WO 03/ 022733 PCT/ US02/ 23861 Nanotube Filns and Articles Cross-Reference to
Rel ated Applications This application is related to the foll ow ng

appl i cat iwo93/02d783 of whi ch are assigned to the assignee @®@CTIUS0%23861
application, and all of which are incorporated by reference in their
entirety: Electronmechanical Menory Array Using Nanotube Ri bbons and Met hod
for Making Sane (U. S. Patent Apl. Ser. No. 09/915093, filed July 25,
2001); El ectronechani cal NManmotybdEwinsgndAlrkickes| ection Circuitry
Constructed wi th Nanotube Technology (U. S. Patent Apl. Ser. No. 09/915173,
filed July 25, 2001); and Hybrid Crcuit Having Nanotube El ectronmechani cal
Nermory  (&rozs-Refh&iltle to MlatedBppliddfon P9/ 915095, filed July 25, 2001).
Background 1." Technical Field This invention relates in general to carbon
nanot ube fi | nEhis fprilicaden islralpteddo therfallowingiappkeatiang) allrof yeiehi @ral ar t o naki ng

electricall onductive articles. fromcarbon ..nanot.ube fi fabrics, or
Cayers {BogeCBeiesEe AL e B i b R AR el o o on o

Rel at ed RfdrentBén thelriealitedy:f abri cation of electrically conductive, ultra-thin
nmetallic |layers and electrodes in the sub-10 nmregine is problematic,

see, e.g., S.ElgramechpniceldiempriogusyUsgsiNanotube RiptminsapdMejeadiioe 2 -

Trocess MAKEIANon . Pl AB1 ReP I8y 05HISE: cREAR 25990, Metal f1ime in

this size regine aré usua non- conti-nuous "and ‘ot ’ “conducti ve over

macr oscopi ¢ dilséteomtehanicalrNBRbIyOHaying el Seleotiorl Qirouitrl iCGomstradt&l wilione t o

thermal damage by el ectrical current making fhem unsuitable for

appl i catNepedd esqiﬁ?hn%lgg%ﬂéét P?tE%tIAPln§‘%fr NBnQ?g%lt 7?nfﬂ§€3dﬂé’c?%gj§%]§%a“&evi ces.

Ther mal _ danaggyiala E HAEhEINGOhSE ERANGREMARUPRRARYy (DS Palefiv heat

conductivities 1s one of t main factors 1nhibiting dramatic

m ni at ur Aplaten Noado pi%ofileddoly 23B0@Nenent s of highly integrated

sem conduct or devi ces. Conventional interconnect technol ogi es have a

tendency to suffer from thermal damage and netal diffusion eroding the

per f or mapegrHbuhde sem conductor devices especially from degradation of

the electrical ogr.oper_ti es. These effects become even nore pronounced with

si ze redhlct i chechpicelffigldnt generation 0.18 umand 0.13 um 1 WD 03/ 022733

Egégsfg; gfgﬁﬂms RIVEMES HeBiRes ifi-oBnerDto WalbBh nfJelbSARY, FALRNGE N bh@-thin gate
articles and in particular to making electrically conductive articles from carbon

nanotube films, fabrics, or layers for a variety of uses in circuits or the like.
2. Discussion of Related Art

The reliable fabrication of electrically conductive, ultra-thin metallic layers

and electrodes in the sub-10 nm regime is problematic, see, e.g., S. Wolf, Silicon
Processing for the VLSI era; Volume 2 — Process Integration (Lattice Press, Sunset
Beach, 1990). Metal films in this size regime are usually non-continuous and not
conductive over macroscopic distances. Furthermore, these sub-10 nm films are
prone to thermal damage by electrical current making them unsuitable for applications
such as electrical interconnects in semiconductor devices. Thermal damage of thin
metal interconnects caused by their low heat conductivities is one of the main factors
inhibiting dramatic miniaturization and performance improvements of highly
integrated semiconductor devices.

Conventional interconnect technologies have a tendency to suffer from
thermal damage and metal diffusion eroding the performance of the semiconductor
devices especially from degradation of the electrical properties. These effects become

even more pronounced with size reduction in current generation 0.18 um and 0.13 um
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There is therefore a need in the art for conductive elenents that my
operate well in contexts having high current densities or in extrene

t hermal cwodBt2es. This includes circuit contexts wth wemyusezredsbl f eat ure
si zes but includes other high current density extrene thermal environnent

contexts as well. There j.5 also a need for conductive elements that will be
less | i REHGHUED ecﬂ-PV&éeéﬁdﬂ@‘é%W _?‘@hdﬁgi‘fh’t‘%g%tfoxtdgr]ﬁ@ﬁ?'nants into other
circuit el emgpbg.is @Hf@?@@é ned@ % IHRVAEITHE QRdRERN ddferiahal sl obérbtes and
articles and nethods of making the sanme. Under one aspect of the

i nvent i o]l ia comadsbaving hightcuoknt densitiotiesin grtremg thegaalconditioggnbhisbe segnent s

in which the nanotub e nts contact other nan to define a
plurali fripthipf%s Egﬂﬂlﬁf’t"? ggﬁﬁﬁ}é{ﬂn@ t%ﬁtaretshzg > glrlﬁngﬁgggoﬁr%@ﬁglg? eer?lt aspects of
the i nvapkdiQxutne AL Rt oRRBMEIVntxtERY well. STHRE ie alsoal deed farar bon

nanot ubes, or nulti-walled carbon nanotubes. The various s?grrents may have

di f f er enondustine tlemarid thaayviil be lesa dikely goditfuse padasiHabla aMOHBER shorter than the
length of the article. The .articles so forned nay be di sposed on
substraf%%t?mérf?&&r}ﬁg‘? c?l?)errr%rg%l?efgfnggféﬂ cal network of nanotubes within the
article itself. Under other aspects of the invention, conductive articles
may be made on a substrate by form ng a nanotube fabric on the substrate,
and def iSHimigary pattern within the fabric in which the pattern corresponds

to the Condu%ie\frﬁfeﬁ?%ﬁr ﬁ%gidggﬂgﬁtuﬁg fifls AARRLIS Al thdtBodsBF SRk the T he

nanot ube fabric is grow ng the nanotube fabric on the substrate
usi ng asamtalndér,ont aspeekafithk énventiomta cohdudtive agixleingkides an 2ggeEstephase

talyst, in which the catal yst i tall] h talyst. Und
ot her  aShBRRUES BN iR, BHPSE MHoaith sremebe ooty P S e by

deposi t isgnaniS R dékihen pAfrasy R eBARR A PAhWEASIION: Bestthsd.r at e. The deposi ted
solution “nmay be spun‘to cieate a spin-coating of the solution. Under other

aspects of tHéndenetbertdspests oftbe deventipoiheeanopibe degrpdits BRYHG SHigkpi ng  t he
substrate_into.the sol.ution. {4hn t.her S @f i i.on, the
nanot ub&’ @fﬁafﬁ%"’il anog?tf%ﬁorﬁlﬁuﬁé‘gggeﬁ Cﬁgb%gr?%g%rﬁgéssblﬁﬁa‘ép ?\léé %gﬁic%ﬂgbes onto a

sur f ace n@dy Kdve astHe&it @igehs abieniynivenide sspnpmoviadar alengthisbdrtafthartkeng a film
of conductive nanotubes. 2 WD 03/022733 PCT/ US02/23861 Under one aspect
of the ilepeshefbpagickubstrate is provided and a vapor-phase catal yst is

The articles so formed may be disposed on substrates, and may form an
electrical network of nanotubes within the article itself.

Under other aspects of the invention, conductive articles may be made on a
substrate by forming a nanotube fabric on the substrate, and defining a pattern within
the fabric in which the pattern corresponds to the conductive article.

Under other aspects of the invention, the nanotube fabric is formed by
growing the nanotube fabric on the substrate using a catalyst, for example, in which
the catalyst is a gas phase catalyst, or in which the catalyst is a metallic gas phase
catalyst.

Under other aspects of the invention, the nanotube fabric is formed by
depositing a solution of suspended nanotubes on a substrate. The deposited solution
may be spun to create a spin-coating of the solution.

Under other aspects of the invention, the solution may be deposited by dipping
the substrate into the solution.

Under other aspects of the invention, the nanotube fabric is formed by
spraying an aerosol having nanotubes onto a surface of the substrate.

The invention provides a method of making a film of conductive nanotubes.
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i ntroduced to foster grow h of nanotubes. A carbon source is also
introduced to grow a | ayer of nanotubes that are substantially parallel to
a maj or swpfiaoz2763 t he substrate. Under anot her aspect ofPCrhisod/msenti on,
t he vapor-phase catalyst is a netallocene. Under another aspect of the

i nvention, conductive_ articles are e on bstrat ormng a
nanot. ubEneinne @spsst t’fH@e HYBRHELE @bsﬁétﬁl%?ﬁﬁ’@’“%dﬁﬁ‘t{]?(‘-f@torﬁ%? %‘ltetlt’ts ®fabric in

whi ch the Hﬁetd%{)? m%%ﬁnétﬁbésh% EQPEN urMEss alsh ik Riucéd dgrewovi ng a
portion 019 so that the patterned fabric renmains on the substrate
to form layendﬁmtnbtneesatmu art eshstaotididy pamalitltien naascpra@tfa@ﬁ ofithe sylsizatst i on,
conductive articles_are mg a substrate i g a substrate

i nt roduci ng gn(}%ﬁ%lpthﬁh%ggﬂ@gﬁ%ﬂ %‘%ﬂt{ %8 Pg?f’}a}aé?/\f%q %)tt(‘:1| : %anot ubes, and

i ntrodugiepgiogededr bon source to grow a layer of nanotubes that are ,
substantially parallel to a major surface of the substrate. Under another
aspect of thUndmﬁmntheDaSpe@cﬂfdluﬂ:mwﬁml@s eonslueidvengriiclpmers nepde N Subst rat e, by

provi din bs rate; di a provi di ng
a catal Vg)???tﬁ oé@tnégras %\j?flflﬁ%tc (ﬁgﬁgts%%g u Gﬁéﬁ %at%]gﬁ%ﬂctgf bon sour ce,
SO as t fbridhiR Whithnad p&t@ﬁn édtb@parmsltaltﬁa/comaﬁaweekudt@ aad pahovinguar f ace of the
substrate in regions defined by the pattern. Under anot hg? aspect of the

i nvent i pm“uom@étlmﬁabrer yoethiat thg ppitegnedyiabee reapaipssoyihe spbsérgiedp SPrmy,

sem cong g{w apljgtcw%ter ei n the nanotubes grow over the patter ned mat eri al .
Under anorf er aspect of the invention, the patterned |l ayer is a patterned
metal | ayer Under adogieehdpetttd thainotntbas c@rdmmtiifmareicleasreanfhbrom&tan t he

patterned netal |ayer. Brief Descrl tion of t he awi ng,
Fi gure Subsfrpigsby B’toé(sdl%g %%WétrﬂtﬁemHBtht ’&%%sgﬁ’ar{’ :@ysagcgqog{é gléoévé%i ng to
certaingge %UEE%% fodhbﬁag arb\é%tﬂseﬁmel%t) gw“eata%& ahbtbéd @heartWo St ates of
a nenory cell accor ng to certain iments of the invention; Figure 3

i |l ust rmtsmmaﬂﬁparhllatmkangumnﬁage Qfetht:elézstl’af@cordl ng to certain embodi nent s

of the inventjan; 3 WD 03/022733 [ USO02{ 2386 r illustrate
several for rry“gf’f Wodsf FSrPSCta(ﬁ%P?ﬂngPﬁdl ' § nducf% 6]ﬂPﬁlre Leglluésrg efoc?lalrrake nenor y
devi ces sasse@tedb ProvRliged sisttaeRodidimNd pateinddeyer of material; providing

a catalyst that fosters growth of nanotubes; and providing a carbon source, so as to

grow nanotubes substantially parallel to a major surface of the substrate in regions
defined by the pattern.

Under another aspect of the invention, the patterned layer of material is an
insulator or a semiconductor and wherein the nanotubes grow over the patterned
material. |

Under another aspect of the invention, the patterned layer is a patterned metal

layer and wherein the nanotubes grow in areas other than the patterned metal layer.

Brief Description of the Drawing
In the Drawing,

Figure 1 illustrates a nanotube belt crossbar memory device according to
certain embodiments of the invention;

Figures 2A-B illustrate two states of a memory cell according to certain
embodiments of the invention;

Figure 3 illustrates acts of making memory devices according to certain

embodiments of the invention;



invention; Figure 12 illustrates the non-woven nanotube fabric, or matted
nanot ube | ayer, wused to make certain enbodi nents of the invention; Figure
13 il lustwatem227B matted nanotube |ayer in relation to hipdaarsp2/2asader | yi ng
traces of certain enbodinments of the invention; Figure 14 illustrates

ddressing 1.0gic qof. certain embodi f the. |
"l ustrat os Aownard TS ey Brbear pening ot il Buse B0 12 e

nMenory core uses @anAtilembSdRtRbO ordm Hidr @ thh dohdodaheras efstha hybrid
t echnol ogy enbodi nent of thé invention in which the nmenory core and

addr essi ng |ines ingentimamot ube ri bbon technology; Figure 17 illustrates

t f Ki lectricall duct | [ j [
ambod ment s DR WhERrs SRR G etk 0D o BRI 7)1

conductive arti cl gedas ankecahit émb&dilngh® of @diadémiont s of the invention may
be used to connect electrical conponents; Figure 19 ;filustrat es a way of
creating an FiguerPeilusteaiessthe matted ranptelsrlayes dn fdationdp hifldslenbodi ment s of t he
i nvention; and Fi ' SO YEMe BRatiybe fabric, or matted
nanot ube | ayer, %@%gly&%t%ke%%rﬁ%@%ﬁ%gﬁn%%mglof i he i nvention.

Det ai | ed DesEigift 14oilluNemeedddedssingbatiaot @ataimenbrdimants af hedmentrerhods f or

maki ng sane are disclosed in which el ectronechani.cal. nenory cells are
created t hat Figper by Blustsgies %B%’gﬂﬁ?’ﬁfqgﬁgnw?%ﬁ%gtﬁ@égve&fl%?/rbsed in WO
01703208, which iﬁrh%ﬁgﬁegjoyﬁrp%étrﬁﬂotm{e feRhfdleREe in its entirety.
However, unlike the NTWCM devi ces disclosed in 01/ 03208, new ri bbons or

bel ts made f Fignreal Gidhiseated alrgridoéchnobgytenthediroent &1 therinvaiien 1¥ abri ¢ of

tub d | ectrical duct | . ints i
Uhi's. di scl osur o, BAEHPEBBRER e fag d FERTEGHR By ReBEREFHOR) 07103, 1]

conductive articl gghndlBgp,0me instances, the ribbons are suspended, and in

ot her instances they aré disposed on a substrate. In saonme instances, they
are used to Figwtd Etillusatesiqinefmaking elsctipaibt candBeliys BUFeLROIME and in

ot her instances the . - .ead are used sinmply to carry an
el ectrical curreno%errpa\?no a"gdé‘%ﬁ%@%g\}v‘%%&%%osl 022733 PCT/ US02/ 23861

nanot ube bel Figatd & tlluseaeaher bietirieslércdmiubivesaticles atoording locbegivint he desired
| evel s of ) : . .
embodiments of the invention may be used to connect electrical
components;
Figure 19 illustrates a way of creating an intermediate structure according to
certain embodiments of the invention; and
Figure 20 illustrates a non-woven nanotube fabric, or matted nanotube layer,
used to make certain embodiments of the invention.
| Detailed Description
New electromechanical memory arrays and methods for making same are
disclosed in which electromechanical memory cells are created that operate
analogously to the NTWCM devices disclosed in WO 01/03208, which is hereby
incorporated by reference in its entirety. However, unlike the NTWCM devices
disclosed in WO 01/03208, new ribbons or belts made from a matted layer of
nanotubes or a non-woven fabric of nanotubes are used as an electrically conductive
element. At points in this disclosure, the ribbons are referred to as traces or
electrically conductive articles. In some instances, the ribbons are suspended, and in
other instances they are disposed on a substrate. In some instances, they are used to
deflect to certain states under electrical control, and in other instances they do not

move and instead are used simply to carry an electrical current or voltage. The new
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integration and scale (in nunmber of devices nade) and the geonetries are
nore easily controlled. The new nanotube ribbons are believed to be able
to nore ewoiBP22783 ry high current densities wthout suffePCagSohesset

above-outlined probl ens experienced or expected with netal traces. Under

certal n onbod) IRl oL LIS Ve, 6l SShihGPkiy cpINeiYe articles  may

be made™30 on nanot ubes with tube

di amet efrﬁeg’i‘&dm‘ bl ls€al88in %uﬁiﬁeﬁbﬁ‘dé%c%@iﬂaﬂ@)@nd&@@@étﬁﬁﬂﬂés arhaoreemsilgbl e to
carry extrenmely high current densities, see C.L. Kane, C

Dekker ccﬁhl;@led REle nave nanotgap, ribkpaa arelzbevy. to bR @plegp SPTR 5?@3’@% Yhi g hest known

heat co ctivit S. Phys.
Rev. ﬂ]tgﬂ ngentﬁ%]ﬁae(‘sz‘%l&ﬁlg SUff%fHégrtﬁg 51? & rorlrlaliufelé pr&(ijg&ﬁ %m Iy st abl e, see,
e.g., Pekﬂect‘éﬂ%ﬁ\ﬂnetll MceEbbesen, Rep. Prog. Phys 60, 1025 (1997).

However, ‘usi ng individual nanotubes is rob{ erratlc be(fag1 o difficulties
in grow ng tH@ﬂfffmtthm@mhoéﬁp?lt&%@Pé‘ﬂeé%mbP esHicatly sAndYC ﬁ%f“ﬁlc ®4nd the

ke L g0 AP pLIAIARL AR @ULCEadbh ARG drmepe o retal n

1 VI nanot ubes. Moreover, traces
made fr amnidenohdlhde faabmncare Iehacmdabcmﬁud;tersnbat afreaabid ta q:arrthm@Ual nanot ubes.

For exanple, since the trace onpose f . .ma in
aggregagfg(br?mfﬁlllféie{l?lﬁ%%s%ﬁ’ P18 rs%%qoapcj‘ i{é‘n‘?ffgﬁeég{ﬁf {]%3? # t|(%I58l{ji't’e or break
of an 'PQM’Q@H@)' 1*?1%9%%%% {H%%g?e@t ki@ RafERdTBMItyakéSERAE pat hs  through

whi ch electrons may 'travel wthin a given trace. In effect, a trace nade
from nBredIeu,tﬁé Kdﬁwnn, RrBanaski PlsySoRnV dletic84.1464P (MOOWAWK 25 i ndi vi dual

nanot ub WI dt race el ectrons.
Nor eovef‘ ﬁ ‘?‘?g't"ﬁtai’? © peh kel f/aé@;l Wcﬂf%l s, cgrre t technol ogy
may be !["ﬁ?@' 6001(95%9937)5%'%&/&1&@@1%% indNa 0@ ubgotibdzlie problassivdrecdseanr i es
(NTRCM) Because the néw nanot ube belt crossbar rrermr;i?dew ces operate

anal ogo@$ ﬂl,fflClﬂ@ﬂSI\lmg&ng Heera ad sty onstolled erientatiemilength 4o g pri nci pl es
of oper ?1?('8 aaea dn%{r!a es fronﬁﬁé e hEYal Bﬁu s Rde, Lo R A1 hRagd8dian full er

descrip ackgroun igure 1 3 strates an exenplary
el ect r o aharheat ofimdbigua natutis80 Maemst, rtmt:mhaé@:ﬁonmzmgwﬂoe fabricnci pl es of

preferred enbodi nents of the .invention. The arr has rality of

non- vol A Renghisey %ﬂﬂ%lﬂg@@d\}%n&ﬁ(’tﬁ‘?ﬁ E8r ?’W S‘“bcﬁ g f {)%Ct%%g 05 or "of f"
state 108,508 o‘?ﬁ{aﬂﬂ naﬁﬁiﬁﬁk%rlngﬁg@g&fbncﬁle kSicd Gvill ABER Tk 8e fegult efider st andi ng
t he i nvent |pon but the technol ogy may support devices having _information

st or age faibpaoi bredsofapindividal nanotdhe. |Iegiesdr therearre MAQE AHEMBI RMISat i | e circuit
> VO 03/tl?r%121gf§\%h£1§1e-{ectsrgr%s{ r%g’)g ?ravel%ﬁuﬁ; g%tven trace. In effect, a trace made from

nanotube fabric creates its own electrical network of individual nanotubes within the
defined trace, each of which may conduct electrons. Moreover, by using nanotube

fabrics, layers, or films, current technology may be used to create such traces.

Nanotube Ribbon Crossbar Memories (NTRCM)

Because the new nanotube belt crossbar memory devices operate analogously
to NTWCM, the description of their architecture and principles of operation is brief.
Reference may be made to WO 01/03208 for fuller description and background.

Figure 1 illustrates an exemplary electromechanical memory array 100
constructed according to principles of preferred embodiments of the invention.

The array has a plurality of non-volatile memory cells 103 which can be in an
“on” state 105 or “off” state 106. The actual number of such cells is immaterial to
understanding the invention but the technology may support devices having

information storage capacities equivalent to or larger than modern non-volatile circuit
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Each nmenory cell 103 includes a nanotube ribbon 101 suspended by one or
nore supports 102 over electrical traces or wwres, e.g., 104. Each crossing
of a ribbwoo30127ahnd a wire, e.g., 104 forns a crossbar jumcmiusn2/2mad
defines a nmenory cell. Under certain enbodi nents, each cell may be read or
witten by applying currents and or voltages to eI ectrodes 112 which are in
el ectn‘@%!cescommnl cation with ribbons 101 or through el ectrodes (not
shown) in c ﬂg%eu 195 mlﬁde@ﬁ%n&ﬁba\tm&ﬁl 14uspendedbppas s 102 are
made from a ay of silicon nitride (Si3N4). Below |ayer 108 is a

gat e oxinde dugpcats mgavseq:iacrtat:alrtgwtﬂﬂ@f virghopael 104 | | con traces 104 from an

underlying s con waf erring conj 2B,
junction 106fi I‘iﬁ%srs}nﬁto §rfbjﬁ8négfﬁnﬁqﬁwé t Pt 164 P(ﬁ Si ca sfsb 3{1&1%03:%“ cal state
in whi clyd ReinBed icHRey éélpt{g’ﬁﬂeltgértélﬁ eﬁ@@amadnesdeécmml ntrayr‘treasmbaﬂl ng trace
104. Junction 105 illustrates the cell in a secaond physi, ca{ an el ectrical

stat e i writthi by applging snsenihand piotndiagante clagtigdss ]éétvét&d% B\raP §'eEBiPes pondi ng
trace 104. In the firs ich may
be- sensamuncdiiigh it a0t o iBrbE BEHERs (e fbu iRk O Caad.

In the %AE@ABesIratites 10METhe Bgorten 02 areanactecﬂrérﬁiaéﬂyejr a8 of sihicgre. g., Schot t ky
or PN), which ma% be sensed as such on r trace 104

ith the t 101
when sonifidr Sidk B@ﬁwé@yeéé%awgaéﬁﬁis’ér? ﬂﬁé/ﬁf %85 %eﬁggﬁagg}edbg"%%bbon 101 may
be hel dsﬂl@orgt?aséﬁé 8£‘goﬁlt eﬁﬁggeﬁf&n%ﬁrm@t' on. In other embodinents the

i bbon ma such as by anchoring the ribbons to the
s upports usi Rgfeamg @)ﬁljcﬂnﬂ/}aﬂd fguyesof-2Bt mhmwtqlféslllusrtﬂ@ the £t ingnfishn be

i ncreased t t he use .of ¢ g coval ent

bondi ngPlﬂW‘C@L@‘HP QF@“‘EP% éta@flné’g}lgb{ﬁe@&%t ic 1356 Sf/aﬁ!é&]n%!s)&or ot her

chem Caéér)’esﬁ] ﬁg MSceSIRC 'J@l%thﬁ"l@BQIl@sttﬁfés%e GelliinaGeainddhysitdrandl such as
netal s conductors or insulators especial I% silicon, t| tanium silicon

oxi de oelegtoicyli steteln wiioh ths I@Irlgwbbélbh%é@l ksdieﬂﬁﬁ fogeard P@Teﬁp PRAIRg strengt h.
The nanotub ri-bbo di vi d t hrough
the use et I l}Bﬂfﬁr}%ﬁt%t?)te t us?ﬁﬁ#ace %MH@B%& en ]tmpg&irgz?&]@semncoval ent
Si dewal bydhacdithen@k iribBéd 001 Glftreﬁbrl@klevhé&lsbaddreﬁad Horthé\ecotdiifets, fher Pr ot ei n
| mobi liation,” J. Am__Chem Soc. 3838- 39 et al., Appl
Phys. Libwgtion i regtifd, jursiog (4.2 15690@&@?\3? vh%cgéw ESéfjioars SuEF @i ng an
coating ﬂ?é??ﬁe“ﬁﬁél ﬂg&c@l@tw@f‘cﬁs@laﬁ@rey%l/ 03208 for techniques. Under

certain® preferred e odi ments as shown in figures 2A-B, a nanotube ribbon
101 has a w HdedertaincmibodBfenisntadanosubgirihben 19bm§t}’§’9rhsb‘rlﬂ PP@QlOBreferabl y

fabricated of <ilican pil i de, Tng hocal &1 ERG uky BERAQH ogler ribbon 101

means, such as by anchoring the ribbons to the supports using any of a variety of

techniques. This friction can be increased through the use of chemical interactions
including covalent bonding through the use of carbon compounds such as pyrenes or
other chemically reactive species. Evaporated or spin-coated material such as metals,
semiconductors or insulators especially silicon, titanium, silicon oxide or polyimide
could also be added to increase the pinning strength. The nanotube ribbons or
individual nanotubes can also be pinned through the use wafer bonding to the surface.
See R.J. Chen et al., “Noncovalent Sidewall Functionalization of Single-Walled
Carbon Nanotubes for Protein Immobiliation,” J.Am. Chem. Soc., 123, 2001, 3838-39
and Dai et al., Appl. Phys. Lett., 77, 2000, 3015-17 for exemplary techniques for
pinning and coating nanotubes by metals. See also W001/03208 for techniques.
Under certain preferred embodiments as shown in figures 2A-B, a nanotube
ribbon 101 has a width of about 180 nm and is pinned to a support 102 preferably

fabricated of silicon nitride. The local area of trace 104 under ribbon 101 forms an n-
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doped silicon electrode and is positioned close to the supports 102 and
preferably is no wider than the belt, e.g., 180 nm The relative separation
208 fromwbe3by3df the support 102 to the defl ected posipCirarsomssse t he
belt 101 attaches to el ectrode 206 see figure 2B) should be approxi mately

5-50 nm The_magnj t ude of,.the.separation.208 is ' conpati bl e
with e%@?@éﬂ’ﬁ@ﬁ%%‘é‘&%lﬁ B‘Fﬁltffﬁlegﬁ ﬁ%?q RERLS 1@22‘{1@}@%%&325& ce. For
this enRodideRian thd b, 2:¢50 80 WS CRRATB1aki08 sdifurdtion 208 feeh thetored thai n

enbodi ments utilizing ribbons 101 nade from carbon nanotubge}a but ot her

separ atsuppert 183 thtepicBeasedpisitiongvhese FerbeltaiOd rattashes torelpeiradg gAP($88e ari ses

fromt i r.pl bet ween rai e i t he
et etk JRo Rt b SEETaRL oD 5L TR AR RS BB RSO0 LN e
manuf acdddidnBd 1d BEESthptiBTe with Bleétroresdhaticalsvwitchimgycapshilitedefthe h much smal | er

(or larger) sizes to reflect the manufacturi nfq el U|$rre€c[' S capabilities.
The nanoembey devistsorFor dus embedipenl, feeirddaMssaEatpR SIEFEEH FF SFE™ non- woven
fabric of, ent angl r t r swi t chi ng

par amt@%oﬁwelﬂgﬁgﬂ%ﬁﬁﬁgﬁgésggel% %2%&% rl?rrll ?I\Bﬁg\’c/i\%%lo-&%gnot ubes. Thus, the
predi ct RPasvibicibnge prdferable dnchtherimaepéds. oThis meagnithdromisshisomdhappr oxi mat e
the sanme times and vol t ages of anot ubes. ygllgels%%&t hg ﬁ)rito‘%r]e art which

reli es igterpliay betwegn iraiyeRersy apdadnesion cagiey o Fo9 8RS yi dual

nanot u I . i e idchiuedd Othdrz e

fane] coftfeseREED ﬁ.‘%ﬁ%@@%@%ﬁ? %Zletgfr\?ftrlﬂfg?el‘??rs%ggfdac|it§o P CThi's et hod of
f abr i ca¢mbedinenidsnayt iseihhdd witlyeweh smplder (owkrgerhsizhs te Eﬁﬁ%é 8 especially

waf ers of | east .six j,nch ..él n contrast, grow ng individual nanotubes
over a ¥aay FFB@“%S@‘HHHIC%%C&P%?SIW'%t er distances is currently unfeasible.)

The ribbons shouhhresehittioh 100BF e3¢esh ehbedimeheliefanee sroavenon-wdiei dual
nanot ubes, by providi ng redundancy of conduction  pathways contained with

the ri bfsbris of ¢enthnglad pndiatedipptubah e delsroakde SFIHERNE BHERH thin the rib
o 4 SRR b RS ot R AR dhofips® PR MPLAIBRE | he cel|

woul d b@ f feover, the resistances of the ribbons should be
si gni f i gaet hid véleaes of thamibboashobitar apginoximdievhel sahe timepoandowedtagesmis,

decreasing its inpedance, since th ri hbons, may be de to.have |arger
cr 0ss- SBRAOTEIRA Ug‘?@é&h?tm% aftyefich gt Ot ?fﬁ%%@%’@f‘g@gnc\? Feflflus_t rates a
met hod o . M8k B9n&Sidudl farBied preata ShbEREMs of e feentli@Gentibnf i r st

5
i nter medi at e 'structure 302 iS created or provided. In the illustrated
enbodi netiltize fahecasionuethniquegdRolving thinefilms and|liteegaphyb dihisapethed of havi ng an

g SR AR Rl ot e | e
the supgQrihéhed 08naoBrhs! growinghidividwal whopdts everedisirce beypndisubi de, t hough
many ot prglrlirr?erter:radri]sgtgrrlrcgg Esscu?rregtI}P gr?fgésti)blg.') 'lzhe ribbons should exhibit improved

fault tolerances over individual nanotubes, by providing redundancy of conduction

pathways contained with the ribbons. (If an individual nanotube breaks other tubes

within the rib provide conductive paths, whereas if a sole nanotube were used the cell

would be faulty.) Moreover, the resistances of the ribbons should be significantly

lower than that for an individual nanotubes, thus, decreasing its impedance, since the

ribbons may be made to have larger cross-sectional areas than individual nanotubes.

Figure 3 illustrates 2 method of making certain embodiments of NTRCM

devices 100. A first intermediate structure 302 is created or provided. In the

illustrated embodiment, the structure 302 includes a silicon substrate 110 having an

insulating layer 109 (such as silicon dioxide) and a silicon nitride layer (SisNs ) 108

that defines a plurality of supports 102. In this instance, the supports 102 are formed

by rows of patterned silicon nitride, though many other arrangements are possible,

7



WO 03/ 022733 PCT/ US02/ 23861 such as a plurality of colums. Conductive
traces 104 extend between supports 102. In this instance, the traces 104
are showwesesxentially contacting the supports 102, butPCoUse?/23861
arrangenments are possible as are other geonetries; for exanple, spaces may

e orsichds RGO RRSH BEP AP b ARG ADe keff Bediedn ERRORE 1020 DAFRG ™ °

wire orSt : ar T Cross-sections, including

tri anguiahisQhstddcBPeE Ghetal 104288 ftofnGds @bschByBY conBbnarie siippmeosk, above the
traces 104 so as to define one planar surface 306 with the upper surface
of the bupper asad@menFhirs possiblaras arnthes geomaigies; IoT exERISHPHHERY bel ow,
facilitates growh o tted I ' bogi ments. Once
such a %"ﬁti’ég’{ﬁﬂa t@ﬁ%b‘@”ﬁ%@? & qgé]g%drjlg&e(}%?ﬁ%}ﬁéee f&%%glﬁ&!s%r%‘e‘gﬂge 306

recei vegadhedd inyiettagffar trikva@¥aFRsssedtibds indedihginengndaods ments, a catal yst
metal 308, containing iron éFe), _nol ybdenum (M), @ﬁbalt r.other netal s,

i s appl ireptzoidal. Secrificieblayers 384 apstdignosedabore e trises L¥hiN UL create a

second int er medi I r not ubes is then
gr own iﬂqeoﬁgnaﬁg%r?%\%v%ﬁ @gt%gpg%ggﬁﬁg@%ﬁgﬁpégygg%g%%S %girlllgl? ubes (SWNTs) to
form a gfitace, ds WiB herdplained delows faciléadd growtlrof a exeting henotubredage©bnd

internedi ate structure 310 nmay be placed into an oven and heated to a high
t enper atHtan ¢peRdiERBitpl e, about 800-1200C) whil e gases containing a carbon
source, hydr ggensRRd d-ieite SRSis cRHRA Aprovi@iANRIpRb fomens@r e floved over

t he upper surtace. IS environment facilitates tpe generation or growh of
t he mat teedived ayaalysir308i [For 8l@nmé, wilenylegainadnmbadinentbArapdydekds. The | ayer

312 is [mari)y one not.u t hi an he i t. - re to one
anot her %é’éo\lfé’t’iﬁ/%ﬁmr\/\g%ﬁén?lggg m C%og)la i (}@& Igﬁglshlgﬁgﬁlﬁ%gdggr ows over

t he tOpsﬁﬁ-c@ﬁlﬂ{gf@rothérlﬁEﬁ%tibﬂ itehBiq@Vd b cieite 4 &cahd itmdrmedinte equemd due to the
grow h tendencies of the material. Under sone enbodi nents (not shown), the
cat al ysB1®B08 nmay be patterned to assist in growing the nanotubes with
specific densities €it l i ! i en

cgndi tions o Ig%t?eéillég rg@%ﬁp@éﬁtﬁ%ﬁliﬁ% e@ﬁtﬂ 3’?”5?“09@ ﬁéiﬁagflgﬁrrent, and
time ar gingltwaRdlyirtanianoiubed S WikTstio bem < tirdistermeadatestracior 314di st ri but e

over a given field that  is primaril nol ayer of. nanot ube Pr oper
growt h FeperRampie. demtecend Werﬁ’éii‘&%stt@?érea? lﬁocrp%ﬁ%ﬁfaﬁ?f{ mﬂoo?n YRS to

catal ys QSl:1 4 i 0N Hi tQRont@fnidche

under | yittlﬁéégd;@raf al%fé%ns%? %ucgg(?rfér%éﬁlgfgi gdrar)ey% g((r)tg@%(lboeygj)g?d #ﬂg%g RPI(\)(/Ejé,nglg rggwt h tine,

t enper ahuadoassurgahydmpennhd atertauas, suéh ghogor esiigbgen pre fheswe

the Tay %ﬂe u?i)%)gr &r}gcga&,ﬁig %gsigogrgenq ?.'Icﬁhntgtes t%e generation or growth of the matted

Capplied to

layer or film 312 of single-walled carbon nanotubes. The layer 312 is primarily one
nanotube thick and the various tubes adhere to one another via Van der Waals forces.
Occasionally, one nanotube grows over the top of another, though this growth is
relatively infrequent due to the growth tendencies of the material. Under some
embodiments (not shown), the catalyst 308 may be patterned to assist in growing the
nanotubes with specific densities either more or less dense as is desired. When
conditions of catalyst composition and density, growth environment, and time are
properly controlled, nanotubes can be made to evenly distribute over a given field that
is primarily a monolayer of nanotubes. Proper growth requires control of parameters
including but not limited to catalyst composition and concentration, functionialization
of the underlying surface, spin coating parameters (length and RPM), growth time,
temperature and gas concentrations.

A photoresist may then be applied to the layer 312 and patterned to define



WO 03/ 022733 PCT/ US02/ 23861 ribbons in the matted | ayer of nanotubes 312.
The ri bbon patterns cross (for exanple, perpendicularly) the underlying
traces 10wo0 o3loz27phot oresi st is renoved to | eave ribbons 1@CTafSonzaséwwoven
nanot ube fabric lying on planar surface 306 to formfourth internediate

structure 318. The fourth jnternedi truct ur 1 ans 320 of

i ts unddpiamsaythe ﬁegkjary(?f an Vggsggétegiep%@é)g pggte%%g{/\%g?&f)ﬁg{%{l@ g’cture 318
is t hen%%rg i @arly) (e 1BAeAGing tracSd00Y. ahelphototedist &MBM@VEd® I8aner i ficial |ayer
304, in Ing thé portion under the ribbons 101,

he t hys for 'nﬂan array
322 of riblxbweid1 pﬁnorswgp@nmtwefabmcrHm@maaﬁwf%@&ﬁgé? tf@Hln}tﬁv Bupports
102. Subseggﬁ]g\%wnet al i ion may be used to form addressing el ectrodes,
e.g., 1H¥er UK e 1. One aspect of the above technique is that the

vari ous gr owmrhs fdaath tigEfmhdilate aipctuetldBihagpapiensdiOosfstsnendedgiegconvent i onal
techni ques, such as lithographic patterning, _Currentl| this may entail

f eat ur esasiifigial fager04 Wm@% asSheWhbhe fitl}‘f}ur%?lgdﬁéfﬁn tf%?éganftFBH ag@, | ow as 130
nm but the | & L P finkbRRinG AP IREBh Sn@é@h@enabl e to

even snﬁ‘fﬁ?‘eﬁs%g?ﬁ eovgiggere%&ltlﬁ&?rgfﬁg aé)tghlrnft:fri:lgm apag(:%lﬁi ties pernmit. As will be
expl ai ngeb&il 10w, thtdei@iray @ areayy322as sibbbes Wi ysespeinded evritrages H¥ andnt er medi at e
structures or anal ogous_structures described above. Figure 4, for exanple,
shows ofEPPREGd by suPeHE d02-he first intermediate structure 302 A silicon

waf er 400 is SPE&M&&?%&@HEQ&@I{‘IH@? bd Ehs!e@héﬁﬂbrrﬂgadregglﬂ% Sl¥diflRle,ay@r 1125

preferably a tew nanoneters 1 n 1hickness but cou be as much 1 m A
si | i conshovim indiégurd 5i 3N4) | ayer 404 is deposited on top of the oxide surface

402. The silicon nitride . |ayer. is preferabl t S i ck. The
silicon nitr Q{I’Saf;%%‘?fjtﬁ%ﬁb‘?v LA, &‘3&%&53%%% %{)‘gﬁiéhat?%ng héeI{rHat e cavities
406 t0 LRRRIHRRADEs BhY HES donfertbhal Mbitiquendatinag Bbbpfaghiepattemingavi ty wi dth
may be about 180 nm wi de or perhaps snuller. The renajni silicon nitride
mat er i aCudehilyidkis maientailfpaiiressizes £e-ge Width ofgbben,101g Pgallé ‘Hggg IEhPums) . A
coverin 08 of. - e [ : ' j d1aBleGaVvi ti es 406.
The covg? fbﬁ"éa% qng?o%gglgﬁép gl%i%ghﬁaggﬁﬁ%ﬁﬁ gﬂ%nidfhggmg%gg{é 2%memthi ck but may
be as thédsmdlestatum sizbeif aomefactging @8pabilitteh@aropit.ocessed, for exanpl e by

self-flattening of thick i]icon |ayers or hy anneal.ing,. tg produce a
pl anar surf ads gide eﬁP@E\?Qi’éiﬁ’WaBW‘é? etr’&anyfp(?ﬁﬁl}/lgtwa@étoaFreegﬂﬂfi&lel n the case of

sel f-fl atil e sthRAfld ¥CirnaRoss Ghichled &s&lbediabbve. Figure 4, for

example, shows one way to create the first intermediate structure 302

A silicon wafer 400 is provided with an oxide layer 402. The oxide layer is
preferably a few nanometers in thickness but could be as much 1 pum. A silicon nitride
(Si3Ny) layer 404 is deposited on top of the oxide surface 402. The silicon nitride
layer is preferably at least 30 nm thick.

The silicon nitride layer 404 is then patterned and etched to generate cavities
406 to form support structure 407. With modern techniques the cavity width may be
about 180 nm wide or perhaps smaller. The remaining silicon nitride material defines
the supports 102 (e.g., as row, or perhaps columns).

A covering 408 of n-doped silicon is then deposited to fill the cavities 406.
The covering 408 for exemplary embodiments may be about 1 um thick but may be as
thin as 30 nm.

The covering 408 is then processed, for example by self-flattening of thick
silicon layers or by annealing, to produce a planar surface 306, discussed above, to

form structure 411. In the case of self-flattening, reactive ion etching (RIE) with



WO 03/ 022733 PCT/ US02/ 23861 end-point detection (EPD) may be utilized
until the upper surface 410 of the etched silicon nitride is reached. The
st ruct ur ewod¥022533 hen oxi dized to form and defi ne sacrifi ecalushagssss 304 of
Si 2 about 10-20 nm deep into planar surface 306. The unconvert ed,

et hod SRaroe B aonERDt b5 Pe LR RRADY L AR Gy REPRee T 1"

enbodi NBRESH nitideUPRAEkedSt ruct ure 407, |ike that descrl bed in connection
with figure 4, is provided. A layer 514 of n-doped siljcon |§ tﬂen added
using a CVD Peoseisiure dpliistthen gdised & fopnagg Idﬁf“il‘h@acnl yeis P4

enbodi out half the height of the Si3N4
supporE@@?Oﬁtwéon%’h%e#)gﬁggﬂg%fhl S ad(gfp an annealing step is perforned
to yield a Pphangdonteted wihaniag §61610h901f siticorafosmrtracesut0d. 411 | i ke t hat
descri bed above. The annealing ste he sili.c ayer 514 to
flow into thEgeess shaws apgter me%@ lﬁag g%e gacrpﬂeg@mlg{l}\){m with figure
4, the Mt X eltigeerdeghd f i ci al

@%ﬁ flﬁg%gééﬂabfé Eg{nﬁa?@ﬂjzeag A g@;(gt §t91cfu% m)@n@keq! tidBger

| ayers Into | anar surface 306. Figure 6
shows acminbeionawih figate 4, dv prbvided. ng layer 414 of naippefémhwnslﬁ thentaddedi at e

structure 302! In this enbod .con_ su overed Wi th
a Iayeru%@&acélngFqcP%ﬁP‘mefngare ﬁ‘ﬁ(ﬂ ?Fém§ ﬁgﬂ Sﬁ?m%ﬁhe&fomrggﬂqeas 30 nm The
si | i consiy fsrdad&d doAetbofiPialf e hBien: srahé SLNGSuppaes @0Zhed to generate spaci ngs
606 and to defined supports 102. The etching process exposes a portion 608

of the surf after tk laydrisdbis aldbdtapaneciog. stepepeskpsBsddo ¥ield €on surface 608
o O k] SIERE Routlh bRy 8 ek BuCBbod dbcRE, G40 Paving a

ayers event Insulate traces 104

anal 0gohsderlih©step €antdy theRFicbabf lagerd HAyas fIbOlinth 1¢lefca7sr1t1¢sh§)6above- descri bed
structures 30 Once the insulating Ia ers 610 have reated, the

traces 104 nmbjkeghat deserifieddn F‘?Pnéﬁipfb‘i"lﬂé iguie bt %IFUCWﬁfh ls Mhure 6
|| 1 USLT 8Lkl B A PHRRIAAG uRERBR BlyersB0d W 880 aoutifedo b &gake such traces

toillu I'S poi nt igure 7 ovvs anot her approach for formng first
i nt er negiaatesusfaceiBdbir e 302. A sili con substrate 700 having a silicon

phot or esi o1  FIgHE: 6 J08YS BB AERBIRG. oh I ERRLFLal e TR afERn e, L1000 oo
on | ayegydQre30g: . SHIAERMARRI nYen N IBEMA s@Bﬁrdtd: s0mBroapdied aithy ldgareaped.
of silicon nitride having a height 604 of at least 30 nm.
The silicon nitride layer 602 is then patterned and etched to generate spacings
606 and to defined supports 102. The etching process exposes a portion 608 of the

surface of silicon substrate 600.

The exposed silicon surface 608 is oxidized to generate a silicon dioxide
(SiO,) layer 610 having a thickness of a few nm. These layers 610 eventually
insulate traces 104 analogously to the way insulating layer 109 did for the above-

described structures 302.

Once the insulating layers 610 have been created, the traces 104 may be
created in any of a variety of manner. Figure 6 illustrates the processing steps of

figures 4-5 used to create such traces to illustrate this point.

Figure 7 shows another approach for forming first intermediate structure 302.
A silicon substrate 700 having a silicon dioxide layer 702 and a silicon nitride layer
704 receives a patterned photoresist layer 706. For example, a photoresist layer may
be spin-coated on layer 704 and subsequently exposed and lithographically
developed.
10



10 WO 03/ 022733 PCT/ US02/ 23861 Reactive ion etching (RIE) or the Iike may
then be used to etch the Si3N4 layer 704 to formcavities 708 and to define
supports W023/02478%r war ds, n-doped silicon 710 may be depo®cramsod/msshe
cavities 708. Under certain enbodinents silicon is deposited to a height

about equal to the, hei ght of he Si u rt oy ot or esi st
706 and si | i ReH§UYQ EPOSH 1%2#)95@63’%8%3’35?%66 g%g t%N%tecgit e%hﬁ‘gl?fél}pped away
Lo f or M@ it LiRHLAIR SHWaktAupddnd 0 that described above. The

ISt

structure en oxidized to generate the sacrificial SiC2 layers 304.
Fi gure 8 shomfiemmodserdopppsidiaen’i®may be derngited insthe catidesél: West ruct ure

302. Under this. approach, .a,starting,st ! i havi ng a

| onest %firiairb‘ﬁﬂqué’g/‘gﬁts s@@ghﬁcﬁgog{eﬂ&g& 1gé?%o§%§q%?g&flh§gg{ggf;elﬁéetgwf on top of

it. A sgeandi,sippsnchayer 806 is on top of layer 804 and a second silicon
g

di oxi de | ayer is on top of the second silicon ,Ia%q?qr 806. The top
silicon di oxThepiepesyt T0Had sdireni’$0 pateneiibe Phgtopmstt &Y ¥RPaphy t o

create an R E mask 810, The ' &XpRsed portions 812
of seco%&‘pp?ﬁwaé'otﬂ fory, an Hgﬁg{%za\%\%é@g%?%gl#ﬁlfghggﬁsib%%n di oxi de | ayer 804.
Thi s et chi ngTEE aalchse 4¢8Y theesxidizéd angendeiid thesatrifiidSiDotayerF384.caviti es 814

are filled and covered with silicon nitride, (S 3N4) 816. The Si,3N4 covering
816 i s backeFighed shavts quothef @Rrﬁ@hsfaﬁl?“ﬁ& t@i%ngﬁglaﬂ%mc&éﬁfazni ng

portion N6 5l ! j h RhrbiBednsiaRed 16idst §aborelagat r odes 104
(whi ch 8@%}t@%%p@g%,gﬁgﬁ?gﬁg@cgﬁggg% .gPrFi gﬁre 9 %hom@ San apgrggch for

f or m ng 8emwith adowadtisilieoh dicxide laye B dn sopeof it AsecendesildmarlayeReeis t hi s

approach, a structure |ike 4Q7. (shqwn.jn fi e 4 0, igure 9) is

provi de8n tqRPLtlgyes 85?“1%‘9 ﬁé%c,ongﬁ@l(c%]il 8’!951%3@635%%1 %‘bw%&&é&ageﬁ%{dg ht of about

30 nm @ili%ﬁﬁgém of nmetal 902 is deposited on top of the Si3N4 supports
t

102 and on p of 't.he exposed portions Si02 at the bottom of the cavities
904 as depi cTbdtdpsiliconrdionds(SiOkxlayer $08 ispriteorrd Bymhefa KhessRAYYO el ect r odes.

A | ayer of n- ed sid4i-C 9 . i1 re1gr
el ectr oﬁTeﬁtteiaﬂgg%cIBe%r%leol?ﬁég %Fésgﬂ?s%%&;&glag?e u%? ??éft%oggm%iﬁligggﬁ&gg% achi eves
a hei ghk1:9681a36r $dwddwapioathe file stidppaiokide02yeasod.c Thisathingereatsect r ode 902.

The growth process may be controlled by the onset of a current flow
bet ween cevides iendalslineriprces #¢d-al el ectrodes 902,3. The exposed net al

el ectrodes 997, nBY.Lhem De AIIEHRYEChRedWith G6SH Sidlide (SeNIPEEs.or dry cheni cal
methods. This Torns an intermediate structure 411 1ike the

The SisNy4covering 816 is backetched with RIE to the same height 818 as the
remaining portions of the SiO, layer 806 covering the n-doped silicon electrodes 104
(which form the sacrificial layer 304).

Figure 9 shows an approach for forming an alternative first intermediate
structure 302°°. Under this approach, a structure like 407 (shown in figure 4, but not
figﬁre 9) is provided. In this instance, the SisN4 supports 102 have a height of about
30 nm. A thin layer of metal 902 is deposited on top of the SizN, supports 102 and on
top of the exposed portions SiO, at the bottom of the cavities 904 as depicted by item
903. Metal 902 and 903 form temporary electrodes. A layer of n-doped silicon 906
may then be deposited or grown by electroplating, covering the electrode 903 until the
silicon 906 achieves a height 908 at the top of the support 102 and contacting
electrode 902. The growth process may be controlled by the onset of a current flow
between the lower and upper metal electrodes 902,3.

The exposed metal electrodes 902 may then be removed by wet chemical

methods or dry chemical methods. This forms an intermediate structure 411’ like the

structure 411 described above, but with a buried electrode 903, as an artifact of the

11



structure 411 descri bed above, but with a buried el ectrode 903, as an
artifact of the 11 WD 03/022733 PCT/ US02/ 23861 silicon grow ng process.
The strucworee/0Zr33 is then oxidized to formsacrificial | &gereso3ssat the
exposed portions of silicon, as described above. For exanple, the |ayers
304 may_be grown to a thi ckness of about 10 nm Figure 10 shows anot her
approaéﬂlCPBtgf‘?Vb‘P&P’fP@eqsl rst internediate structure 302. A silicon substrate
1002 havi ng ﬁ?ﬁ@c{lr 0f1184d th&P@xﬁiiz@éI kSR rhAadifsial 10304 dt tmd a second

| ayer 1006 o I con 8 doped) on top of layer 1004 is 5% S a starting
mat er i akposddrpestionk aflaahcdrﬂﬁsd%snb%almvﬁt Fograpimie 9 ygse ®on top of

| ayer 1006. Usin nltl’lg i on techni ques, exposed portions 1010 of

n- dopecgr%‘i"WQ:%Fpl Bofa a{lrné chemically converted to Si3N4 supports 102.

The Unconvefﬁlgﬁeﬁgfsﬁéw&ﬁldﬁia iﬁﬂb@éh 10 OGniing first imeesditAdstrithee A8k 1008 is
removed formng a structure 4 | i ke that desiél bed abaqve. . The exposed

por t i ons siliva® suifstrsie|10@Dhavsug & kaver af vlieanedionds Ve 108 A drdddhe  si 02

sacrifici al 4. Fi r Ahe Ng an

al t er natsnd lﬁ?’%gpa? ﬂ&é?%‘d&‘a({ i’e&t‘t’ gﬁr%@% 2"'19ﬁl§Jér?d2{eS(rystt%n sgnappr oach a
si | i conpsuRst rakasdhis 1088lia glﬁﬁslﬁthmgrhphmaﬁyfpattembd lomtap oflagér 1908N4 as a
starting structure. On top

he silicon, ni doped
siliconis aTddéﬁnmzﬁtloﬁlﬁé‘ém&bﬁﬁé‘é‘PPV M%wﬁ@ﬁ%@é’@ ﬂgonfla % traces
104. Thesurfac 5R% diozedrHeQintesvarteigoftiocn2 of ayer 1106
whi ch 2&@ T eglﬁc% Cté)?natl vté orm &ﬂsacrl ficial Iayer®304' The structure
i's overlgy@vmow@ﬂmﬁacamomos and back etched to forma planar surface 306

and to formalternative first _i.nternedjate wll be
evident to thex@adyiqo gé%i@??"?ﬁgmg?l?g aﬁllﬁ'écé?re%h:‘i g %é%%aﬁga%be%me
sacrificial %gfépdséd SiBRE fvend diidoRrsareast, aré thea @xidifhd toifolm the separ at ed
from supports PI variations of this technique nay be enployed to

Create &Dgeamraham,léa}tersa?r%lverse cross- sections of trace 104. For exanple,
the traces 1 created 1.0 teRRinRFméMatBave a
1@%@38?’8 Ay aB}?r8ath forll c}/r?mffilg EIFM%’ 1ve in a

triangular o S§ section n addition, the cross section
nmay havgnRterod T MBndes HihagBosht 4 dikergl sebstratel ]t(Ep&iae'dresh‘@éISathAg Was

expl ai ned above, once a first internedi ate st rlucturte | A ﬂﬁd e.g., 302,
a rratteﬂlméih%Q‘b%lalﬂa%@rSt%Qgﬁ%ucﬁPﬁvﬁ’etﬁp&gg’r“f Hem gy EHS ysur ¢e 306 of the

struct h | 312
or v “g&e flhco!ng Pcfd‘&? fhd ﬁ&hgﬂi@ﬁ%ﬁﬁp&%méd By ROB; twmmtrtedarlm ayer is

ruc e use of a catal yst 308 .and through the
control of aThe surfaces of traces 104 are oxidized to form the SiO» layer 1106 which acts

as an alternative form of sacrificial layer 304"

The structure is overgrown with SisN4 1108 and back etched to form a planar
surface 306 and to form alternative first intermediate structure 302°”*. As will be
evident to those skilled in the art, under this approach, when the sacrificial layer is
subsequently removed, traces 104 will be separated from supports 102. Other
variations of this technique may be employed to create alternative transverse cross-
sections of trace 104. For example, the traces 104 may be created to have a rounded
top, or to have a triangular or trapezoidal cross section. In addition, the cross section
may have other forms, such as a triangle with tapered sides.

As was explained above, once a first intermediate structure is formed, e.g.,
302, a matted nanotube layer 312 is provided over the planar surface 306 of the
structure 302. In preferred embodiments, the non-woven fabric layer 312 is grown
over the structure through the use of a catalyst 308 and through the control of a
growth environment. Other embodiments may provide the matted nanotube layer 312

separately and apply it directly over the structure 302. Though structure 302 under
12



growt h environnent. O her enbodi nents nay provide the matted nanotube | ayer
312 separately and apply it directly over the structure 302. Though
struct ur ewB@®z/02a718®2r 12 WO 03/ 022733 PCT/ US02/ 23861 this apprusazbssel
preferably includes the sacrificial layer to provi de a planar surface to

recei ve the indepe nt | 0 ol L, My not be
necess élill§ APRFRALY Ig’@%&ﬁ’%ﬁy &%ﬁ? ﬁ\géﬁcm E?é%&@é ?? ﬁl%g{ \B? %”Iuﬁlf) r %@%gsto causes the
under si0e;Qf s it é}ﬁﬁﬁﬂy%%%ntfab@@ thdlsacﬁﬁarraams/ewmwmqmIbarmaceswyf ace 306 of
|nterrre I ate stru ture 3 they exhibit a "self- assenbly” trait as is
suggesumdextmchiagapmoam In particular, individual nanotubes tend to adhere
to the surf are ah by if avor abl e,
such that th 9031“6? Mé&%‘%‘&‘&’ﬁ%‘ieﬁ ?auggs%}@ “}9@&&8%’18{ S“%H?‘E‘lg&%&' ]

nmono Sone nanot ubes may grow
over anptRewitd ?lahﬁﬁsu'i@@@k(%/@ﬂ mte‘ﬁm&ﬁtate@&petﬂtee:ﬁ)?l; dlepexlplbrtfae‘@@lf- The

i ndi vi dual nanot ubes not "weave" wth, one aa ASL@L butt do aﬁ%here wth
one an@lskmnblaétlalt evivsuggesisd dydicura/bkh Whartigdirsin nanetyles s i 5 an
appr oxi na ctl an of (ST o T- eToTa &illy ffgmrhme Because of
the smdPP Ssgf &0 ﬁgﬁ}%?%t Ql%g@en m%er neﬁég%anm ng el ectron

m cros Cs%@h{tlfa@ﬂfé tornp R¥spgaphis afmarciiayer.” f $dmé tansivbhe Ay |Z68% O¥¢T  pr eci si on;

nanot ubes have feature sizes as smal|=s 1-2 ich is e

preci siamathst sewmeEmaiayesispet F’S?GC@;IH FQC&%QE&V}@ %éal '8 argo(r%llﬂg\élg%nat ted
nature;, pal ., &heath biOMotiFbhd cﬂi&dﬁereh%&ﬁé anoktfer b @torsegudnabof ¢ may have
smal | d1%a¥d®? I'scontinuity wth no tubes present. Each tube typically

has a dvmreWaals 2omm (Rigwrs 120&f armppgommatead@mc@on aljer apd Benolube nny but mmay
have | engt hs of

m cro be. as rons. The tubes
may curR-HA¥HE %%l gﬁ%?@oﬂﬁ%@a%ﬁg Lgﬁtgltzﬁse?ﬂ%g%lbgswgl??n adﬁhﬁlt o one anot her
via Vanscgng1 %\@Ekﬁoﬁ REi&Bscopy Barfilk tHofo@aflodinmilablabtiamdthobelsssyofow
substanti a P unrestrained in the x- and y-axis direction but are

subst anprieeikion; nawtuties haxe featurerrizes ag smallep &r2Jen iy is peloy ﬁf)age of figure

12) as a con e t t
supp! erRS PR SRy Faeh Srri MEH%SYS”%E e T

or i ent egleQrfrdih @ fgireHosdvet Buthi thefabric queyshaveswhll gl@p@b@ihlé@maﬂlﬂé}ﬁ may be
used to further tailor_growth su t hat .an nar axis
(e.g. twihne-tabgsyeserl. Eaélﬂg‘rbﬁé}ﬂpw%{j}’l?séiql t‘?i)? %r eé)egglgfrg %over age of
the des t BNy hdvBI&IHRVEEn feRRtcAYe buteay beas hgnanot ubes
wth a %a%ﬁ?l%’ Fgﬂ%‘?ﬁt 1?%2?‘%y pIVan \%ﬁgw of the matted nanotube |ayer 312

Wi t h unge200ymitgorssi I"li‘hed)mbes rnmyeslrvel@d degasieralpi crass Pil‘%ﬁﬁ%hefs Tupes expl ai ned

above, once the nmat er 312 is provided over the
attach to one anot CI' v1a an Elerb\%a OI'CCS p

In certain embodiments, nanotubes grow substantially unrestrained in the x-
and y-axis directions, but are substantially restricted in the z-axis (perpendicular to
page of figure 12) as a consequence of the self-assembly trait. Other embodiments
may supplement the above approach to growing matte 312 with the use of field-
oriented or flow-oriented growth techniques. Such supplementation may be used to
further tailor growth such that any growth in one planar axis (e.g. the —x-axis) is
retarded. This allows for a more even coverage of the desired area with a planar ;
interwoven monolayer coating of nanotubes with a controllable density.

A plan view of the matted nanotube layer 312 with underlying silicon traces
104 is shown in figure 13.

As explained above, once the matted nanotube layer 312 is provided over the
surface 306, the layer 312 is patterned and etched to define ribbons 101 of nanotube
fabric that cross the supports 102. The sacrificial layer is then removed (e.g., with

acid) forming the array 322 described above in connection with figure 3. Because the
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surface 306, the layer 312 is patterned and etched to define ribbons 101 of
nanotube fabric that cross the supports 102. The sacrificial layer is then
renoved (Wog3/22mih acid) formng the array 322 descri beaCahmsor2isnt
connection with figure 3. Because the 13 WD 03/022733 PCT/ US02/ 23861

matted | ayer. of nanot upes 2 forma non.wov fabric that |$inot a

conti gud &@Y%Ofné?@ﬁg?ﬁ@%%P“%?H%'wwg a\te)gllcgﬂfﬁ‘é nc%}iafc’rohggf Ot])lg?l\}\lgén t he

i ndi vi déf@an&a&%ﬁg?%héx&]cgﬁﬁﬁéy @fftlse WK EereiBS inddivitieaGhndtise titdes”landng
conponents, such as the sacrificial |ayer. Subsequent netalization may be

used t ombreremidylthaels tienmdell piog codpanents, gich ag tie saghbGial RYPTf i gure 1, as

outlined aboye. O her enbodi ments use. nanotupe t. i | ement
addr essi ng o¥u WH{‘?@IIIZQUC?%E?yeg%uS g tﬁgqr%a n%?séﬁg?%ggg%?é’e%gf (1)i es 112 and
addr es Séhggz |3 B8rd N0k cBNREE hboWDIRhERSMih@it ¥se undebe cehtidogy bodi ment s
descri bed above, nanotubes are used to form NTRCM arraya%‘SI 1C@‘rt in

i or belt

enbodi mentlsmersaddrensing bbmemotshesile ifstead wh asins metalizadflcAg

form to,inplenqent addressing logic to select the menory cell(s) for
readi ng® %Hggfnﬁﬁ('bogéﬁ%‘?@ms. This approach furthers the integration of
nanot ube t echnpé qayifidally, dist @mateshigdiaats deseribedatioe, mpombecial

functionality to higher-1level system design. For xagc}?ll , under this
appr oachset fie formeNE RE-M pERAYS: dedt igHeeippqdimagif ushR3nolde! ¥y contents in

non-vol apide. ; ire O bt £ & Sl Qedsh bglio BREREBe addr ess. The
nanotubgb%tggrelnqﬁr%}ﬁ[lflrugy%gii%tﬁg@gggosﬁggﬁi ty cﬁas’?ggctglr%i zed by a high ratio
of resistaReecdrfoereadbiy camditing bpetatives . Tigwaprrhachduitbunden t hese states is

acconpl i shed_by the application of specific valtages . t he nanot ube
bel t or“‘\Fﬁ%f@lmla‘?fd‘a?ﬁfélgﬁﬁﬁé?‘?l%wtot §yg@:gl1 desie ﬂa&rol\@gég 1§eglr(fseaﬁlof t he menory

cell el ﬁﬁ’i‘éﬁ&éaﬂtf;oa?igﬂéftle%él%taﬁ d@si%ﬁnP&ﬂgiﬁmblé?bﬁdbr dhiB agpr6achhe oach, a

"readout curren applied and he voltage across _this junction is

det er ni methony tithdectsensid rarphly Siosy MemREReRNieHEin HEInlEde MIBRSOAL  meani ng
that the.cell retajns . its state no wite-back operations are needed
as is dWHgquﬁefq’?ﬁ thei 3 PRy ep?scsts a branching binary select system
or decoder, 7T49Q@andtebatbdskd nteeroexpdiRinaeebiiebility chirederred by@highy be

i mpl enent ed wi th nanotubes or nanotube  ribbo techn]gl og%t Moreover, the
decoder ratgyfiesiganesthetiveead 0oand e staips SHLicRRELSHIEHREARSLS a nanot ube

renory 8&'0@31&5%@ %E%BP%%BEM ecﬁ%%%éh%e% RESsPARHaabIBE bélnsewEect | on of

two |ines epicted as a do 1402 indicates a junction of two
nanot ubesd thie undadyingeracd, bwhgh ab leasthing of dyametnonytvell clameaisdefi on i s

anal Ogogasnc}tgbeaor apr?a%%tu Ee%ﬂ%iog.t ﬂlr(')'nefagf)lrno%clll,% ‘%\é%uﬁcr{lgre%’hg Qpﬂlﬁaﬁrﬁﬂﬁl ogy,
the voltage across this junction is determined with a “sense amplifier.” Reads are
non-destructive, meaning that the cell retains its state, and no write-back operations
are needed as is done with DRAM.

Figure 14 depicts a branching binary select system, or decoder, 1400. As will
be explained below, decoder 1400 may be implemented with nanotubes or nanotube
ribbon technology. Mofeover, the decoder may be constructed on the same circuit
component as a nanotube memory cell array, e.g., NTRCM or NTWCM.

A perpendicular intersection of two lines 1404 and 1406 depicted as a dot
1402 indicates a junction of two nanotubes or nanotube ribbons. In this regard, the

- interaction is analogous to a “pass transistor” found in CMOS and other technology,
in which the intersection may be opened or closed.

Locations such as 1420 where one nanotube or nanotube ribbon may cross
another but which are not intended to create a crossbar junction may be insulated from
one another with a lithographically patterned insulator between the components.
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in which the intersection may be opened or closed. Locations such as 1420
wher e one nanot ube or nanotube ribbon may cross another but which are not
i nt ended WO 031022382 a crossbar junction may be insul ated fPomuUSonzssanot her
with a lithographically patterned insul ator between the conmponents. 14 WD

03/ 022733 PCT/ US02/ 23861 . For the sake of .clari . 1h r illustrated

is for a 3-ufarthy seke of dadbete %ﬁ?qqrggjsgﬁtegb%éégglﬂb&ln% gas%%ggs. Dependi ng

on the yal e Pfqdk giﬁgﬁhﬁegiit%.%en&iﬂg%ﬁm ALSE theleficollingi the be swi t ched to
t hr oug I

create onl'y one pa ch sensing current | my pass to sel ect

lines lifeBseciTonsudets) wilkbd switahied tegreate vulyainerpath throughvéyethseasingn 1408 of

each bit of the binar ag.drei%ld s fashioned externally so that each of the
e -

addressC%Tefl%IlTﬂiLBaﬁs_éos B n true and conplenmentary form Thus, line
1406 may be e BEiGdhidueUs“duseEsro8predenadon 2568 bi eweh bil0faheand | i ne 1407
may be the |ogical conplenent of address |ine 1408a. The voltage val ues of

the repbiassntldtesois fashiRed estecualyisotleat eackj affihe pdgresshadélO 5% switch a

crossbar junction to the *1" or 0" : ' Eud N this

f ashi onP&HFRYdR 808 aﬂﬁ%mmeﬂ%%?égl' ﬁlﬁé’ag%ﬁﬁgg%gjn%gﬁ%u fent 1to a bit or
row of Bikisn bac@ResdNidy 408 ghd life0l 40anelyeake higicahoahplomeni dfladdisss Li kew se,
the same approach nmay be used to sense a gi ven trace, for ﬁﬁfmpl e,

sel ect i lige bi§Bei The valiagayaluseplheayretsiafiend 4UE /e consighn WA unction with
el Ot ! BB il NS P ARRROAT, 1Ry -beausad abQiinka apdlor ¥ decod ng

or operations. Certalin enbodi nents of the
i nventi on prpmhidaghidtyfr adiiréss RO oy pe abedcoistpply BGensestiowsnt § ta afiigure 15. A

core nenory cell array 1502 is constructed uUsi. .0r and t hat
core i sOBIAW fUHEeY 2 FTEe ik dA %E?tﬂgesﬁr P@‘Eﬂq‘(ﬂ%e rfﬂr%}%’r’i’is %ﬁ\%gl%n Eﬂ% B%Ad ress
d d : pecifiobir | ogi ¢ 1512
ecoaer %ﬁiﬁ][g%ﬁf’@?%e]l%ggto gg_ll_lﬁgg gi‘(/eglﬁfaf:@,rf& ckaliPled BéledmbGpecidivtiray ogi ¢

and out 4, ircuitry surrounding the NTWCM or ~ NVWBCM cor e
may be uvslethn{shto radvamnst fonaln donjunctien il stloeting iy TS8Ry ovi di ng

read currents nsi n ut put .vol e e i ts, the X and
Y addr e%yéégé%gggﬁﬁé/ rg%ge y%qggea%%ntgoés}ltdﬁ)ﬂt%ggﬁgﬁ ? ﬁﬂa{rﬁg' nanot ube wire
or belt addreggiif@niveaiiingder e sBuaGE@prabidy @ hybrid téchedlegenbadi ment s t he

core would include nenory cells and addressiiag.l ogi c. I@ certain
enbodi néhde sheweinfgie 45 ¢ ity eaue MERHNNCE A aydl ﬁ?@‘glsB}}Ctﬁ PHg8a nanot ube

core (hmﬁgpﬁééﬁfﬁdpﬁ%hdﬁﬁ%B}é S ek SnBEa BB SRhikosdickst caeitPRenmgsi ng | ogi c)

and by nt’i ng e surrounding circuitry using a field programmbl e
gat e ar reshd Y Tdresateeodens! 15t andari0ayX end Yubuffers h308 and 15dAt ¢antiel in a singl e
physi e allogri)éjl %SK l%gaendigutput buffers 1514. The circuitry surrounding the NTWCM or
NWBCM core may be used for conventional interfacing functions, including
providing read currents and sensing output voltages.
In other embodiments, the X and Y address decoders 1504 and 1506 may be
substituted with the nanotube wire or belt addressing technique discussed above. In
these embodiments the core would include memory cells and addressing logic.
In certain embodiments, the hybrid circuit 1500 may be formed by using a
nanotube core (having either just memory cells or memory cells and addressing logic)
and by implementing the surrounding circuitry using a field programmable gate array.
The core and gate array circuitry may be contained in a single physical package if
desired. Or, they may be packaged separately. For example, a hermitically packaged
nanotube circuit (having memory or memory and addressing logic) may be combined
with a PLD/EPGA/ASIC in which the J/O interfacing logic is contained. The resulting

compact chipset provides access to the benefits of the NT memory for the user of the

product, while maximizing the use of “off-the-shelf” technologies, which may be
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desired. O, they may be packaged separately. For exanple, a hermtically
packaged nanotube circuit (having nmenory or nenory and addressing | ogic)
may be cowbioneeR73ni th a PLD FPGA/ ASI C in which the I/ O intremfizmo/mgel ogic i s
contai ned. The resulting conpact chipset provides access to the benefits
of the NI nmenory for the uyser of th? roduct, while maximzing the use of
" of f - t HuiligRdpR an pepeeded Baiiely thgapaay ??ﬂ&e‘be 15 WD 03/ 022733 PCT/ US02/ 23861

utilized on L ShIRYmblenciBfish 26006 €the hibigditeehddoghepi ct s one
possi bl e i rrpﬁglﬁ%ﬁ%g?ﬁgﬁq}fg%%h%? t1r111 h;bri d technol ogy. = A FPGA chip 1602

cont ai nh RPGAehipubo2ecinanmgdheionfferplg andgortrqldesie (daseidbesbpE§) s connect ed

via conducting traces _.on a (perhaps, multilayer) .pri i i oard (PCB)

1604 t FoRneRiFbYIAI5aNqUGHE RS et &?‘Hﬁﬂﬁé“E h’%‘%ﬁ% ﬁ%?‘?t Bogt P (glrg]g

addr essjqg ggfagom@é _)Qfli:iﬁ 1 606 nt@RThe e Bdthordy e Hy@gbaideessing loginf or m to the
andar d,

PCl bus st typi'cal” of today's personal conputers. Qther passive
circuitry, sTiibpasicdapeobediment is seggested iaconforaner Be kel sus %tt”é‘gr 'not

pi ctured), d,also be necessary. form. t.0.t godard. A
front - stiyé’é\gnlg#stogaﬁese‘%?rﬁﬂnagmﬂ-& g%;gr ﬁﬂ%glfvggﬂghﬁ%’t%? %g,fgspﬁgfées’t ing the
Ki nds  ofesigoeh€ kaRdfoheds; otcS PRR Prcteeewauld hisobetnetdsgdry to confatm toithies speed i s
limted by the PCB interconnects and FPGA/ PLD/ ASI C Stﬁéﬁdi‘{%%nq al so the

0

chi p pak®hsjenlarhdt frontrsideniusrppeast 9f Z09MHZEp 48QMIigR s8R0 BSUEE| s,

Layers,  Fabrjc An ' ' TR ey addr essi ng
i nes u@g?ﬁn}dgcoigx%rrngl @f)éel%: relg(?fsaﬁag a?@%%c@%@gﬁg?? ?igiﬁse? rrg%-e fr omg}F\anot ube

| ayer s @& 2CHidicamcithaseFBEAVWLDIASIC speeds andalamthelRip fAvkagesyeots nay have

t hi ckness of about 1 nmor less, i.e., the thickness of a given nanotube.
The nanbedbemegorecadspesd grown or deposited on a surface, such as that of
a silicon wafer, to forma contiguous filmof a given density. The two

di nensional filmcan then be patterned to generate electrically conductive

| i nes o€atbacNanetabgFilms, hayérst FaliniespAndrticlese i ntrinsic mini num size of a
nanot ube) t

and_cont ext . TniovpErpafiment o par oL A IRy BREGTRCEEal |1° TEP S G "

scal es {Rc@ichi®ednafetivenk@elePRARCE-b@Mmanbtubalayers 318) suehl as thuse seduct or  devi ces
such as transi'stors or nenory elenents an(%agvent ual | fannitﬁeg1 out to bond
n

pads or inofigues 3 mcbl%oﬂwééwfﬁglaﬁd{ta@‘? phagkaess apaptsh Hm OF SS:TiHfe ot ube
| nter copngeLs, §ALiNG MRhAbL! $AdnkdoiRGRRRAI it BrfpNBREpositiddier ent

materi a aus elr intrinsic properties that all ow easy contact to
met al | i gurfice seih aomdustt :osilicmt eafienlts forhecantigeeus fmiofd gizer fesityy conducti ve
articl e’%hg?\xo (l?liemelillgi%galifﬂmoéa?let enf lg)er &Ete?rfed to generate electrically conductive

lines or traces ranging in width from 1 nm (the intrinsic minimum size of a nanotube)

to hundreds of microns or greater, depending on the application and context. The

pattern can be generated at multiple length and width scales to allow the

interconnection of various sized semiconductor devices such as transistors or memory

elements and eventually fanning out to bond pads or other interconnecting materials

or constructs. The nanotube interconnects can be metallized if necessary to connect

different materials because of their intrinsic properties that allow easy contact o

metallic or semiconductor materials.

The traces and electrically conductive articles may be used in other forms of

circuits. For example, nanotube traces may be used for their ability to withstand high

current densities, normally found in very small sized traces (e.g., sub 10nm regimes).

They may also be used to reduce the likelihood of contaminating other circuit

features.

Figure 17, for example, illustrates an exemplary use of nanotube ribbons,

16



circuits. For exanple, nanotube traces may be used for their ability to
w thstand high current densities, normally found in very small sized
traces (ewgQ.03/0%183 10nm regi mes). They may al so be used t ®Crasowesssthe

| i kel i hood of contami nating other circuit features. Figure 17, for

exanple, illustrates an exenpl ary use of. nanotube r| 6 03/ 022733
PCT/ USAraees396 glectricallpgondyptivg aé‘aft‘lgfi QT W“B% COWVEPEY ‘% c?’é‘esc%“vseeg‘\o

subst r%{uﬁﬁéﬁﬁé’ 14 Fb%@ﬁﬁfehﬁg?re@nﬁutqﬁ@h@%téﬂ@é’&hefﬁlﬁmﬁﬂ id grovesendles figure 3,

but in I nstance t is grown over a substrate, .instead of
gr owi nGubdtrane;énsiead ofrrewing il cveears intergtediae gnture BH-} Hilgll%%?ﬁﬂ &2a silicon

substrate 110 has oxi de 31m on fi gure 3. To
faci|i tHi@nsHBYFae ifo ]&‘aéﬁﬁé’l’({qaﬁ?ye('igﬁ?ﬁé tﬁ]%gaffﬁo‘wa}tﬁ 8\glrs1lrjprface (shown as
306 in faél}l&ltg o%vth aneﬁa%oﬁ BPVM& filfh Efl'quE)ﬁm&F surfaBy (shewgaﬂé%itred A film312
wWith sin nd/or multi-wall ed nanotubes may then be gronn over the

conbi ndtgumS mutguot shesinrig fig@wD,7) raychepgsspraied. oft filmed 120WHT #188'Ffon, e.g., via

P R e s o B [P B P BB it

mul ti - velbedr Agpeietbesthaicembiatdon, &4, v1alslpmt00at11£g)ﬂ‘he1ﬂdml3ﬂ2u$1e filmis to be
grown, a catalyst may be used, as described above. V\el\éer t he catal yst

( shown mEnatlg dna nenefubethik ihsinglgoralled agpothesarg Bsed iy §atifes  not need to be
depost ! SR B! bRl bl SHIERGR Alod i SUBN! E2kpto faeisead of [n addi ti on,

it m N"a gaseous formas part CVD process. For
exanple, a gH&heﬁhﬂmomsetgad\ﬂ'n amm@mtmy@athCEQSﬂ@ﬂcrlb@b&mVéoul d be used.

Ferrocene and ot her has I1i¢ spe r. t ubes as do

ot her sPewewd, @Sﬁf‘t&‘i}iﬂébo gogre%a é’nli}ﬁ]n %r?@’g‘t ﬁ/,gﬁco@p? and ot her

tr anSI tﬂf}%@ &bk ﬁ}eff‘osﬂI@GE‘@cﬂgro% tRé Lurﬁébb@ﬁieesuf)ﬁfate fiftendng ncadcﬁﬂigmtis in the gas
I

e neta Cc gas-phase catal yst can be opti m zed nodi fi ed al ong
WI t h thﬁapb@led&eimpargasw&form@m@ th%GW?aEl@C?ﬂse & &rg&S growth tine
to gener ate _a nanot ube 312 AdbRg Heposi t ed,
pre-gr S?l&f‘?&ﬁ bHEECIE U D 3% %cenﬁcoulhg’gélrsr%* éa certalgg enbodi ment's of

the iny "sé %alﬁ@?&dﬂ@%ﬁovﬁ%b&ﬁn&wﬂﬁsdedo bther spesmls vemthining iors ol ubl e or

i nsol ub e formand spin-coated over the surface_to generat he nanot ube
film 31molwbdemmﬁuaastm @bﬂ&é\@érﬁhqrﬁfénﬁlrl%m?@s Q’éhea‘ﬁgf gbé Hanot ubes

t hi ck, i r Rl &8n Pab@IRized S .
Appropril%glg? #ﬁg&?g&ﬂﬁ%g?ﬁgﬁ %)lrr?}ﬂe(%ﬁg olhd%mnqhgie dyrifg)ﬁrr(gt hyl plfltrol | i di none,

n- met hybr mbeiranide, widr nhbpmpehtmmMemssupasaﬂwmrmmzaéﬁe 1,2,

di chl oroet hane, al cohol s, ge ma\{gle%tfzappr opriate surfactants such as

sodi um EGUER fimis fofegperaga nanotl

If the film 312 is to be deposited, pre-grown nanotubes may be used. For

example, under certain embodiments of the invention, nanotubes may be suspended in
a solvent in a soluble or insoluble form and spin-coated over the surface to generate
the nanotube film 312. In such an arrangement the film may be one or more
nanotubes thick, depending on the spin profile and other process parameters.
Appropriate solvents include dimethylformamide, n-methyl pyrollidinone, n-methyl
formamide, orthodichlorobenzene, paradichlorobenzene, 1,2, dichloroethane,
alcohols, water with appropriate surfactants such as sodium dodecylsulfate or
TRITON X-100 or others. The nanotube concentration and deposition parameters
such as surface functionalization, spin-coating speed, temperature, pH and time can be
adjusted for controlled deposition of monolayers or multilayers of nanotubes as
required.

The nanotube film 312 could also be deposited by dipping the wafer or

substrate in a solution of soluble or suspended nanotubes. The film could also be
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TRI TON X-100 or others. The nanotube concentration and deposition
paraneters such as surface functionalization, spin-coating speed,

t enper at Wwe,03p227ahnd tine can be adjusted for controlled aepamsor/2asnt of
nonol ayers or nultilayers of nanotubes as required. The nanotube film 312
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nanot ulse¥n f}j‘ﬁgﬁﬁ? &?rﬂﬁi’[‘ﬁ‘rgﬁ ag:fonpﬁge %ﬁ@é@ggsﬁat te 312, a photoresist |ayer
may be spi nﬁaﬁﬂ%ﬁﬁaﬁh $MBe RababdRetlid10) 3pRotaRrdispaydrenayest dpyn-exposur e or
the like to define conductive traces. In the exanmple o ure 17, the

, f. LI
tr aces canted shdhwnatyberfiin P2 and patsgrged bY prrasyre o5 the lﬂl??éoflt%é’?: definition may

take other forns. The defined t.r i | east 1 nm and
as nucFORLuCHys APy (k)‘[ﬂéheo‘?xawgfeeo%gglg%%iﬁ?ge ﬁ%%% aﬁs\eﬁo%% Brg?l Iﬂdevi ce which is

to be igihRheRARECHRhe ERRacEnitORhidyacke dther fexposEit defivedtresissanmy be
processed to renove sone of the layer but to | eave ,t he tracestﬁLeOL

Subs equrene aadti afias keesidnnmmagd pempelas 100 TireRs o e SRR 8 Rel fBdes or a

fanned i nt ef connect. r : E1eQted. 1706 shown in figure 17. Wth
r ef er erfdl® ?%&fvfcgeﬁgggcri&,tg%%%%e er}ebbon patterns 1802 may then be
connect ed t cogdcherdefinbhahsexboded phetatdistanayr ecprecqssast toseBArd sogke & ect r oni ¢

features 1806. For exanple, with reference.tao.int i at ucture 1800,
t he naribe layer bytde degave ?Eﬁtra}?ﬁ%/l(ﬁle %@ﬁ‘??é‘@?terﬁettaglz té%%{nglggg g %egictgsf 02 havi ng
differ ez{agxe{sgﬁg W RS l&S3 a fariel iftsrcoihddt Rruchine, &.5.a¢83 shlnrinyigateso be

0

connecte l'ements 112, which may be netal contacts or bondi ng pads
(t houghtmot shown to scale in this figure). Wth reference to internediate

SLpct e 190 Bt RSyl USRSl [P hersat e such ==
r ef er engint&ed 1 GhoBGLRLE 161, mitdllic eadlfiot shhen) ondesronmyfeatoresect el ectronic
[T aces. DD, ey cswrope, wORraeEnIsoR N pRIT gvagsron by LIRS w1 ¢ |
i 1 o B Bl ke e e g b oper ar owih
width. The traces 101 may also be connected to elements 112, which may E?e meta?
contacts or bonding pads (though not shown to scale in this figure). With reference to
intermediate structure 1804, the traces 1010 may connect to memory elements such as
in 1804, which may be formed as NTRCM cells or with semiconductor sites. With
reference to intermediate structure 1808, the traces may connect electronic processing
sites or logic 1806. Though not necessarily drawn to scale, the traces 101 may also
connect bond pads, represented by item 112.
While these interconnects may primarily be formed of a monolayer of
nanotubes, multilayer ribbons and mattes can also be envisioned using proper growth
conditions. This requires control of parameters including but not limited to catalyst
composition and concentration, functionalization of the underlying surface, spin
coating parameters (length and RPM, for example 40 seconds, 50-5000 rpm), growth
time, temperature and gas concentrations.
One aspect of the above technique is that the various growth, deposition,
patterning, and etching operations may use conventional techniques, such as

lithographic patterning. With current technology, traces may be made to have widths
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conditions. This requires control of paraneters including but not limted
to catal yst conposition and concentration, functionalization of the

under | yi ‘yoa022162, spin coating paraneters (length and REWUSDhm238eKanpl e
40 seconds, 50-5000 rpm, gromh time, tenperature and gas concentrations.
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subsequent | ypfgtﬁpé)'fgaﬁloaa@%btﬁeh@g:rra@hifﬁlaﬁomx@a’met apgthefine! stutigrec302i. t i es 1906
and a mask pattern 1908. Afterwards, n-doped silicgon or netal such as

terwards, n-dop
mol ybdeAwiliconsubsitasn 1900 having asilieandiegde kaen! Wederelyesiatatemedr 1912 such as

al um num oxi de d It [ : It 1 . fi¥ai Ng

corres pgﬁﬁ‘gf)l}?éls? féﬁ%’rﬁ@é %gggkaar@e’fﬁgw%ﬁsg?%}ﬁ%?% g%l%git@l Clcg{leg%nrlrg}{ erial 1914
and al uTHEREASLbERUEALYEPosdPar lithograghicadlly deheloperbyioldasg citie9120@r e t hen
stripped away to forman internediate structure 1918 wth el ectrodes 104
and sacid ¢ Blagk Patigyed9994. A spin-on-glass (SOG) such as flowable oxide
(FOX) is spi Mte?@ﬁh?,%-ﬁe{;% Sen st el Wi bMdyBashual Repkedotisi ng a ranped

t enperature protocol at 600C using standard techniques formng a Si02 | ayer
1920 at tanéaliveil§ho and afacific200ay20 0l 2ravcl bo YlemimEn OF eanasteclepesiiedt i ci al

| ayer

l?nlt%é cavitiés 1906, also forming corresponding features 1914 and 1916.

The photoresist 1912, material 1914 and aluminum oxide (Al,O3) 1916 on top
of the photoresist 1912 are then stripped away to form an intermediate structure 1918
with electrodes 104 and sacrificial layer 304. A spin-on-glass (SOG) such as flowable
oxide (FOX) is spin- coated over the structure 1918 and annealed using a ramped
temperature protocol at 600°C using standard techniques forming a SiO; layer 1920 at
a height of from 200-2000 nm above the top of the sacrificial layer 1912.

Reactive ion etching (RIE) or the like may then be used to etch the SiO; layer
1920 to form a structure 302 with supports 102.

The choice of electrode material is limited by the method by which the
nanotubes are placed upon the substrate surface. The three above methods include
spin-coated catalyst-based growth, gas-phase catalyst-assisted CVD and spin-coating
or direct deposition of nanotubes. In the case of the catalyst-based growth as has been
described above the catalyst is distributed on the surface either by spin-coating, or

dipping the substrate in the catalyst material followed by standard washing protocols.
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Reactive ion etching (RIE) or the like may then be used to etch the Si02
| ayer 1920 to forma structure 302 with supports 102. The choi ce of

el ectrodewoateei7al is limted by the nmethod by which the Poansbupssst are
pl aced upon the substrate surface. The three above nethods include
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pr ocessRo KRG phdse kb actlas hatiahtivresien dn neBttatey fatrandabd giavdhs i al

fabrication facilities. In the event that n, ll*lot ugﬁze are ited on a
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subst anti a is case there is 'no high tenperature step and any
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The sacrificial layer 304 can be constructed of Al,Os, metal oxides, salts,
metals and other materials. The intermediate structure 302 can be formed using a
variety of materials to form the supports 102 including SOG, SiO, and others. In the
event that a low temperature spin-coating of nanotube protocol is chosen the materials
suitable to be sacrificial layers expands substantially. This could include materials
such as PMMA or other polymers, metals such tungsten, chromjum, aluminum,
bismuth and other transition and main group metals. Also other semiconductors such
as germanium and insulators such as salts, oxides and other chalcogenides.

The choice of materials for the support layer greatly depends upon the method

chosen for nanotube growth and other factors. In the even that a low-temperature

process is chosen for placing nanotubes on the surface, one can envision utilizing such
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variety of materials to formthe supports 102 including SOG Si Q2 and
others. In the event that a |ow tenperature spin-coating of nanotube
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to the jpherient,,\iddé tdtht Mierdnd lihRBACIABEMRYoscOPY, Mudud ® thbectaglt ual
texture of” a given nanotubea%l. This image is at the, Ia,te,ra}ﬁ%&sol ution limt
of AFM teRhoaghagisn nafotylee) wn@gm%atgmfd@@rql Eesppytiop dEnih 8 ‘he fabric
wer e made of ., nanot ubes .of .. . ; i éred, the
fabrics may EQOMSSE(%% ﬂ%efdlg‘{f%&%u%\’%ﬂ\zgpf%agsltf Fgécﬁtagl‘r‘iéeg’gterem%\?é a conbi nation
of si nghgnotaied oMetlel samealpee €. tatlustigle walled, Gretfebridmbadbaerrnposed obaliier to

facilitate the growmh of interconnects. or_ el ectrode erials it may
become Hﬁ%ﬁhﬂaﬂpg SERGUEES PLelA CorRIpRIaN PLsElR a&@aﬂ‘@t&w&ﬂ?ﬁa P{%ﬁ?f&%hi ¢ net hods
to define regions where the nanotubes are intended to grow in a horizontal

fashion over the surface. Such an approach has been used to pattern SiQ2
st ruct uiQthet Engrodiments ck nul tiwal | ed vertical nanotubes. In a simlar

epProach pet Yot hed % O b, Pyiamage i gy o | zontl
become useful to first form a pattern using standard lithographic methods to define
regions where the nanotubes are intended to grow in a horizontal fashion over the
surface. Such an approach has been used to pattern SiO; structures to grow thick
multiwalled vertical nanotubes. In a similar approach patterned SiO» can be used for
the purpose of growing horizontal nonotube films with a thickness of 1-1000 nm to
create structures of the form described above such as 101. Other materials which
provide a support for nanotube growth and nucleation such as insulators and metal
oxides may be useful when used in concert with properly chosen gas-phase
metallocenes or other vaporizeable metallic precursors to yield patterned nanotube
ribbons. This underlying patterned layer could also act as a sacrificial layer which
upon removal would form a suspended nanotubes. This method of growth represents
a form of “positive” growth whereby the nanotubes use the prepatterned surface as a
nucleation site.

In a further embodiment one can envision using a “negative” growth method
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create structures of the form descri bed above such as 101. O her materials
whi ch provide a support for nanotube grow h and nucl eation such as
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mechani cal properties suitable for electronechanical sw tching could be
envi si oeleciricalpgeperties.

The method of preparing of the nanotube ribbons allows continuous
conductivity even over rough surface topologies. In contrast, typical evaporation of
metallic electrodes would suffer from structural and thus, electrical defects.

Besides carbon nanotubes other materials with electronic and mechanical
properties suitable for electromechanical switching could be envisioned. These
materials would have properties similar to carbon nanotubes but with different and
likely reduced tensile strength. The tensile strain and adhesion energies of the
material must fall within a range to allow bistability of the junction and
electromechanical switching properties to exist within acceptable tolerances.

For the purpose of integrating CMOS logic for addressing two approaches can
be envisioned. In the first embodiment the nanotube array will be integrated before
metallization but after ion implantation and planarization of the CMOS logic devices.
A second method involves growth of the nanotube arrays before fabrication of the
CMOS devices involving ion implementation and high temperature annealing steps.

Upon completion of these steps the final metallization of both the nanotube ribbons
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materials woul d have properties simlar to carbon nanotubes but with
different and likely reduced tensile strength. The tensile strain and
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adhesi off & %rrfléfcgé CEhPOUY T %%(é%e%?é ?gﬁ%%tgb%g gv\}g{ﬁ%%t%&gé&oskl {t;fgz?&f orces can

be envi $j,apegkthsistlah 86 ubdiao ericad @eimngsofbisthbilityewith these mdetionsr f aces.  These
nmet hods can be used to extend the range of bi.stab'llé)iﬁ%%( V\%t@ tafgse
junctions. NMaoetubescapkp funstippized SHMY 5oy CWJPﬁatffl caoH Ggat &d

hydrocar bons - L diisnibBrvRiRhaBgsetaBes he i nt er nal
adhesi ORYIS%?S@%%H@%?%%%%HF%% %lﬁg%@mrei}%ggns. Certain of the above

aspect swithitcthe @dbdie hybrid circuits and the nanotube technol ogy for

addressing, are applicable to individyal nanatul i.ng directed
growt h t echnf§ta&, of dhed V%?Spf"étsrl%‘ﬁl?)f‘ﬁﬁ’g qygﬁggﬁggglsa?&\?\]ﬁg?m‘ggﬁ% urt her

appr eci FortaRBreS SR &reipplibMlPictnaniduanii@nptiben(d s, witg dirdad ed to the
above-dgetsdgfriiolﬁﬁgyé1 Oénboc?i ment s t?gt rather is defined by the appended cl ains,

and t hagrovth secholgaiesrstog) drito Barassadorddi f i cati ons of and inprovenents to
what has been descri bed.

Tt will be further appreciated that the scope of the present invention is not
limited to the above-described embodiments but rather is defined by the appended
claims, and that these claims will encompass modifications of and improvements to
what has been described.

What is claimed is:
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What is clainmed is: 23 WD 03/022733 PCT/ US02/ 23861 1. A conductive article
conprising an aggregate of nanotube segnents wherein nanotube segnents

cont act owbas/omIadt ube segnments to define a plurality of Pcoanboz2IseE

pat hways along the article. 2. The article of claim1 wherein the nanotube

segnments incJude single. wal.led car. itGeambh@l € of claim1l
wherein the fnanot%1981%158%?{1{1%1%Cﬁ@%ﬁlggl%r?ﬁlaﬁ%g{e%\?\%ﬁ 3%10car bg% nanot ubes. 4.

The ar tyi5dr€inan6tuBé BBchenheosiabtt sther madnbebesmanneniinhapbirdity foér ent

| engths. 5. The artiéﬁe of claim 1l wherein the nanotube segnments include

segmenteondiciiverngthavdys algng thetpsti¢ler than the length of the article. 6. An
assenbly including a substrate and a conductive trace di sposed on the
substrate, wherein the trace includes nanotube segnents that contact other
nanot ube segment sThoartelkionelain plwiteadin tthe winotube degnodnyeingdpwagte al ong t he
trace. 7. The assean% of claim6 wherein the nanotube segnents include

si ngl e welad gharBeRLEanot ubes. 8. The assenbly of claim6 wherein the
nanot ube segnents include nmulti- walled carbon nanotubes. 9. The assenbly
of claim®6 wherein the nanotube segnents have different |engths. 10. The
assenbly of QlainTﬁemmeheﬁnbhhd\Wamdnuben%§@ﬁvﬁ@gm@ﬂ%ﬁﬁh@5n§a§nents havi ng
a length shorter than the length of the article. 11. A conductive trace
conpr i sWAPEGRTRMRAPIOEY net work of ‘nanotubes in contact with ot her
nanotubes to define a plurality of conductive pathways along the 24 WO
03/ 022733 PCT/ US02/ 23861 trace. 12. The conductive trace of claim 11

wher ei n t he #anot Tbestticleof olémd; wgrein thananephesegaenthaaG HBEEnt 13, The

conducti'ﬁve trace of claim11l wherein the nanotubes include nmulti- walled
carbon 4885 ubes. 14. The conductive trace of claim1l wherein the
nanot ubes have different

5. The article of claim 1 wherein the nanotube segments include segments

having a length shorter than the length of the article.

6. An assembly including a substrate and a conductive trace disposed on
the substrate, wherein the trace includes nanotube segments that contact other

nanotube segments to define a plurality of conductive pathways along the trace.

7. The assembly of claim 6 wherein the nanotube segments include single

walled carbon nanotubes.

8. The assembly of claim 6 wherein the nanotube segments include multi-

walled carbon nanotubes.

9. The assembly of claim 6 wherein the nanotube segments have different

lengths.

10.  The assembly of claim 6 wherein the nanotube segments include

segments having a length shorter than the length of the article.

11. A conductive trace comprising an electrical network of nanotubes in

contact with other nanotubes to define a plurality of conductive pathways along the
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| engt hs. 15. The conductive trace of claim 11 wherein the nanotubes include
segnents having a length shorter than the length of the trace. 16. An
assenbl y woaBed7ss) a substrate and a conductive trace di speyabonesset he
substrate, wherein the trace includes an electrical network of nanotubes in
cont act W|th ot her nanotubes to define a plurality of conductive pat hways
al ong t#&C race. 17. The assenbl y of claim 16 wherein the nanotubes include
single walled carbon nanotubes. 18. The assenbly of claim 16 wherein the

nanot ubes include nmulti-walled carbon nanotubes. 19, The ssenply of claim
16 wherein t h2 nahbe aensectieneacgiof clepm il whessipthesnanoigbesiRelude 808 v of claim

16 V\hel’e%ﬂ ?arPnanOtoHR% i ncl ude nanotubes having a | ength shorter than

t he | eng HePPace

13. The conductive trace of claim 11 wherein the nanotubes include multi-

walled carbon nanotubes.

14. The conductive trace of claim 11 wherein the nanotubes have different

lengths.

15. The conductive trace of claim 11 wherein the nanotubes include

segments having a length shorter than the length of the trace.

16.  An assembly including a substrate and a conductive trace disposed on
the substrate, wherein the trace includes an electrical network of nanotubes in contact

with other nanotubes to define a plurality of conductive pathways along the trace.

17.  The assembly of claim 16 wherein the nanotubes include single walled

carbon nanotubes.

18.  The assembly of claim 16 wherein the nanotubes include multi-walled

carbon nanotubes.

19.  The assembly of claim 16 wherein the nanotubes have different

lengths.

20.  The assembly of claim 16 wherein the nanotubes include nanotubes

having a length shorter than the length of the trace.
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