24 JAN 2006 Nanotube Filnms and Articles Cross-Reference to Rel ated
Applications This application is related to the follow ng applications, all
of which are assigned to the assignee of this application24dadN 2006 of which
are incorporated by reference in their entirety: Electronmechanical Mnory
Array Using Nanotube Ri bbons and Method for Making Sanme (U.S. Patent Apl.
Ser. No. 09/915093, filed July 25, 2001); Electronmechanical Menory Having
Cell Selection Circuitry Cemstuheckibds wnd ArNelest ube Technol ogy (U. S. Pat ent
Apl. Ser. No. 09/9 1 51 73, filed July 25, 2001); and Hybrid Crcuit

Havi ng Nanot ube El ectronechanical Menory (U.S. Patent Apl. Ser. No.

09/ 915%@3&&%}*0%%9% Yeektod APREiiofgackground 1. Technical Field This
invention relates I n gener to carbon nanotube filnms, fabrics, |ayers, and
articl es andhinappéictiaul aclated tortei tndoweing @pplicaiohy; atlafdvidch me articles from

carbon nanotube fil ns, brics, or | s.faor a variety of uses in circuits
or the 3s§ipRed to thegsgighesp 1S&ppaé4tﬂ‘e@%yﬁﬁ{0ffﬁ@c? ars IQB?IQO%Iaé%il?Ycati on of

el ectrie@lde GOREYEhiiNG: ultra-thin netallic layers and electrodes in the
sub-10 nmregine 1s problematic, see, e.g., S. WIf, Silicon Processing for
the VLS| er &levomarbaiical Mrooessrintege Manomb¢ Fabidinsen®Msbod Sunset  Beach,

1990) . tal fil in thi i.ze.reqi e_us I -conti nuous and not
conduct%‘ﬂ“%§@?“e @élr g)é'(?Bb‘liEféP"stl{PnB%}ﬁ_S@}r fl#élrlﬁah‘i)‘f;é%ﬁ&e sub-10 nm fil ns
are prone tﬁ?eétﬁb%ééﬁlmi%m&ﬁm@m@iﬁ%éém SalkcirdH CRANLTRRIRBudBE Pignsui t abl e
for applications such as electrical interconnects in sem conductor devices.

Ther mal Natatrdg & eolind g yn(U.frefPaénti Anl ebar N0 @V %1 Jdddsfildd Bylyt Ae 200 Nomd eat
conductiviti is.one Qf .th i ctors . inhibjtin r tic
o | vt TS B b RalRPe ERCh ShBervio Bl Metnt (O BRhf o1 o

sem cor]%lg:g@rNg.eog/@pmgs,q%@ggmtyiggpgmo1i)_nt erconnect technol ogi es have a

tendency to suffer from thernal danage and netal diffusion eroding the
performance of the sem conductor devices especially from degradation of the

el ectriga{l: I o rties. These effects becone even nore pronounced with size
reduct i BEKEROYHR r ent generation 0.18 umand 0.13 um | 24 JAN 2006
1 Technical Field

This invention relates in general to carbon nanotube films, fabrics, layers, and
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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structures, e.g. by nmetal diffusion through ultra-thin gate oxide |ayers.

There is therefore a need in the art for conductive el enents that my

operate well in contexts having high current densities or igyExboese

thermal conditions. This includes circuit cont exts with very snmall feature

si zes but incl ud s ot cu rre@ ﬂ? trerre t hermal environnent
d8et

h
cont extSIAWCHEtS: | y‘f‘?’?é?r‘]éh”‘émg gouL cjt‘?"\}é el ements that will be

less |ikelyThereQi fibtseeunidesii apl:et @H@M{Mﬁ@tn@eleﬁ]@ﬁt&@lﬁﬂt@@d}ﬁcﬁnetdﬂé0 ot her
circuit elenments. Sunmar The invention provides nanotube filns and

arti cl esllandometthbadnphignakiiag! ddrellicaneln chdee tbmelaés@fébftm@f Thiwe i nventi on,

a conductive article includes an gat e f n whi ch

t he na%ﬁ%& ]é%[rfé)ﬁfcéts ‘61#?]58‘9/ S(WH @9 %%eﬁtg’él?“kcguéinﬁ%ﬁﬂ %g%%gf‘f“ﬁte a plurality
of condedity\cRerBiaé Mapmal e%'vﬁﬂﬂm%hﬁ:cﬁﬂféxltsczlseyelpnﬂ%ﬁe Rtey a asfager s of the

i nvention, the nanot ube segrrents may be single walled carbon nanotubes, or

mul ti - weadustiveeeleents fhanwill eéesswielwarlifﬁus ugdesehlesimavas dfave di fferent

| engt h na nts _having a |l ength shorter than the |ength of
the ar F?%F@md‘ﬁ%émgr”fl?e&Fggmggr%ﬂ?f]%d may be di sposed on substrates, and nmay

forman electrical network of nanotubes within the article itself. Under

ot her aspects of the invention, conductive articles may be nade on a
substréueuvaforning a nanotube fabric on the substrate, and defining a
pattern wt ttern Correspo Lo, the
Ponducti ve. 7t A @arios h Bt aRgRRlGE RiBRPIR S BRb R Lot ube 1abric
is foremfe. bwndcgma%qgcﬁmh@mhu@@ afc@hamcﬁweranw[@nﬁumg hAkLEe ﬂsgat@g a catal yst,
for exanple, in which the catalyst is a gas phase cataly or in which the

cat al y@fnwt@emwutw@b@hps!h%@ot%tsag%ms copadotiyy h@ﬂotab'pect s of the

vent Loerk N6 ARNOL HRFaT R L 6nd 2L OpB A o ieRESfDg, 2 sl ution of

suspen nanot U €posit € Ution may be spun to

create a spiumdeQahdrigpats éfhbe solentiomnhe Mndabeathaentaspgdiesigdle t he inventi on,
the solution my be deposited by dipping the substrate into the solution.
Under taHed Cfaéfpre@%@u@res t%@ulﬁv@ﬂiqd&afbw@nwgh%% ub Yaalmp segnaenfor med by

R T O T g T
- length of the article.

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 acrosol having nanotubes onto a surface of the substrate,

The invention provides a method of making a film of conductive nanotubes.
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24 JAN 2006 Under one aspect of the invention a substrate is provided and a
vapor - phase catalyst is introduced to foster growh of nanotubes. A carbon
source is also introduced to grow a |ayer of nanotubes that; JaN2006
substantially parallel to a major surface of the substrate. Under another
aspect. of the inven

tion, the vapor-phase catalyst is a nmetall|ocene. Under
Aot het Meee B Pruc bl batoraRdn s ve ctiores BET s oR o
subst r gf@dud th FBGoRhEENRLSRBeS. AR chiBoRRolbe iSHRShiBlReddekidi ng a pattern
within the fabric in which the pattern corresponds to the conductive

ar ti cl efayandf rametwpenigabare pabrstdndialipiatablel foabinijor sofachat therabgatie-er ned fabric
remai ns on phg subﬁt rate ttcg form, conductive articles, . Under another aspect
of the invent & EGhHET &GP PR T WPRERRISE SR YSE 5 t rate, by providing
a subspafiiecedent roduci ng a vapor - phase catal yst to foster growth of

nanot ubes, and introducing a carbon source to grow a | ayer of nanotubes that
are subst abinded dnpthsnpspedtel! thoinyentsgno cordnctize artigles areemadiben fat e.  Under

anot her

aspect of the inventign, conductiv rticles are de.on a
Subst r BTG by sk R s e e Sh e A i el Rl AR o
mat eri glbricRf Phidh A@patRrfedridsyeidstibake Qe & GHiQwt dhdobmpantubes; and
provi ding a carbon source, so as to grow nanotubes substantially parall el

to a npyionoftedelriofo thitdhe pitarnet biin remagnons thedubstrasadtddiprmhe pat t er n.
Under an%luhe{leglrzlglect of the invention, the patterned |ayer of material is an
i nsul atBFU6F YA 88 conduct or and wherein the nanotubes grow over the

patterned waberdmther Mpdaroranoinbesitias pesductle hifitles AveRMbddn at he patterned
| ayer is a patterned netal |ayer and wherein the nanotubes grow in areas

ot her #hshaehy peridirerearbreelal infragesinge vapormises ¢aslygio sisterigeo'phawi ng | n
the Dr S tub'é&,galﬂ? ?ntgbdh%ribgzxtcra%toﬁssoﬁ%crﬁﬁg[‘o"{)pgl:ﬁ%l‘ E}f r?z«[n%ﬁﬁo%g thal ry. devi ce
according to certain e Iments or t I 'nvent1 on, I gures -Billustrate

two statteandhllapaeiad kya aefdr saefaey off ihg sitauari t ain  enbodi ments of the
invention; Figure 3 illustrates acts of nmaking nenory devices according to
certain en{,]@gf:rn@ﬁg@r dipeetd thipypRtigyy conductive articles aré made on a

substrate, by providing a substrate; providing a patterned layer 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 metél

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;



24 JAN 2006 Figures 4-11 illustrate several fornms of creating an

internmedi ate structure used to make nenory devices according to certain
enbodi rents of the invention: Figure 12 illustrates the nogg yRXeEmoganot ube
fabric, or matted nanotube |ayer, used to nake certain enbodi nents of the

invention; Figur 3.llustrates the nmatt.ed nanotube | r.in relation to
i dden,  urtderey g PraetE R Rt B ARRL SR st Fon: R gur e
14 illustrates addhg&ShegohQltvkeohccodih@idcmioehieiien@foftie i nvention;
Figure 15 illustrates a hybrid technol ogy enbodi nent of the invention in

whi ch the menoryingettonises nanot ube technol ogy; Figure 16 illustrates a

hybrid_techaglgqy TRAILITOLAOLL B NG BT ) G, BS. SDTY cOre and

t
addr essi ng nes “use” nan e ribbon ec gy; Figure strates acts

of maki ng el ect riugedltd yake vetugh bMBodifichel Fshateeneg to certain enbodi nents
of the invention; Figure 18 illustrates how el ectrically conductive articles
accor di ng tHgeerltaiinsirasestbelimatipd BansiuleHaygrig epletigmtodagddde used to connect

el ectrical conpo ts: Figur 1] Lustrat.es way. of creating an
i nter medi ate st riuc eﬁ glgat?,aé: t icﬁ;g,‘%tnoemt&oedﬁlgringOgﬁrlgola?e Mt's of the inventi on;

and Fi gur e @RBurel ll4uisitsadt@sadarddsing Wapieof deaaet elaBodialehisGf U ind@&itload nanot ube
| ayer, wused to make certain enbodi nents of the invention. Detailed

Descri pt i onFiBy 18 iHustraseretmdmiddeghngtagyopbpdimagy o Hep imseiioadnf or maki ng same
are disclosed ipn [ | ) ' ells are created that
operate anal ogo\ﬁg% t@%@ﬁ‘gﬁmﬁ%@%@g{sﬁ (Erﬁ%gg@é%%d in WO 01103208, which is
hereby i ncRigperiatigdsthied fi@r@neshniolbgytesni@idimeRtof thddavwansn,inunl i ke t he NTWCM
devices disclosed in WO 01103208, new ribbons or belts nmade froma natted

|l ayer of nanot utsBishdhe meperL sy abf pddiesstgoines dsppansatbeditbogsed as an
electrically CO”{@HI%EJI%@- el ement. At points in this disclosure, the ribbons
are referred to as trdtés or electrically conductive articles, In sone

i nst ances, [Fipererli7biblosnsatey etssofspakimedectanally condatther articist arvoeding hey are

di sposed on a substrate. In_sone jnstances, they are used to deflect to
certain states URFEFIB ERRANBENS Qi dvyentighd in ot her instances they do not

Figure 18 illustrates how electrically conductive articles according to certain
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 1n 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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nove and instead are used sinply to carry an electrical current or voltage.

The new 4 24 JAN 2006 nanotube belt structures are. believed to be easier to
build at the desired levels of integration and scale (in nypex 298fedevi ces

made) and the geonetries are rmre easily controlled. The new nanot ube

ri bbons ar elieved to b tp nore. e I, urrent densities
W t houllla%?jﬁf bt? “ﬁg“f"ﬁ““ O\F/Cé] ?It? ﬁ%‘&m“” ﬁ'él?’fp{[ tﬁ%g?glﬁée%é%\%? X expected with

net al  thta&ason Matctemeq&rrtmwmeﬁh@dbmﬁﬁc&) ahd fif&egbebﬂ]‘é&EHsla%moﬁi @gliyically
conductive articles may be nmade from a nanotube fabric, layer, or film

Car bon cagifidiedbdle WFWH‘at‘QPBBB righenretre balicyed [q e plde EsMOraRASHY BATEY ect r i cal

conduch or s LAl B BlifolQuiRh Y 1B B el A EGRHeglgl L es, see,

al so haygectdaayiti gb@stradegown heat conduct|V|ty, see, e.g., S. Berber, Y.-K
Kwon, D. Tomanek, Phys. Rev. Lett. 84, 4613 (2000), and are_ thernal I y and
chemical Iy $ingpy C@ftﬂ@efénb(éh@lemspfﬁhe Inyeign, equtWalEm%ﬁWeRé@ﬁlePr og. Phys.

60, 1025 (1997 Howeye u ual anotub bl emati ¢ because
of di f Paaguq]é d)e ffomananétube fart')u 1 WP‘? hglfdl 1C%ar|'1tofust‘e 2 Qe

t1ES row n Sui orlentatlon
| engt h diaaert asehtﬂblak& ani@Etﬂ&d‘ﬂ@cdl CanRSory mm ﬂa@ehubeaﬁgbml@ﬁelal | ows the
traces to retain many if not_all of the benefits of individual nanotubes.

Mor eov 8igh qurgkledsnfibigle Sed 68 nanbtukel 1 ate; €. Dkl BoseRey-d-aof4f ound i n
di d t d of
O g ORISR By LB LAFRE B DO o ey

fai | ur @edlferbY eRKK@bn abd. TodavdkgdbRys. Randtam a4, 4618t(ea60) hdieare are nmany
al ternate pat hs  through which electrons nmay travel within_a given trace. In
ef f ect heamalpand CHEAHCR B GHAD I A Ectbe” h RN Oy Babases, RimPEIect r i cal

”e“"’o”th 8{ 6024 é’% %%WP%% 1&&]%’&1151*}&0@68 g}goﬁléﬁﬁt?? p&ag of which may

conduc ectrons r eover, si ng nanotu rics, layers, or filns,
cur r enbf tdfitnndsdg )gramyig Ibieero mtlh snmalu:uyeantmlhad(dmehtaﬁoeslsngdanmtdube Ri bbon

Crosshb r nories ( ecau th nanotube belt crossbar nenory
devi cedkepbfeating gﬁ%qséﬁ’@hg?ﬂptu?%%ﬁﬂ‘ﬁﬁii WsHRC HRS L9 FREFIGANAYY i ?H%tiaﬂ architecture

and pr LAM&iObt BRVi@AL ABndtabd! 'L@épeove’?%@&%@ﬁﬁ@e PRYn RéhoiRsatf VO 01/ 03208
for fuller description and background. Figure 1 illustrates an exenpl ary

el ect r brechaniic abot fmmdmylrairivldyalm@otub@nsfbr axanaple atocr the ngcetscmeprl nci pl es of
preferred e the inventio ity of

t
Pon. vorSIPR S RoATy nanttadsTs seiEnton s e vl mhY ei3R ARk hbe” or - of 1
state ffire dhecActUR inBHIRAT nSfotshes MnG&ldl thelSark M@BtElcalatd Paths

through which electrons may travel within a given 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 archilecture 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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under standi ng the invention but the technol ogy may support devi ces having
informati on storage capacities equivalent to or |arger than nodern

non-vol atile circuit 5 24 JAN 2006 devices. Each nmenory cejd yAQ3ppscl udes a
nanot ube. ribbon 101 suspended by one or nore supports 1.02 over electrical
traces or wires, e.g., 104. Each crossing of a ribbon 101 and a wre, e.g.,
104 f &FNECR crossbar junction and defines a nenory cell. Under certain
enbodi ment sEacﬁ%%l&?lcéH '17@3/11*3ﬁldrc@§qnaf?(5tubé"ﬁb53nefb1%8&6?1@13&'!}9%11@ grrents and or
voltages to el ectrodes 112 which are in electrical conmunication with
ribbonsm@@&pmnmﬂ@pwuqhﬂ@kﬂcﬂnmd@sommm@sshoﬂﬁ% in comunication wth traces

or wires 14 The sup 1gga made f r 88 of silicon nitride
(Si 3N4) . R/CF%W&" oipH f)%ﬂ ]g a §QCqe 8y 3@%?0%9'1‘%856 PHAHY he n- doped
sili C%dtd'éﬁﬁ&sa% ot [ tmdépg&ula{lsﬂlgo&ménaoeacmfeﬁrmalyl&leﬁi%pr ring

conjointly to ftigur 1-2B, junction 106 illustratesthe cell in a first
physi calittantdy gipbdhg curraelntssarai@ viofhtapds toleldchredasalri @twikieh picbbetecti3sl i s separ at ed

from corresponding trace 4. Junction 105 illustrates the.cell in a second
physi CAMTROp g ﬁlwpséégf’bﬂﬁw%ﬁ‘w Ae(9LHEMTIA" PPBBBIICEESN i s def | ect ed

towar QVn?kP{rﬁ&‘-:%BP%'eE‘gOtl UTRCS: g};gﬁs ld)’f‘axtehﬁacfe'f[(ﬁﬁ a$4RL §08 bGlikypCtion is an open

circuit, which be sense such on either the ri bbon 101 or trace 104
when mtraiddSeﬁsk(Beldmlayhel@?exs@rgdlttsmatlelaythbﬁ jeparating heirsdapadect i fi ed

j unct ottk r Wwhi ch be sensed as such on either the
t ube fgicc'g “ag‘?sa%(gt}i] mﬁsﬁe@d‘%%r&f:%%%@nq@der certain enmbodi nents, the
nanot ube riaheninkQonBRYIyRS fekd 1. @Bmﬁmdm}s lﬁﬁstﬁalf& (BUBAPHESERY friction. In
ot her embodi ment§ t he rlbbon may be by o means, such as by

anc homhryglcalwedreiebbmalsstat@ in h@lcélubpaamcsumm@nalw 1asemlai‘aﬁretw of techni ques.

This frictio se of chem cal teractions

i ncl u§Hg® 99(5'55553 E‘%dﬁ'ﬂﬁ ?’P‘n?%%gh‘ tj%tgs h’é’ece 1”1 & 57954 PE]B%%@H s such as
Pyr enegec@fical ¥hRREh wAIGIhE ahhotubEabbdl B 1SPasfl&sed tBVARDERRFoiingS Pi N- coat ed
material such as metals, sem conductors or insulators especially silicon,

tit anittaep 184 Icba fisstisaes, gre metyﬂifwﬁ@é opeeiranitavhishpuaybrieansedas ncr ease t he

D1 NG b5 06 e T8, NRARLVAE: 16PRAS PLaarbadh ) SpleofRNaLHORS can 2l so be

pi nne hroug Use wafer e surface Chen et al.
" Noncqu@dtmtls Sretayad junttacd. @nsdhomtylo@ BPNOf wisich@ie-Ddakhed asGastbem Nanot ubes’
for Protein Immbiliation," Am Chem _Soc., 123, 2001, 3838-39 and Dai et

al ., Agper thpighe 101 @y trace WWEE‘D@ adghigssed.7 f or exenpl ary techniques for

Under certain embodiments, the nanotube ribbon 101 may be held in position
at the supportts by friction. In other embodiments the ribbon may be held by other
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 WO01/03208 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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pi nni ng and coating nanotubes by nmetals. See al so WO01/03208 for techniques.
Under certain preferred enbodi nents as shown in figures 2A-B, a nanotube
ribbon 101 has a width of about 180 rimand is pinned to a Upge

preferably fabricated of silicon nitride. The local area o trace 04 under
ri bbon 101 fornms an n 6 24 JAN 20 d silicon electr and 'is

bost ¢ et stRpTEEofninEl spabeE o IR Rar el SR SR RSN er than the
bel t, & Gider #3Q (REbell REs. I B Vﬂ@%rv@tc;bgﬁat;’&ﬁzdg@mﬁﬂi@tobmtt&f the support
102 to the defl ected position where. the It 101 attaches to el ectrode 206
(see dupgoartd 02B) thehislibdedposppy Ghétmdbebalt Bl is@tachen to Flestradgy it ke of t he

|5, . designed t tib th el ect |
Cor o cBpawtTi o oe BR ralY ShEGRy kel T B SPGB0t - the 5 50
NM Sepdsane8M bs cAhBiRNE Rl bRECEREL RNl SIRAGHIRHaBilEL bi‘ &Ny ribbons 101

made from carbon nanotubes, but other separations may be preferable for
ot her mramery ddvice. THir éhlmgﬂwtdlmstet &rd 368 nhiy gapatatien ij ma@rtptléyr dsetaween strain

ener gy d,.adhesi .on. en ef eq. nan These feature. sizes
are su“dﬁﬂ%‘l‘@&“ Sr'l“’@lzg'w ﬁ@%ﬁ%ﬁ%rlﬂaﬁaﬁ%@ﬁ L?Pl‘ﬁ&oqlgﬁsh Pfq(ﬁ%%f Ot her enbodi nents
nmay begg %om foly BY prer& @Bl f8r oth @ mhBAiAET Thid! A&ike 1igdes 8O {Hoe

manuf actufine, equi pnent's capabilities. The nanotube ribbon 101 of certain
embodi umrpkay ibstwesn srdinfenergy and eﬁawmergyaﬁrth@d@iecmdtran@ué@s or matted

nanot e bel gw). t chi ar anme i bhon resenbl e
hose. Dt SERUR atier Hsrabnnadt ekl o HoRh SRl essPENFRCOOE fos. and

vol tag@ﬁb&fmffeﬂ@ thaPRON A& Wi thudP BmaNéd B RuddiPsiSai® réfldtBgheand vol t ages of
nanot ubes. Unlikethe prior art which relies on directed growth or cheni cal
sel f - mesdptilyng PqRipdieny Hearpbiibefot ubes, pr ef erred embodi nents of the,

present i nven {on,, it lL2eof BPLIEA LAR.GEON anes, ol Yhng dhip 111 and

| it hography I's et Flcatron sel o] ger%ralfll on over
| ar ge Rbfit of exaeSp@6i Mlaliyd mabebss Qﬁoraibelo@ais ‘L'The&k)@ltchﬂﬁg hetamefdBocont r ast,
grow ng individual nanotubes. over a distance beyond sub. mllineter

di st an®esibben ssendl thgsapifiadividprlaranotifes. r Thisoths PseBCIPGSERHIBE t | npr oved
faul t f
conductT S hal aay S Bb ARk S AR B, BB o nanot ube
br eaksnamh&mt Uhhke thed pirfok artwm:mmbemro&mdmed:gmwﬂcbn atenped! kslf- whereas if a

sol e nanot upe were used the cell. would he faulty Mor eover, the
resi st%?ﬁ%‘@ggd? lf‘cﬂiéldﬂ‘?]b‘l?&ﬂ‘é‘%%%B{ﬂf‘EF%e@? FlFP‘éé’ﬁf*}eme%CBWé‘P’e‘itF%’n that for an

i ndi V'uﬂﬂ?ﬂg fﬂ%ﬁ%ﬁ?&:ﬁmqh%volq gtﬁfmmg AnliSich SRR GGvis HEMGE éﬁvhe ri bbons

may be nade to have | arger cross-sectional areas than i1 ndividual nanotubes.
fabrication lends itself to generation over large surfaces especially wafers of at least
six inches. (In contrast, growing individual nanotubes over a distance beyond sub
millimeter distances is currently unfeasible.) The 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 a 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 (SiyN4 ) 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,
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Figure 3 illustrates a nethod of nmaking certain enbodi nents of NTRCM
devices, 100. A first internediate structure 302 is created or provided. In
the illustrated enbodi nent, the structure 302 includes a siAiggqgﬁHbstrate
| 10 having an insulating |ayer 109 (such as silicon dioxidef and a silicon
nitride |ayer i3 108 at. defir Aplurality, of oris 100-1. In
this iﬁ%%é%chﬁgﬁ %gé%ﬁg}Ssk%ﬁﬂugpgtggiégﬁﬁmf§%#§&%a%ﬁu§§@¥%ﬁ%ed silicon

ni tri di, thisheugie BBYradshe)d @& ERNVGEIERES AN E cPREQIHY Be s@ap?)1‘12402],AN 2006 such
as a plurality of colums. Conductive traces 104 extend between supports
102. by other giTpireemientse aretEsiblegs @&e At SPBICYHOWPT £3 288 Ke fitdced INYY cont act i ng

t he su nt \ r_arear ent bl e.as_ar t her

geonet %qge{sb;eﬁ*%g%eag%?r%f Zél% ngjgggsloggggﬂg% g}ﬁ%g}f &ggzﬁsh f1§%§§18‘ﬁf%éﬁd support 102

and traa¢hi@homeychggdashinngde asoss-sudtiods Ghclubfiy lay@laai- rect angul ar
transverse, cross-sections, including triangular or trapezoidal. Sacrificial
| ayer stra@aoidple Sicgfieigklayens 60 apndsposeibepvedae wercad O 6o @etd ¢pdincone pl anar
surface 306 Wi t en sur f uppoerhs . i.s planar

surfac@r}e Iggna\fmsérl?acl%}elj% g)%%&a{hﬁzlgp%rgﬁ%g\?v% ?%E?F?Rpg’ﬁgs}bﬁr ifﬁfs FP% "a matted nanot ube

| ayer @fiface ek iall he @Rplaticd®blos:, fANIEetes geiwih of hmteledMand@Be I§ecsfeat ed or
provi ded, the upper surface 306 receives a catalyst 308. For exanple, under
cert ai fErEHOIRP £RiS. a catal yst nmetal 308, containing iron (Fe), nolybdenum

Shi st metal 308, containing )
(VD) cobal b, gy . 0h el BRFAAG is 8o O bECLNG. BRI AEERtIDGoR Ot her

application I ques Create a second in structure 310. A

mat t edrecaiyes a Gitdyaf308amot ehasple untibeRrginsbddinent, Nedalyavenall abric of
singl e-wal | ed carbon _nanot ubes (SWNTs) to forma third I nternedi ate
st r uct 8P% centainingdgpn Eedmpelabdanye @dorrbaltnpiedtherdpgials, stappbedp® 310 nmay be

pl aCEdg%%;cS’a{kﬁ Bt %@ﬂioaﬂ‘éﬁ&e%ﬂni Resto Qi-&gb 4 B ?x&é’&rﬁeﬁ%&t@&nﬁ’éﬁgp' ¢, about

800-12 e gases containin a carbon source, rogen and inert gas,
such a%l@rgon or nitrogen, are flowed over the upper surface. This
environment facilitat the generation or growh of the natted |ayer or
film312 ofémb&ﬂé@magﬁ%af e%&%@?wsaﬁ%ff givad! m%%ﬂ@w@we@ia?ruf@?pri merily one
nanot ubggib i ika Aok BEnotaEd:AUN NG rANLHerd!iRicAREIARAA ARV A Van der Vaals
forces. “Cccasionally, one nanotube grows over the top of another, though

t hi s gFowtxhmpk, theskeagridiateymediirestuetnte Hdenapbe hleceg o n beancedci es of t he

O SOt Mot 2 (9% SR Boech Mo 2Lk ™ P
a carbon source, hydrogen and inert gas, such as argon or nitrogen, are flowed over
the upper surface. This environment facilitates the generation or growth of the matted
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



nanot ubes with specific densities either nore or | ess dense as is desired-
When conditions of catal yst conposition and density, growth environnent,
and time are properly controlled, nanotubes can be nade toeyeqhios

distribute over a given field that 1is primarily a nonol ayer of nanotubes.

Pr Operri?ﬂ&%ﬁiﬁti{cg%ﬂeﬁ? fC?%?B!L[PJtH‘? s e qﬂ@;‘lﬁg& At@?#}%‘]&b@g@&u&xaﬁl&c‘l imted to
catal ys corrpos-|]t| 6n and ‘concentration, Tunctiom alization of the

under | ydrpendseinirag ehe wlerlyoeatdcag 1 par Bneptersedisianginioeddo RRM , growt h ti me,
tenperature and gas concentrations. A photoresist may then be applied to the
| ayer Bhbongd§l phiieerasen peagets brigiyug onNapgestarhidhe erndeEtat t ed | ayer

of nan . 16, {d bbon patterns cross (for exanple, perpendicularly)
t he unlg]téérllﬁlglaﬁlge%ug%gbsﬁlgOA The photoresist is renoved to | eave ribbons 101

of non-woveTh# aeh wierrheadiite etrhyturg 1Grhap lpafians SR bageu@@plyig form fourth
internmediate structure 318. The fourth internmediate structure 318 has

por t i ofsTiBoE! ayer 304 epered| ayishevns dBe puryciyrg P 1P iythen soated wiklis¥idicis shown. The
struct LS. : ' f. G o renove the
acr it TayZiehisS ihd GEHECILE, 30, BN e BLGHRRRdE kP EM0T ' hus

f or m ngibleonsan ajtusS2modg an rbert 210 Tibuspiricedparded ovéracass 10ta@and  support ed
by supports 102. Subseqjuent netalization my be used to form addressing

el ect r gpertedbysuppedo10&hown in figure 1. One aspect of the above technique

is that thegvari 3 rni Il ,ONS, May use
convent i onaﬁxtﬁgéﬁﬁfgg{e@%suncrﬁggis)glLl[l% %gﬁ"%%?%%ﬁ@f g@%@ﬁ‘ger aéémrl ri;zent ly, this
may enghivin ingdafuty 8 si zes (e.g., width of ribbon 101) of about 180 nmto as

|l ow as 130 nm but the physical .characteristics of the conponents are
anenabl e t oCnggwsclhdhe ghovedeiimiqueds hakthe vagaligrawily PRHEEERAR | i ti es

perm .tetclﬁ%ﬁ‘gg&]ati&% RAPLR d&ﬁ@%ﬁﬁinﬁi"é&cﬁd’?@e@, QALK a@ﬁﬂ%gga%gg‘,' 5 rtlﬁgﬁ\@tys of creating

the inter late structures or anal ogous structur ed”above. Figure
4, f or Cuex@iyplles mshonsil dedunsayzes de.gr, @adtk of hibbdri 13Y) df abeutntS@inat & st ructure

302 A silico fer 400 is proyided with_gn oxide |ayer 402, The oxide |ayer
's priviana 0E byl B mRuPRRbTE N BB RAOTERAE BESRY T Ion 1 gm A
Si | i OBy shfdlBErealu 3MA)if haMSfacdPheicipdaRRS pLAGION top of the oxide surface
402. The silicon nitride |layer is preferablpy at least 30 nmthick. The

silicon nitAsaall bayelainod below Heenc patrnayypessiblndvatsofietkatiog fener at e caviti es

intermediate structures or analogous structures described above. 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 pm. 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 pim 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



406 to form support structure 407. Wth nodern techni ques the cavity width
may be about 180 nm w de or perhaps smaller. The remaining silicon nitride
material defines the supports 102 (e.g., as row, or perhapss §RNWPHB) - A
covering 408 of n-doped silicon is then dep05|ted to fill the cavities 406.

The CO‘{mt%[ﬁd?& cfé?e%%ﬁ’(bﬁﬁﬂ?g %EYmﬁE’é%ﬂﬂ F@Q-F ?[ﬁﬁ%ﬂ'ﬁ%t 3heuf 11% eﬂfrihhh' ck but may

be as in as coverrn rocesse or exanpl e by
sel f - fdiladdnaniridg i0featiddck silicon Iayers or by anneal ing, to produce a

pl anar surface 306, discussed above, to form structure 411. In the case of
sel f-f1 at t ehicngiuciusadt | vehpperiduedingrprngdelipe pacoifisie] BARFESI0Y68 end- poi nt

det ectd;on a§> ([} Wm%%e ‘{é‘gbﬁiﬁ Japkkd éd’ue upper surface 410 of the etched

silicon i I's reache ruc ure 411 is then oxidized to form and

defi ne, saCThefmrﬁ:loaberteﬁiywnsauaﬁépolmon&ﬂﬁha@oﬂirmk@aca@l(Dllm deep into planar
surface 306. The unconverted, remaining portions of silicon formtraces 104.

Figure 5 shgddreahdionerannbenbathor dhatmay tsaised decieate dheeTBGMe NTROM  devi ces:
100 of | d bed
T I

t hen acdﬁieelcuousmngﬁgm@\etl;)mmrmes@ Adpyek 54 ong- dbpe@htﬁﬁ(bd@mlhfﬁiadﬁ!@d Under certain
enbodi nents, |layer 514 is added to be about half the height of the Si 3N
3upporq%ngl@§VDam0@¢SSt HuteEyeer dacdrqplatiggd dindensertiheaPedipeatseldyes pet - f or ned

to yi eft)lqldl a @édatﬂ% aESQt i h H&G[%tc?tﬁé)S%ﬂg EJsﬁH@t“re 411 1ike that

descri ove. annea |n§ e silicon of layer 514 to flow
into the caxfteiths 1&};@6514Llslﬁddéd)ah ddﬁ&(bmgb&:@ it peif@mnpreded vietd i th figure 4, the
structyre 411 is then oxidized to formand defjine sacrificial |ayers 304 of

Si o2 aMerArized swiacR0de o Yruchiradat 11&6!‘#%9%5‘33‘@6(1 ahgvgurld®e 6 shows anot her
appr oagiieditte gy éﬂu@@dtﬁ@s@&&@&ﬂﬁiér‘ﬁqﬂ% b ihiY BERdli@l M, structure 302°. In

this a silrcon substrate IS covere vmthalayer 602 of
silicon ni tImikelehdndwscm@ediuh@mgbntuﬁmnlofwarte4 dasdtnidirevid 1 iEhkersi [ i con nitride

(et | net Sy IPEE 20 QoG B ADRSh SITpRObE I G2B B 445R 1608 of T he

surf agQa®ir s§ithdeCy, substrate 600. The exposed si I icon surface 608 is
oxi di zed to generate a silicon dioxide
Figure 6 shows another appreach for forming an alternative first intermediate

structure 302°. In this embodiment, a silicon substrate 600 is covered with a layer 602
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
(5107) 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.
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(SiA2) layer 610 having a thickness of a few nm These |ayers 610 eventual |y
insul ate traces 104 anal ogously to the way insulating |ayer 109 did for the
above- described structures 302. Once the insulating |ayers654Q Jgaye been
created, the traces 104 may be <created in any of a variety of manner.

Figure 6 illLustrates the processing steps of figures 4-5 ysed to create
such traces IR‘FBCti‘i"I 16 FVB‘[@ (?ﬁﬁ%mdh? ﬁ]fc “ﬁ@ﬂf‘é’e?}%‘ﬂ &%[Ciéﬂ’cg‘ts%‘\&ﬁ%br oach for
for m ngof td Sl AVRETROS ah@Sddime ks Rr3082. A silicon substrate 700 having a
silicon dioxide, layer 702 and a silicon nitride |layer 704 receives a

patterned phdteowessat-dbeyienlicros ] OFory xdappbiesd 1a thhotvdiesi08t Undgter may  be
spin-coated on layer 704 and subsequent| xposed a g it raphi cal ly
devel op&H™ E@ggﬁmg‘i&f\ﬁ S8 1R 8%‘%535(2, %%%G%tagﬂ‘?tneél”(‘ﬁog ¢ h?lc{[;ﬁg“loﬁ)ke may t hen
be usegyd g w}gﬁbﬁgl@ﬁl\m | ayer 704 to formcavities 70S and to define
supports 162. Ptermards, n-doped silicon 710 may be deposited in the

cavi ti es 708hephderesist @P anchsibadodithentop of e @ohoregstdéivosd then t o a hei ght

about equal ,to the. height 712.of the Si.3N4 support Q2. The phot oresi st
706 anaoped e8n B ionnan st seb i ale R e B st pped aney
to forman ipteniRGi-alg isticd Okitifeddd Lehdike thd@lcrifienekidadvabayge. The
structure 411 is then oxidized to gerierate the sacrifici a1 SIQ2 | ayers 304.

Fi gure 8 shéigralshdwes argiwraapteatiotor fonmmg firdt intstmédiate simedintat3®2st ruct ur e
302. er.this approach, a startjng strueture. 800 is provided having a
onest T WirrpagER et A s B R R leh G Yk ISEba on Top of
it. A sl SlolesianidoayRoxi8Ofyksso4ah ibpRf af A ayend Sdomngemopgsond silicon
di oxide layer 808 is on top of the second silicon |ayer 806. The top

si | i comndviosd laeerNi®d)and gyseeorgogliqog ditidelapedBSyis phdeodl hhstoaphy to create
an Rl Esf@gk a8%08 6The mask is used to etch the exposed portions. 812 of
second |Né’0’h Qayer 806 down to the first silicon dioxide |ayer 804. This

et chi ng credghesop gAY diogid8 19BN yeledisne pafidra&Eby phistolithbgragi@yict i es 814 are
filled and covered with silicon nitride (Si3N4) 816. The Si 3N4 covering 816
i s backeaterad il maskd 0. t theymeskda piedie eghtthgagosed pordiony dhefrieeriidpor t i ons of

the S Qﬁic{pm’a% ﬁ?@d&{?ﬁ’ gf 09irtcN0ic0n ARG 1BLdr 09N 1R LGLHIRGERALO4  (Which Torm
the sadriticral ayer 02) .
cavities 814 and defines traces 104.

The cavities 814 are filled and covered with silicon nitride (SizN4) 816.

The SisNy covering 816 is backetched with RIE to the same height 818 as the
remaining portions of the Si0; 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 SisNg supports 102 have a height of about
30 nm. A thin layer of metal 902 is deposited on top of the SizNy4 supports 102 and on
top of the exposed portions Si0-, 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 electropiating, 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
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Figure 9 shows an approach for formng an alternative first internediate
structure 302". Under this approach, a structure |ike 407 (shown in figure
4, but not figure 9) is provided. In this instance, the S 3N§satfgrts 102
have a height of about 30 nm A thin layer of netal 902 is deposited on top
of the Si 3N4 Supports 102 and on top of the exposed portions SiO at the
bottorﬁ“&)‘?ontgﬁ%‘”lf’a\ﬂ‘?ci"é% 904 as depicted by item 903. Metal 902 and 903 form

tenpor ary eh?ecstnrueeé@éa,n/ﬂ\lé ﬁcﬁéﬁ%x%zé&t@‘?@x‘?ﬁjsa%hhtﬁpﬂ 8QB604 M@t hen be deposited
or grown by electroplating, covering the el ectrode 903 until the silicon

906 acixipeseispaatidisiof hllicODBis g red abpvaofarksaspippr taye023Ghaag bt act i ng

el ectrode 902. The grow h ocess may be controlled by the oriset of a
currer&‘O‘P’PéwtkH%&r\Ré%?'fﬂﬂB F@W@r and upper netal el ectrodes 902,3. The

exposed met Eul%l l% 35\99%@&2&8??%' ach @&Wopﬁm@?ﬁ?(\iﬁ&1ﬁé’d1¥\@tstlﬁaﬁfg ﬂﬁ’l met hods or

dry chenlc met ho Thi s an interimedi ate structure 41 V like the
sti uchuileod idbstiesdODbbdviapevayerofisiimpt RioaidouOD4 dn ¢dpeett it enkba 903, as an

tifact t he | 4 JA 00 I . . Th t t 411
M s SReorbiaydrisbao STedt e P bareet 18 AP BoBeEE T arinposed por 5 ons
of si Irhaeﬂal.63@ngaéragérbﬁ@sa}pBwﬁohﬁ%raﬁxﬁam ﬁatte(ﬂéd%n' @Y @F $ay3PfodrRy be grown

to a thickness of about 10 nm Figure 10 shows anot her approach for formng
first interdedg aitréd1satmdt:¢lmeq®®2¢><poﬂcdspdrtlwrﬂ0§0l@ﬁnf@tped i@l@@n kkyei ng a | ayer

of sil] di oxi.de 1004 second | 1. 00 of silicon
(n- doplip rereined Payrlnsiifouphul e RPN RE R dival “a tmsk T ayer
1008 qgigh@b@hhhn%gggp@;cally patterned on top of |ayer 1006. Lblng
nltrldlzatlon t echni ques, exposed portions 1010 of n-doped silicon |ayer

1006 are cH@nnma&HﬁO&@mmamhedﬂmmMngmnuaupgﬁdﬂéflmzdemhémdmb@wwerted

portions of Lraces 104 The nmask 08 is renpved formng a
structure 4.1% F‘koée(f goﬁ%i@r’i %@dhcé’ﬁc?\‘} ace afp, NCR XK %edigtﬁof?’fql s 1012 of
si | conios Whdriffedal dyerstdngn oxi di zed to for mthe SiQ sacrificial |ayers 304.

Figure | | shows an approach for formng an alternative first internediate
structure @@gm@1lwh@@$amﬁm§0éﬁpﬁmé@ﬁnéb§¢Pﬁ%@ﬁ“@dﬁ@ﬂﬂﬁ@@ﬂﬁl@z is layered

W Bl <fd b0 I AR HSEHL R figP Of the

silicon ni [ ayer |con IS a ographically
pat t erfiled] 1@YyofRi N, & a stering §thﬁﬁﬁ$: Iﬂﬂtop bhehesiltdbaegisidefiayier at®s nl104 are

oxidized to_formthe S102 |layer. 1106 which acts
doped silicon i1s added and lithographically patterned, by RIE, to form traces 104.

The surfaces of traces 104 are oxidized to form the Si10; layer 1106 which acts
as an alternative form of sacrificial layer 304’.

The structure is overgrown with Si3N; 1108 and back etched to form a planar
surface 306 and to form alternative first tntermediate 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 1o 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
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as an alternative formof sacrificial layer 304'. The structure. is

overgrown with Si3N4 1108 and back etched to forma planar surface 306 and
to formalternative first internmediate structure 302"". As j khnPRpgeVi dent
to those skilled in the art, under this approach when the sacrificral |ayer

IS hqa?%uent nB (ﬁraces 18{1._ be segara ed frg} Zupports 102.
Ot her "NAAHPERYC ﬁé“f‘(:)‘f ltyHil e hni U ECH 3'b‘emét‘fﬁ‘f’ yea'ag BEst & al ternati ve
transver§ee @HeQ§§e eﬁ@éhﬂ')%w?ﬁbturcaﬁg sgrt%icuﬁ%ye?iﬁ gﬁrlo?be hbRsdaraces 104 may be

created to have roundéd top, or to have & triangular or trapezor dal cross
sect i omdel mczlndntrftgpm;:hthe cr oss section may have ot her forns, such as a
triangle w Ialndab ve, first

i nt er medi at e‘é"lwrgﬁélEWFQWitlbl’lPS‘?sﬁrSauseeﬂ& ndegggls of su 3[“88‘ ﬁéf‘f’a]f%ﬁ'e | ayer 312 is

provi d&ﬁnz{%‘{%ﬁthtﬂ?ﬁtap LARRE 384 'E)f ﬁﬁ&ré@ﬁlt&in Jch?re 363 HGT L8R Zee1M pref erred
embodi ment's, the non-woven fabric layer 312 is grown over the, structure

t hr oug&sstmbtgrimelt(aﬁ 1sasuggtsaidyts,tﬁ§08 1andh partiouigh mdl'edczdntanoﬂubcﬁf tead growt h

envi ron rovide the matte not ube | ayer 312
separ attDn%{]]erérﬁ‘al ﬂ}fpsﬂ)'ngC‘i n Hgt%gé‘t?ff %ﬁgﬁr““t if e%et"reh‘&rt%eelcg'@?? V?H‘g’ h st/r ucture
302 unger A tl?e§ f@rﬁh‘s@@%u&m §s @%66’@9%1@* §Bﬁ6%§r‘1&ut‘yé§%é§ﬂ§r§vﬂ$&% sacrificial

| ayer to provide a planar surface to “receive the I ndependently grown
fabrlcamﬁMwssaﬁnnbm@aﬂm1dm¥expmﬁyﬂn¢ttbdbaedéssmhwduﬂndeou®a$hhan appr oach.
t he. undersi de of such nanotubes to be in

Because the r,,owt roc e
cont b egor A R P R e S PRe AT bE R et ggs ey enni bi

a "sel {an 88SKARk Yorctd, qiléurﬁgl’) iSaPHGIShRe: rﬁ%fncftloglbrf 8n Aual MhnBaMHEI cul ar,
|nd|V|duaI nanot ubes tend to adhére to the surface on which they are grown

wheneveen-wneergbiicaBesaupaeigha binel] feagwre sizehaf naﬁ@esbet@remrem antially as a
"nonol ayer. e _nanot ubes r er,, another. sa th Iayer IS not
expect n%gsé gE? frﬂ?ft)scoﬁhgaqrt% @] g?ﬂflplha ‘tcdt?ig Wlﬂbct“ @ with one
anot hegrebidfondRardaRE Bavd fbhtu RNE7e3RO LA U $-BnA WSAH BBLAY ﬂlt- Van der \aals
forces. Figure 12 is an aptgr oxi mat e depi ction of an actual nanotube

non- woiegisfoatt SEM.BEgaIesE tof exdneplerfiicRestethe rﬁfrlte'lbsﬁ maecoatwghoeiube, even
r’rpder n lezrrcfaoqlrt] I(t)l}negﬁ edree to';v%Oer 15%58%6 OE&Y)n%a a{}fq;[ g ﬁg%ltlzsi%p dtsgonntf'%tﬁtaﬁil fabric

WIthOU? 0SS I'e€ci s on; nano es h ure sl zes as as 1-2 urn

whi ch wgh peluaws tpheentp IEch ajbemy;ﬁtalgﬁt\ﬁs aRdiguéter 1.2 dnp{thexatRlig asuggest s the
fabric's matted nature; not clear fromthe figure, however, is that the
fabri cfahey 4yayebayiindd nia)} K nayrhaye dengHsi of i fey mlrrrqnﬁ bHbmEK eSS Kigsent . Each

tube typigahlcYolagnd tﬁ%e@%&%r\ge a%d%ésﬂ&téﬁngsk Bhd'IRher. Tubes

attach to one another via Van der Waals forces.

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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fabric layer about 1-2 nm but may have |l engths of a few m crons but may be
as long as 200 mcrons. The tubes may curve and occasionally cross one

anot her. Tubes attach to one another via Van der Waals for §AN|ﬂJ ertain
enbodi nents, nanotubes grow substantially unrestrained in the X- y-axis
directions, but are substantially restricted in the z-axis ( erpendl cular to
page ohatqdgaye of pnelybes YaHsewaaRe s e {HuIcsbpifis aggfewﬂgll@%fp O her

erbodt FGR or TR IHERILATSE ARG ARINE. 2RDT0ACR QAN NANTRE iy 312 Wi th the

use of ori en | ow-ori ent ed ues

suppl eﬁ&@te@&ﬂlpfta&amebﬁndmﬁdotmmiﬁnﬂhtshejchtaalth@mcgmm mrsmch t hat any growh
in one planar axis the -x-axis) retarded. This allows for a nore
even covera Séquet“héle Rt Ay %“Wt‘ﬁf‘a11b¢%faﬁsl“ ishecaiodes 8- rdrol ayer

COA | Mo IR ER M o B S0 SIRL APLBAENS LYoo R A MR OF ¢ e et ted

nanotu ng silicon in figure

13. AS;erﬂth@dt@@dre@ﬁﬂg/& menes deme inmedaded uniap ehdtiaziBsedrodt2 11 Bapt ovi ded over
the surface 306, the layer 312 is patterned and etched to define ribbons
101 ofaddgaseinabiaes fngbhavihat cross the supports 102. The sacrificial | ayer

is then re 3 3 bed above in
connect i onn@m\/? Sl%&f%aley ?nh%ecgg%%’g&?%% W%ﬂé%ﬁﬁ%a%%v [%%\Oﬂ%%?ayer of

nanot ubes tcsﬂc&mfmm aQfys: \Tev@hh doalsdieitbate hdnonie ect@oligyguous film
etchants or other chem cals may diffuse between_ the |ndividual nanotube

" i ber&hetherdn iRy duaaEing gr beétafeﬁn{ e kAt yildigssinnisgisdaselectdieh as t he.
sacrifi, Bly (!ezflés%rforfl%g&ﬁglég%ml ﬁ%ﬁ{:ﬂaﬁéﬁé %I@m{%%h%ﬁﬁ erd gof orm addressi ng

el ectrode ure 1, a ine ve. O her

errbodnmgtaslou&ﬁ nﬁﬂ(ﬁtﬁb&ldeehﬁcﬂi@gmﬁidngytehﬂdeslgmﬂnﬂﬁﬁm pdidedssifgalof nenory cells
instead of using netallized electrodes 112 and addressi chgn‘ | i nes (not
shown) U“W“@“‘sﬁ@dﬂﬂ%éﬂ%Syséﬁ%lé‘FS%}brE%ehafélﬂ{?@HFf??érﬁ@é apRigeqhi Bed above,

nanot gﬁ%oﬁf dtc V\?]lgft%ﬁﬂ Wll 1118{ lysr %%16W&nt&§§ {Tladonl mﬁgh{ﬁﬂéﬁbdﬂse nanot ube

t echnol ogy, W r'e or orm to 1 npl enent
addr essilhightregil ¢ stoce tshellactnemb@ addeemsry cel |l (s) for reading or witing
operatl ons._This a roa furt heils t he Bilj'é ration.of na tube t echnol ogy

into systenl Ry PemPEAeds hpeniipt chaieized P15 180 t o hi gher -1 evel
syst em, 4ok alisidret b@?&%@ﬁ" &; adngerseddy §wﬁ91ﬁhg%€méeﬁ%hes€§tﬁférs¥s architecture

will not only store nenory contents in non-volatile manner but wll
i nher extdypEsheddytthe appisatioresfmpgcifid yobeges across the nanotube belt or wire
and the underlying trace, in which at least one of the memory cell elements is a
nanotube or a nanotube ribbon. In one approach, a “readout current” is applied and
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.

I.ocations 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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The nanot ube- based nenory cells have bistability characterized by a high
rati o of resistance between "0" and "1" states. Switching between these
states is acconplished by the application of specific vol t?ﬁﬂfﬁN%hQSS t he
nanot ube belt or wire and the underlying trace, in which at [east one of
the nmenory cell elenments is a nanotube or a nanotube ribhon. In one
appr oach, aFOl'rtg‘ééFBi.‘?’[Oféiﬁ‘Férﬂw dpcodghidppiec ﬁdor%ﬁé“‘\}ﬂl“%ré(dgg‘éﬁ oss this
junction.is FLEML 1B ADepaREE APBE Vidyeor 8RS8 e noN-destructive,
meani ngﬂ%lha?ﬁl? eE{:&e 8 q}e\gt ai %s ie?s st a(?e, gﬁ%lgﬁétEWI te-[lggcﬁ3 operations are
neededirassdcsiostofuetsivii lh bORANChdd iguratelehl dept pith tlaobglandiibngningnary sel ect
system or decoder, 1400. As wi |l be expl ained bel ow, decoder 1400 may be
i npl enBHEEd L Wiy BarsdAstiGHe S *hEnot ube  ri bbon technol ogy. Moreover, the
decoder My phe LOASELMELRD ,CRINGI SRR Gtk 1 Gitbe @3 @ nanot ube
menory cell ar ?Eg@lﬁs% g.&,l?edN'?‘RglL\]/I or NT A per48§‘;?girégﬂralr Bf ntersection of two
i nes b#dd aldcksd 406shiapidaixednady @ tlateac dDBeiaddiccabies14dl(jiwncti on of two
nanot ubes or  nanot uge ri !t}bons._ I.n thffs regard the interaction is anal ogous
to a " pEsEediaaESd ompluH fepsialidt HHO maghadicdggical 4 which the
| nt er SeGtjoans RRH-R9iRAADSL AR 1ifd PERYna)-BERL10NS IR @Rt 42 2aihgr e one
nanot ube or nanot ube ribbon may cross ° anot het abut |c?'| are not intended to
cr eat eliae t408as ae vpluapetviabues mé yhebepiensiidtahadd OB nencomizenanathhtkast Wi th a
| i thographical ly patterned insul atoyf between the conponents. 14 24 JAN 2006
'Pﬁsg? 197 s et Bdleperiiedrabgva. pi ¢ bi nary
address  caj R0, Qo PgfERR s 0R E e A0St Ldide QLN Y Rbie of the
encodi ng thf‘er{ fsntagr%ect{ions S(dotsn) Wle|1 (geo @%B%eégl ftio (r:reate only one path
t hr oughr wivi eftbitséman Agay, eug.r entanbtubegyorpasstuboribedec tiikéwns, thelddoe To use thi s

t echni que, "dual rail" representation 1408 of each bit. of the binary
naar os aoiraaquii e b toatom A POt ok ¢ AU G b e SEANELL] 15 1410 1 s

presentQdmh{) i 48d 8He GOIP|LIRNIR YN Lah RelcdiiiSa rdw NendABE JBYabe the | ogi cal
true version of address line 1408a and |ine 1407 may be the | ogical

conpl emapitbe apedddd Kewe/or| Y decotlqggoth Thecadodg argefov alriieg apkerations.r epr esent at i on
1408 are copsi sten ith.th .npededto. wi.tch.,a ¢ro sobar j.unction to the
"1 or o ete cabodisich e MISTE ps R Pleir RO hablls 108 may be
used t OSERRIWL @ RS €5.C Ul dcRP inehic®y SelPirfay 90211O¥6 kbl Sisind an array, e.g.,
t o nanot ubes or nanotube ribbons. Likew se, the same approach may be used

t o senBd VACH adiTRENE and fint cesedprpirecunded by s¢migongistorfditsugs faaping
X and Y address decoders 1504 and 1506; X and Y buffers 1508 and 1510; control
logic 1512 and output buffers 1514. The circuitry surrounding the NTWCM or

For 1 hBSRIARE Bitcbirppar LRglctedtier T

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/FPGA/ASIC in which the /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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colum(s) to read sense fromin conjunction with selecting a row. Thus this
approach nmay be used for X and/or Y decoding both for reading and for
writing operations. Certain enbodinments of the invention proyijde syggybrid
technol ogy circuit 1500 shovvn in figure 15. A core nenory cell array 1502

is constructed usi n% ﬂ B—gl\/l and that core is surrounded by
sem cdHUiFet 8P 4@ At-BERUES ?%?Hﬁ ¥ MUK ddr ess decoders 1504 and 1506; X

and Y buf f efﬁngfm%ﬁ%%eﬁl@%l R ﬁsﬁl%r]fl{ %medt‘%ﬂ)‘ G gMé%¥ tlﬁ”y‘lﬁ'a?lﬂtt@é%oméfyf ers 1514.

The circuitry surro y be used-for
conven iFPa=A chnptl 601 anitnginoulebnfdns) g amiodaudomgmcgdasmbcuhgbm\eaa currents and
sensi ng out put, vol tage I n other enbodi nents, dress decoders

1504 éﬁ&“&‘é@h‘”ﬁﬁ?ﬂ%g“% s ?IhfléEFfWRSH‘"EIHE‘Yﬁder%’EP&élkﬂ‘Ptg’f’B‘rd (g’éﬁ) addr essi ng
techni gyog ¢ gg%a&gﬁgeg(dﬂg%?p 1808 cdnbfisifie %mgﬁlgﬁné cHisthe a&&regslxgﬁo% i ncl ude

nmenory cel ssi'ng ogl c. IR certa od| ment s € hybrid
ci rcuit 150Dnisrpartibearf emimetimbyt msuggsad toamdorn €o tierQI(Hma\stamgamll, t her just
menory cells or penory cells and ?gdre55|ng l ogic) and by inplenenting the

surr odﬁﬁﬁcﬁ]g"fcf?qaduﬁ ReF3PakGHRP e @ B?%@’F&ffﬁ‘é‘ﬁ]ye&tfﬁtaé céPffCé‘f?rS The core and
t f
gat e arE§ Qé&llﬁ&?éﬂ&% g%g(rg)g g@é&%&i \Qggld'a'f'so%esﬂeg s§1 yF}BY:éhﬁﬁqn tB?iﬁééage '

desi d separ at el exanpl e, rmtically
pac kagﬁﬂ[ staralagt aﬁeom+srdahlm s@émivmfr@ONﬂim—y#O@MHmmmoamﬂ adgheetdgi ng | ogi ¢)
may be with a PLD/ FPGA/ AS| C in |chthe1/O|nerf ing logic is
cont alth‘ég'“d‘?ﬁge}l’t%@l C[??(‘rﬁspe%%‘n%‘&@tac msgsrg{g\ﬁgywtd'g@s Sleceds 1%‘°8(|E?§ benefits of

th I f
e Nﬁﬁmw e'f[(%rngéd??a ﬁpemplﬁﬁsg@ nsg w:bfgndl gﬁag e %ﬁﬁgﬂa 1289 nhf1e use o

"of f-the- she chn ogles 006 ut| I zed on an
as- nedte i Tbasinsryelltsheedranuf act ur er . Flgure 16 depicts one possible

i npl ementati on 1600 of the hybrid technology. A FPGA chip 1602 contai ning
the buffering and control |ogic (described above) is connected via

Conducééﬂﬂmtmﬁﬁﬁﬁb@ﬂlﬁs(E@fe'?@&saﬂﬁ’dst AhaysitilRrinted circuit board (PCB)
1604 to a nanotube (NT) chip 1606 cont ai ni ng the nenory cells and addressing

| ogi c. Thi sTlFFaEﬂWDNQ:ﬂIhhtvdlmﬁ:btﬁdlf rﬁé’PRCl\/’eaIEUgige%mag limes wrtfmesmt o the PCl bus
standard

uen dlepReffi iR TR AR PR SR b A BRI By voul o 4 so

be negagsard I MACCNFIOEThes hﬁ?ha?ﬁhmﬁi&@ﬂdﬂ%ﬁoutﬁl lflﬁlQiﬂHESyl@ thels speed of
200MHz - 400 MHz is annot at ed), uggesting the kinds of external clock

speedshighaess af e 8ivss @@nq'fvgmtmwr@ﬂ. TRt Hgdeardven o1 drpositednn 2 t he PCB
i nt er cOPRECLEANdn RPR BRBhARES, 3PRSD: 2 ANE AR FukNG £HLE, BAGKGYes. not

The two dimensional film can then be patterned 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 aliow easy contact to
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,
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the NT nmenory cell speed. Carbon Nanotube Filns, Layers, Fabrics, And
Articles The above enbodi nents of NTRCM and addressing |ines use traces or
el ectrically conductive articles made from nanotube |ayers 3l2.nSifph as
those shown in figures 3 and 12. The | ayers may have thickness of about 1

rimor less, i.e., the thickness of a gi ven nanot ube, The nanotube matte
312 i s'Penitt Dictdeusionderian HiciyirPae sU0ach (HY &L B OB SN Y°€on wafer, to
for m ay,GOREL8Y9YSehidlin (9 ur@B,%Ll\f‘?ﬁ'thqjﬁrﬁ%ﬂafl?’%/ the TG 3199 BlARNsIpgal T11m can

then be patterned to generate electrica ucfiveé lines or traces
rangi ngibstmated oistead pdenolving i ¢drhe intetmedisiectroemiandig. s liztiofxasmpkamot ube) to
hundreds of m crons or great e[, dependi ng on the applicatjon and context.
The p%&le%wbéaﬁtedéﬂg@w%% e iy 9 BrRgeievang figudt f deal'es to all ow

the  BEAREEURROHIADALAdaNS Fh 3PS, SOMAEQNANE Ghode sfsipsUCh as

transistors 6r nmenory  elenents and eve ning out to bond pads or
ot her figtrer3c banet tshovgn irefigiré 4V smapbe gemsatedicts filnTBé2 mathatindke | nt er connect s
can be netalljzed if necugssary to connect different materials because of

thei r 390 RYiteplgpRAneIueEs MR%EheaI e go WA HYCICORFARPIAEON. fet A1 8% or

Sem CopgiLLey ;g@itgtﬁ bﬁ'ﬁ?e-com‘?na&iroﬂ?ég., @@ds gl &6hihb CRld fnonducti ve articles may
be used In otﬁ r forms of <circuits. 0|P exanpfe, nanotube traces may be
used fpaimatiioncatanbiuby titick s inast-waltkdiglotubes areanstd tersntees, normal |y found

in very small sized traces (e.g., sub 10nmyregines). They may al so be used
to rediieapHElY (ks Hawdtgralied ipRsH hek 4R gssh i UBitP 4099 'Rt ut s, Fi gure

17, for examberinhlil kk/ALeR, ARl A S QlesdRRALHGR. [ DDONS, 16 24 JAN
electrically conductive

2006 traces, or articles over a substrate. (By

i nspecHpwayerpte metalyss shown haBO0d irgligue B7butawe sivdvesinf figgue é7Bjoebwpt i n thi s
instance,the film312 is bro over substrate, instead.of growing it over
an | nt BER 08 PR Bty e st rechiteS b Peinogad & i AggRont et r ate 110
has anaxbe@rdad&s ink0secuk Mindhs 2t $ak BNOPYhckR. fR@Ykanle, 8as faci litate
growt h or deposition of the film 312, a planar surface (shown as 306 in

fi gur eplgse metathotpasinswnch a5 feirgeane cofld eayscheFgurenanedothsr g4l m 312 with
single

R R R M A AR
Spi n cpalybagaumh@nfitbdNcddalt dndl othritABEibd n@s NERGLWREall Riiekld fbr si ngl e-wal | ed
Aot UPESsE erilaen he g Pigge 1 B BOIG Bgs-phase Cuslys can be optimized

or modified along with the proper temperature, pressure, surface preparation and

growth time to generate a nanotube matte 312,

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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If the filmis to be grown, a catalyst nmay be used, as described above.
However, the catal yst (shown as 308 in figure 3, but not shown in figure 17)
does not need to be deposited directly on the surface of thgjambsigeat e;
instead or in addition, it may be provided in a gaseous formas part of the

CVD pr.o For exarrpl e, hase. netal | |c speC| es such as ferrocene
coul d fB@n‘tfz‘éHSPffllé‘Pg&?e‘P?é]O&'ﬁas ‘(S‘ttH‘cérP orghd angeresel AP ASHTECS peci es grow car bon

nanot ubes a&mﬂ%&ﬁd}ﬁ&nssc%qqu%t ﬁﬂﬁﬁ(%’it'[ﬂﬂ%d‘(feﬂgﬁty Eqw%%@me,ﬁungsten cobal t

and other transition netals. ese are all suit formng catal ysts
i n t hendasnphageopeilyeonetlidd, hoogass ghabe nedt ab yretmlcdinribetecoper mi zed  or
nodi fied a ‘%\85 wi.th.the pro er teggerat re, pressure, surface preparation

and ¢ 6% it iyl rdnnolaye L QORI GRSt te 312, If the film312 is to be
deposi t ed, @%f Q)Eﬁ‘ﬁ@oxf‘@ﬂﬂ%?ﬁﬁuﬁ@)ﬁa@%yﬁ% ho dtksist éggﬁma?be‘é[iﬁer certain

enbodi nent s the I nvention, nanotubes e suspended in a solvent in a
sol ubloeated anriboharaitebef folnn3 b]mdqmtnr-rmdayedpmzm ot the likeitd defenet 0 generate the

nanot ube fi| m 312. Jn such ran nt the filmmy b ne or nore

nanot (984UGtHE dracesy ém?wﬁw&a HigTe g7 o ihp iBpe age awrb%%&fﬁb{f ocess paraneters.
Appr o t I I i di none,

PPt R LA Bl e %‘?ﬁ%ﬁﬁﬁ%ﬁéﬁ%‘ﬁéﬁﬁﬁ%ﬁaﬁc FFAuiba YL o 1ol X

di chl drasetivaded, of aalaasthbhm anat suchvas 0@ pyeops oameresiepéraib@npan thach as sodi um

dodecyl su RI TON.X- 100 or others. The nanotube concentration and
deposit Weoﬂfr%a‘{f%?ﬁff‘&‘?ég toggld?ferﬁgn%wefdace functionalization, spin-coating

speed, _{ EMMSFAIE{inBH! Aok AEpIRASAS mAdb BBkt olo EARLE Abeds deposi ti on
of nonol ayers or multilayers of nanotubes as required. The nanotube film

312 cob¢ Hlyatbtdtbéeweﬁmsuacem@iy Jhihspiuegt tiotalhivation mow beswbbtater® in a sol ution

| d b The f | o] 7 24 JAN 2006
for Srlnce)d1 ngélgé Sceléﬁg %@r?z 4 nanﬁd‘%@%%flﬂecltﬁtéuéf%{gng gg 1295@2’?”6’5‘5&%%‘? o a surface.

When cgogndi ti ons of catal yst composition and density, growth environnent,
and tinme are pr gerly control |l ed, nanotubes can he nmade to evenly di strl but e
over a gi véithfresrance kafigirg 1ﬁrﬂ&mtllblcyleOhmﬁmfayé$020‘ﬁlahﬁ1¢0tbﬁbes Upon

o D809 BB T SR e bl 2, P oot o
conducilgnge Fof ecssple, witl meremrm |1ﬂcﬁﬁecﬁ:it@ Uirectdré, 180b&ht haeRebatigeshown as
-?-ﬁ;a:jlaﬁl ,{g; lge? éggtgcrt@é%:gasnom%gttras:gf 18t0r2ahca$/mdgec{1!ff2rletn; f%gtugas%zésais(lﬁzhoatsher forms.
width. The traces 101 may also be connected to elements 112, which may be metal
contacts or bonding pads (though not shown to scale in this figare). 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 necessartly 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,
p.atterning, 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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have a width of at least | nmand as nuch as 100 microns or nore dependi ng
upon the type of device which is to be interconnected. Once so defined, the
exposed photoresist nmay be processed to renove sone of they pygroht to

| eave the traces 101. Subsequent netallization my be used to form

addressing el ectrodes or a_ fanned interconnect structure, e.lg., 1706 shown
in figreony!Sipiro s antd py- Hogisv e I Pliakst eerchisBorP P&t t er ns 1802 may
then bﬁace%qpﬁ]%%ﬁﬁe&a%&egcfgg%r& emmrﬂ&&@Jsizegfﬁfrﬁ!mf&ct&ﬁ@f@@aéinass shown) or

el ectronic features or exanple, wth reference to I nternediate
struct pereni 800, the nanotube traces 101 may be connected to nanotube traces
1802 having different. feature sizes,. suc wi dt h. ‘[ traces 101 nmay al so

h as he
be connect egofllﬁe“élloéﬁle‘ﬁ%coff?‘ft tW]?_f‘Eng‘ﬁé At Wﬁﬂ%ﬂcy (R ST or bondi ng pads
(though ARkl BROWE 2h® nited @i Fod Bbdink 'tk%&?mm\!l\ﬂé@ofr B SRRGRILQr | Nternedi ate

structure 1804, "the traces 1010 nmay connect to nenory elenents such as in
1804, dénicds espacidily franmedradstiddldi@M eedtlisalgropdrtibs. Samiecdfedudtoomsi tes. Wth
reference to internediate structure, 1808, the traces nay ect electronic

n
pr oces ETRGNOINERUSEC B & ZegeteiThBLINCAbETKERIBLATT 15 %0f San 18 scal e, t he
{r aces v 2bSnciBANTEGy BRAkIARS1)h SRLESEN kDYl bMLLZ Wi e these

i nt erconnect's ray” pri mar ormed of & nono nanot ubes,

mul ti | aybon natuindrsitdnds Gt besnot Aeseaiveb tlirae prohlsho ey asi sestprtapisr gr owt h
conditions. This requires control of paraneters including but not limted to
cat al y§t°r® E)(?Hﬁtd’:‘f‘i"’c“iggﬁe E}%ﬂ%&ﬂ%ﬂf%@?ﬁ?ﬂﬂ PURAHFOHYI 472 205 BRIC t he underl yi ng
Sur {8 el AituC OB ABRL ABRARI B (bERYLIINAN BRMcclin@iRiIPLe 40 seconds,
50-5000 rpm), growth  tinme, tenperature and gas concentrati'ons. One aspect
of t hecabouetet entmalygefecoivalentipbourdeavtani aberss.gr owt h, deposition, patterning,

d etchi i i onal _t echni h
Tt hogr aphi EB3E [ LRGN0 RORGRTAL (o BUrm G0 Yo e A ¥R EYe AP made to have
Wi dt hs ALlifh B0 P80PhaaRON §ilidG0diBRAIE Pa §1b@zAfea§ivés39FmaneHow/ever, the

physical characteristics of the traces I01 are anenable to even snaller
f eat ur eh&bresist layemidf dior exampgje.caphatiresistilaxer mypsr rei spin-Gmtedeont lageral

0o oqe il RS PR SRR Mol RRIBRTY L RpBHLA gy R, Sarmoe ond
especi ahd ¥ nfakiopudegnadnti on of the electrical properties. These effects
becone Afterwards, n-doped silicon or metal such as molybdenum, tungsten or
tantalum 1910 and a sacrificial layer 1912 such as aluminum oxide may be deposited
in the cavities 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 Si0; layer 1920 at
a height of from 200-2000 nm above the top of the sacrificial layer 1912,
Reactive 1on 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 miaterial 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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even nore pronounced with size reduction in current generation 0.18 um and
0.13 um structures, e.g. by netal diffusion through ultra- thin gate oxide
|l ayers. In contrast, carbon nanotube ribbons 101 are not bag ddy these
probl ens. They are substantl ally nore robust having the hi ghest nown

t her conductiviti e and are not prone to fhernal fai Furt her nore,
no met Hyeagho g‘% BRSSP (RTUROSANE BER FOV] Hae %H@Wraﬁ‘eés a'c%(ﬁ)sﬁr ucted entirely

of cove&ugmé &afmaﬁm& &ﬁ{y'a%eataga%am%h%ﬁﬁml& gﬁaleo[(\@o@&@tae@.as BRpr oach for

form ng rst internedrate structure 302. conh substrate 1900 having a
si | i codesditlxi atbevd. dihes, d@m@dswl%é&swmcbatﬁt sanfhedntlpt'cdmartewstwd ayer 1904. For

exanpl e, a phot oresi st yer -cpated on er 1902 and
subs eq@@?ﬁ tF’Elp%‘ﬁ%%ge‘Ho%m(ﬁ’e Ipﬁetfﬁ‘aﬁ‘X ﬁ{d&:‘% o B@Vé’l’%ﬁ%’éﬁ%}%ﬁe Fadlimg{@mc avities 1906
and a pBskaRE, Egﬁsﬁt%eaﬁ@&lo /éfth@r{awrx@lé cleeﬁ%%gteﬁhﬂ dan QR c%hst‘i’i?ctt@d ofSHich as

nol ybd%nurn tun n or “tantalum 1910 and a sacrificial layer 1912 such as
al um nsinglexi stech&d)%trbetudeqifonatbeaﬂs mahudm@sxham tmr@steﬁQﬂﬁlybdbsmﬁ orm ng

corres Onﬂ*{j’?ng feat ures 19]_f1 13 cp hot or esi st, 19 terial 1914
and al CORpeI &g RiIBHR) l3L699'£ kg elesizo WR’F%‘e B%taé?éts"?”é on®fI > are t hen
Stri pP&MiE¥a%n Et%aﬁ@é mS@ﬁbttk'}t ARG Gerd tf&%&t%&stlgng L8cacd ﬁl@ﬂl@{/@ﬁl rodes 104

and sacrificial layer . "A spi n-on-gl ass such as flo oxi de
(FOX) is spinrhe mt dtht timemnb#mbes:&mgodwn esid®4 §aaphhsamaabisesuchsisng a ranped

t enperature protocol at 600C using standard techniques formng a Si02 | ayer
1690 ARGl GO 360 SO A ADB e TS Dok RURLr 11 cral | ayer

1912. B?g?&@ﬂ(%llb@ﬂl*IQB@ RéWF IR fekie Plardi R thhthﬁel'frﬁb/a Liwninhsy Oﬂgﬁﬁﬂnt o etch the

Si 02 | ayer forma structure 302 wt ports 1 The choi ce of
el ect r edgpermatretdsathan 00T (riatd ds oy s3vD0RE!L Bometgys«phafccmatdiﬁsts ofanot ubes are

| aced. upon t he strate surface. thre above t hods i ncl ude
Cpi - BT M T SO AP S YGRS OB st od VD and

Spi n- cofkdimdg fiRF ofsikEAEmBEPAFinkL OPhAE cHAPRINIREN With thBprdREe of the
cat al yst-based growth as has béen described above the cat al

is
di st ri knavéergsrof timsganie f:lmmlsafv tbh@yntbgsrzgduand boatghhby theruse gif pmug@let he substrate
in t heln(goaghangs Pha{s%rto act a nugle%th i) sxtes X ulbbs{}g%sg Vx}\%iqﬁ uéng gg%oghocd)tl s. 19 24 JAN

2006 I'neac ese cases e nano es ar viaa CVD process

at  800&ourdeshérg &b ivaald subbtahyebl ogempaitte wah antypat @MOsg precursor gas
as has been described above. Thus, electrode naterials which are
suf fi cPIORtsFss iepindp theolitsatypwad useidaestandapsbingusiriakiahpeatipodacifities er r ed

i ncl udi ng nﬁl tXQQ@eQ;‘t' War hARIRS Rre &%EI?ACHL{H a surface at room temperature by

spin-coating of a solution or suspension of nanotubes then the choice of electrode
materials is expanded substantially. In this case there is no high temperature step and
any metal typically compatible with standard CMOS metallization conditions would
be acceptable especially, aluminum, and alloys thereof.

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, Si0O, 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, chromium, 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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germani um copper and alloys thereof. The el ectrode material can be
constructed of a single or stacked structure of materials including
silicon, tungsten, nolybdenum tantalum copper and ot her s34 JAR 29h@cked

el ectrode structure may assist with or be suff|C| ent in creatlng a Schottky
barrier suffic 53(? 6 g rectifjcation of each qubj r I n thf event that

t he nafBYUBLsa Oy s BRA" FEREIS: SRLCHI §‘é’“cétt§ét SUBH'YEE'S F%'r ocene, i's
possi blag (tjgnﬁitagl sion substantially | ower tenperat ures being required for
growt h FI Ow ng the use of electrode nmaterials that nmelt at a substantially
| ower terrpe’FlatIuateruhles@ectthmrm@ﬂﬁ@sawdﬁa@d loohpsmana4604s tBdaee gas- phase

catal ysts of re i ncl ude cabal t gsten enum or r henium
oo | Beddile M b oSS Grsen ha s £ T R TR BR TR s oan
with t@ﬁtfi%te%?rs}ull%éi‘91Vt’h§‘~?1£1€thﬁfupbﬂ%19&mn%f gt%mc%tle[%lé%?roéé’ pidrgsi 264 and brought
by the use of bubb into the gas- e to act as nucleation sites on

subst r aseedicid rlaynaamit auppmg nowtrhls Gitur aﬁp lbccsmtet Iveged hased upah sypicall d be

substantively conpatible with t esses known in the

T or AP R A i ot R COF COT A5 RRE HGhORE M 1] e, 1 the
event %ﬁ"i‘fflcﬁﬁT%Hg%ﬁoﬁh@hg@lﬂﬁéést&@l&ﬂoée S faBGhicial Iapﬁ%htteﬁﬂﬂé’% ature by
spi n-coating of° a solution or suspension of nanotubes then the choice of

el ect reuﬁ@blyrhnmmi aFlsthesmevcpaprdesbkgmlbstoﬁamaﬂllcmﬁr supporthstegalse there is no
hight era ste nd ., an tal typical tibl th standard CMOS
net al | &Eﬂ g‘?‘nﬁ‘iﬂ‘t‘tﬁ@ﬁf%ﬁ‘f ﬁﬁcnﬁéa%ﬁfé‘ Egﬁ%%é?p‘gﬁﬁﬁ‘ﬂsﬁ?ma i num and

al l oys ther ?@gure I@?ﬂ&%cdrn' Aﬂoﬁh@?of&%fort%@épigﬁﬂf’pﬁ iFARSHI MELRehRhyAL203, netal
oxi des, salts, netals and other material's. The internedi ate structure 302

can be nhmytwesifabsi ALR. an thisrfigersy eath maoarbeas abauo 1 f5ormirt ﬂl@nuqmp(ﬁ“lts 102

including S Si2 and.gthers. .In the ,event that ture

spi e o GRS Ty IRt it St b BB e et B e M EBRE b e o be
sacri f keit@t of a\eles nexRandds Thubisiavtd althylateHlirsst@itindihn@rudaimaterial s such
as PWA or other polyners, nmetals such tungsten, chrom um al unmi num

bi smut h and Toohgy most h dha disroswel abraiers grlétefp apitthg Ebrinvessc swre of
sem Corﬂ& (tﬁl%s of sgmeﬁ%eq%#% @19@% lédﬁhel SBI?&S mﬁﬁgg Cgl% 3&3(1 (;]% alloxI des and

ot her a cogen ort ayer greatly

dependsnulpanilkh etridBodr ofthasabinkiin mn@&madmtqmmtﬁﬂ@tmtﬂnms factors. In

the even that a lowtenperature process is chosen for placing nanotubes on

the surface, one can envision utilizing such 20 24 JAN 2006 materials as

A120-’.o§thEB{tmﬁB{18itLde’ sem conductors, insulators and polynmers such as
e

Potyim In order to facilitate the growth of interconnects or electrode materials it may
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 Si0O; 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 concest 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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The materials selection process is confined to those materials that are
conpatible with the fabrication process described above. It is understood by
those sufficiently skilled in the art that upon selection ofy JanNgggd cul ar

el ectrode material, the sacrificial |ayer and support mat erl als naturally

becone based n t roces ste S av

sem coﬁhﬁ‘g’l 561 lﬁﬁ?ﬁ*‘é‘g}‘&gﬁ p‘%ﬁ an%‘éﬁqi "E rlL Ol 3!5‘?1 q‘]‘ingfl%ll | ayer is
chosenyhhe £BOh&ESp QJlL@in%ﬁttfeo%iswﬁﬂdW@ﬁﬁ' ffd;;fck gss ﬂ)kﬁ!@bre@ﬁ%@fé@h&u' s suitably
limted. Furthernore, upon selection of a particul ar support material it

f ol | ows mehdioceiveoreledarcodeornnd issapplid ttlﬁalbn(btaly@m’mcﬂ ewlisgingivelyoi ce i s

likew se linmted. Figure 20 sho an At om ce M scoplc (AFM i mage of
an exe%ﬁ?f‘va‘?'ipy lmﬂﬁdf%g ‘élP)CFthéheSﬂvgte”? [P?ﬂa'éﬁf ﬁﬁfgno\é@ic?ﬁ hanot ube is about
1.5 nmudd G Rh@Fial &Tiaeplbwagwp%naéaz@ho@l%sﬁ@l smtelémﬁ&a@huuumst ations in
the m croscopy, not due to the actual texture of a given nanotube.) This

i mage upprathe réreovahpbthalpatiesod owrladnc bpagies. of AFM Though most of the
di scl osure bove |$F]vvr|tten wer.e made. nanot ubes of the

s.if the f.abri
sane type, & ¥ eéﬁ]t??&f%e&ai'ﬁs&fid O‘tF HE%%?‘F%@“H@WWSV%IO%OSM of all

mul ti - walikier) ﬁiﬁ&ul%ts\—lﬁﬁéﬁd Ahin@fib& a@@p@m@h&]gﬂ Rbr SbAflRs, Adhouky i - wal | ed
structures. Enbodi nents I'n order to facilitate the grow h of

i nt er conhetths edactrelleGter btlammrciee] @08 uint melecmd@mn@selﬁ@d et first forma
pattern ing stan | i.t hogr a ds 1o, defi e where the
Panot uBELT -8 PhPERFuTUCURBRRT & WEt Ghetris ZunPorchier T sur f ace.
Such ap@nfIdeehaianebefs sb&fd. t 0 pattern Si02 structures to grow thick
mul tiwall ed vertical nanotubes. In a simlar approach patterned Si 02 can be

used for theap@thpbs@nb@dmgmbmmgngmﬁ panvtties natotth suppdriss UsE it t hi ckness
of 1-1000 reate_struct.ures orri des bed bove such as
To1. ORI rEFERIRP BYM G BT i mRE Sba R n S bR T SR and

nucl ea‘t‘wplﬂos;g’cjnsa@verﬂﬁuhah@[rysceﬁnd;erfet al oxides may be useful when used in
concert with properly chosen fgas- phase netall ocenes or other vaporizeable
nmetal lic pr Ebwl@@trr@altnﬁogﬁir@@s@p phe tayerend slasticabe cordusbyn articisicgn under | yi ng

P2t o1 020l AUTLoRN e ALIRACLAR & BERLIIE b Rk MOBER gupon reroval

woul d rm a presents a form
of " poﬁbman/mmkgé@\mdy ehiacelyedidne om\acjmqt;mhe&dmaombmmﬁypatﬂeeﬁgm surface as
a nucleation sjite. In a further enbodiment one can envi sign using

" negat $hgETOs§ SERMAR- theBFSERT she pumbenel sonpdishne cowppetsHeading Kogihaptide aI | y
patterag&rlgg%glgé%g&cont ains a nmetallic or other materi al

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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whi ch does not support nanotube growth. \Wen a proper gas-phase precursor
such as a netallocene or simlar conpound is supplied the nanotubes would
substantively growonly in the regions without the patterngfdjgRtgpkal . The
removal of an wunderlying material could provide suspended nanotubes 101 or

interconpect structures. upon the remoyal of the patterned netallic species.
I yer SRR OB OHERa PFS Bt SRUCt HS W T RePEdP Tamoval  of
sacrificial ghayghed QuSiUSResh-BERALURRS AliopRESIHE Meffbght over el ectrodes, a
controlled etch of the électrode (i.e. 15 nm etch of 0.18 um wi de

el ect r edeicondwiddingsedalse bgenvimehal. Thes gill gdpperibe amdif gepgjwonduct or (e. g.
silicon hﬁl@ﬁtrodes can b etch rates of a few nanoneter per

.etf ched at
second™} ot t@?f‘d‘é’d?'ﬁﬂﬁte RS Ir"fﬁh‘é‘)’ﬂ’sr%f%t ubes onto the supports using
an  overl ayegdaddliin £ARLEMG oliRndioRY 8REreStd BRENGIR]y dcbbRSd i hdag operati on.
This woul d open "w ndows" “just over the nmenory cell itself. The electrical
pr oper tiefmdefo preaechidyeosuamtealf etactricd btogstelbr{deonultipleantienl es can be tuned

by controlli the cross secti of the nanotube.rihbons..Far exanple, the
ri bbonpi‘tﬁ?"’@ﬁﬁgggﬁtﬂiﬂ B_@W%@F’é‘?@gﬂ”ﬁs%@p\fgﬁh‘?f\ﬁtﬁﬂ%ha’ﬁ’@r QW&ﬁ_ﬁbe density. The
hi gher fabﬁi%@teﬁ%fé%&o%@s%élﬁ%ﬂt thk @%nga&i%ﬁto?%hflﬁ‘@oﬂpﬁx’c@{ I\Qﬂe&l%@‘éﬁﬁb&@ channel s

| eadi ng to enhance el ectrical properties. The nmethod of preparing of the
nanot ubezerd blasns!tade willccworiit agmal bigovudtage has toype appledofpe therabagge sur f ace

t opol ogi es. In contrast t.%Fiqcfgl evapor ation of . tallic el ectrodes woul d
suf f er “1'FGH SOMHEPHFANS b t fiRfs’nes (‘?f‘?’i:’eé‘a{ © HEPYLE $°Besi des car bon

nanot ubes O!I\T!;-Qﬁodmb@ﬂdr@a%@th\éﬁahlhes%r?@ﬁerrg@é thréfdh (TBGRATEAL, cAVLRAErti es

suitable for el ectronmechanical sw tching could be envisioned. These
mat er i af stheoigretsivan be propendd esiter thielineracoonaw b hesdarooddswdsas. wit h

differept an i kel.y reduced tensile strepgth. The tensil.e strain and
adhes: GEBaPd iRt e kel ange B pERRy v Tbss® BT 2l Towm

bi stabi | i tyNahotubgs ¢danettiRitioafiszedelies prapiRehpnheahyaich®Bhdgicpreperties to
exi st within acceptable tol erances. For thedgur pose of integrating CMOS

| ogi ¢ Phiengdwhieh shayghenwid ppiteaeingshemternyadaepigshedween nangtubise i r st
enbodi wat, Eh@?ib%aﬂm ube array will be integrated before netallization but
after i on 1 npl antati on and pl anari zation of the CMOS | ogi c devices. A

second net ho®rthiavsTlihesbogé aydebispfuch hae tinaindiidagreaiy adsthbatmstebd abri cation of
the CMOS devicges invglving ion i ngglr,errer]t ation and high tenperature
anneal I55gnetpgpior addpsving arnplicge &t indhddual gprpiubes (e 2f UHAR deetal | i zati on of

both t Q%Mﬁ@%ﬂ%eg,iem% fignotube ribbons.

It 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:



24 JAN 2006 and the CMOS devices will proceed using standard and w dely used
protocols. Electrodes consisting of n--doped silicon on top of sone netal

or seniconductor line can al so be envisioned. This will stiJ4ljaxavise
rectifying junctions in the ON state so that no nultiple current pathways
exist. In addition to rectifying junctions, there are other w dely accepted
and used nethods to prevent the occurrence of electrical crosstalk (i.e.

mul tiple current pathways) in crossbar arrays. Tunnel barriers on top of

the static, IithographicaLIy fabrijcated electrodeivgrfvent the formation of
ohmi ¢ ON gt at e SRBUFEEKAGECCIAMREIING 2 pn-paren peEed ot 28219 F°8BEREr but a

smal | bi ag, iRl A9otRS sdetdA® aRRdck @fhe Aandilibe SHAMAR 1o BEMiHCE DLIRIQUST cone
this barrier and tunnel "between the crossing lines. Methods to increase the

adhesi on enedugiiespathwansghongtibe argieleof i onic, coval ent or other forces can be
envisioned to alter the interactions with the el ectrode surfaces. These

nmet hods can be used to extend the range of bistability with these junctions.
Nanot ubes 2can @ec fadidé icdnading @édwirtih i anastubo Rpgraaite dndiyddr dagle bedlk:dsuch as
pyrenes whi ch may then aid in enhancing the internal adhesion between

nanot ubes ¥RPE AFHIPIYYSE ri bbons. Certain of the above aspects, such as the
hybrid circuits and the nanotube technology for addressing, are applicable
to individual nanotubes (e.g., using directed growh techniques, etc.) or

t o nanot uBe ri Bboasgicldaf olgim|1 weertinthawanotpp semicatsddclpdramuithwaliedsgdonf t he

pr esent inveqtion is not limted to the above-described enbodi nents but

rat her isrﬁgﬁpﬂﬁd by the appended clains, and that these clains wll
enconpass nodifications of and i nprovenents to what has been descri bed.

What is clainmed is: 23 24 JAN 2006 1. A conductive artjcle conprising a

non- woven 4aggr d§arickroflymt lupkereia dhrdipatubgprements hyxmdifisrat kagihent s cont act
ot her nanot ube segnents to define a plurality of conductive pathways al ong
the article. 2. The article of claiml| wherein the nanotube segnents include
si ngl e walsl ed Tbarboie slati@tubeseredr thEmeneinbd segmeots indledensepmehteheiing khe

nanot ube SEQNENLS.| A HIT Tt b reIbRY carbon  nanotubes.

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.
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4. The article of claiml| wherein the nanotube segnents have different

| engths. 5. The article of claiml| wherein the nanotube segnents i nclude
segnents having a length shorter than the Iength of the apkijahezo0 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 segnents to define a plurality of conductive pathways al ong the
trace. 7. The assenbly of claim®6 wherein the nanotube segnents include
single walled carbon nanotubes. 8 The assenbly of claim6 wherein the
nanot ube 3$é&gmeAteniveiivadecemebmprisiag ba@n-w@ehGALIKaHS ©Of erotules trHamyg8enb| y of
claim 6 "“8@&%‘ D de milad?%}{&%}aiseig%%& gﬂN Sufdt hhGH AR t+ %gﬁﬁé‘é Lt BEG .
assenbly o ¢F&ih 6 Wher e1 n e nanot ube segments 1 nclude seanentg aving a
| engt h shositdactitemehvdye aloapgiictrase. t he article. 24 24 JAN 2006 11. A
conductive trace conprising a non-wven aggregate of nanotubes to form an

el ectrical network of nanotubes in contact with other nanotubes to define a
pluralityof e¢phdsctuicNe RathvaMaindll PNehddif the AGRtubEL inclh® GAgduedicye trace
of claim 11 wherein the nanotubes include single walled carbon nanotubes.
13. The ceowborcnanptubes.ace of clai m 11 wherein the nanotubes incl ude

mul ti-wall ed carbon nanotubes. 14. The conductive trace of claim 11l wherein
t he nanot ubes have different |l engths. 15. The conductive trace of claim11l
wher ei n t hg namh¢ wbebiciine kagke of egirentiswhavinnite ranbtabgt mckido mudti-wdllad t he

|l ength of the trace. 16. An assenbly including a substrate and a conductive
trace di spHSRUNYRMPEE substrate, wherein the trace includes an electrica
net wor k of nanotubes in contact with other nanotubes to define a plurality
of conductive pathways along the trace. 17. The assenbty of claim 16 wherein
t he nanot dbes IThetandectsiertice ofelpined! whemsiorihe raabbaphaye differemtHengtissenbl y of
claim 16 wherein the nanotubes include multi-walled carbon nanotubes. 19.
The assenbly of claim 16 wherein the nanotubes have different |engths. 20.
The assembby offhet@idivilh@ twleenéchairh he wharki the eanadtaledsutdudedegingte hatiagi ng a

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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| ength shorter than the length of the trace. 25 24 JAN 2006 21. A conductive
el ement having a predefined shape and including a non-woven aggregate of
nanot ubes in electrical contact, wherein the predefined shagegA30e6
predefined orientati on and wherein the nanotubes are not individually
constrained to said orientation. 22. An article having a defined
orientation and a generally planar extension conprising: a substantially

pl anar web of nanot ubes, each nanotube generally lying in a plane that is
coplanar with the article and extending along the article but not

constrai ned- t oA BBINGYarkmest hpyng ereiedsimsd thsres aith d1diding gen@pleYeant i al | y

| anar we VA :a.1C ti t rticle.
p ?tggljﬁgzlﬂgm Hp Ruif O O StritalCORINET WhEreRAIINGYedehiREP WBkbE HEs 3

23. A sub nar article having a defined shape and orientation
conpri si ngrede@neduraintagios dnd eshereirethe mamemtss ubesot gehedad ! ycoaxtrand ngaidn t he
defined orientation of the article, each of the nanotubes not constrained to
bei ng par &"'F8FUY one another, wherein the unaligned texture of nanotubes
provi des a conductive pathway through the article. 24. A conductive article
or a substrate conprising: at | east two unaligned nanot ubes extendi ng
substanti @2y per articed hagingha defistr atietaion axbn 2evsielde thldgr efdesbiint s of
t he artic%gm@Hg gach unaligned relative to the other, the nanotubes
provi ding a ondtict i ve pat hway within a predefined space. 26

a substantially planar web of nanotubes, each nanotube generally lying in a plane

that is coplanar with the article and extending along the article but not constrained to
being parallel to other nanotubes
wherein the substantially planar web of nanotubes provides a conductive pathway

through the article.

23. A substantially planar article having a defined shape and orientation comprising:
an unaligned texture of nanotubes generally extending in the defined orientation

of the article, cach of the nanotubes not constrained to being parallel to one another,
wherein the unaligned texture of nanotubes provides a conductive pathway

through the article.

24. A conductive article or a substrate comprising:
at least two unaligned nanotubes extending substantially parallel to the substrate and each
contacting end points of the article but each unaligned relative to the other, the nanotubes

providing a conductive pathway within a predefined space.
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