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U.S. Patent Application No. (TBA), filed on an even date
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Array. Background Technical Field [0003] The invention generally relates to
nonvol atil e random access nenory arrays, and nore specifically to

nonvol ati |l e random access nenory arrays that use nanotube articles having
re-progranmabl e resi stance to provide unit cells that may be enployed in
integrated circuits. Discussion of Related Art [0004]_I nport ant -
char act eVP209588218br 3 menpry cell for use in a commr%q"g{ﬁsz‘)%q/‘ga‘)?oni c device
are having a | ow production cost, nonvolatility, high density, |ow power,
and hi gh speed. Conventional nmenory solutions include Read Only Menory
(ROM), Progr ammib$.PaRat dpplidagion/doo i §/8 (RN filedpnddanch 28] 2604Pr ogr ammabl e

(EEPROn) . Sy his R ek R ERR My BRI R s e TRt ) com Actess

Menmory ( SRA¥gy. [0005] ROM has a relatively |ow cost but cannot be rewitten.
PROM can be electrically programed, but with only a single wite cycle.
EPROM has read cycles that are fast relative to ROM and PROM read cycl es,
but hasBgckg ely long erase tinmes and is reliable for only a few
iterative read/wite cycles. EEPROM (or "Flash") is inexpensive to produce
and has | ow poywgdnemFwi@t i on, but has long wite cycles (nms) and | ow

rel ative speed in conparison to DRAM or SRAM Fl ash also has a finite

nunber of read/wjte cycles, which |eads to low long-termreliability. ROV
PROV HBAR andheinpeatign-geaerglly relyps o soayqlatie randomianeese MY power to the

Menory J1.S o vy i i i stored in the
y dr%ag?,{%ﬁ&r[dé%%%}grﬁc%l o D6 MtilWrhd dofricllsd nidhfory Biry< Whd 2B i

menory stores charge on transistor gates that act as
capaci tmangtubd hetiskes hadpgod-progsmmable issisteheedo pravadd upnitrastls shodydeery few
mlliseconds (t.0. (%O"é)lte@sﬁt: 8. for 2 WD 2006/122111 PCT[1JS20061 017902 charge
| eakagePDRPLY 10 JieRtafd GUAS: o1 di scharges the capacitors, so the

informati on nust subsequently be rewitten to the nenory. This conplicates
t he syst em desDimeussion of Related Art

[0004] Important characteristics for a memory cell for use in a commercial
electronic device are having a low production cost, nonvolatility, high density, low
power, and high speed. Conventional memory solutions include Read Only Memory
(ROM), Programmable Read only Memory (PROM), Electrically Programmable
Memory (EPROM), Electrically Erasable Programmable Read Only Memory
(EEPROM), Dynamic Random Access Memory (DRAM) and Static Random Access
Memory (SRAM).

[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



because separate circuitry nust be included to "refresh"” the nenory contents
both before the capacitors discharge, and after a read operation. SRAM does
not need to be refreshed, and is fast relative to DRAM but has | ower
density and is nore expensive relative to DRAM Both SRAM and DRAM are
volatile, mEXRPMEPHE if power to the nemory is interr BS{EEP20068870 e mor y
cells will lose their stored information. [0007] Consequently, existing
comercially avail abl e technol ogi es are generally either nonvol atile, but
not randonkhargelcekagebMdsoanbatl aperatiorn dischdeggs ieycapdritgts, sthe dfotmationcost, and a

limted abi]]i o allow mul.tiple wites Wt i gh iability .of the
circuit's ful rsitz:%{llb%)er%l;ugrtl)tLy%zfrrgwf}%?rgftoﬁee?m?ﬂ]a" \rﬁ%l\l/%cggnoﬁnlﬁ F{eggeggété S %lgr?’desi gn or
have a | obecansiehirateSNaBit HRIsPb@cluged s refgsE’sthb avin@y temmpitedotho addr ess
these shortcom ngs. [0008] For exanple, nagneti c RAM (MRAM or

f er r omagnePFiOTeRARFE disthages. Apshatist areadeonsEigRy SROM dogset negddo gener at ed

fromthe Q'FJE?é?feQﬁéd?&d)iEf&t@%kéﬁ%,ﬂu@hfﬁ%@f‘&&%\ﬁy &ﬁﬁk%ref material .
e | C |

MRAM utilizes a magnetoresistive nenory enent , ( s based on either
t he ani sot exgsnsiversdattede BRAN arRnth SRAM amd DRAM aret ol atidé, sneaning ikt if

ferromagnet i erials. .Both of these types.of..menofy. cell.s are
nonvol ati | g?&%rﬂt? tt e ryrléfé?wgq%ﬁﬁiwcﬁggé&‘%l Seath%“ FtSdeensi ty. A
di fferent igffompieed nagnetic nenory cell, based upon nagnetic tunnel
junctions, has al so been exam ned but has not led to | arge-scale

comrerci al i devices. FRAMuses ,a circujt architecture sjimlar to
DRAM  but i[‘f@%MHSW%  oshngcomppereiely Atlableteqho ogies 4t 8e8¢12Rd an

ext ernal | y o nbe¢bl &6 Hut hé rhdddhily acddisihiE aRPRdvE Ao Aehlyl Bypd to retain its
el ectrical polarization after renobving the externally aggl red electric

field, yiebpthdagtioncosbandi Hmitedabibityde pllew multiple weijesrwilRngh reliabilyy efel | s t end

to be larg Al LfLi a - .0t egr at ed
component & Meagiati3 gy onafiah®, RS GElfaBE eRlsB Byl h ) 000,
Anot her embrwdeargitnoSvmt atnetgingrechnbio gies thveodtemptddsto pidisss thésenge nenory.- Thi s
t echnol ogy ﬁtor es information by inducing a structural phase change in

thin-film S9EIRUNERL; ch i ncorporate el enents such as sel eniumor tellurium
These 3 WO 2006/ 122111 PCT/ US2006/ 017902

[0008] For example, magnetic RAM (MRAM) or ferromagnetic RAM (FRAM)

have nonvolatile memory cells that are generated from the orientation of a magnetic

or ferromagnetic region of material. MRAM utilizes a magnetoresistive memory
element, which is based on either the anisotropic magnetoresistance or giant
magnetoresistance of ferromagnetic materials. Both of these types of memory cells
are nonvolatile, but have a relatively high resistance and low density. A different
proposed magnetic memory cell, based upon magnetic tunnel junctions, has also been
examined but has not led to large-scale commercialized MRAM devices. FRAM 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



all oys are believed to remain stable in both crystalline and anor phous
states, allowing the formation of a bi-stable swtch that functions as a
nonvol atile nmenory cell. This technol ogy, however, appears to operate at a
sl ow speed, to be difficult to manufacture, has unknown reliability, and has
not reached a state of commercialization. See U S. Patent Nos. 3,448, 302;
4, 845, 5390 200687311667; 6, 044,008. [0010] Wre crosshBCTHERMOPITEE al so been
proposed. See U.S. Patent Nos. 6,128, 214; 6,159, 620; and 6, 198, 655. These
proposed nenory cells utilize nolecules to build bi-stable switches. Two
Wi res (Mhysd&efballibvied torednadin stablsanﬁ)o:h)mjstaﬂme andl eperptowgstates, htiewingr t i cul ar
i npl ene t| on e sed of one or nore ecul ar
conmpoun % &{?e]&‘ %‘@FF*&V&%%Q\}&CF@%X a Rop¥olatile pqTRGTY C%n@ trolling the
sandwi Ct@&ﬁho PPRIAIES hppdirdto opra@he Rk I6H spass &N dismiuddy el ect rocheni cal
oxi dati on/ reducti on reactlons the two wires are brought into or out of
el ectrlle‘EGIIUfaC@Uﬁtl@étlanWpl@bl@bﬂth ﬁ@rhaﬁﬁo'fg'é#élﬁéﬁétaéﬁqespectl ve "on" or "off'
state. [ h nE4fAGt [ on of
requiri nghﬁer&%llrﬂlggeé:?% iZée g\ﬁﬂrloes giﬁéﬁgﬁz 'oNs. 5%5 EF%}@d Gm#%?)b?et ain
nonvol atility or long-term rellablllty owing to the |nherent instability
f ound i [00103doxWireorresbarsmemony hahalse beek podpodedyr Secddi. Sd?atﬂftNolse chem cal

compoun t] devi ces have ro d whi ch use
nanosco‘gi@)zw 88&&& 3519?1635'3 ﬁ‘?ﬁéﬂ@&“&%\‘%‘ﬂ?ﬁﬁ& %‘t“ﬂbz(%? or m crossbar
j unct i oRHuildBLstaIfE ¥RitciRs. TREBFives ¢Rhich cardBEmy¥ial erdeﬁﬁé’dﬁauctml\'anos copi ¢
Wre-Based Devices, Arr ays and Methods of Their Manufacture;" and Thonas
Rueck esdepending on theparsishlakiAplempriation) S FTossed oVit 3 JprerRt QB A Mekess Merory f or
Mol ecul 000.
ND! Ul e SRARREES vl Plon 028 Bl et o OO0,
( NTWCMethe sdndwidhed eoppopsiésde. glédyichesical assimbly oaby dﬁ@@emal ed nanot ube

wires are ded over W res efi El ectri cal

o1 gnal P RRRETD RAEond 85 hud b5 ARNEPLER SRUESAERT phye cai
attr actcdﬁfacmmebachrcﬂhattb geneme rgpatioE hai”.or Eafrh spley Sihesforioat e (i . e..,
attracted or repelled wires)., corresponds to an electrjcal state. Repel I ed

Wi res f@?fﬁ?%{r?eB hiheimanyfactiring imigHon ofdeqwisee Bighly spesiakzsdiise cl osed state,
form ngjuﬁctfoﬁgtitfalsg‘iind bdt@R noERi18) SCObAS- SR re RIRY owind PTRYEd from the

junction e wres retain their physical” (and thus® eletctrical) state,
t her ebymh@cnhmﬁgatahtmchmd iatredox preassre;, apd fthie, nsk of degradation of the

chemical compound(s).

[0011]  Recently, memory devices have been proposed which use nanoscopic
wires, such as single-walled carbon nanotubes, to form crossbar junctions that serve
as memory cells. See WO 01/03208, “Nanoscopic Wire-Based Devices, Arrays, and
Methods of Their Manufacture;” and Thomas Rueckes et al., “Carbon Nanotube-
Based Nonvolatile Random Access Memory for Molecular Computing,” Science, vol.
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.



4 WD 2006/ 122111 PCT/ US2006/ 017902 [0012] More recently proposed nanot ube
ri bbon crossbar nmenory (NTRCM devices offer the advantages of being

non-vol atile, having a | ow production cost per bit, a high density, fast
random accesg W power consunption, and al so haV|n ree of
tol erance to ra@ﬂﬂ%+gn The nenory offers conpetitive pe%' ﬂ%ﬁ‘%@‘ﬁ@g

achi eves a higher density than conventional SRAM because it utilizes a tmo-
devi ce structure having an el ectromechani cally respon3|ve nanot ube plus 3
array |ined0012h cdderestceathvipiopagedingaotiaihbpn sestbas memory @NERGMhor v offers

the rel ati [

oper at 1 on. Enge SRk AP R lec BBl Mrl R E R NP oERETROES AP ] o e
anong ot he|b1t1 diipiy donsi, R@Whﬁs&dacceﬂsemtdrlmohmomaimpnqm and sso bavidg as menor y
cells. These,cjrcuits. . include a structure orts _extending froma
surface of ?’ﬁghgﬁ%@w pler a“&ﬁgo tadiation; Wmeﬁ’n‘g’ilf’ ? @P’%\B%@Offrﬁnﬁ'fetf’v\een The
supports sus@sihibveadRighéiQlehsiBOORS cavEMTohal STCARI, BSdatiéebihtilzes aRELCT i l ve
traces. Each ribbon conprises one or nore nanotubes. For exanple,

di scl osed idpvieg sucoeg haamna\a@l elgstompchyically raspensive nenotHhnplus B aFay hafﬁof abric)
may be pa t e nponent s
to create tt&rfggﬁl\%{jadt r}%&“ﬁ ectr Jpsg%faca EJ%BBB {%ﬁ'ﬁg@ iﬁe érjdlv 0%9

el ect r onmec loéhavigg dgon—cﬂ:hsfrhc&mbahideoutmNDB@@p&aummaedlemtwolatmlty stinmul us of
control traces and/or the ribbon. The deflected physical state of the

ri bbon may d [ epres I r.e ondln $haLe. The
defl ected ﬁﬁﬁéﬁaﬁé&ﬁ%ﬁﬁﬁsg%ﬁﬁ%ﬁ?‘%"gp"r‘%% lﬂfeé ngfr’\[l%d ?1(9 ri bbon
retains it sleptiyBéchadicd] aficuitsharchlae heniony @amatm@da&irbuwstlﬁﬂedeumdtﬁre power to
the menory cell is renoved. As explained in U S. Patent No. 6,911, 682,

t hr ee-t r ac82Vigg WP%%?I@%%W@@U@@&f@éPbW%@Ifdofﬂ%ré%%a%‘ap yeliver y cel | s,
in which t RGcdsWOb&veerd Mhel s'h f‘enﬁ h@tﬁtﬁlﬁcmﬁoﬁ@ac?&@ttﬁé)électtﬁ@m?ef | ection of
the ribbon. [0014] The ri bbo be formed, for exanple, as disclosed in
U.S. Pat entconduptpvq teages. cEaCPmiblbpna«ompmeNone@mr@ namubeby Fortxantpiley e y renoving

mat eri al er. not ubes. To
fabricate Sﬁgﬁgeﬁdggpg Eﬁgﬁgég %ﬁ%a%’b nﬁ?o br?gg gﬁ ‘?%%%Yﬁ%y be used.
Sacri fi ci alpatiays¥iatoripohe THeahhid dbbone chomerusa@@y@nqnﬂeﬂneltwmatbe nanot ube

ri bbons in the sw tch| ng re wher e he, ribbons will be suspended. The
sacrifi ci aPOPeatieelpeitpnie %fg%?iat?am Fsflsy g&?ﬁ) Illﬁelecuom“hamc y

deflectable in response to electrical stimulus of control traces and/or the ribbon. The

deflected physical state of the ribbon may be made to represent a corresponding
information state. The deflected physical state has nonvolatile properties, meaning
the ribbon retains its physical (and therefore informational) state even if power to the
memory cell is removed. As explained in U.S. Patent No. 6,911,682, three-trace
architectures may be used for electromechanical memory cells, in which the two of

the traces are electrodes to control the deflection of the ribbon.

[0014] The ribbons may be formed, for example, as disclosed in U.S. Patent
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.



order to | eave spaces above and bel ow the ribbons, i.e. to suspend the

ri bbons. 5 WO 2006/ 122111 PCT/ US20061017902 [0015] An ideal nenory device
for at | east sone purposes is one that enables a sinple, |ow cost
integration for fabrication using existing bulk or SO CMOS processes. Such
a nenory device could be fabricated with only one additional masking |ayer
(or at no¥P 2084224k ti onal nmsking | ayers) and a nini PRAMPAN 07
addi ti onal process steps. Summary [0016] The present invention provides
nonvol atil e nenory arrays that include two-term nal nanotube sw tches. The
arrays i[eedside Anpieu]rmémm)y deficenforait Jeastbine petposes is ewcthatodnables ah recei ves a

bit |ine, first word a secon menory unit cell

i ncl udeéu’éﬁﬁelPW CQ%tI”étEFF‘B?P {eofga?%’lcgtf%’rusmcﬁr?&m&nﬁgwk SQEIET@BISV\D t er m nal

nanot ubgr@kldes.! Suddfa rh@rﬁé@ngeam&hebé Pa‘%h%&t@d‘ﬁrﬁh ohlenladbiiopdl Whi ch det erni nes
the logical state of thé nmenory unit cell 0017] Under one aspect, a

menory araskipgilaver (pd@smastgwaedditipnal sraskipgdaygrsbend aminimagnurhes o) cel | |
receivi t first word Iine, and a second word |ine. Each ;
menory ce‘lhﬁoﬁél Fécggesteﬁcell selection circuit operably coupled to the first i
word line and the bit line to select the nenory cell in response to *
acti vat iSemmdryat | ease one of the bit line and the first word |line. Each
menory cell also includes a two-terminal swtchi ng devi ce, which includes

first a condu ctric atlon with a
nanot ubz&ﬁ nﬂh © PrRE" lth?' ntloiig? rglg n%n""rf%“g 5%10?’ %551 3 Ifcli]u cel |

sel ect | @wogérimink] ha@ttbet ShtcEEC The ahaymlaaﬂe 4 pluedbiey ab:hymsgunhe&ute,o t he second
word |ine. The nmenory a,gray al so incl.udes a menaryqo]geration circuit

oper abl ya%mfmf@emesew%% iplige, pifigel warh ing.apd p seRoP¢) Worhkne- Fagh t he second wor d

line of ngach afitkel meﬁldep@ée@ﬁgefeemﬂr&ﬁm& dnd 2GRAARN R OTwSRkRGEI N the cell
by activating at [east one of line and the first word |line and

appl yi ngargothbe aticle bémrc@anmgblp m&iaﬁgm@,dhea&tatb ehwhichdeteghinehthebi t |ine, first
word lin e Ca@g&e&qﬁ ‘é’q‘ Cgﬁ to change the resistance of the nanotube
[ goe Ween the i t

article second termnals to a relatively high
resi stance. The operation circuit is also capable of selecting the cell by
activat i[0Ri74t | Eader onmaspedt, & henio'ryt amiyrinclaqtus a plurelitfyiof Menmy dells,ne applying a
second eI %Célgﬁlgfa}fl ce trecrcgyvnlljgs a %1? hne a 11S wor rllee Oafndtaggco?lldtwgr(li iné. Each

memory cell includes a cell selection circuit operably coupled to the first word line

and the bit line to select the memory cell in response to activation of at lease one of

the bit line and the first word line. Each memory cell also includes a two-terminal

switching device, which includes first and second conductive terminals in electrical

communication with a nanotube article. The first terminal is operably coupled to the

cell selection circuit and the second terminal is operably coupled to the second word

line. The memory array also includes a memory operation circuit operably coupled to

the bit line, the first word line, and the second word line of each cell. The operation

circuit is capable of selecting 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



first word line, and second word line to change the resistance of the
nanotube article between the first and second termnals to a relatively | ow
resistance. A relatively high resistance of the nanotube article
corresponds to a first informational state of the 6 WD 2006/ 122111

PCT/ US2006/ %72% 12 [/nory cell, and wherein a relatively, F’i‘)ﬁs&ﬁ%ﬁ%@”ce of
the nanot ub® arty ere corresponds to a second informational state o

menory cell. [0018] Under another aspect, the first and second i nfornational

states are nonvolatile. The resistance of the first state nmay be at |east
about ten oSy pelh gad whergip felpdivelzdow rasistamce Pl thapanaielstideat e. [0019]
Under ano! BekesAiRAGh a sbifhqGbimf Q%Edt@&tﬁéﬁfédio}yééﬂ?' udes a transistor with
a gate, a source, and a drain. e gate pbe I1n electrical contact with
the first word Iline, the source may be in eI ectrical contact with the first
conduct i ve 008 ndVndes aepther@spegt, herfirntandisecond inforeationgktatesdfe act with t he
bit |ine. e t I L C udes a FET.
[ 0020] Undg?g‘gﬂ% %%Qefes@t%{?&éf’theﬂ‘gts‘fft%max%glaffé%%tg B?de:[eti ﬂﬁh&sl %)rmatl onal
state of tﬁmﬂmmmncwd)ﬂth@secsmgﬂél ng the cell by activating one of the bit
l'ine and the first word line and applyi ng a read stinmulus to the other of
the bit first word The read., st | us may i ncl ude

appl yi ng aT®1§£t| n‘g“%?‘e%{ 2S65H tl}arﬁ? ﬁ‘@?@ﬁ%’i‘iuﬂé‘}‘:ﬁ%f‘?%ﬁﬁ%ﬁ? fﬁh?he

i nformati onpafe, $icuk®, aild 4 BRIL eitle gat AR ifleRichiaVétatdewith e fwel wage on the
other of the bit line and the first word |ine decays bel ow a_threshold

val ue. Red@e-ihe sqvece mabberaalesirigal eontackwish thqférstr@ﬁéwlve darminphyand ghey

non- dest r UGkl fhaf 886 All-icARGHAL Wk 1l BOAN. URARLARG!RBLcrARPEA] . t he
operation circuit Inc es a lat corresponding to ea menory cell and
records t heelestfonramatit ochides 8 HE€. of t he nenory cell in the corresponding

I atch before erasi ng the nmenory cell. [0022] Under another aspect, the
operat] on SO0 ¢ REE HIGRe SRSl Qe oRLOUNE R ALy BESRGUARFLALIEN O the
first electric op Qratron may |nc e ppl'yi ng one or
nmore vol t age rperhs@s:,ell\uyeelectﬁngahe &m:ﬂy atctidﬁmgfonbloétmuilﬂm and theefiref or m  of- t he

pul ses, and a. nunbe t he pul ses tog ficient to change the
device to “f%%ﬂ? i’fg{ P:?I%‘E%a I até"l‘lulénﬁ)c %ﬁ’é%&g? bit Elﬂ%a?ﬂe)@Pgﬁ LEYPr¢i r cui t
i ncl udes cCiijhgUThE dall Stimulus may include applying a floating voltage, and the operation ‘

circuit may read the informational state of the cell by determining whether the voltage
on the other of the bit line and the first word line decays below a threshold value.
Reading the informational state of the memory cell may be a non-destructive read-out

operation.

[0021] Under another aspect, the 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.

[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.



produce a program operation for the second electrical stimulus. The program
operation may include applying one or nore voltage pul ses, wherein an
anplitude of the pulses, a waveform of the pul ses, and a nunber of the

pul ses together are sufficient to change the device to the second state. 7

WO 2006/ %ﬁ;ﬂ / US2006/ 0179(12 [0023] Under anoth menory
cell inc eé&gggl | selection circuit in electrical ﬁég@ﬁgoﬁ%tg I'on with a

bit line and a first word line to select the nenory cell in response to
activation of at |east one of the bit _line and the first word line. The
menory B8R3] al Yaderpapihgeaspsct; wpemeryraeHdnclydes atcgl selegianaiichig itdevi ce, whi ch

I ncl ude . : ﬁ% , ' . ] Ik | onmuni cati on
with a ﬁgcr%%%gémﬁgﬁclﬁﬁ e. ﬂl}%?ﬂg #gﬁyfgésﬁw%ﬁitoisﬁleg t@%ﬁe#n% Ceglom’runi cation
wi t h t hia respbhsege hettvaiion of atrleast dne cdniek Bihknesaddahelfitse wordiade. iBhei n el ectri cal

communi cation with.a .second word line, . Sel.ecti the menmory cell and \
appl yi ng®RPi qﬂﬁnﬁis&l%%‘f‘qu@éwog?r’fr}ﬂﬂl Bgno[t\g)eétwch%[ﬁ%&% vge H’é‘fﬁ‘dﬁﬁ t line, first
word | i@t ardndech@CeRGuctRE thrinim® if BREEIRE RnindiicHidd %athof ndnbibeW t chi ng

devi ce between the first and second termnals froma relatively |ow \

resi st afftieles Shefirst terminal is| iy clerighalcommymigation with thecqellrgleetien ¢itdry cel | and |
appl yi ”&dg;hef?e%&ﬁijte Gt {s'ix?gllecméeg' 'dﬁich@o ith §38dond Wor@lind, e DIt Tine,
first wor I ne, and second wor I ne changes a resistance of the sw tching
devi ce Batotime thetthembiyresll aad dpppieg adirdt elenirival Sinfulontoat leagt|aat ofdley hi gh

resi st ta arelatively | ow resistance. The rel ati.vel I gh resistance
bet vvee?]{’l’f ﬁ@,?¥$§fpf%ﬁﬁe,§8@gﬁf8n 8Pﬁ\‘s'+{%§|c§m&5? P ESHEHEE 0% .eé"%icgl i nf or mat i onal
state Ofevide®etwRN e i8CAld scadid térifindl £fradiatelalivd19Wow ekistdnd s bet ween the
first and second termnals corresponds to a second informational state of

t he nenfskajivelshigh pgistauge. Selpstingihe megtorneyiband applying 3 sespndglecttea ond
informa;tjﬂﬁ@% r Ll 8. st Sit . I rst

i nf or mat1 ona toét% g%ﬁgyggieg%gthq\é%%Wg%gﬁg’h%gﬁgﬁrﬁe‘g&aﬁlg%%&? #an t he
r esi st amsistande df e seEbing devae detwedD 8 [firtiradd secand téreminadsiventa, t he cel |

sel ection..ci.rcui.t i.ncl udes ransi star, with,a t a,source, and a drain.
The ot BRHEYY iR SRctBR Bt iep b St TR ey pRp SRGEE o e, b
source bewedh the Bt indRcofdRditbe abiréspondstth atfiret ififoFBbtichandaebf e ter m nal ,
and the drain is in electrical comunication with the bit line. Under

anot her mg@gycell, andifhe pedativelydpwaesisance PeiigeR thedHplrand second perminals

corresponds to a second informational state of the memory cell.

[0024] Under another aspect, the first and second informational states are non-
volatile. The resistance of the first informational state may be at least about ten times

larger than the resistance of the second state.

[0025] Under another aspect, the cell selection circuit includes a transistor with a
gate, a source, and a drain. The gate may be 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. Under another 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



[ 0026] Under anot her aspect, the first electrical stinulus includes applying
one or nore voltage pul ses, wherein an anplitude of the pul ses, a waveform
of the pulses, and a nunber of the pul ses together are sufficient to change
the device to the first informational state. Under anot he
second el ect¥? &P ¥ i us i ncl udes appl yi ng one or nor 2)%\% @3@176% ses,
wherein an anplitude of the pul ses, a waveform 8 WD 2006/ 122111

PCT/ US2006/ Q17902 of the pul ses, and a nunber of .the pul ses together are
ouf 1 of ent T cHDEan AETEDE Tatt BpsowB A e A Tner e CRTEs  r ef
Descri pti ono®e sebsdbh@vhitgshal 8027] I'n the Drawi ng: Figures 1A and 1B are
cross-sectional representations of certain enbodi nents of non-volatile
two-term nal nanotube swi tches; Figure 1Cis a schematic representation of

t he non- volBit¢fiReserigtionof theBrawinghot ube switch of figure IAin a high

resi stance "off' state according to certain enbodi nents of the invention;
Fi gure 1D i@ogy1SCcheitpt Deawifpr esentation of the non-volatile two-term nal
nanot ube switch of figure 1A in a |low resistance "on" state according to
certain enbodinents of the invention;, Figure 2 is an illustration of a
nmenory array with Bigeies dArasdy Boase cross-srstiondl regresendetiqns 9 catédin FET and a
non-vol ati | = i nal ot ub Lo ol to certain enbodi nents
of the invee%%kfo\é}%?éng{gngﬁalgr Zﬂ%&l}éét%gﬁfﬁlmlrﬁgg ﬁ%ﬁ%’égg%f oper ati onal waveforns
of a menory array according to certain enbodinents of the invention.

Det ai | ed Descri pt i BigufeOG28]a sbhariaicrreptesentation ofthe sowolatike tprogsmminali nvent i on

provi de scal able menory. . arrays t i ncl ude panotube artjicles. with
repr ogr ammrf?flgtuﬁ%wlré@a(ﬁ@&lml ﬁyﬁb%gﬁhlr?smfﬂge OatE rséfge PHC fcﬁ% o %?ﬁﬁnur ality of
menory uni teng@idiBentSefatie demtoneh i ncl udes a cell selection transistor and a

two-term nal nanotube switch, and is operably connected to a bit line, a

first word |ine, d a second, word |ine. The Il selection transistor is
used to select the &Y Ky Sﬁ%ﬁﬂcﬁﬁprﬁwn@%’&f’fﬁﬁéPn'é'ﬂaHtﬂ Ho-tegnipe

transi stor danbbe §wigniftfiguted 14 In MPwfresistance “on” state according to certain

embodiments of the invention;

Figure 2 is an illustration of a memory array with each memory cell
including a cell select FET and a non-volatile two-terminal nanotube switch according

to certain embodiments of the invention; and

Figure 3 is an illustration of operational waveforms of a memory 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



and/ or the second word |ines. The two-term nal nanotube switch is operably
connected to the cell selection transistor, and is used to store the state
of the menmory wunit cell. The two-term nal nanotube switch includes two
conductive termnals and a nanotube el ement. The resistance between the two
conductive termnals characterizes 9 WD 2006/122111 PCT/ US2006/ 017902 the
state ofWOHeosHaHdty cell. A high resistance state canP©EUSREIZW2, | ogic " 0"
state, and a |ow resistance state can be used as a logic "1" state. The
cell can be reprogrammably sw tched between the two states by applying
appr oprthestatesifeind mematy celit iAnhigh resstanbestite t:an be nstl asw lagic didtae, t he second

word |ines. One  enmbaodi ne f 3 .non til.e nanotube nenory
conpone ailﬂ%'rﬁﬂ%émelﬁ g’lgﬁ‘ﬁ{;a ¥t 21tF1 b;ﬁ % atFray devices, in
conbi nafeh@ratrhibl SMieHedbetven tHaQwb &fatds fb@'apﬁl@ﬁ@a??ﬁ)pﬁbfg)ele%ﬁidap hes, to
provide hon-volatile unit cells that ma oyed in integrat ed

ci r cui tsimyligodg blErf’é@id’i’%rﬁléfoéfhetSﬁﬁP“ﬁéYWHaq’S nonvol atile NT switches that
can be |ncI uded in non-volatile unit cells are descrl bed in U S. Patent
Appli c NOOne@EB@ﬂ meﬁmﬂédﬁdvdiimeniemwe%m ﬁ@[?enpﬁl\élu‘&€§ and Systems
and Met o s of ing S Tl on an even date eremth and having a
conmon MEET gnBEEfﬁspmlalbrl‘éEléTxtmpﬁmm inmombirnation witharenzolefilewhi ch are

i ncorporat ed rein e| r. ret | €. he nanot ube
owi v ch eBHEEmRL PP AR Gsich L Sbtas ow SR S50 By 807070 Yecy.
deposi tem;goyminmegﬂemcngua. rret al layer in direct contact with nanotube |
ri bbons. These nanotube swi tches nay be used in nenory devices that achieve

O or” BB Eohtoghenfi st 19 e oI R L Mt (At GR R 1 andons Aecese”

read tijgBiaded fHoh@latiloMinit @116 RfeQBENed 310,52 PASH! dppmauémmobe faster, and
requi re | ower voltages than those of EEPROM and Fl ash EEPROM Two Ter m nal

Nanot ub@ﬂBﬁlbr ?IEW@Q “FWGMN@Q@R@CV&CS%SY@% #ndl Mgtheds ®be swi t ches t hat
b o U. S. Patent
b ool Raher Tled SPuf ERE IR nEh A K S B2t " s st e

And Met presest iﬁphWh)m the contents of which are incorporated herein in their entirety by

reference.

[0031] The nanotube switch components in the described embodiments may be
fabricated by, e.g., depositing and patterning a metal layer in direct contact with
nanotube ribbons. These nanotube switches may be used in memory devices that
achieve memory densities that are at least as dense as DRAMs, and at the same time
offer NDRO operation, non-volatile data retention, and fast random access read times.
Further, write (program) and erase times may be faster, and require lower voltages,
than those of EEPROM and Flash EEPROM.

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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Sanme," filed on an even date herewith and having a conmon assi gnee as the
present application, the contents of which are incorporated herein in their
entirety by reference. Associated structures using the switches, along with
el ectrical V§ﬁaract eristics, nethods of fabricating, and net hods of

i ntegrating TR&"%EMF i thes with existing seniconductor tediffoYBHRFOLTR

descri bed. 10 WO 2006/ 122111 PCTI US2006/ 017902 [0033] Figure 1A illustrates
a cross sectional representation of a nonvolatile 2- term nal nanotube
switch (2-T0083h0. HanetlAlBustatasarstos® Sectignallreppessatdtiomofsamytvoktile 35, whi ch

I ncl udes a_| of . lnsul.a ot ube el .25 at |ea rtially
over | aps t\t/\%l%%/ng %mrggqbg ,S%étPég'nghmwgu 8Iegenn§e¥gg 155&%’56 dz?f‘ ﬁl\%ﬁ?@?’u are both
deposi ted 3fliwigel ingludss olayansititdatati3eBiahotdbe elemeht st aabqsirtiatlyt , nanot ube
element 25 is. patterned within a region that can be defined before or after

deposi t i on O¥FIAEHFERIEERIPGLS. @Be RIS Ve legitalsol 279 20; pbish precatiydenosiied el enent s
15 and 20 sy bufiOindfibe Meltn®13. MhhiScfibéchr fhortStass i TCUi S0

el ectrically stinmulates at [east one of conductive elenments 15 and 20,

whi ch changatternadevishininaegitn that ¢cantbe definadthefors peafidridepdsition afanndugtive el enment 25
responds t he sinulati,on by changing the resistance of switch 10 between
conductiveglé3 gﬂ%ﬁég}l@rgﬁd 20; the relative value of the resistance
corresponds to the state of the switch. For exanple, if stimulus circuit 50
applies a 10034} elGmiductialeclemdntsid and 20whd ileonmyt with §tbnulexeinpitesOa rel ati vel y

hi gh voltage apd a current across .conductive elenents 15 and 20, then

nanot ube e%@ﬂ’é‘ﬂf cyguif éé B]gﬁtﬂlggl t%%ﬁi%gfaftt?é‘e O?E%QEP%YFC%CIB‘FW‘? ]‘éf’lﬂjevi ce .
bet ween congugHitly éh-BbE B k@itelo? stitch AP NiBredsps@tiddilyy Rinbtibe@meness St ance. This
corresponds to an "erased" or "off' state of the device, where electrical

conduct i onrgspondsitathiesinylaionby dengiag thegesitianseiof swistheHbbatwears and 20. The

| npedance HEEN . ' ' Lh this
state. For Q(%exarrp eg&ﬁ?if@g? fﬂntg%(gsr&% C%@gﬂ?{d@o&g%%ﬁfégahgé éso\ef%(ls)%odlla EFJ;%’% rical
sti mul us, sfateat theaswitvh. fFor exaxderil stimmluseiabit 5@ hyplieswirsileleatyizaland a current

duct.i ve el 15 20, . t ube .el enent 25 ds b
hang ng. t AEPRYTUESEERY b TorksREe et eh SOISH A eOROBSRBh < 15 and 20

to a rel at icyRluytiveslemesth 35 aRC20, theRinandt@be S&PRENAS réspords B&Fdhﬁﬂ%iﬁ@ﬂﬁd" or "on"

state of the device, where electrical conduction is relatively
resistance of the device between conductive elements 15 and 20 to a relatively high
resistance. This corresponds to an “erased” or “off” state of the device, where
electrical conduction is relatively poor between conductive elements 15 and 20. The
impedance between elements 15 and 20 may also be relatively high in this state. For
example, if stimulus circuit 50 applies a second electrical stimulus, which may be for
example a relatively low voltage and a current across conductive elements 15 and 20,
then nanotube element 25 responds by changing the resistance of the switch between
conductive elements 15 and 20 to a relatively low resistance. This corresponds to a
“programmed” or “on” state of the device, 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.
“Brase” 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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good, or even near-ohm c, between conductive elenents 15 and 20. The

| npedance between elenents 15 and 20 may al so be relatively lowin this
state. The "erase" current associated with the relatively high "erase"

vol tage nmay be greater than or less than the "progranm current associated
with the relatively | ow "progrant voltage. "Erase" and "prograni currents
are typi %P PP he nano- Anpere or nicro- Anpere rand’é{“&%‘%@i‘@%eterm ned
by geonetry and nmaterial selection of the nonvolatile two- term nal nanotube
switch. In general, the resistance as well as the inpedance between the
first ad@ﬂﬁgcor@br@uﬁm@@ﬂﬁm@tﬁelfem&o@r‘mﬂrefen@mmﬂ%@f 4 eongluétivgct i on of the

state of_the, deyice, .and can,. det er m,ned 4 el ectri cal

Shar oot . B8 Kot 108 ¢ Bl iREpRCRREEY AeferinBABHARARAC, 01 L0 05 [0035]
Conduct ipefforgladteeHatacldisaescbf Witk ¢0.pCeddatiwd glemarde 19tnd2C cangifozt i ve nateri al
Por f or nEREBPIE S ABPaIE A’ Fics i Rt b AR e e Yo bl 4205 and 20 can,
for ex i ,®b %?, algf%H%%@&epguiﬁﬁfe%ﬁ??&‘éﬁ@cé’rﬁbiﬁﬂt’ionﬁ'of tllgse. Metal AN, Pd, N, W

Cu, M, ,in TIr, P n, as well ‘as other suitable netals, and
conbi natailoysssudt as Tidwe TiGus fTald, Phln, endTidV,@ithes suitgblcontinctars, MckdingPbi n, and

TIW ot i tabl e conductors, -i.ngl udi e ves (single walled,
Tl ety e BRS (GEERENE, Bttt i aciVhe olalEAE ol A1) B 1R S
oxi des, cofidustiVd gitrilies, oxideh, @silkRidys stkRh@s RINNRuOa BN, G, )CosiycdhndiT®ix nmay be

used. O her. kinds_of conductor, and sem conductor, materials can al so be
used. | A&y beiised: thpkipdsefcongdyaiorgand, serigondnctors e CARBBRPEal , for exanple

Si @2, Sihkg, 1Hd2Ack 3088 PrefGab)S 2 BRI ﬁkﬂ@tive%at_@ﬁzfl?for SkahARlsgo rBINgr i al .

Exanpl es of conductive and’insulative materials that can be used in 2-TNS
10 are d¥ses Bp@dGaks, gelyimisie, efanthersuitable roptgial pExamplesppronduiive ( TBA) ,

entitled 45T ] | £ L5 of Maki ng
Sane, " gf] ﬁl éngﬁgirg‘?%lﬁb%@éﬁ h%g? @ﬁe&sﬁﬁ%?ﬁfg@%‘i §%§§ﬁ§%§n1élag2%t)%gl%ﬁnggfs nanot ube
el ement {.8rRatat AppRASNos(TB A)abititled STwodetmidal Nardade Devias aheés (al so referred
to as.a panofabrjc). Nanotubes in,the nanofabric may. be randomy oriented,
or may ﬁa&tsmaﬁn%w&%%?%%ﬁﬁ 5 g o0 R Jpi T n orientation of
nanot ube el ement 25. Nanotube el enents generally substantially conformto
sur f aceg0036n s aARoREBABLIBIENE, nBBRILE ElefRhE(attRId)1238S & fabricdf ited € M nal

nanot ube swtch have vertically oriented surfaces, and the nanotube el enent
carbon nanotubes (also referred to as a nanofabric). Nanotubes in the nanofabric may -
be randomly oriented, or may have an orientation that is not constrained to an
orientation of nanotube element 25. Nanotube elements generally substantially
conform to surfaces; in some embodiments, one or more terminals of a two-terminal
nanotube switch have vertically oriented surfaces, and the nanotube element
substantially conforms to at least a portion of the vertically orientéd surface. In some
embodiments, the nanotube element or fabric is porous, and material from conductive
elements 15 and/or 20 may fill at least some of the pores in nanotube element 25. In
some embodiments, nanotube element 25 includes single-walled nanotubes (SWNTSs)
and/or multiwalled nanotubes (MWNTs) and/or double-walled nanotubes (DWNTSs).
In some embodiments, nanotube element 25 includes one or more bundles of
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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substantially confornms to at | east a portion of the vertically oriented
surface. In sone enbodi nents, the nanotube elenent or fabric is porous, and
material from conductive elenents 15 and/or 20 may fill at |east sone of
the pores in nanotube el ement 25.: 1n sone enbodi nents, nanotube el ement 25
i ncl udes si N #9421 d nanot ubes (SWNTs) and/or mul t i waPCEFSARNEY Y Bes
(MANTs) and/or doubl e-wal | ed nanot ubes (DWNTs). In sonme enbodi nents,

nanot ube el ement 25 includes one or nore bundl es of nanotubes. Generally,
nanot ube ef i@n@pora&ﬂ patent refleences”).| Sorse emhediments forlr@notvbe blomsnts dﬁat naki ng

nanot ube e nof br.' are kn |

ot ont - Nos D€ BEengs 250 TERRLERELER el Gl AR7s Poferk 2Bl BEC

6, 919, 592, entﬁleal‘rw%%rmﬁﬁﬂNﬁn&% DeBies dn®Sydtaheimid Me@bde@langdo

2005- 0062035, 2005- 0035367, 2005-0036365, and 2004-0181630; and U S. Pat ent

Appl i cat i oRNaREs flediqy agvevemdate Perewios5, 10/ 341054, 10/ 341130, the contents
of which are hereby incorporated by reference in their entireties

(herei naf t pgo3and ft?én%f P@tﬂ@br%férﬁtﬂe it WO vARESO4RE hikh 2RETIWIRERDALQ 02

"incorporated patent erences Some enbodi nent’s for nanotube el enents
t hat can B@atﬂf,@ﬂb}mﬂ@sﬂmrd@ Oémgdlé'm il eeim¢ prefprsdembodiareats, then U. S, Pat ent

Appl n. No. «(FB 3 stens and
Met hods of k%%%llmh Q}esfshﬁgﬁ thgwgﬁt lgélgp%gogirtl 1@'%91 %E ﬁ%ﬁ%@ﬁﬁg?ﬁﬁg@%%neral ly it
is prefer atﬂee‘ohhaﬁatet the sonad preferredl einbedikiegts, tha dofifOsate das &t ammeancaniat separ at ed
by at |east an or of ITB.I‘]ItU In so re e[re,de diments, the "off"
state has & #&FH BH"C]é)thH 1glgerg}an|a§égxpec[;§8£?ftg@ W - HNGABE than a

resi st ance efboditfefts, @8 ‘?ﬁgﬁhﬁnedmr SQf® sthfe®d Qb RELrRBPHFA PRRtMce tﬁtﬁo of f*

state has an |rrpedance hat 1is at |east about 10 tines higher an an

i npedance SetwepR consictiverelareenty 15 angridd thatripgrieradliitin thetrarge'qd 189 Omsda” or " on"
t at | t 15
state is chay r%ﬁﬁﬁrh&%ﬁe%ﬁ}bgsdj &ké%”@&s{ﬁ% f&%ﬁéﬁ%&ﬁ«m”‘ %gnm}y?ne ement S

and 20 that I's genera the fange o somne
enbodi ment sgsistduee '(lédya)slmd»eenrcoﬂdlfcﬁVe slements 1S and20 that Bigeaarallbin the rangsi st ance

(RoFF) bet duct.i.v | enent s t hat |s neral I n the range
SE010) W on i EOMEERGE 0 EORErnos, el stiks ot Mans GHE G v domhol "o "2T e
do not  cheRgfe until stinfillisBitchis 56 bpplich hn&ﬁereh@pﬂopﬁéte@m&i&elrsu@ﬁmmrat ate
electrical stimulus to at _|east one of conductive elenents 15 and 20, and

they ret ai tasionedf endyctive glespents 1Sand 20, and they retain state even if power is
removed from the circuit. Stimulus circuit can also determine the state of 2-TNS 10

with a non-destructive read-out operation (NDRQ). For example, stimulus circuit 50
may apply a low measurement voltage across conductive elements 15 and 20, and
measure the resistance R between the conductive elements. This resistance can be
measured by measuring the current flow between conductive elements 15 and 20 and
from that calculating the resistance R. The stimulus is sufficiently weak that it does
not change the state of the device. Another example of a method of determining the
state of the cell by measuring pre-charged bit line capacitance 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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““Tenoved fromthe circuit. Stimilus circuit can also deternine the state of

2-TNS 10 wth a non-destructive read-out operation (NDRO . For exanple,
stimulus circuit 50 may apply a | ow neasurenent voltage across conductive
el ements 15 and 20, and neasure the resistance R between the conductive

el ements. This resistance can be neasured by neasuring the current flow

bet ween WAdUsiip2iél el enents 15 and 20 and fromthat cROITGUS2806/017P02 he
resistance R The stimulus is sufficiently weak that it does not change the
state of the device. Another exanple of a method of determning the state

of the agd perRymAB@SIHTa tha-tBinBnd Rad ALK sifch] dsiRs@dRAG UM Patedi SChar ge t hrough
(bet vveeg%n conductl ve elenents 15 and 20 is described further below Exanple

el ect ri caplnd¥oniTBAMratiflek Tsvohaing denotgbeBedashad Syamsandsed” states for
L t le " d"
st il T SNtk SHEe, - RIS A NANRLE Rl BUGRE IENRGHAT ©\ " ey

entitl ectrosf\sertfﬁﬁalrrepmi;entaﬁanof ndyyolaeis toedemndal Spsstebessveirt (REINS)ds of Maki ng

Same, n.a ew,th. [0038 nme .enbodi nents, thernal
Snaor A0t itk Berfef Fﬂéﬂ elegtea] Shinesting RS taemeR GRUERSH oot r | coal
Red

engi neeracisin bébflhp bERRePLardHS elePnc@NDFNEE corduchiée 2006/ 122111
PCT/ US2006/ 017902 "t he performance of a two-term nal nanotube switch, as

descri bedpment @0's Namgtubaelongspt 25 ingisposabay SUbéﬁ@tﬁﬁﬁeéVhﬂCh/wChFé‘rarﬁ nal Nanot ube
Devi ces | Qﬁgoﬁxﬁ&ﬁ 331 Nan¥iiol eflfheRf 29VaKiBG é?{B‘?o f1£¢ YPedfledVen dat e
1 ON epr es nt a

herewi t h ure InNl'ustrates a €ross s I on of
nonvol atgebmettrml—femnnnshql e/gaiby tappealenmined e@afl MSpast & Portionrof whieast t her mal

T 1 g Ab sV ErIEHS S e RS OF A Fodict g Sl Rete. of enent
20" . Narmetbeortb aamitibe’demdrit 261, sposed on substrate 35', which includes a

| ayer of insul ator 30'. Nanotube element 25 is arranged to overlap with a
[ de ermned extent, at

f I | at
Bast o SR} onfspis b e TGRSR e 25, WPAREd B s EBRRGEE | vo ol oment s

15" and c2Pbe déﬁﬂe‘arbeﬁﬁ@opﬁie? d%%hto?gondqbﬁ\%élérﬁerﬁﬁw Aappbgbe el ement 25'.
[0039] In this enbodi nent, nanotube elenent 25 is patterned within a region

that cA&ipoductivefelenestt b5 foyedapsiona enide eudegion ¢fovnotube demgst3e el enents 15'

and/ or %Qrmmg a near-ohmic contact. At the opposite end of nanotube element 25°, at

overlap region 45°, conductive element 20’ overlaps nanotube element 25’ by a
controlled overlap length 40’. Controlled overlap length may be for example in the
range of 1 to 150 nm, or in the range of 15-50 nm. In one preferred embodiment,
controlled overlap length 40’ is about 45 nm. The materials and methods of making
switch 10’ may be similar to those described above for switch 10 of figure 1A.

[0040] Switches 10 and 10’ illustrated in figures 1A and 1B are intended to be
illustrative examples of two-terminal nanotube switches that can be used in memory
arrays using nanotube articles with reprogrammable resistance. 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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Conducti ve el enent 15 overl aps one entire end-regi on of nanotube el enent
25', formng a near-ohm c contact. At the opposite end of nanotube el enent
25', at overlap region 45, conductive el enent 20" overl aps nanot ube

el ement 25 ntrol | ed overlap length 40'. Controll ed overla

may be for 3@%%@?&5? Hthe range of 1 to 150 r|n1 or in Fﬁgqﬁﬁﬂﬁﬁr§?215 50
run. In one preferred enbodi nent, controlled overlap Iength 40" is about 45
urn. The materials and methods of making switch 10' may be simlar to those
descri bed a%bvfégumilAswdt@hdu@ivcﬂefﬂeguﬂrlé cmﬁcsll[olj@m@]cosd\mtidhebnm@t Erid 10

of  two. ter RERAL naN PO LRk SrRancR atoh e BB AR e oy s L ﬁZ

nanot ube astinaluesirvdit rstraqi@nefgdp@mpﬁbde%lercaﬁﬂapgtmﬂmor@bhereaarm@df ments of
2-TNS that can be arrays are described in U S Patent

Appl i cat i oflemRps 1%%% 15(2‘}%@?@8@@ 'SF%er%YIFﬁhrﬂé)p gkt LR SR 11 And Syst ens
And Met hodgy{dh 10WBK bﬁ@ac%&%d bfs;fa'r«l:lgtﬁjv el%c\!lﬁ@alq‘@élﬁm%rb%méeﬁ cRifdnfiaving a

common assignee as the preseht applica the contents of which are
i ncor por at é&d m&OnWhmhmh@b«t C@mduereétay nbyontacéf stateriweausp OBl rétitgigles 1C and

1D are sch C l| i,ons n n "off' and
"on" state ooreeﬁgh aC%‘ffwﬁﬂ} erfeéﬁ I&?ﬂ%@?lg?el\gh&l FI (lﬁ?gelyg ﬂllu#é%tﬁ’s "of f"
state 110. skineh0100t invan ‘@ne R 11020Ceddutti @lblemdidC 120 sfatdneniis coespomiduct i ve

el ement 14 WO 2006/ 122111 PCT/ US2006/ 017902 . 20 in fiqure 1A, _and conductive
el enent 115 BAvEYEskarent 20 Bdigie { pand sorgpstive elsmppt 11 |°QHF’%’°E¢§ tONanot ube

el ement  125,(REHRDIAGR 155 ﬂ%ﬂ@tlﬁb%u‘ﬁiuﬁi%&rcugﬁsd)rh (i@t pBropfiate Sti nul us
circuit 150 applies appropriate electrical stinulaftion o at | east one of

el ement s 1 elctring stipglation éatrigast onecof steatentsdfl Ssand K39 1change thegtate of 10. St at e

110 of 0 a ri v cal

resi st ance ‘%ﬁ{h\/\g@ntde %t?}g?]l{) Cét%[éﬁgg)ég%ﬁ% {qyﬂ?%%hagégﬁer%é@&%eﬁﬁwegd a "no

contact” sl msismaes)shidhhandeiconsideralid “cohtyct” pracs beehesettiare &l relativelact bet ween
el.enent 120. Figure 1D illust tch 100" in an "on"

el ement 115
state 110’ .go‘geﬂﬁﬁfi’a‘ﬁl%mé‘ft ﬁwn%?@uc%‘feeﬂ?"@‘?ﬁ%{l% %ﬁ(g‘sponds to conductive

element 20 in figure 1A, and conductive elenent 115 corresponds to

conduct i ve [gg42]ENtPaddivitidoniof SRV Bbvicslhabaised td fadilitatd 86icedqptation in
appropriate, electrical stinulation to at |east one of elenments 115" and
120' to chalich reqye teganeraturgs and as a protecting layer in conjunction with stacked :

material layers on top on the NRAM device. Operation of unpassivated NRAM
devices are typically performed in an inert ambient, such as argon, nitrogen, or
helium, or an elevated (greater than 125C) sample temperature to remove adsorbed
water from the exposed nanotubes. Therefore, the requirements of a passivation film
are typically twofold. First, the passivation should form an effective moisture barrier,
preventing exposure of the nanotubes to water. Second, the passivation film should

not interfere with the switching mechanism of the NRAM device.

[0043] One approach to passivation involves cavities, 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

15



switch 100" to state 110'. State 110' of switch 100" is characterized by a
relatively |ow resistance, which can be considered a "contact" state
because there is relatively good electrical contact between conductive

el enents 115" and 120'. [0042] Passivation of NRAM devices nmay be used to
facilitate device operatlon in air, at roomtenperature, and as a

prot ect i nY Q22064422114 conj unction wt h stacked material PCEAVS2096/6H9420p on t he
NRAM devi ce. QOperation of unpassivated NRAM devices are typically perforned
in an inert anbient, such as argon, nitrogen, or helium or an el evated
(greater pdlhxamylé&ﬁéﬂucsialmﬁPﬁéDFashpﬁreat conéact with GredVRANIdoidesd Tth’B/EF fromthe

exposed nanot f the r nts aof a SSI on film are
typi cal I'§ %ﬁato elttg?rs‘f‘ ﬁb(oﬁﬁ%aé’i‘?gf ‘%ﬁn&%ﬁ?g}orﬁ)&rﬁa VF ctive noisture
barri er, at@fe@(&ﬁamdﬂa pataa@sswven@é iddR@AARAGE LR ST HeR avsait@cne sRBRARY, the

passi vat| on filmshould not interfere with the swtching nmechani smof the
NRAM dev{liglsctric passiyptianblog speloan Huminaes slicomdiopide iymsst feteateffihiei es, whi ch
have bee o] seal ed switching
regi on. %‘a{bl ?ﬁaegl%wlgh Z‘ésgturall nw&l §i Vitdua 6(eé?/a?l((:)El It?égl&lhgﬁ "ﬁaevel passi vati on)
and ar ouNRAMomnﬁﬂan&hdnmﬂsoﬂe&ﬁ‘npﬂ:ew thesverbrmgdlmﬁ,dienpas séceadarpn) have been

denonstrat ed ver, pro qQw t bri e is co |icated, with
2t | east DS Ch IR T SGe Ay Te Cepees: Sinre I 6 K6 B SRS ABnal et chi ng
steps 1 egyichigf-100R0441 sdﬁh@éﬂﬁéhe@ﬁﬁfs@&ﬁhdéc@m@@ﬁﬁbﬂ/@dml@ﬁﬂo%?thfé@%fdepOS' ting a
suitable dielectric |ayer ‘over the NRAM devices. An exanple of this

appr oac hthp secopdary pessiyptiefp iekpesges @ANRAN dagicenein mlzt@lrrs@memgzlooe/ 017902
pol yvi nyfaﬁ?r?n%la'd&ﬁ'g Q(JEE gl@ sgc{ohﬁé‘r %&Naﬁfiﬁﬁﬂhtp e il WM devi ces. The
0 el | e-

PVDF is patterned I'n eve over an entire |e active region)
or devi cpasbieated devixas aﬂeéﬂau(neddn’%ldma‘ctallpa)tyqiuhsmgihvdc\nmg typidallyi wiitial devi ces) .
Then a suitabl.e secondar .di ctri i vation fi ch an al um na or
silicon OB?(P‘bléeS gg ng/eg?ﬁs cr}’?gg %\95%“&?‘8 W%@}’B’é}éﬁc’rﬁ%‘lsg i vation

r obust tmeméﬁﬂ%f@bhmu hire bSthe Be&HMg deBaidaryNRAMyRAY @i, 0Arrdrher mal |y
deconposes the overlying PVDF, hence a secondary passivation filmis

requi redth@bu@etamrqmlur@ﬁ@fb@\lﬂvebgasmw%mﬁ% deyiees| opgeate wuElly.at i ons are

typi cal | yey fléég(tﬁﬁésﬁ)ra%‘ﬁ H&1&afe9é1%ﬁgﬂaﬁn %?@éséé@?@am% fc}"af? gh can lead to
ruptures o e secondary passivati on, osure o evices to air, and
t hei r sufilsedumottrequire such a burn in procedure and may be operated in air at room

temperature directly at operating voltages. With device-level passivaton the PVDF is
patterned in the exact shape of the CNT fabric, typically 0.5 microns wide and 1-2
microns long. It is thought that such small patches can decompose without stressing
the secondary passivation film to failure. It is possible that for a given defect density
in the secondary passivation, there are no defects on average over the smaller
footprint of the device-level PVDF patches in comparison to the larger, die-level

patches.

[0045] The memory arrays described herein include a stimulus/latch circuit that
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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S e : Siav i

failure. To avoid such failures of the secondary passivation film the
di e-l evel passivated devices are "burned-in" electrically by pulsing the
devices typically with 500ns pulses from4V to 8V in 0.5V steps. This is

t hought to nt r ol | y deconpose the PVDF and prevent e t he
overlying s@@ﬁmﬂgygﬁgassivation film After the bumin E?@@g%@%&”@ e

di e-l evel passivated NRAM devi ces operate normally. Devices passivated with
a device-level PVDE coating and a se%ond,aréggassi vatigon filmdo not require

such a burn in prdéaay dremg Usdsg Bee-LgarneNonqiube Switghes oom  t enper at ure
directly at operating voltages. Wth device-level passivaton the PVDF is

patterned [0pd6he ©iREmbeHRRA 6 a AidiFolalile NRAM SembyiPirfs 209 ikklRding cr ons wi de
and 1-2 mcrons long. It is thought that such small patches can deconpose

wi t hout st PIs¥Qlpe twerterminapenetipe satshesds lysirated imfieyre 2 ATPE200t i s possible
that for a;gi I ' 1+ At re are no
dorect s on"SyMFENERTBEPFEFABL, pidlelitfy RERRARAY Ko Ao B bR B

pat ches i niscomudrins dodek pantllyds b dit dime inddk e Tkp isdh serpatvathamnvla@éIyoThe nmenory
arrays described herein include a stimulus/latch circuit. that can
dependentpreLrEante b RS TRk Soi eiaits RopRe st Bt megpS ng
appropri at empRiédial ihteb@tediciiesitst Hdre, Hafothbe KYiRGEI NTRY are@MisdaledW th the
switch, as described In greater detail below The stimulus/latch circuit

al so is i nschematieallyand sprreapend tg ngpetuby sweitchsglpaaticy 10 490 tiHustragsripespond t o

swi t ches | Aglhe) ALkaYD OBkl UNIShALEndd b ellduch REQE S 13531188 of Lhe

nanot ube swtches Tn the array I nt uring a read operation. 16
WO 2006/ 12{ngitateCiEy figseasas] ati79m 2Conertvey/elémerd W Exysomespdmds-tPer mi nal Nanot ube

Swi t ches [ 0046]..One enbod] ,.f a nonyol atil.e nor r.ray 200

Chel oaing. SotaReoE ot DT it reddn g dh 1 Sod ToNEaS Bt fhY rod i n
figure 2. AddoaybedQ@ch NT&Y itl@s abifrdartbe iRfoRd oflRM t@ss, aldsi™istasd ar |y NFET array
sel ect devices Txy, where x is a word |ine index, is abit line

IS a w nde and y is,
i ndex. TxyCqrEespopding foskate 0n shryvrs) figure ED1and “otfe pipterrarreypeRding R saRi t ch 'NTxy
to provi de1ft9£h\6%%&i§&r§”i@8{d%’de {ed PGkle? ab Rt MBY be enployed in integrated
ube swicne

circuits. Here, nano s NIxy are illustrated schematically and
correspond to nanotube switch schematics 100, 100" illustrated in figures

1C and 1D. [084VEct NugelatiiolYRaN mewporrdery200 instiige ¢ mprixeoiipanelatiles 115
storage cells C00 through Cnm. Non-volatile cell C00, as with other cells in the

array, includes select transistor TOO and nanotube switch NT0O0. The gate of TOO is
coupled to WLO, the drain of TOO is coupled to BLO, and the source of TOO is coupled
to select node SNOO, which is in contact with the nanotube element of NTO0O0.
Conductive element CEOO is connected to secondary word line WWLO. In another
embodiment, the gate of TOO is coupled to BLO, the drain of TOO is coupled to WLO,
and the source of TOO is coupled to select node SNOO, which is in contact with the

nanotube element of NT0O.

[0048] NRAM memory array 200 also includes word lines (WLO, WL1, to WLn);
secondary word lines (WWL0, WWL1, 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 c;ells CO00...Cnm. 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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illustrated in figures 1C and 1D. Conductive el ement CExy corresponds to
conductive elenents 120, 120" illustrated in figures 1C and 1D. Each

nonvol atil e nanotube switch NTxy in the array can be in one of two states,
an "on" state corresponding to state 110' shown in figure 1D, and "off’
state cor[es Wﬁin to state 110 shown in figure 1C and descri bed further
above. [08&’7{3 A8l atile NRAM memory array 200 i ncl udBSTASHEEPI7R02¢

nonvol atile storage cells COO through Cum _Non-volatile cell COO as with
other cells in the array, includes select transistor TOO and nanot ube

sw tch NO@O] ThBorgatezembladydradeoperatiophlens tvord/ling WiLlbesichuitaneoodly TOO i s coupl ed

contact i Gofs CHr il AousRant oty tlpeits et R afen B8 Brbirem ottoo i &
connect ed tRr&8k Q&Q&BMnc%’iﬁge Bitdhb e %Qlts diceAs @R)lel(liargu?{T@@giage nt, the gate of

TOO is coupled to BL drain of TOOis cou o WO and the source

of TOO iilustratedifenthear belowl. diraservperatigNadong whidkineg WLOpreasedsaeith ol bl t he

nanot ube. e f 0048] . NRAM I Q0 i.ncl udes word
li nes (Mﬁw&Lﬁ&h{%ﬁ%{Bth%% 5‘3%?@2%%&%%@%8%“’ *Sto0 Wn); and
bit |i new Wik, @WBlil throtigh BOWLn areAlrbiieied bt the siagt of die drisewperatvedTha

stinmul us/| aﬁl{gﬂﬁtg#rpui,t is in_elegtrical contact wi.th_ the rd, secondary

word, a eCuiLSarts T (igh &qunddzerp vgliy) gad thepgpplies,r i ¢ o( progr an) ,

and read;oihgil, Stubfing HnsTRFA0D ¢ b PoAg a (GRFhctihBRh&ideMphis/ | atch  circuit
may include a signal generator, and each line nmay be in contact with an

i ndependennects sgleatl nasiefYftto grovndedehit linecklel. The asel resistagepef at or. 17 WO
2006/ 12 . ti |
vord |1 nenipe Ty R St e IS Bl IVEERPLBDISERGAONC 2| O O

t he sti rfohuskisahedoftianotube switehss NTDO.st reads out and stores in
correspondi ng | atches the contents of cells COO through COmas illustrated

further w. Erase operat]j al o rd line W eeds with all bit

| hes BiBPE R B SRERRM A G Gorii S shgS sl RiF Fadlsh fary wor o
lines W@lin¥WWILIOh rAauizberiBéd i @:&ﬂeﬂie@diﬂd&ﬂSﬂPatéﬂl%p?hﬂNo. OfBA))e erase
operation. The stimulus/latch circuit starts word [ine W.O at ground (zero

vol t s) éﬁaﬂ?dn‘@ﬁ” apprd Napgiupg Deviges gnd Systems gnd Methqds o6Making ON and f or ni ng
a condugday §1B@BRGH ebdifdate herewith, an erase stimulus can be, for example, a single

pulse or a series of pulses, and may have an appropriate waveform and/or amplitude

and/or number of pulses. If, prior to the erase operation, device NT0O is in an “on”
state, current flows from secondary word line WWLO to conductive element CEQO,
through the nanotubes of nanotube switch NTQO, through the channel of transistor
T00, to BLO which is grounded. Most of the voltage drop is across nanotube switch
NTOO because transistor TOO channel resistance is much less than nanotube switch
NTOO resistance. If, for example, the channel resistance of transistor TO00is 1/10 of
nanotube switch NT00, then 0.9 Vg appears across switch NT00. Erase stimulus Vg
causes nanotube switch NT00 to change from the low resistance “on” state to high
resistance “off” state. If, prior to the erase operation, nanotube switch NTOQO is in the
“off” state, then nanotube switch NT00 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 CO0 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), sccoﬁdary word line WWLO is at
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connects sel ect node SNOO to grounded bit Pane BLO The FET channel
resi stance of transi stor TO_O I s designed to be nuch Iower (10 tines |ower,
for exanple) than the "on" resistance of nanotube switches NTOO [0050]

Next, the Wh@ :iltch circuit applies an erase stimul HﬁT}r/{szgoﬁ%gondary

word |ine déscribed in greater detail in US P
(TBA), entitled "Two Term nal Nanotube Devi ces and Systens and Met hods of
Making Sane," filed on an even date herewith, an erase stinulus can be, for

exanpl e, a ZuAgred Wi is at ground afdhe wart ofthe wriseeperation. desfivsdaieh appropri at e
vave or m apgbar s ARIbdS: T80H) oFit TGO Tne YO BSm dben B, O Lhe er ase

operation, device IS In state, current ows from secondary
word |ine VW@lhe@mtohd{T@OuneeléC@@rBrto bEEOgrammét fnemylthe foél rstatotothes of

b .£h | of O whi ch
"o or bunded O ML (Coreamo RETY adibieioder rrrpub Bk BhetiVER oo

because t r@&sulsipphesTeC?ogfh@{lﬁﬁhum@pr% diiGige BE.OMAGRIeb®@ R hhgfeataadmube switch
NTOO r esi st ance he channel resjstance of transistor TOO

is 1/10 of N HahBrEBeARMRNG, ﬁé@; enifiedy o Teymingd Nanptbe Pewises aidi t ch NTOO.
Erase sti m-§y m,\s@nd mﬂﬁ8§%{&gﬁﬁhg§§m§“ﬂfﬁé¥bd\£§f@%ﬁ Hcﬁ'ﬂ@&%%lfa{g:%? | ow

resi st ance state to esi st ance state or to the
erase oper atlmohl,s carabe farlesamplet 2 bindlE @dse or a serieh ef pulsesf andghatleyve aen nanot ube

swi tch NTOOQ renai.ns tate.,, After the era rati.on is

conp! et e, RPPDRLASeY et g Bt e R biheriobEpREs 8% RBEIEHIA" 1° (he

hi gh resi stlase6ltageiidy t&ﬁtade&a:nbaﬂtal\},;pﬁadmménereﬂwe@gd WNgpapesm@plerithd s preceded
by an erase ogperation as described further abaove. In other words, cells COO

t hrough COTWIHS Eregramains operationr it gepsial. Piagtauh iejfage PRIseSA® Ghoser @perat ion in

the erased OKimBE pro irélta E%ff1c@éi‘1cgoéﬁﬂi’érﬁ‘&l>6w‘§@ﬂohﬁbu {iRs BED ﬂﬁlugﬂﬁé ation (to
cell COO for exanple), on ary ltne WALO 1s at 18 WD 2006/ 122111

PCT/ US2006/cbarmelt tragmunao@qnuroutlohpgamtutgs ofinahotitbetsivitch NAPOP tof the wite
operati on. /1 ui.t oy b ching word
line WO f rCSIFn&gr‘éeuer%‘a‘%?m% Jt%hsgcnoa °§€Ah m@(ﬁl r?wggr Xa(%%'b%s to be

pr ogr amred stvitoiyNTHe i @ﬂlfCO(Bits&EBepmgﬁahﬁ‘ied"taﬂié ‘5ffats&te((eom@smmgitomg to a logic
"1" state, for n the sti s/latch .circuit |es a program
stimulus VEPEEJ bﬁtﬁn‘? If?’zf‘é‘ Ahgn‘ar&ér&%&olme Greapest Z&@t"é’?tg

NTOO in cell CO0 remains in the “off” state.

[0052] For an exemplary read operation (from cell COO, for example), the
stimulus/latch circuit sets secondary word line WWLO at ground, and drives bit line
BLO voltage high, Vg for example, and allows the voltage on the line to float. Read
bit line voltage Vg is selected to be less than both “erase” and “program” voltages to
ensure that stored logic states (bits) are not disturbed (changed) during a read
operation. The stimulus/latch circuit drives WLO to a high voltage, Vwr for example,
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 NT0O. 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, $0 it remains at Vgg.
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 NTOO is in an “on” state, the stimulus/latch circuit sets
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in US Patent Appln. No. (TBA), entitled "Two Term nal Nanotube Devices and
Systens and Met hods of Making Sane,"” filed on an even die herewith, a
program stinmulus can be, for exanple, a single pulse or a series of pulses,
and may have an appropriate waveform and/ or anplitude and/ or nunber of

pul ses. For exanple, bit line voltage may first be ranped to VBP, and then
reduced W 20B6/18H1to conplete the wite (programmi ngfC VSRUPPHR02 |

general , program voltage pul ses are chosen to naxin ze programvoltage
efficiency. Current flows frombit |line BLO through the channel of

t r ansi stadatcl @@respdndinggh neemeoryi geldC00 ésa bgicidh stateb L bewctughvalli@P the conduct i ve

NToD 1 n SEleeas el TR YA Lo 4 %edhiooh precttt VBN ¥ oo ng 1o o

logic ” (Nm)t aldEmay Y deteraiiddeithed digpiribilly drian@ytElaly Vebl ggRclimgitsns at zer o
volts, and NTOO in cell COOremains in the "off" state. %%2] For an

exerrpl aﬂ‘POW@:&Uﬂl@E@fléfhe@ﬁ“(‘lﬂ‘%sﬂﬁﬁcbé’rrFmWCtSftB?t]%&Wlé} pretqlingrgest i mul us/ | atch
circuit “« line BLO
vol t age v%%% \§£7B€2H1?ﬁa&'¥ge HaPﬁTgw\{sQP%ﬁmgft’fﬁ%tQ@ E&gglgqg%n /lgﬂfllane to float.
Read bicirchit se¢s a/}atChagnes;szﬁdmg teNeQ tocallogis ‘D8 states The meadl dpstdtiohds ase" and

"progra V, 0...ensu t t qr.ed ta ts) are not

di sturb léer‘fééﬁaarfg)é‘gﬁstﬁ&htr“fer@a O‘Fte(@m@ gtﬂéeﬁe ﬁI%JOﬁIﬂ%I ﬁiﬂj?"ﬂt/ latch circuit
drives \%&/fege@rdﬂoﬁhy@l@wmessafwmﬁ@ﬁf Xl pwer ik WsD{dtGurine@B),st or TCO ON
and form ng a conductin Iq’%(gchannel If NTOO is_in an "on" state, then a

conduct iteATpRmResF s e suedyiaformetionie. pppwlaiilestargely W O, t hr ough

transi stor TOO channel and the nanotubes of nanotube switch NTOO This

al l'ows the érEt%:M@Wa@%rﬂ? f8H MehbPRAIRYD U8n g6 NefMfhal © 9round. 17,
however, nanotube swi tch OO 1s in an "off' state, then no conductive path
is formed bet wd¥enagihe Switehes O and W WO, This prevents bit line BLO from
di scharging to ground, so it remains at VBR The stimulus/latch circuit:
(not_shquss) deliGel:s sGIARARS chdnpiBSpkatioaPfe o R0 B LaH be Bhdlich e BLO. I f
the sti (rifu u%/lalftagll& gi rcuit et eléts that Qa I?ne BLQ) vol ta%é115 lgs decr eased
by nor e t¢ Herenboginedeofor memery arayshown haﬁlgmfaadedsg eragy, ohgranmnded sensi ng

threshol d val ue AV that NTOO.,is in an " the stinmulus/latch
L oor i eitBotiSEgishy 4101 e ke ap3trmed iy ey #¥€spondi ng to
menory o@édatiéx e drder do tea@idcell btattaling. a stleeted Slordling] 8haheasoforti Nige

WLO, in corresponding latches. For both pre-read (not shown) and read (shown)

operations, a stimulus/latch circuit pre-charges bit lines BLO through BL.Om to a read
voltage Vgg, for example in the range of 0.5 to 2 volts, and allows the voltage to float.
Then, the stimulus/latch circuit changes WLO from a ground voltage to a read voltage
Vwe, for example of 1 to 6 volts, which is sufficient to turn transistors TOO through
TOm ON, e.g., to select cells COO through COm for a read operation. In the example
shown in figure 3, during the read operation cell COO is in an “on” (logic “1”) state
(illustrated in figure 1D) and cell CO1 is in an “off” (logic “0”) state (illustrated in
figure 1C). For cell C00, the BLO read voltage Vg decreases because bit line BLO
capacitance discharges to ground as shown in figure 3. The difference in BLO read
voltage AVgg 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 C00. 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 NTO01 in cell CO1.
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predet erm ned sensing threshol d val ue AVER depends upon specific paraneters
cell of NTOO, and nmay be determned either enpirically or analytically

t hrough techniques known in the art. If the stinulus/latch circuit detects
that bit Ii -charge voltage VBR i s unchanged, e. that NTOOis in
an "of f' stgﬁggwﬁ%ﬁ?{ he stimulus/Tatch circuit sets a |EHSANBondi ng
to NTOOto a logic "0" state. The read operation is therefore a
nondestructive read out (NDRO of the cell information. No wite

back/ r egen@®84li on Ampessse op@ramléa‘?wpc}edbedasmad oper@méh&tatormmelntch@,l ost (or

t ur ned- of f o nonvol atil e
st orage). e(satra % Sl(cjﬁlal % %E{s&? %géd)ﬁlﬁgrljragggé htglqhilghﬂﬁer m nal

Nanot ube &mtohbsa]ﬂT{)@ﬂﬁ&ighl‘N'mm & éblls UOOsﬁrbagtﬁGOmmhmiglv&)r@hﬁé WMlioaal wavef or ns

300 that can he. a ied, to the enbodi nent of a shown in figure
2 during e?rgsgg,suﬁlﬁ%g?%ﬂy AMdhe ?%&H‘l%‘éfra&teir%ﬁ§l’?r6'i‘°m {Karopﬁ'é‘i) erase read
operati on BB BE6E rﬁ‘ﬁﬁaﬁaedflpz&%réulﬂﬁ (£r6'% s)QPﬁfo@Jnhﬁ@ighf& ?rﬂ%t}ﬁ&g‘hecord cell

t:
states along a selected word™line, sucﬁ as word line W.O in corresponding
| at ches. misempingt groued duringrhe gm/nyasmptratmd Jtimdwsatchayinsriat i ons, a
stinmulus/l oaread
vol t age VI 1&? es%/élﬁl;i neIvgi‘lgn l?%;ag(?g’ eﬁpr{; 81%%1){3&%&8% %&&pn ér;gmal%l ows the
vol t age tosw"ltdhast. transiEttEITOOtolﬁeelBCOOTOl\Usﬁd selezhnederSNOQtis gfwngmsthw@lf rom a

ground vol a for exanple volts, which is
suf ficient g‘altlﬁtﬂramoa%@%eﬁ &?%’%WRI‘ eg‘ﬂ&r%’) Oﬁ%ge Ilnc?ngel ect cells
COO t hr ougd bRl Vs HpHxBRAEIFN0BIts o ek&?ﬁpl@xﬁrﬁﬁh&ubémm NTod iksgure 3,
during the read operation ce is In an (logic "1") state

(i 11 ust ratiadhg migh repistancy ()T asiate giethe begbhning of tnhe awse' efferation) Hegmpaingin) st at e
(illustrated. e BR
decr eases @gcg@s%tg %Eﬁeco}@%}?g%ggepéé%slet gté&ge%?hgﬂ e@gt }(;a% B}?)eq \ﬂas shown in
figure 3. rdnetudle sfvircleNTOO0 isrin BleOon® stdte, theh taxgent ﬂVERaﬂIbﬂammbe Swit¢ch and " of f' ‘

states is cal | bot‘ t he , 0] nv..ran h this

Vet ue. mmy VP St BN e o R0 e O e bty DG p UGS e
circuit. The Bio mth H%ﬁfr@dt(iﬂﬂtlfélréﬁ‘gél for EX@iip]S HPWO) n AR 00T ALEpehdhg blie BLO

vol tage has changed for | atches a logic "1" state correspond| ng to

the "on" sthafkaragteristvpef swca’é‘ﬁoocfg@exmleé@mu or demgitysandratigtangeat ch
circuit de(g aHbtﬂﬁ M@ cf‘tnpﬁb"Bh'l“meﬁ he, 1}';nge has not changed (bit |ine BLO
has not dis arge ) atches a logic " state corresponding to the

"of f' state of NTOL i n cell
[0055] Nanotube sw1tch NTO0 “on” state resistance is typically 10 times higher

than transistor TOO channel resistance, so for an example erase voltage Vg of
approximately 10 volts, select node SNOO is at approximately 1 volt, and transistor
TOO experiences a gate-to-source voltage difference of approximately 5 volts, and a
gate-to-drain voltage difference of approximately 6 volts. In general, it should be
noted that although Vg is illustrated in figure 3 as a square pulse, a single or series of
WWLO erase pulses having appropriate amplitudes and waveforms may be applied, as
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,

[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 NT0QO through NTOm are
erased. Thus, all nanotube switches NT00 through NTOm are in the erased “off” high

resistance state at the beginning of the write operation. At the beginning of the write

21



20 WO 2006/ 122111 PCT/ US2006/ 017902 [0054] An erase operation is preceded
by a read operation that stores, in latches, the states of the cells to be
erased, as described further above. Then, nanotube sw tches NTOO t hrough
NTOmin cells COO through COm along word line W.O are erased
si mul taneously. At the beginning of an erase operation, WNO, WO and BLO
t hr ough BYRZP6812201L at ground (zero volts) as shown i nPET/YS086/87903 O t hr ough
BLmremain at ground during the entire erase operation. Stinulus/latch
circuit switches word |ine W.O voltage to Vw, approxinmately 6 volts for
exanpl e. opdration, WWLOhBDu Ll LS WL THoug Wial indBID BoughBLBatedl node SNOO

I s grounded through _the transistor TOOQ chan . Next, WN.Ois ranped to
erase voPtEgen .f%lwlt%ént@wmni%ﬁﬁqommﬁ“etcgﬁﬁwpﬁﬂ EPY1stebgol ts for

exanpl e. o ficRANOLURRIHEHI biobr fcan 4o (18Bic Y htdi8 Shd haffiehe OF ' state at
t he beginning of "the erase operation, It remains in the "off' state after

conpl et i ewitef NTAbineeele01ap ba ket lefhin an fofffitdgisy “Q " dstatee VEWd Hoempims at i on,

nanot ube i tGh. Is. in.the "on" state, n current fl.owsand nanot ube
oo ch AR B ephs ik BFera . SPRR gt RloGE R, e LB G e 11 ove
bet ween W6 lawedapBediihtely Gvaltsfocsxamiplt. (Thansistsrdr0 theok Ok anpkeectof 100 nA to
100 uA, deﬁe‘ndi n,ge%gg,the characteristics of swtch NITOO_ for exanple the

3 1

nunber of° 0q 55 C?%%F%”c“&ﬁ_%‘éto i linehlel theughithe "Fﬁ’éisﬁ%i#@pube_ el enent  of
the swit ghhnnb0GhRE iNAROLURGISHITETD DEGEbe MRitcSNPOPis 6 BE SHALKE fiotn L YPI Cal |y

10 tinmes higher than transistor TOO channel resistance, so for an exanple
erase volhedgl™ v@ategd theafs’’ steienthier siymalgs vinduisrampe B&Otto prgeansMdges at

appr oxi el Y} a r-ansi st or Q. riepce e;t 0-source

vol t agen?tiB?’faé?réﬁlggAt%l? Sggg?ﬂosxf?}r}%‘tagﬁp% - B o‘f"fl%?%gt%eeg‘” 133?%59%9% ain vol tage

di f f er endeowph teppisox To0tEselecOnode SINGO. Miar@fe T0, opkiates ptHedolxee- not ed t hat
3.as a s re pulse, a single or series

[ th h is illustrat in fi ;i
of "W o Bl IoE ORI HEPe AGe I B PHESRiRBD (BBCISAEFEY orre may be
appl i ed, naf SNIRH i Y] Mirfs 8R! Bhsi¥RF 200 sdiicdfoowbpintRholdRBltage No. (TBA),

entitled "Two Term nal  Nanotube Devices and Systens and Met hods of Making
Sare, " f ftop@f eppraximaiedy 1dad woltshéor exdoaMe. Thraefore, A selestmede BNOQMai§ oper ati on
o ety 30 S OB PR J3py AR AP i 2o

NTOO (between select node SNOO and conductive element CEOQ connected to

secondary word line WWLO0). Note that the source-follower operating mode is well

known in the industry. Write current flows through transistor TOO and the nanotube

element of nanotube switch NT00, and nanotube switch NTOO transitions from the

“off” state to the ‘‘on” state. Current flows between BL.O and WWLO, with current in

the range of, for example, 100 nA to 100 uA, depending on the characteristics of

nanotube switch NTO0O.

[0057] It should be noted that the bit line write voltage may be changed during the
write operation. In one example shown in figure 3, the bit line write voltage may be
changed from Vpgp to ¥2 Vgp during the write operation. Thus, for example, the bit
line write voltage may transition from a Vpp of, for example, approximately 5-6 volts
_to a2 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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exanple if word Iine W.O is sel ected, nanotube sw tches NTOO t hrough NTOm

are erased. Thus, all nanotube swi tches NTOO t hrough NTOm are in the erased
"off'* high resistance state at the beginning of the wite operation. At the
begi nni ng of the wite 21 WD 2006/ 122111 PCT/ 1Js2006/ 017902 operation, WALO

t hrough WAL Wa 206A; ﬁ ough W.n, and BLO t hrough BLm ar ec?%k}r[gg%ogglglgmd (zero

volts). In th| S exarrpl e, nanotube switch NTOO in cell swi t ched
(e.g., witten, progranmmed) to an "on" (logic "1") state, and nanotube
switch NTO1l in cell C1 is to be left inan "off' (logic "0") state. WALO
remai ns at Wr@mwaesmyrrﬁngntahgroem,ias dlugiratedbypib Hines alstBIth pendiiech circuit

i , I f I
opi | 2. o, YRl Wk f B VRIS coRBEANARS oty = Tor exarmle

bit line BLO through the tranS| stor TOO channel. Since in this exanple cell
COO nanot ulb@58i t dhe KAlEing (1§ Ratens spplicatiods hndissued patetisfdisclase sardouso t he "on"

state, then tlrrul cl.rcui.t s BLO t ro 0

por oxi . Aregros i eHidu s ror i kR nemobt PR 2P Bl BB B s i ¢ e
t hr ough t r dagickided inffeeletrod s@bedineAR R sSNPNbddiaikatsth®@hanbtdBe @Ratentses i n t he
source- follower no such that the source voltage of_ transistor TOO

(connect ed 2ePoEs @ad i in SPHNSAS) h@almogowép oFE QL EOrhembediments they  TOO
sour ce-f ol l,onglpet e@n%%&%?s&ﬂa{a&lﬁ %%%&aﬁ?r of"@a%&f(ﬁdﬁﬁﬁl%la%’ Iﬂ-?c;lmé volts, for

exanpl e. Therefore, a select no wite voltage o or exanpl e,
appr oxi mat embodinﬁnts,cthe Banmutwm&mems ladndtssnglaimlarbearbm nmtubhﬁiml(lbet ween

e, w0y Ve Bepiae ARUOC e e B b ot SORE G RuE e RS hown | n

the indust hynotideieletnedty ih€lnde f)lhdmi&nérbbﬁmﬂé's dfmanstisdsO IThd @Nowifls t he nanot ube
el ement of nanotube switch NTOO, and nanot ube sw tch NTQO t ransi t| ons from
the "off' relprgnces pr astgneddn thesgsgigaee afithip aprlicptionandimss Drreby Beepaidedwn O, wit h

current iNpytdiseh@NB&iQfn thERendrsdmpl e, 100 nA to 100 uA, depending on the
characteri S%,I cseo nénot u%e Islvmfygﬁ NTOO. [0057] It should be noted that the

bit line wite voltage may be changed during the wite operation. In one

exanpl e shown in fHlepixoge amcwéMﬂmoryAﬁ@ywsmé\lan@tuﬂna&bbmyawaemdnged from

VBP to 1/2 a he bit 1|ine
wite vol tage rragf/lé %Ag'gengljls io #‘Egé@t?@%ﬂ ?@hﬁgp 9/-5? g’69%>?§(r¥p )S, ﬂ%%‘g‘r ocga mately 5-6
volts 6,919,592), filed on July 25, 2001,

Electromechanical Three-Trace Junction Devices (U.S. Patent Application
No. 10/033,323, now U.S. Patent No. 6,911,682), filed on December 28, 2001;

Nanotube Films and Articles (U.S. Patent Application No. 10/128,118,
now U.S. Patent No. 6,706,402), filed on April 23, 2002;

Methods of Making Carbon Nanotube Films, Layers, Fabrics, Ribbons,
Elements and Articles (U.S. Patent Application No. 10/341,005), filed on January 13,
2003;

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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to a ' h VBP of, for exanple, approximately 2.5-3 volts, with correspondi ng
sel ect node SNOO transitioning from for exanple, approximately 4.5 volts
to 1.5-2 volts during the wite operation. Since in this exanple cell Cd
istoremaininthe "off" state, then nanotube switch NTOL is to remain in
the high resistance "off' state, bit line BLI voltag ' ground
(zero) du‘yﬁﬁg;“{lﬁ)é?bwite cycle as shown in figure 3, aﬁpaéﬁ%wi% Ol remai ns
in the "off' state. Bit lines BL2 through BLmw || provide 22 WD 2006/ 122111

PCTI US2006/ 017902 . write vol tagﬁi Qr remain_at grqund, as illustrated by bit
lines BLO and BDeYicgrilaring Ngrtically-Diwopeddyanotabie dtiglepandlVipthodsnof n t he

cor respogging ﬂ(;egéah& @ S, By Aﬁgﬁcaﬁbﬂ ?%.SIO/WG?Sﬁ?US’.‘@a%t Publicaliad ent

appl i cations”and | ssued paten di scl ose various nethods and techni ques for
maki ng nNnA0MMO175856), Fdedolicbrueay ol 12004 sdndnent s t hat may be included in
preferred enbodi nents. In sone enbodi nents the nanotube el enments are porous

and i n sone instances, -hi . ) i Is the

nanot ube el enen%gtt%lr%edrg%r%g%ﬁ(?%%&% aghnﬂdoeg%q 3?@%%5%?%%%6 @1‘ Ot ubes. In sone
enbodi mePdtsnt Apptcatipndolhe/986.¢ bR 1U.S. Paalt PdbliciiagNe: 26U5/EA8TE8)bon nanot ubes,
mul ti - wal |l ed nanot ubes, and/or doubl e-wal |l ed nanotubes. I n sone enbodi nents

the nan e elenents.include one.or. mgre bundl es of.panat ubes. The

ol 1 ow nUSHLSr et ERetingnat ey gRAGH Rhin e st Banop R QBBRR cat: on and
are her eRymithCHMr désBtial Riarb QEQRE ARrdOE! Bhdiprodent B@bdifRhis/afd V' _
El ectronmechani cal Menory Array Using Nanotube Ri bbons and Method for Making
Same ( U. Berefage trfre oappifered in apaqges. asdysgatyermd nohditictise. Pat ent  No.

6, 919,592), filed on July 25, 2001; El ectronmechani cal Three-Trace Junction
Devi ces @@6@. Ratent cARRldgation  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. 10/128,118, now U S. Patent No. 6,706,402), filed on
April 23, 2002; Methods of Maki ng Carbon Nanotube Filnms, Layers, Fabrics,

Ri bbons, Elenents and Articles (U S. Patent Application No. 10/341, 005),

filed on January 13, 2003; Non-volatile Electromechanical Field Effect
Devices and Circuits using
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Same and Methods of Form ng Sanme (U.S. Patent Application No. 10/ 864, 186),
filed June 9, 2004; Devices Having Horizontally-Di sposed Nanof abric
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; 23 WD 2006/ 122111 PCT/ US2006/ 017902 Devi ces Havi ng
Vertical |l y-D sposed Nanofabric Articles and Methods of Making the Sane (U. S
Pat ent Application No. 10/776,572, U.S. Patent Publication No.

2004/ 0175856), filed February 11, 2004; and Patterned Nanoscopic Articles
and Met hods of Making the Same (U.S. Patent Application No. 10/936, 119,
U.S. Patent Publication No. 2005/012878Bkjnmsl 0059] The invention may be
enbodied in other specific forns mﬁthoug—%¥%arting fromthe spirit or
essential characteristics thereof. The present enbodinents are therefore to

be consideyed,ipn.r s.as 4]l ustrative and not restrictive. [0060] Wat
is clai med{'i SA@%H%?%FI%% co%'prrrles%ry array, conprising: a plurality of nmenory

cell s, each menorya phirdlity ef eiewiong célsbedchlmengory @ell irécetvinvgs ditllinaes firsamdrdline,
second word line, each nmenory cell including: a |l selection circuit

y g cel
operably coupl ed to the*¥ddstongoperdlingecaghgemesy ?ﬁ?ltmflil g to select the

menory cell in response; tQ) @gdchivAtirant (ﬂ;erzﬁ),tly LR BNEe Bist wolP1iR dnd fh@?it‘?iﬂ?

the first word line; and a two-termnal switching device having only firs

and second conductive term toasekct the anemewy cahdn prspgrsarnte abtévasian tof ki legstdaviof e
wherein each of the first d,second, co cti termnals is coupled to a
nanotube article, the fi rsﬁrﬂﬁgﬁﬁ‘f‘ﬂgﬁ‘d%‘ﬁg‘%gb’{‘\ﬂﬁ%%ﬁ%d to the cell selection
circuit and the second, ir@bAéritanal ORGICARL YR PhRchg! Bnllerst @EORECONAT @nlibdiive
and a nmenory operation circuit operably coupled to the bit line, the first

word line, and the second wiereinglsfeacspsseaadpregspm the switching device wherein each of

the first and second conductive terminals is coupled to a nanotube
article, the first terminal operably coupled to the cell selection circuit
and the second terminal operably coupled to the second word line; and
a memory operation circuit operably coupled to the bit line, the first word line, and
the second word line of each cell,
said operation circuit including circuitry to activate at least one of the bit line
and the first word line to select the memory cell for access or
programming and including programming circuitry to apply an
electrical stimulus to program a memory state in said nanotube article,
said programming circuit to apply a first electrical stimulus to at least
one of the bit line, first word line, and second word line, in which said
first electrical stimulus changes the resistance of the nanotube article
between the first and second terminals to a relatively high resistance
and said programming circuit to apply a second electrical stimulus to
at least one of the bit line, first word line, and second word line, in
which said the second electrical stimulus changes
the resistance of the nanotube article between the first and second terminals

to a relatively low resistance,
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said operation circuit including circuitry to activate at | east one of the
bit line and the first word line to select the nenory cell for access or
programm ng and i ncluding programring circuitry to apply an electrical
stinmulus to programa nenory state in said nanotube article, said
programming circuit to apply a first electrical stinulus to at |east one of
the bit line, first word line, and second word line, in which said first

el ectrical stinulus changes the resistance of the nanotube article between
the first and second termnals to a relatively high resistance and said
progranm ng cir cui {hdr@indP RIS RieANdsifh Rt 61 8! nafbhublbHR1d Qorrégoﬂd%‘%é ta AR
of the bit line, first word line, "and second word line, 1n which said the
second el ectrical sti nmihfrsmetienafetatt hd thesimstrancecetf antewhemiot abeelaivelyc lov

bet the first and dterninals, to.arelatively | i stance, 25
wherein a rel atively oo rae o paoRbe i EfetbukaY etito SEbRERGRRTE o

a first informational &tteé@embrytde@, menory cell, and wherein a relatively
| ow resistance of the nanotube article corresponds to a second
informational state of the nmenory cell. 2. The array of claim1, wherein

t he firsf. andThemorydfichiimripaheeimahe $itshhedscaol infomnatieal ktates 3re nbeolatileay of
claiml, wherein the resistance of the first state is at | east about ten

times | arger han t he, resistance,of the secon tate. 4. e array of claim
1 Maher aPnt nEEar i SRR LS relstiner GGBE et bRl pileed ad i raSiuted
source, @ad ti [@§ighibe 0P theldeol sty Oof claim4, wherein the gate is in

el ectrical contact with the first word line, the source is in electrica
contact with the first conductive terminal, and the drain is in electrical
contact “wit hThharsi of ¢lpige 1, wherginghe colh yelegtion | ciaewit nclygse adransister Witlh|q gate, a
sel ecti og,id G § glaf}c! udes a FET. 7. The array of claim1l, wherein said
operation cifculit reads an informational state of the nenory cell by
selecting the cell by activating one of the bit line and the first word |ine
and appbyi ngThe regdotlaimil uwhtreint the ghietis i electriBal cPhectawitlhyheofirst vardling, the
wherein tsc?u%cer i%%g el%ct:tlrica lcggtagtownﬂlr tlhg 1rst%81?<lu></:{i\0 te?mifnlal?%d trlllg d\r/a%ll Esaig%Iect?f?:gl contact

with the bit line.
6. The array of claim 1, wherein the cell selection circuit includes a FET.

7. The array of claim 1, wherein said operation circuit reads an informational state of the
memory cell by selecting the cell by activating one of the bit line and the first word line and

applying a read stimulus to the bit line.

8. The array of claim 7, wherein the read stimulus comprises applying a floating voltage, and
the operation circuit reads the informational state of the cell by determining whether the voltage on

the bit line decays below a threshold value.

9. The array of claim 7, wherein reading the informational state of the memory cell is a non-

destructive read-out operation.

10.  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.
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the operation circuit reads the informational state of the cell by
determ ni ng whether the voltage on the bit |ine decays below a threshol d
value. 9. The array of claim?7, wherein reading the informational state of
the nenory cell is a non- destructive read-out operation. 10. The array of
claim1l1, wherein said operation circuit includes a latch corresponding to
each nenory cell and records the informational state of the nmenory cell in
the corresponding latch before erasing the nenory cell. 26 11. The array of
claim1, wherein the operation circuit includes circuitry to produce an
erase Oper al Ll off difind 1/ Wher€h&hil BF&Q’&OH'S&HH&' 1H§ludé|3201rc£ri§")ﬁ‘)r ﬁr@&uc@fancérfs'em
11, wherein the erase operation conprises applying one or re vol tage

pul ses, wheeateindorgthe Amplettnidal stifmufuse pul ses, a waveform of the pulses, and a
nunber of the pul ses together are sufficient to change the device to t he
first state. The ray ner ration ci

i ncl udes i rcﬁhet Eri'rf/ayt Cp"}'l greﬂﬂ' ggﬁ rea?‘he ng)rélb%ﬁ f:%nrlrpril or aP}hlem§e0518r% meqreeg?ltargcal
st i mul uspulded; whéreinadn’ ﬂﬁplﬁﬁd&bﬂthmpllfses wheswifdint Bethp poes Mng Refakheddf GRS €S
applying one or nore voltage pulses, wherein an anplitude of the pulses, a
wavef or nfogetherse piffigient to shanga thadeyice tother e staful ses t oget her are suffi ci ent
to change the device to the second state. 15. The array of claim1, wherein
t he nanofibe r [ f

or' ent a1 n. 16 WEREEMIRE Sierdh HRCIpORIR oA ke ARG & rrg Bk g Wohram

t er m nal speaatenrfet tht secbid elEbteicalrstiaplsf cl ai m 1, wherein the netal conprises
at least one Ru, Ti, C, A, Au, Pd, Ni W Cu, M, Ag, In, It, Pb, Sri

Ti Au, TiCy, Ti Pd, Pbl arr of claiml erein the

A TR PR B AR s BB B el PPl SR el o
the cel | valtde pOls&y, aderewPhd agplithde bhBe pERE)E WHRERrhiofghd %l&lﬁaﬁﬂl@l fildgber of the
resi stance of the nanotube article to a relatively hi resi stance. 19. The
array of Pelpasitpgether aresuficient fechspes e ﬁ@YiCQ:iorthqCOIabﬁﬁﬁees a sel ect voltage to

the first word line to select the cell and a progranrvoltage to the second
word linesto ?ﬁ@%ga%’ %{Q FaifnCS '\ﬁﬁe &e‘?\fanét{}ﬁe arﬂé‘l@%fﬁ@ﬁ ﬁ%r 1'oﬁ of Rarfb ! eV v
IOM/resrstanc nennr nprisin 7 ection circuit in

el ect ri cdéfinedonematoa@t i on mnth a b|t Ilne and a first mord
16.  The array of claim 1, wherein the first and second terminals are metal.

17. The array of claim 1, wherein the metal comprises at least one Ru, Ti, Cr, Al, Au, Pd, Ni,
W, Cu, Mo, Ag, In, Ir, Pb, Sn, TiAu, TiCu, TiPd, PbIn, and TiW.

18.  The array of claim 1, wherein the operation circuit applies a select voltage to the first word
line to select the cell and an erase voltage to the second word line to change the resistance of the

nanotube article to a relatively high resistance.

19.  The array of claim 1, wherein the operation circuit applies a select voltage to the first 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.

20. 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
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line to select the nmenory cell in response to activation of at |east one of
the bit line and the first word line; and 27 a two-term nal nanot ube

swi tching device having only first and second conductive termnals to
access and programthe swi tching device wherein each of the first and
second conductive termnals is coupled to a nanotube article, the first
termnal in electrical comunication with the cell selection circuit and
the second termnal in electrical comunication with a second word |ine,
wherein selecting the nenory cell and applying a first electrical stinulus

to at |east one of fdrMinhl hdddfubelswithingQuetict %Qﬁs\%%ﬁ@ HRE MO A cdridifive

changes a resistance of the swtching déevice between"the first and second

termnals froma rel attenghals towacqess st progent theaswitshingi deoiog Whageinreaeh of thece,

and wherein selecting the nmenor el |, and applying a second electrica
timilus to a Teast dhe B vREfondoiie BRREL R sPuRR RES BraStd bRl ts: o
line changes a resi st dM&etefhinhinig SoWtdicaheOEmdB¢hEd WRh WREELII Reeclibh Sfrcudithd
second termnals froma relatively high resistance to a relatively |ow

resi stance, wherein thehe sdcand eanipahingfectrics] eamipercyivnweting sesend werstlingnd

cor . and whoroi n VRECTSERRNT: AP pteicky PULM SRTAY RPR REFE Himiiiiog TRk

second term nal s corresgendshe Binlige, Siet wodd iind, andraddoat alord tiad ehaafestdresisminger y
cell. 21. The cell of claim 20, wherein Lhe first and second i nfar rrgti onal

states are non-vol ati| &f B9 swiitingefvicss bemgeitho firsinaidesseopddermuuals dige @ of
the first informati Onalrgﬁ’éi%l?édérzé%fstalngé‘ﬁ)ta I?PHUély hfg%,r}e&étﬁiﬁ%, & ger than the

resi stance of the second sta 3. The ce of “clai m 20, erein the cell
sel ection circuit whatindekcang thensemsonyrcelli and apphatgea second elactresal stirdulas ¢ ati n.

24. The cell of claim23, wherei he.gat.e is iin.electrical co ni cati on
Wih the first vord | it OPheTdBuPlaite irs Brediei 65 “SORTIATLALE GHRHCL i
the first conductive teegiBade oM dWiRhREAeNideSoetWeenSh® Glrkt & seeORaTinfiRlsl ON
with the bit line. 25. The cell of claim?20, wherein the cell selection

circuit conprises a FETromagelz@velyThigheesistanee tocd welatively lowesissanees he fir st
electrical stimul uv%h&%gp{ﬂes%?atf%)ﬁfl Xlgﬂgre%f%{%n% bdRleen the first and second terminals

corresponds to a first informational state of the memory cell, and wherein the
relatively low resistance between the first and second terminals corresponds

to a second informational state of the memory cell.
21. The cell of claim 20, wherein the first and second informational states are non-volatile.

22.  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.

23.  The cell of claim 20, wherein the cell selection circuit includes a transistor with a gate, a

source, and a drain.

24,  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.

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

28



vol t age pul ses, wherein an anplitude of the pul ses, a waveform of the

pul ses, and a nunber of the pulses together are sufficient to change the
device to the first informational state. 27. The cell of claim 20, wherein
the second el ectrical stimulus conprises applying one or nore voltage

pul ses, wherein an anplitude of the pul ses, a waveform of the pul ses, and a
nunber of the pulses 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.

$Eg gg: : 2%’.]]: ng?é g@llzcgf’ e !v[;heti‘eﬂﬁ tI{eI fn%f el@&ﬂcﬁ%ﬁ%ﬂlstc%f-x@;g‘?sl %ﬁgﬁlg% 8%15}] 131?1?30'

alm 29, eréin the netal conprises at
Cr, A, reitagPgulséd, whedin GuamplitndeAgf the pulsts; a WvefoSniof thd pulses;Tardug numiied of il n,

and TiW 31. The array_of claim]l1, erein the operati.on circuit applies a
sel ect ng%tseasd%geg rf“fﬁ’eg%fffqleéltt tquiegee "Ih\té\ﬂé‘”%to§ ‘T'EESE E’?‘Pfglaé‘gilarl S@fd a program

voltage to the bit line to change the resistance of the nanotube article to

a relatiyely Tend@Ficimn0ewh&din thecaid d¥ct@éal SliRLRL LomphRE @b}ﬂ?’i‘h@%n@mﬁ@ﬂei on
circuit applies a select voltage to the first word line to select the cel

and an evelsge polsesagdiercdn ehamplitide phidie palsehanypyefona of sk pulsascendor numler of the
nanot ub epul%sttbgelﬂ%r bR A ER (\ﬂl%hge b ABViEER! L MG YR HEtiof state.

28.  The cell of claim 20, wherein the nanotube article comprises a region of nanotube fabric of

defined orientation.
29, The cell of claim 20, wherein the first and second terminals are metal.

30. The cell of claim 29, wherein the metal comprises at least one of Ru, Ti, Cr, Al, Au, Pd, Ni,
W, Cu, Mo, Ag, In, Ir, Pb, Sn, TiAu, TiCu, TiPd, Pbln, and TiW.

31.  The array of claim 1, wherein the operation circuit applies a select voltage to the first word
line to select the cell and a program voltage to the bit line to change the resistance of the nanotube

article to a relatively low resistance.

32.  The array of claim 1, wherein the operation circuit applies a select voltage to the first word
line to select the cell and an erase voltage to the bit line to change the resistance of the nanotube

article to a relatively high resistance value.
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