Devic tems, And Met hod§
electpicalygipngfionteet teast qng @f 61ﬁm§ﬁt8eklé na%fh %0 e Feamge thegigfe ©

n I

S B B L7 8P o Pt L Bt e oriR b by
low enistane¢,ywiivh caf e mmsxelereﬁ@Oém]ltaEﬁ’ gtat@becﬁﬁsdihdellﬂdatyely

sood ECTFRAcplet B RATe B slomd LY WO’ F gure 1

illustrates switch 100 in an "off state 110.

[0048PNdUrdshiveic] SMERAM déicds rhdyds ®ed €o LRIlitRB [@ORdS opération in
conductive elenent20 in figure | A and conductive

air, a6 rROTR {YMACT BIUED ARG 3hPIRectiBg MyRtiRcganjunctipe wathstacked n

matefr]fgﬁ o 8 $ Id% tPﬁ%H ?[%é}lgw ﬁgﬁg ur eg%xﬁ&g6%%§%l&?§w 150

dev1eq3|m|r¢ qspmﬂip rperfoima¢deinan dndrt mnhllens suchudsargam nitooget, dreast

one I ements 11 cha e the state of
helivgy, qréﬂ Qygteddeepict 51%?35‘% PP ROV e
wate? PnPfhe @k pRd MaNotibdse |’[@1He‘f&’e}’th@ 'r&fhn%h%ﬁisrdf%%lasswatmn film
resi stance between el enents 115 and 120, which can be
are typipgliyderasdlda First tbeopﬂsamttonsqhaulel fbgnangéfe@w@rremsglre barrier,

latively poqgr elecirical RE.act; e
previ i oniae B8 Bt “SpFGhie S sty BT AR BN B oy
not idRkrfefwith tiad Svilchthg méapagigat df\ee HIR@[MrdevibBO of figure
I D corresponds to conductlve element 20 in figure IA

and conductive el enent, 115 corresponds .to
[0043] One approach to passivation involves cav1ges which have been fabricated

around the NRAM devices to provide a sealed switching region. Cavities both around
individual devices (device-level passivation) and around an entire die of 22 devices
(die-level passivation) have been demonstrated. However, the process flow to
fabricate is complicated, with at least 2 additional lithography steps, and at least 2
additional etching steps required.

[0044] Another approach to passivation involves depositing a suitable dielectric

layer over the NRAM devices. An example of this approach is the use of spin-coated
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conductive element 15 in figure A Stinulus circuit
150" applies appropriate electrical stinmulation to at

wo emstizane of el ements 115° and 120' to changeP€T1ES2006/017902

state of switch 100" to state 110'. State 110" of
switch 100" is characterized by a relatively | ow

poly&@?ieﬁ& %ﬂd@’(WJBFny;dﬂ@b%t {;&ﬁ;& heHe MR AAMHeIfks. ‘PB@?PVDF

ause there'is relatively good electrical contac
is pattetnes érto edinstdid-lovel @venandmird A actinelregRen) or fidde]evel

assiyvati on of NRAM.devi ce be. used to facilitate
petclE b R PACh e FORTISE 1o G003 ORHETRm P QPO RET
dielRER! B&4iV AT AL Sudiarf ARHRCI Ak oWdidkid REKEHIRERITE fle
| ayers on top on the NRAM devi ce. Operation of
PVDHpulgeovide e gassiRaliod eobustty MRAM ppéreadn. yIt grethpughidlnti n

i ner.t anbi ent . such as.argon,. ni n. or_helium

NRA cptfiipn Sty it 8 o Yehuns PV REnced sedfaday
passhvatib@ N & REeisdebeiirdfe thelde vided. NSinex e sedlchéanRbibaons are

Therefore, the requirenents of a passivation filmare

typieallyi~d @Pmierenygsrugregpaties sthis logad degpsaposHioncsan depdyp duiteiesof
e SRuEASR YIRS SOEA o RS 08 SpPes

failusé) G avoid tuchrfauies bEtheistdondhey pmesitatonrfijnyelehdinilevel of

i he M device. [Q043] On rqQach to. passivation,
PaSS}Vﬁ%P&II\CI{;Q@G%%F@@ {%P%&lwleﬂ_ﬂﬁ%@%@@ﬂns &&#ﬁ@ﬁém?%ﬁ’&th
500dsRIRANLIEY kS 8§ ih 0.5V &gb@ erifs R8AMEM BNEJtidiAsLy REbRPose

vities both around individual devices (device-Ieve
the PNGRE iandpicuen)t samgtuae ofithd oaerlyng secondiny pessipatiogdiling gfter

di e-|l eve ssj.vation) .hav enonstrat ed.
the k55 St BR T AP P TAE NIEET RO SR Al Hmally o
Devitkd Passitvale@ agth 2d6eH-Tev @IV DF cb D@l audhyses6:R1a8y p@Bivaién
| east 2 additional etching steps required. [0044]

film dgarohesauisp Preercirn én presediraendmay e oPyRieddB gL foy a
emBANRAY R ASHAE MRS, VEE e, NSRRGSRt E
patterpedinaha¢adpsilapy b shed T €édtricotyipitally PVDRjcroms wideeod 1-2
.. contact _wth tge NRA dg]&ces The PVDF is ‘gﬁt rned
micropt fpng; fife fhogeht thatuen prgil patghesspidecorgpose apfhapg stressing
the Se€GHARR) pNsivdBY¥h 68m!t6 Yalurd®ak §gsssibldWhivos H alveRdefddensity
coveri'ng individual devices). Then a suitable
in the secondanypashiedtivnt there presw dededtoen aydrage &gt heasmadletn na

oy BB R R o g L 10

patchdtought that NRAM operation thermally deconposes the
overlying PVDF, hence a secondary passivation filmis
required to seal off the devjces. Since the dje. | I

[0045112 si Thsrmemeryreays described gerein include a st(imu{usﬁatch circu%ly t%at

can independently select and control each switch in the array by applying appropriate
stimuli to lines that are in electrical contact with the switch, as described in greater
detail below. The stimulus/latch circuit also is in communication with a set of storage
latches that correspond to switches in the array. The stimulus/latch circuit records

states of the nanotube switches in the array into the latches during a read operation.
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typically -100m cron square patches, this |oca
deconposition can lead to ruptures of the secondary
w@awsilzAati on, exposure of NRAM devi ces to air,PERtiS2006/017902
their subsequent failure. To avoid such failures of
the secondary passivation film the die-|evel
passi Nahafdy APMlys ERird Bwo TeFmofd NanoBleXilchad | Y by
pul si ng the deV|ces typically with 500ns pul ses from
4V to 8V in 0.5V steps. ThIS i s thought to
[0046dnt r One sBbgdigsabafrorenviokpsilENBA M meempers waay 280 inghrding

nony foolattpee tv%/ %Hn}ﬂég ] ?ﬁo%ré cﬁftfégZﬁﬁsYI%{equ @%%F&'t\r/%f bod he

roce assli va

mcl@kmslmr oplelFEfr deﬁéﬁ’sﬂpiﬁlyulaﬂ?mmleéﬁ@@dcwm @here x
. device-|evel PVDF coating and a secondary_ passivation
15 2 Popdippinget. apdyut # aitdine ﬁn%f:Xb Ur5Y if 1 ssrise wathmenyelatiledyyo

ternfftal MRS@HE gw]'tcrh I@Tiy &} W%@ﬂg]enblﬁg&eﬁtﬁl@ n’f'org WhRCENY Al way be

operating voltages. ssi vat on
empRyBE in sntpmated citedtsi errdﬂ,enaﬁ&mbe swhelps Nilfxyt dre illtisirated

typi cal | rons w de and 1,C,ons .
scherisalty g Srisabngp "RAGOE SR et KRe O g ared in
figuFlRQeNRRISED Ws41BAYWods Sm§%bﬂesﬂohas RECRBEGIVE RASSH 185 01

filmto failure. It is possible that for a given

illusgrateddn figeves ilCyandd D Heorstmel elenepaExy eartespondstier e ar e
fect s
cond gL -0 AL BRSBTS SRR e

nandtabgewitchdNExy kbt apay chicbe 1n[ M3 wd BateRpaDfon” atatdy S
descri bed herein include a stinmulus/latch circuit that

correspancling o, ialged 0] shosw Bdigusm dDe it Tbf” state porsgsppRAnE fo state
110%1*1%@[1{ ﬁé’urpXC%ﬂﬂld¥éd?$eaW abgye stimuli to lines

are l'ectrical contact wth the switch, as
descrl bed in greater detail below The stinul us/I at ch
[004(711 r cuNpnedlgde NRAM mempynireaat 309rinadiidds aamateix oﬁﬁlosmiatalge

stordgBicRl1F D 0b MbuAPE A ARRC AR B Ach ERG wiPish SBrEbsiln e

arra)‘5 vih¢la8&Sseledt fraiRisedr T dndimanbdtiBe bwit€NT00 UrieNghitedofl BeWis
peration. Menory Arrays Using Two- Term nal not ube

Coumsi fc W, thealsgp oBAB0 éngsapadeiR Bk ard fsrovicacf T8O preqpled
to seﬁ'@cqﬁf)éf SN f)@%vlﬁglp is'if %BHH@{:{WRIQ% QJuB% lefefheh@"@' N’%{)(’fﬂ nal
e | . ray

nanot ube svi t ches 1's ustrated ure
Condtﬁ)cﬂmeredﬂmmhe SENB ESTcamneREETo shevndey wopdahne BIWAD! ¥n hikdffier

embfiaiep. it of L0 Sisppo e B i ntB s pcwiledag wro,

and tﬁetsBufb@ RY 08%d ddtiplatQo k&1L ARk SRUDOKHRE i$1M Joeltac{\l{mi th®
provi de nonvol atile nenory unit cells that may be

nanogulst Jymentiof Ni0egr at ed circuits. Here, nanotube
swi tches NTxy are illustrated

[0048] NRAM memory array 200 also includes word lines (W10, WL1, to WLn);
secondary word lines (WWL0O, WWLI1, to WLn); and bit lines (BLO, BL1, to BLm).
Although it is not illustrated, a stimulus/latch circuit is in electrical contact with the
word, secondary word, and bit lines, and through these lines provides erase,
write(program), and read signals to the memory éells C00...Conm. The stimulus/latch
circuit may include a signal generator, and each line may be in contact with an

independent signal generator or may share a common signal generator.
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schematically and correspond to nanotube sw tch

schematics 100, 100" illustrated in figures 1C and ID.
w®edoear2impde SNy corresponds to conductive el POENS2006/017902
115, 115" illustrated in figures 1C and ID. Conductive

el enent CExy corresponds to conductive el enents 120,

20’ [lustrated in fi .es 1C and .D. h.
10045 SR FRETRIRGIGE CPRAHCR KT I TR OV Py sy
erasih%‘céll%ft:(ﬂf Coa0thedizh el (B, tﬁH‘sﬂrﬁﬁlﬁi/ﬁt&D&fcﬁﬁﬁﬁﬁtCﬁrﬁgeh@ out
ate 110" shown in figure ID, and "off state

and stayes mmmpmglntgia@he@t the cogerth oheells{COQ uoughEOm ag
1llus$f§?§gf¥&§}: P oW t arlse oggr\éggn Lﬂ%gA' Z’Jorﬁ‘l?lﬂg %ﬂé h}o% 4 all bit

tr|x of 'no

lines BIW, BIH, &ﬁ‘blhgl]@m drburdeg ant%fﬁ valai.- AMcsleadndlagr weﬂdl 1lire®0,
as with other cells in the array i ncl udes sel ect,

WWL W51 drrougholaihn aeerasovasied sihiecyarhriode erse Opgpiionyf The
Stlmlg‘%alt(ﬁ’l cgﬂ:ldﬁ |60t réﬂlg? % éjgsr@ﬁuﬂi %Ee d\gtpcgb énecfﬁ’ieﬂ belicko

e source o cou ect node
voltaGhloGy, tuninghtransision TOOOMand fartiing & eombiotngitmnatlghent  of

connggs ek pIb N0 » S e BB, Fb EERsE e eistprgor
transﬂ‘%ref 0¥ is B @%\ﬂiéi t6 BE %Lﬁ:ﬁ 16ReBtRtintddo e ket RhmpEPtias the

coupled to and the source of TOO is coupled to
“on” gedigancernf denSnboswirdies NT08. i n contact with the
nanot ube el ement of NTOO. [0048] NRAM nenory array 200

s B A S W B e
Wordaﬁ-ﬂe. WfWL/BlLIA)s dﬁzﬁdribhd) iggreater dﬁaﬂhlm Uid. |Pate}nt Apphl, Na. (TBA),

i nulus/latch_circuit | In ectric t
entitiefie Ty Termar Hsasipe Rsvises abStsvams podetiglof iabtagn
Samé P %?&1 & ﬁ?éveﬂrd&i’c' KeswiRl, a8 %ras%fnﬁﬁﬁ Il ba, rﬁ)r e;?di‘&blé Qafingle

Si gnal s to the rrem)ry ce
pulsesdm andrigs bf pulschs emd may haveean dppedpriiés wamfgm ancyem@nalnt@de
ach_line contact w th o L
and e QLG o R o SRy BBere e NERE R B on
state JQERMETIBWs [FRRH Moty MorERSTAIWILY t6 tasiicopeslainennCEOO,
al ong word Iine W.O sinul taneously erasing_cells_ COO

through) the naraslests of arnotidmrwitcheVEQ, shrpuah thechpnne] pEigrgsisior
T00,7th :Bitrg) Jvfntcﬁ is ﬁ]?(fedo lIUIo Bflt [t%&l%ﬁqgﬁ&ﬁs%%ﬂgﬂuﬂg switch

I'a roug
NTOO bettsise a’aﬁﬁstbﬂmmel{anbﬁlrmtaxﬁeas enuoh éesathanmaabiobhg swisel

| WO d ith all | BLO. B
NTORET 56 B dor e plie BibsBptae] resigrance of Brtistgr 10y i I e
nano Qu ity T 60 i@ o mgpéﬁﬁa&&s%%%lﬁﬁ Nfoot rﬁaﬁ Rkl Vg

e erase opération
causes nanotube switch NT0O to change from the low resistance “on” state to high

resistance “off” state. If, prior to the erase operation, nanotube switch NTOO is in the
“off” state, then nanotube switch NTOO remains in the “off” state. After the erase
operation is completed, all nanotube switches NTOO through NTOm are erased and in

the high resistance “off” state.

[0051] A write (program) operation is preceded by an erase operation as described
further above. In other words, cells COO through COm along a selected word line
WLO begin the program operation in the erased or “off” state. For an exemplary write

(program) operation (to cell C00, for example), secondary word line WWLO is at
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stinmulus/latch circuit starts word |line W.O at ground
(zero volts) and then applies voltage Vw, turning
wo e@ead2ator TOO ON and forming a conducting cheeir®s2006/017902
that connects sel ect node SNOO to grounded bit Iine
BLO. The FET channel resistance of transistor TOOis
sro kNG o i at o R AL of b ol TBRoraE . shhluetuch
circhif 6lect§ GA§toMNEOQ by $vhiechsdg wotduisiel WILOHram igoatint ta Vi), i 1€s

an_erase stinulus VE fo secondar rd |ine @] :
nanQRRE Y AT I0 G k€00 t1dp b protushed Do i Oty R ordee
13 :€ ) i 3 N 1 -I-‘ & i | e .
ord SE o R DR A o BB PUPE  emaag
circulidtpplive apmdgram stimudusa¥ ey te bitrine BIL(: ahs describest inegreaty] defail

in U, it Al B, Sl B A en R BN AR S e andof
SysteHs 288 MdthodsRifNIkih® SERE,” ENl@&PEh APEVeAld: Qi herék@ith GeHrbER

~is in an "on" state, current flows from secondary word
stimuilysecappe.dor exaseplarciingle pelse ppmsergsObpulshy. 6od may have an

R b O e e
linetvoRageohbpfisst He epnpedl ta e shdnhdiniedicedsvivt ¥y dlédthplete the

.because transi stor TOO channel resistance is much | ess

WIItE REREFTAHBINEbRP SR e R gPERS? BEIZER NEKAST RUlSCH GF° Qesthe,

maxtillﬂfze?? Al v_oﬁtﬁ%é %ﬁféﬁ%(.oéufr&ﬁ MRiwstm DR BIY thtouh the
nanotube swi tcn NTOO, then 0.9 VE appears across

chamnel oTinanNkoer. TR, dseught thephngudek of assEsbaewicthuNEOG i t ch

to ch fr the | ow resi.st ‘on’ state to
congjiegie FREFEFGRAR gt SSPatdy W i SOV L0F Ve Rhcundbe
switeR 8ITA0I iR Bell (B0 1R [FT¥bramdItORd off Thtdth €corRbpondlimt 8.a
then nanotube switch NTOO remains in the "off state.
loginf‘@estatenior examsple pegndhit line B0 voltgeeaemains gt Torp yplbt. gbe
it - g Om are erased and in the high
NT%icgﬁg?ggg%%%%gt g.ﬁm()ﬁl] A wite (progran
operation is preceded by an erase operation as
[00524 s cr Fduerh efxantpleary reddmperatibn (fooheell Widl0d for exadnple), 0O

sirp SR Pt S5 BRORITY HOTG RS W B o BRI Aa i Bopi e
BLOSVGHABE Big, Vi F@ kBMAR! A alRRAIAS L eitageldd thElihe 6Fdatf REad

_ _exagi)l e), secondary word |ine WAO is atground and W.O
bit ling veltagy ¥emis salectel o be tess then bothe ‘epgset and e gnainyryvoliages to

' l.af. i reuist e t [ ansi P A
ens“éév. cll;ltlgﬁ{ﬁi 18 l‘régtﬁ%%’sn(éﬂwgrtcﬁn%%rrb 8‘[11 %@g&@ﬁuﬁﬁ&%ﬁ ot ube
operaitbit. CMheNfiQlusatd|circGO Ve Wo.0he ahi @ovamge vk tunekdple,

"off state to_the . ) o
turning transistor TOO ON and forming a conducting channel. If NTOO is in an “on”

state, then a conductive path is formed between bit line BLO and WWLO, through
transistor TOO channel and the nanotubes of nanotube switch NT00. This allows the
floating voltage on bit line BLO to discharge to ground. If, however, nanotube switch
NTOO is in an “off” state, then no conductive path is formed between bit line BLO and
WWLO. This prevents bit line BLO from discharging to ground, so it remains at Vpg.
The stimulus/latch circuit (not shown) detects changes in the voltage on pre-charged
bit line BLO. If the stimulus/latch circuit detects that bit line BLO voltage has
decreased by more than a predetermined amount that exceeds a predetermined sensing

threshold value AVgg eg., that NTO0O is in an “on” state, the stimulus/latch circuit sets
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"on" state (corresponding to a logic "1" state, for

exanple), then the stinulus/latch circuit applies a
w@e@gnzenisti nul us VBP to bit |line BLO As descPChEs2006017902

greater detail in U S. Patent Appln. No. (TBA),

entitled "Two Term nal Nanot ube Devi ces and Systens

a laRAGoNBIpoAGiRg & mivBlorP8e1PR0B o a [ddi@d " Ukt@NTRY 8tuflvalue of the

herewi th, a program stinulus can be, for exanple, a
predgitorglizedsansieg dweshokkvalesAYsr geresdsyparnpesifiy paravestas cell of

ropriate waveform and/ ar. L it d/ or er of
N B8Rl AR o i Sy e A B e laus
knowvanpew 40 IMBPstid0mhsIAER cliredtigRetts MaidbiVBRe BROGROBhALS
the wite (progranm nig)% oger_atl on. In general, program
voltagy Vamis upchanged.£r%. ©ROYEA0 isoinmaxoffi’ state thsgrtherstinoniugfpich

L efflci c I i &l LDE rou .
cirefit stE Bt coriGkbertite 1880 L e o siE P el oBHfin i
thereforeanaridsbie sive tredd AN QUDRO )asd ikl ivforelagofe NN o Gz e,

nd to secondary word line WALO |f, however, nanotube

back/raeeperatigRegycles agsassaspOALLD. tipxang poye et (Poturnsg-off),
the a Laeh & hiGe {1 ate, for
AR RIS (EALATARRALAG (R Bob it e} 8 T L ero

volts, and NTOO in cell COOremains in the "off state.

[ 0052Pparetional Waeafptnas fpriMderonypbrraysi Bying Tword ergiihalCOO,

for e | the stimulus/latch circuit sets
secon@%’r%)mé%ﬁ UHee WALO at ground, and drives bit

i ne BLO vol tage high, VBR for exanple, and allows the
[0033]] t aBigureB fllnstrdtedexaitplé bpattiordeadvdfoimd 30Tethotdnad@epplied
VBR.is. selegted to be | ess than both "erase" and
to theygmhoriment ob FEGEY p2g SR 11t gire S1yFing erase Rrogpay aad
(Do i X .
s etibndl Rk £ LR, C5aaRaRE SyCBRn2 B e
opetgtigminatierdg agcovdeli statee abmpglaseletied wand line,snsh 8¢ wordliiR

WO 20 8rszphdhg fruches Boh b i SRR shevr bao (g
oper@tidns, b BEmBluG1 A8 cYMEDretdhbed Bit TihadB1.6 HRbu R OhABREtad
and t he nanot ubes of nanotube switch NTOO. This all ows

voltageeVir, EutermgPipdn thigansmobl-b te 2 weltsland eows gervligee togfloat.
f 0 r S |

el Wb R R o D B el ViR slaalees

Vyrbidr ekampleBif O ta 6oy oY Chiclts sufficiented tin hiahsisioreT@®)L Bréughm

di.scharging to gr , SO It remains at VBR . The

TOm O 6udy 3kt el @@@ﬁ?o?%%o@rg HeRihicag epgratian. chidhg example
showi'f fY&Iré 80firRg tRE Rl BERAREN BEll Chb R€inBhOop? Eloéﬁe‘l”) state

_stinulus/Tatch circuit detects that bit I'i heBLO
(llustedtedbigdiguas 1D) and cell CO1 is in an “off” (logic “0”) state (illustrated in
figure 1C). For cell C00, the BLO read voltage Vgr decreases because bit line BLO
capacitance discharges to ground as shown in figure 3. The difference in BLO read
voltage AVgr between “on” and “off” states is typically about in the 100 mV to 200
mV range, although this value may vary depending upon the particular characteristics
of the circuit. The stimulus/latch circuit (not shown) determines that the BLO voltage
has changed for C00, and latches a logic “1” state corresponding to the “on” state of
NTO1 in cell C0O0. For cell CO1, the stimulus/latch circuit determines that the BL1
read voltage has not changed (bit line BLO has not discharged), and latches a logic “0”

state corresponding to the “off” state of NTO1 in cell CO1.
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decreased by nore than a predeterm ned anount that

exceeds a predeterm ned sensing threshold val ue DVBR,
weuos/1ithat NTOO is in an "on" state, the sti mPCEUSRDEM 7902

circuit setsa latch corresponding to nmenory cell COO

to a logic "1" state. The actual value of the

005, S ET R R AL B ep s

the stat@t 8f tHeRells ® Helpdsedrmides@delutierabavey tTheal hanotiheough
techni ques known in the art. If the stinul jl@%&@’?

switches NGPQ thaeu sh N E0m AR el €OQ thanah) 9 plong e
erase¥ E mdlfaﬂg&é : E%ﬁgg )3{?%1?%1% to!i3 ah e&%ér%ldrf‘ V@WLOO WLsatbe,

circult ts a'latch
BLO @esughsplondiagl htprdiidizem wolispgd shotwd'in $igatec. Bhe tlrreagh
operation is therefore a nondestruc e

BLim cRaprieyat G0 SV Tl 6 AT et v peoS et it
sw1tcﬁ@s‘:\%1rdq?{%%@t\)oﬁ eCtY)O\l’\S dpPrIEHeR Voltsﬂﬂoﬁ @xarhple. This

externa power IS I turne , t he array
switchessarsists Tl el C@G OMf amdrmtqcbnpcteu S )0 is ungléP%\fhrP‘égh

e GRS RS B R0 Bl el GE SHok 0

embddhrhea&t VAL EHprosdiiRlcs RP%l@tfo@&admp'laVEfrﬁhmbéB OWitEthBT06 &
be appl I ed tpo t he enbodi nent of menory array shown,

in the Irigh irepigtance “gii piaty & m?slzeglrm%ﬁg?fatﬁ? CERSEl OPf‘éétéPIb HéP’é‘P’rné e
the “(étgf sfa da?t%) corhbIRl&T &F @S Brds€ 8l IRGT Al Rbrk tlﬁeerrﬁs‘é dﬁ@f&uon,

se op erati1on n order o record .
nanoﬁlbatswﬁclaN(Il@Q mmSthd: é@i”eiﬂatwheh tumst flows landisammlhb dvitnd

NTOR Flaes® G (he ot (b AP Bl st BePk GRS afBito
and BI.0 gﬂhta o?l%nﬁﬂ@ﬁegl%ﬁg@ Ifbr é}iaﬁﬁﬁe Bl Qoo haas abo BaOaepeddeng on

read voltage VBR, for exanple in the range of 0.5 to 2
the ClWEUhfttsr,lStzm df a\WitvaTﬁﬁéOK/@mHa@@ theqmbsa et depsidy and frsistance

atch.c cwt anges,W.O from a ground
Ofna%fi“gu "“%n%{lo?‘gjg BT éteh B or exanpie of 1 to 6
volts which is sufficient to turn transistors TOO
[0058]nr O INHAORGsPch BTYO, “oh’o sta! resistancel ik SypﬁMytlﬁrtbnﬂ}Hliﬂ@n

for a read operati.on. he exa 1{9&? figure
than gansisie; HYP ‘Ef}?én?léﬁ%“élﬁfér Sa‘t %ﬁn EEME: SF%’ ’g
apprc%%?lg{egy 1dveltsS Eé}%& n%}icl: 5N8b ﬁ@ﬁt%%pfd?u&ht@l&rlevdlphn@ ﬁﬂnsﬁﬁbf

I'n an ogic "0 State lustrated in
TO0 éxpgnemce& @)gateForsoue|volag dnﬂhmnstﬁ amm@umateﬂ}aé golygRnd a

a s because bi.t |ine O c
sate- {5 pYreS GG O APPICGPCY & Bt Bl SAE BFC,
noted ﬁl%fjal‘&ﬁiu LROE iPVRRried Y&ﬁﬁgure%s AydarePulsesd éihgl& or Series of
typi cal 1yabout in the 100 nV to 200 nV rang
se

WWHh{ etese ghlseshayingappeontiaje yaphiudesiaday giaps ﬁn%ym; applied, as
descrife rdt 1ncglff|>a er d%pa"i‘lrlﬁt"d 8 rPeﬁéﬁt%ppln No. (TBA), entitled “Two Terminal

Nanotube Devices and Systems and Methods of Making Same,” filed on an even date

herewith.

[0056] A write (program) operation is preceded by an erase operation, as
described above, that erases all nanotube switches along a selected word line. For
example if word line WLO is selected, nanotube switches NTOO through NTOm are
erased. Thus, all nanotube switches NTOO through NTOm are in the erased “off” high

resistance state at the beginning of the write operation. At the beginning of the write
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of the circuit. The stinulus/latch circuit (not shown)
determ nes that the BLO voltage has changed for COOQ,
wa@anwehzxiches a | ogic "1" state correspondi ng tRCT/082006/017902
"on" state of NTA in cell COO For cell CA, the
stinmulus/latch circuit determnes that the BLlI read

opefé?‘ﬁloh ags/via %111188 AL eﬂ’thH‘llltougi;l (’?@J’,,%,Ea@gi[h}?)eﬂﬂ%u gh BLm are all

schar ged), d latches a
at goomind €370 Ivdltarbg Itl thi¢ hmhpjé fnasd@be switcNND0O0 iimceleCOO is to be

054 erase ratl‘ receded by a read
sw1§€%4 %&s ot PIOEBERCE) fhah 20 r@%@p lc Fha st pid ntotilite
switBNTo1tiR LB ®ias ﬁ%e 1@§t i El? g%ff’bﬁg L 4Dt \Rhte. aWO rdEHs at

nanot ube swi tches Om i'n cel
grouritr dariglg tBOemtat ovrige V!pﬂfrdtl(bn r&nﬂ\ﬂ@sftﬂwh tarcalsfeapphes a voltage Vw

o el ARRN ity S To i FrBtigf BD i O ang elect
nod§ 5B00Gs Rt RaNPEImbCctBS tShiPWhe BNO iU th-traBbiQdk Moough
BLm remai n at ground during the entire erase

chaggedr Sivice in thét ¢xepiplesedllaEhnanofubgistilshiN T8 tavbe sivitghed from

the \Tlé#? Q{QJett %e‘ S(’)g;’ }/éaal%egﬁlg sﬁéﬁll%t r]gM ?1‘%{194(%%) wrog‘ﬁ%qg&?age

VBpSﬁipmtmmcn:Iy 5N Dsifer @;rampm e}BIL(D hm@gdslltdgbafgpﬁaﬁsmmaéd

TQO channel nped to erase voltage VE

thropgh aRSISEAE S0P FPe%)‘(ﬂeCt wsie. Sé\T %Pp pTra;tfiIWaf £9Q opgyaigyn @e pefpree-
follGWE RO &, sﬁéh ASNAL H@.ﬁcé%lfa%ﬁe}\%gglét& 6o éc?ﬁnc%'tegho select

resi stance "off state at egl nni ng e erase
node SXOA) ¢qyra)s Vip mamm ithestransistdn & 00abhtce SoBowerahteshold voltage

arorf BB RAERY b1 KloRE6RRTE: dfiette 3 Hiech hotieskffice
voltageddfeforleR@mplell ﬁﬁ;ﬁ‘ﬁimfaltél’y\ﬁ 5adiks a8 Aco¥d AdtI¥ERitch

changes fromthe "on" state to the "off state. Current

NTQQ @WQ@@@W@@WWE@ 09rrard ppwlugtive elsment CEAP comnectsd to

o oSS 0 Y SRR
known it ére 1ndusﬂi1$1n SWtije andnt fewsthanch tednsizain di00Red thamdnbaibe
o S55  B 5p S 0 0op S 2
“off™ bﬁ&% tﬁ@ 8kt 5t A0S CatOHt WS YeRAUIBLA &3d FERROCyich Qulfrél{t in

an exanpl e erase voltage VE of approximately 10 vol
the @eg@d forokemPNODOD sAdo 18 proseremtaigyonithe ocharactemstics of
experiences a gate-to-source vol tage

nan%}u ?%‘?’1 %%ng) approximately 5 volts, and a

gate-to-drain voltage difference of approxinately 6

[00579] t STt should ®B@beld, thattthshiolihelwhbite Valtage nidyade ohbﬁgwlttgﬂmn\gale
is illustrated in figure 3 as a square pul se, single
Write, PP%%P%@WHW@P&S%%H;&% figare 3 e %haf‘pmléﬁpwl%@ may be

charf¥8B i dnY 965 t AN WANGH S tHBw HRYoRfatRRP Thd foPexample, the bit

line write voltage may transition from a Vgp of, for example, approximately 5-6 volts
to a Y2 Vpp of, for example, approximately 2.5-3 volts, with corresponding select node
SNOO transitioning from, for example, approximately 4.5 volts to 1.5-2 volts during
the write operation. Since in this example cell CO1 is to remain in the “off” state, then
nanotube switch NTO1 is to remain in the high resistance “off” state, bit line BL.1
voltage remains at ground (zero) during the write cycle as shown in figure 3, and

switch NTO1 remains in the “off” state. Bit lines BL2 through BLm will provide
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described in greater detail in U S. Patent Appln. No.
(TBA), entitled "Two Term nal Nanotube Devi ces and
weywbard1and Met hods of Making Sanme,” filed onPERUS20061017902
date herewith. [0056] A wite (progran) operation is
preceded by an erase operation, as described above
. i | .
with $BheeRl 85258 o B0GY. SO AR HAIGT HID S8 Aick Bppnaine
on thalgicHite sbd whiasn MBO cbiiePoghiniEels aff eragr2@sed. Th us,
al | nanotube swi tches NTQOO t hr ough I\ITOm are in the
ased h, resi stance . st at ({)ge begj nln
1SCIOSE

[003%de wHre fgllaaer% S atoal ARGty R G bPateis afous
metPMdstaﬁ@ Péacﬁﬁitqhé’sn%r WA d ﬂn@%@ eS8 an%@i&tﬁﬁeoél&ﬂeﬁ% that may

and BLO thro BLm are all at ground (zero volts).
be 1mdim®den grqﬁmf;d erabadtiiorts siyisbole eNtOdiments tlelna@agbe slem@nts

wi t.ched t
are R o sy diiced hghly i By OO Fm GOl fre
nanétbbe ¢18mbsts AR dubktantifllyBimoRblhydiloP ghbon Aanotbedt Br s O
remai ns at ground during the entire wite operation.

embgginpants, 8yel nenetibe iclesnsints iaglpds singls- w@leﬂefg@maﬂ@tum gnulti-

. r i | t Tr r
w3 8" BT S Pl e RSl e g
nanatabeelemeitts ﬁrﬁ:hiﬂet oteidtendsk amdlémtghnbtmbes r'HlﬁESfoiSloWIingTCD

channel . Since in this exanple cell COD nanotuhe

refexciipes ke pppEamer §0 the aseisass of dhis applicatirn ARd aigrhereby dnorperated
by r&ﬂé?enc@ﬂereﬁltlﬁttﬁmr &Rﬁ@tySt imulus circuit ranps BLO to

program vol t age VBP, "approxi mately 5-6 volts for
exanple. BLOwite voltage VBP is transmtted through
t r ansElsetsomaubanicel Mismeey AmapldJsgrgo¥anomizenRibdpies anfiddethod

r such
for R 551D PO A pR R ion Y Pt Dankbl v Helee
6,919(592), BN Yn RAHALs20BP mi nus the transistor TOO
source-fol |l ower threshold voltage drop of

appr OXI mately 1-1 volts, for ref ore,
sel eckleqiseae hree Ty \li%ﬂetlaa%wef @xg%reéﬂ Application
No. @GA@B@ 2‘5237%%1 ¥ & PRt NoS6 b$1 a@BI ﬁfeﬁ &%&%ﬁb@@@@tme

switch QO (between sel’ect’ ndde SNOO and conducti ve
el enent CEOO connected to secondary word |ine WALO).

Not e Nartubendlns amt ariades (blaerPatgse vaplisgiondde 11041 2%l 18,
' r t flows through
nowlt(t?gh\g?tg &ﬁ&%@@;&r@,t%lgd ﬁ%ﬁ(ﬁﬂ% ieq?ﬁhent of nanot ube

swi tch NTOO, and nanotube switch NTOO transitions from
t he "Mikthods af Blakingt CabowNinettisd BilmEUrayers, FﬁH)rﬂIWSRlbbons
bet we nd WN.O wth current int

Elemegts esﬁ;%wéesa@o% Eagent épfﬁeatm Neyd BErdi99g)- éﬁgf %%January 13,

200%:haracteristics of

Non-volatile Electromechanical Field Effect Devices and Circuits using
Same and Methods of Forming Same (U.S. Patent Application No. 10/864,186), filed
June 9, 2004;

Devices Having Horizontally-Disposed Nanofabric Articles and Methods
of Making the Same, (U.S. Patent Application No. 10/776,059, U.S. Patent
Publication No. 2004/0181630), filed February 11, 2004;
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nanot ube swi tch NT00. [0057] It should be noted that

the bit line wite voltage may be changed during the
wowritsa2aper ati on. I n one exanple shown in fi guP€r/BS20061€17902

bit line wite voltage may be changed from VBP to Vz

VBP during the wite operation. Thus, for exanple, the

bit | Dgichd HhAnY MchHGH ty@i)épés*eé'ﬂ&h&fa@ﬁc fArﬁ&b@m}éﬁ&eﬁiods of
for exanple, approximfely 5-6 volts to a V VI

Malfing thexZamst @J.S dpgtens xippication No 51087760 12s U. $\nRah3nt Pubhcatlon

No- BTN dfed FeiendlTa2eham s To 1. 5-2 val s duri ng
the wite operation. Since in this exanple cell CO is

t o r ePatdind I NidtRcopié Mﬁ&l@i énd MB&idd9afMolakig Bavshmb (ED
is toreminin the V&h resi stance "off state, bit

Patanf AePBeatiopdia 49€3pditi Hsd. Retegt BilisaiionNe) 2005(G 1R878%e
wite cycle as shown in figure 3, and switch NTO
[005@ mal e {Rehtlh maf be ?fn@t)&‘led B Bthla %élfl@lfgrntlmﬁg&ﬂ BbMing
pr0VIdeMWIte vol tages or I'n at groun as
from theLwtrrtaur eskehiyal tmhhrabﬂeneiscth@em drlﬁmresedmabmﬂmxgnts raré he
I |c state.to.be witten_ in the corresponding cells
thergfor oy be Copyidered dp sspecin, & FBRFBEARC LPGESIPAY K
applications and issued patents disclose various
[00608t howsatandlalieedRi ques for maki ng nanotube fabrics and
nanot ube el ements that may be included in preferred
enbodi nents. In sone enbodi nents the nanotube el ements
are porous and in sone instances highly porous. In one
or nore enbodi nents the nanotube el enents are
substantially a nonol ayer of carbon nanotubes. In sone
enbodi nents, the nanotube el enents include
singl e-wal | ed carbon nanot ubes, nultiwalled nanotubes,
and/ or doubl e-wal | ed nanot ubes. In sonme enbodi nents
t he nanot ube el enments include one or nore bundl es of
nanot ubes. The follow ng references are assigned to
the assignee of this application and are hereby
i ncorporated by reference herein in their entirety:
El ect ronmechani cal Menory Array Usi ng Nanot ube Ri bbons
and Method for Making Sanme (U.S. Patent Application
No. 09/915,093, now U.S. Patent No. 6,919,592), filed
on July 25, 2001; El ectronechanical Three-Trace
Junction Devices (U S. Patent Application No.
10/ 033, 323, now U. S. Patent No. 6,911,682), filed on
Decenber 28, 2001; Nanotube Filns and Articles (U S
Pat ent Application No. 10/128,1 18,
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now U.S. Patent No. 6, 706,402), filed on April 23,

2002; Methods of Making Carbon Nanotube Fil ns, Layers,
wo-aweilzd11 Ri bbons, Elements and Articl es (U. S PEHUS26/017902

Application No. 10/341,005), filed on January 13,

2003; Non-vol atile El ectromechanical Field Effect

Devi ces and Circuits using Sanme and Met hods of Form ng
SeMTGRTE B OMPTANST | cati on No. 10/ 864, 186), fil ed
June

9,. 2004:; Devi ces vi ng Hor.i zont al | y-.Di.Spa
NPT POAPETAeUE. carh Bt GeL BEoaa TR ERE Ao
(U S. Halehid ARRbhE dok@Nnd\Rachlehbby &iPincldding: Pat ent
Publ i cation No. 2004/0181630), filed Febr uar%/gll,

2004; Dewéatkssldetion pigewieoncrady bourbepdipgbe it B¢ pred the
Articles and .Met hods, of .. Making the.S .
Application _mel@)/ 371738{ %‘7?}‘% ! .Ceﬁ’g% %ﬁor{ggg ?(i:tg’t%flgﬁbf at

No. 2004/ 0178%ne of ettt Medandahy fitst wo2d Ode¢; andd
Patterned Nanoscopic Articles and, Met hods of Making

t he SangtWfesnimhswithingdeviccotqnapisies firbausscans, U s,
Patent Publ '&o%tgh&i’ve'\ﬂer ég@% Q%t Z%&:)onu{l&‘gléagﬂopmﬁla

i nventi on may be enbodi er specil or s
Wi t hout depaiidnondefartinie, tthefisptarininab opasisggoupled to the cell

characteristics thereaf. The present .enbodi pents ar
therefore t oSﬁg%?UEB ﬁ’é?‘&b?@u‘lﬁfa ﬁg@é‘ag%}l% é’?e’iagﬁlu%(\upgfli%/e
and not restbGhiond wd:980) What is clainmed is:1. A
menory array, conprising: a plurality of nmenory cells,

eatmemeny pgeratidn circageiperahly eoupled tp theebit hnd, ithesfirsiuypel line,
l'ine, and a second .d ljne, each nenory cell

i ncl udi Tﬂﬁi tggs%cé)flfq wso\é\ggg? P%%acgicre@m t operably coupl ed

to the fhidvpetEbal clrtuiecapabletoficelbiting theeclt by aaiwadhg thleast

menory cell in response to_actjvatiaon of at |ease fone
of the bit |prreofheibit fige ppd the fiighwond;ling,and gpplying a first

two-ter m nal o3kt ABENAGK F RaGUHROE Bt fild, Hist 3 line,

second conductive termnals in electric
comuni cat i omdMetbndawoahlieutoehamgei thé msistanee f themanotube

SIS NIRRT IRE N R e
the second weiefl rédidifiice,
said operation circuit capable of selecting the cell by activating at least
one of the bit line and the first word line applying a second
electrical stimulus to at least one of the bit line, first word line,
and second word line to change the resistance of the nanotube
article between the first and second terminals to a relatively low
resistance,
wherein a relatively high resistance of the nanotube article corresponds to a
first informational state of the memory cell, and wherein a
relatively low resistance of the nanotube article corresponds to

a second informational state of the memory cell.

The array of claim 1, wherein the first and second informational states are

nonvolatile.
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weawb/1zalil |

10.

11.

12.

a menory operation circuit operably coupled to the bit
line, the first word line, and the second word |ine of

the cell by activating at | east one of the bit line
and t he first mord i ne and applying a first

Tgé : :Nc?’r "gl?ie el é@egrﬁ ffite Hifie ?Jfr%tts[b?%ﬂiai lela%tra%()ut

r efeh&in@aaqargef thhﬁlﬁqd’laﬁﬁthnﬂb&)fahé secbrd krateween the first
and second termnals to a reIatlver hi gh resi stance,

sai d operation circuit capa ia Qf sel ecti % the cell
by The firdsaeh dlatmat. Whsagin tesrelloelectien pirguil %nﬁﬂl §h Lrppsestor
fl&ah egasb&%e%@9| a second el ectrical stimnulus

to al 1€ast one o line, first word line, and
second vvord line to change the resistance of the
nafib¢ avey off ¢laicl 4, volerireie dire ga'q@isfm ekctrznaticentacs vdth the first

term sto arelati esi,.S

- ot B e nerders i i oBttab R RO oM lelehinal
COBRPHBARLS id 1 fechridal borltili ¥iffRthe Blidinest at e of the
menory cell, and wherein a relatively | ow resistance

of the nanotube article correspgonds, tqQ a second

i nfB? AERY ohelaing | Jykergin ﬂw@eﬂn@}%ﬁw gigpyit ingludeha FET, 5y
of claim11, wherein the first and second i nformati onal

St ¢hE gAY ﬁf A2RY 9! Bhdrbig sdid o}%ﬁti@fl CRYuiPfeall &h Mfdrmational

wherein 't resistance of e first state is at |east
abstate af ¢lne emesy ¢l geselactiag thermell hysictivatingeonsfof ttheebit line
seco ar.ra er.ein.Lhe. ..
cofthd G isifas Hioe A B0 R o R s jo ORI B iyt e
gah®d the fEsui&d.linend a drain. 5. The array of claim 4,
wherein the gate is in electrical contact with the

first word line, the source is melectrical contact
W The pey of <.>1§1¢m Somerieinithetend SRS COMPHSeAPPHHRG A Hlpating

of @]It % 51‘5 E&Q{l&%ﬁé’ﬁwl@?#shﬁe Pﬂf&rn!ldtf(‘)‘ﬁal Hate -5? FheRENBY

rein t ction circuit
i ndd:taﬂmimrg witherZhe Toleagaon slye atherodfaherbit lineard dierfirstavord

OPEL 251,90, BLILSH e B3R, 1 N or mati onal

The array of claim 7, wherein reading the informational state of the memory

cell is a non-destructive read-out operation.

The array of claim 1, wherein said operation circuit includes a latch
corresponding to each memory cell and records the informational state of the

memory cell in the corresponding latch before erasing the memory cell.

The array of claim 1, wherein the operation circuit includes circuitry to

produce an erase operation for the first electrical stimulus.

The array of claim 11, wherein the erase operation comprises applying one or
more voltage pulses, wherein an amplitude of the pulses, a waveform of the
pulses, and a number of the pulses together are sufficient to change the device

to the first state.
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w@eaeapahyi ng a read stimulus to the ot her of P¢EURING/017902

13.1

14,0

15.

16.

17.

18.

19.

20.

state of the nenory cell by selecting the cell by
activating one of the bit line and the first word |ine

line and the first word Iine. 8. The array of claim?7,
mherein the read stimlus conprises applying a

t he
| nf or na 391?‘P’ona St é?@g%flﬁpﬁ gl%][ ?ﬁ %ﬂ&dg ngfrﬁ%bgn?% teot her
t heprodict ageogmmt dyeraionefor the s¢doad ielet:trldahﬁnmuids t he first

mord l'ine decays bel ow a threshold value. 9. The array
the infornmational state of

| ai m 7, i%/? %ln readlhg
oh Pt BT 156 WheTs DA SIAET IR OPGa PR G Btites applying one
Oprr%erQolté]é% uﬂe‘é‘ @ﬁér@in a?lfarrﬁhﬁid@ oF th'HAs&A! Qw&%fgrm of the
oper ati on CIrCUIt includes a'latch corresponding to
eacmlmmndy& nsiter ghtherpatses thgethheare siiffichant toekangs thetdevice
Hl-ﬁe ?1%{ tcel | in the corresponding |latch before
ég gsef ﬁ’ory cell. 11. The array of claiml,
mhereln the operation circuit includes circuitry to
pr oihigGerag ra;f eraaﬁe ombefedd themahstibé Atickel doatprietLs tdgicadf
stimul us. array of claim1l, wherein the erase
opé’raﬁ‘?tilb‘hf@élﬁﬂifﬂ%%f’da‘?ﬂﬂnﬁtlﬁ’ﬁ one or nore vol tage
pul ses, wherein an anplitude of the pul ses, a waveform
of 'Itﬂeearﬂ%' lo$ @Pcumqn q/h@re‘ﬁyﬂf@ ?frst%dts&%nﬁlﬂer%ﬁﬁal& aR&hiigl, are
suf ficient tocange device to the first state. 13.
The array of claim1, vvhere| n the operation circuit
i ndibgdasy of ekointls yvh@@npﬂl@mﬁt@l camprises s AsaspereaRi.obi, €orAl,
DG RECNE L £6 UoCRY B B S Ty, RS, BIIEBARL o8 FA
er’n 't Fany opera >on corrpri ses’applyrng
one or nore voltage pul ses, wherein an anplitude of
t hdhpukag f chimdy etherein thé ophtatlpm tis@st appiids a selectbeitagd to

he | ses et he are fficient to change the
doperst WOfCLﬁ legt e gplland an er’f‘ﬁ%"‘ﬁ%ﬁ;‘f’ e sepopdivard

mhqrne kD chdi@e ‘ﬂ?él‘éh%&ﬁc@éft thé h&qd&%&{rhél@ %o Aré18Hhh
nanot ube fabric of defined orientation. 16. The array

of rediineel, wherein the first and second ternminals are
netal. 17. The array of claim1, wherein the netal

Co'ﬂﬁoaﬁgio?E airﬁei hQI%E tlﬁg r?perﬂ?tlg\n ITCE-H&PPﬁ#s ﬁaé:ie(f_r,b 1taé/é/ to

andheTfindd word line to select the cell and a program voltage to the second word

line to change the resistance of the nanotube article to a relatively low

resistance.

A memory cell, comprising:

a cell selection circuit in electrical communication with a bit line and a first
word line to select the memory cell in response to activation of at least
one of the bit line and the first word line; and

a two-terminal nanotube switching device comprising first and second
conductive terminals in electrical communication with a nanotube
article, the first terminal in electrical communication with the cell
selection circuit and the second terminal in electrical communication

with a second word line,
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21.

22.

23.

24.

25.

26.

18. The array of claim1l, wherein the operation
circuit applies a select voltage to the first word
and an erase vol t age POI/UB®06/017902
second word |ine to change the resistance of the
nanotube article to a relatively high resistance. 19.

The arr gy.Af Sélé’dt{/ﬁ‘g]the WRES gﬂf ?&ﬂf eﬂ‘?l a?)??}ﬁl\?%b glPSt Cldcfiitlal

appl i es a sel ect Itage t l[ine to
sel ect the cetilmubsdo at leaggneanf thelbitdge, ficst toed Eee,end

word line to change si stance of t nanot ube
article to as?céﬂna%!"{?éﬁlﬂ?elc W@%%F@i%’@‘éop Sw,éxth'@’r&ﬂ%y ce
cell, conpri %bﬁ&en%&ﬁ}st aBieB6id @AnfialsGtih a'r@latlvely low
el ectrlcal conmuni cation with a bit line and a first

word |ine toresittawe to heeclavady highaetdistaneer asbonse to

Pt P sttt sedbouly B3R mitford bott AR Polying: ¢ Sos2Rd eledfical,

devi ce conpr isgindfhsftb bSleastdde SEERME IGRNELE Wov@line, and
termnals in electrical communication with a nanotube

article, thes¢qondtward dige ﬁh&ngeﬁaﬁsmp @htbe switching device
communi cat| OReMbdefl thd'irsf fild scRSAPEEhRRIGH U'blafDdy hilth

second termnal Tn-'e r cAl - comuni ca
second word lra:smanm’aeaselrﬂats&llﬁhiwm1stalnee rrermry cell and

applying a first electrical stinulus to_ at t on
of the Bhersin e relafively higy rgsisiapee be&waensféleéﬁﬂ e

changes a resgighgne EOI‘PJSPBHH“S t§‘ﬁ"ffr&*lhﬁ9m§€é/da@ SraRESMBEN
the first and second termnals froma relatively | ow

resi stance t anfanorg Icelili and| whe¢ig Ither rebitiyelyow resistance between

Second e ect e SPIEep R o BRRORRI A e 1

line, first wWofinhtidil staldfsec@adowaded. | i ne changes a
resi stance of the switching device between the first

and second termnals froma relativel h| h resistance

t o e cell gt ¢loign vO, whreiadhe Hsh ard seqpng | nplaytafes g mpn-
hi gBjfigsi stance between the first and second term nal s
corresponds to a first informational state of the

The cell of claim 20, wherein the resistance of the first informational state is at

least about ten times larger than the resistance of the second state.

The cell of claim 20, wherein the cell selection circuit includes a transistor

with a gate, a source, and a drain.

The cell of claim 23, wherein the gate is in electrical communication with the
first word line, the source is in electrical communication with the first
conductive terminal, and the drain is in electrical communication with the bit

line.
The cell of claim 20, wherein the cell selection circuit comprises a FET.

The cell of claim 20, wherein the first electrical stimulus comprises applying
one or more voltage pulses, wherein an amplitude of the pulses, a waveform of
the pulses, and a number of the pulses together are sufficient to change the

device to the first informational state.
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menory cell, and wherein the relatively |ow resistance
between the first and second term nals corresponds to

w@2@eaeaidl i nf ormati onal state of the nmenory cePCT/USM06/017902

27.

28.

29.

30.

The cell of claim?20, wherein the first and second
i nformati onal states are non volatile. 22. The cell of
cl ajHY 28, oMM SoNwhiigid B kedorl Rechical aﬁmfa'ug Somprises
informational state is at | east about ten neg ?ar
t happhyheg oesdrgheroeltase pdmsswhcmm i1 ainlmtu&e’sof thepulsed, la

o RREETS Ot ARERS Bpd mwber ofdfe Pl dBeriher e mtigent o

dr &hBnge’the dEiBe Eftht s@bné iffbhanaidigeei n the gate is
in electrical communication with the first word i ne,

the source is in electrical comunication with the

f i ridte celrid ¢taimn\28, wherainrihe nangivbe aéclgrcamprises @ region of

el ' t h the bit line. 25. The
ceﬁ%é?ggk%#%%,% edrr%%ta‘@" e cell selection circuit
conprises a FET. 26. The cell of claim 20, wherein the
fi rdte celledictaima0, whérsinl ths fiew apd ssooad agapliydlngreanaalor
nore vol tage pul ses, wherein an anplitude of the

pul vef of. t ul ses, .and nunber. of 1 h
DBl S8 2B PR efftal E5Rpr Shan et e Qi ath ab o
t heatf WS Pd, i, o e, Md g, 34,3, 902 &n, TR, ff?@h 18P Pth Mnd
20, wherein the sécond electrlcal stimul us conpri ses
apfiW-ng one or more vol tage pul ses, wherein an
anpl i tude of the pul ses, a waveform of the pul ses, and
a nunber of the pul ses together are sufficient to
change the device to the second informational state.
28. The cell of claim 20, wherein the nanotube article
conprises a region of nanotube fabric of defined
orientation. 29. The cell of claim 20, wherein the
first and second termnals are netal. 30. The cell of
claim 29, wherein the nmetal conprises at |east one of
Ru, Ti, C, A, Au, Pd, Ni, W Cu, My, Ag, In, Ir, Pb,
Sn, TiAu, TiCu, TiPd, Pbln, and Ti W
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