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1. Technical Field

This invention relates in general to nonvolatile memory devices for use as
memory storage in an electronic device and in particular to nonvolatile memory arrays
that use electromechanical elements as the individual memory cells.

2. Discussion of Related Art

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

ROM is relatively low cost but cannot be rewritten. PROM can be electrically
programmed but with only a single write cycle. EPROM has read cycles that are fast
relative to ROM and PROM read cycles, but has relatively long erase times and
reliability only over a few iterative read/write cycles. EEPROM (or “Flash”) is
inexpensive, and has low power consumption but has long write cycles (ms) and low
relative speed in comparison to DRAM or SRAM. Flash also has a finite number of

read/write cycles leading to low long-term reliability. ROM, PROM, EPROM and



WO 03/ 021613 PCT/ US02/ 23859 EEPROM are all non-volatile, meaning that if
power to the nenory is interrupted the nenory will retain the-information
stored i wOhg/omendry cells. DRAM stores charge on transi stPem/usar/zssse hat act
as capacitors but nmust be electrically refreshed every few mlliseconds
conplicating systemdesign by requiring separate circuitry to "refresh”

t he rrermrﬁﬁml{’feawgllbeﬁﬁplatitehme@m'pgdia@ drpower scthameganory SRAMapEed thot need to

be refreshed and. s fast.relative to,. but h | ower density and is
more expehslve Tt I ttafr\a/klée’ﬂ-'gorlﬂ_l}%&ﬁf‘ SE’(S?%B%C&WHY Mare volatile, neaning
that if power DRAMGoFERArYe b trhikifor ¢hpdsqHattddCas @RI dbrybUtl misoBe t he _
information stored in the nenory cells. Consequently, existing technol ogies

are ei t helectinally sefaashedevnuy feay millisrcondsseamticptingsystes deseeraloreARviag| ow

density, hij - d_l.i .t ji |.tipl ites with

hi gh rel isaﬂéafq}f;tletCC gé‘%‘Fry? ﬁereg]ieéﬂc Jlﬁ?mg%ﬁ%é I}t%ﬁs B%tl? %ﬁ%gg B légréglﬁsact |rfg£e' and

conpl i catSR Alsdeesmaiasied fo b refrasredlaad/idfasisielayive GODR AMESUhagiotvec hnol ogi es

have attenpted to address these shortcaom 2@ . For exar@%‘g magneti ¢ RAM
0 t

(NRAN)  ordensiiy Bidey MorG exneaiv rekkivy to DRAN ot RR A g DR AMare

magnet i zat\. o b Gl B0 : i menor
ol AR T esBb TR RANTIS herRehdy R IRE rhm A A e
ani sot r opnformammestored sn geammeorgicelfs. ant nagnet or esi st ance of ferromagnetic

terials yieldi latility. Bath of these t f ITs h
ol at el y” hi g R el e Rk el il BenaR e ar YA BE A HBROry col | based

upon  nagGRARiontly labéRgiblel a4l RhVORY d¥aSitRIhith RREAnEKAedabiliBM o dMR% not led to
| ar ge- scal e comerci ali zed MRAM devices. FRAM uses a circuit architecture

sim | ar troulpeaywrisest willhhigh relipdgity of e girenit minnotionedrdbay are velaplecindor . Thi s
capaci tor, | S :RULpor. . ih its.el rical .polarizati fter an
ext er nal |°§/’}“§B§i“{f’§gs t%rﬁggélg? érel%al%gll%w fiéésrlt m%\(é}epg eg‘?c 5&5? rt1egCBn%l° 18%5% atile

menory. RR&Mpedith addredsrtheseahdrtdopsingeenory cell size, and it is difficult to
manuf acture as_a | ar gle-scal e int egr at ed conpponent.  See U.S. Patent Nos.

4,853, 893; 4, 888 cxgORIcsnagetio BAMMMRAM) prtasoaagssiaa Mg M) vol ati | e
e ot RSB SIPR O oy TGRSR AR LA L0 VL0 L
sel eni umnonveletileuméroory cétheMR AM wilzesna maguatesibidicle ir@mory element

involving the anisotropic magnetoresistance or giant magnetoresistance of

ferromagnetic materials yielding nonvolatility. Both of these types of memory cells

have relatively high resistance and low-density. A different memory cell based upon

magnetic tunnel junctions has also been examined but has not led to large-scale

commercialized MRAM devices. FRAM uses a circuit architecture similar to DRAM

but which uses a thin film ferroelectric capacitor. This capacitor is purported to retain

its electrical polarization after an externally applied electric field is removed yielding

a nonvolatile memory. FRAM suffers from a large memory cell size, and it is

difficult to manufacture as a large-scale integrated component. See U.S. Patent Nos.

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

Another technology having non-volatile memory is phase change memory.

This technology stores information via a structural phase change in thin-film alloys

incorporating elements such as selenium or tellurium. These alloys are purported to

remain stable in both crystalline and amorphous states alloWing the formation of a bi-

stable switch. While the nonvolatility condition is met, this technology appears to

suffer from slow operations, difficulty of manufacture and reliability and has not
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formation of a bi- stable switch. While the nonvolatility condition is net,
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Random Aceaseldfitpowirfgao th@inhmahtanst@biﬁp&ﬂohn@;d're&ox pricesses/ol . 289,  pp.
94-97, 7 July, 200 Herei nafter th se devi cas are call ed nanatube wire

crossbar gt?)( KRRV Y1evy ofbarve RALRIOBPIS Suushs use; RagpsePRigAYIres,
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cells. Electrica nals are witten to one or both wires to cause them
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t he indi vi dual nanotu eS nee e nenory ce ese techni ques are

now bel i eviegh suspendedip¥efriothek wites defimz mymarcy eienElecirehl Sgmdlese written
to one or both wires to cause them to physically attract or repel relative to one
another. Each physical state (i.e., attracted or repelled wires) corresponds to an
electrical state. Repelled wires are an open circuit junction. Attracted wires are a
closed state forming a rectified junction. When electrical power is removed from the
junction, the wires retain their physical (and thus electrical) state thereby forming a
non-volatile memory cell.

The NTWCM proposals to date rely on directed growth or chemical self-

assembly techniques to grow the individual nanotubes needed for the memory cells.
These techniques are now believed to be difficult to employ at commercial scales
using modern technology. Moreover, they may contain inherent limitations such as
the length of the nanotubes that may be grown reliably using these techniques, and it
may difficult to control the statistical variance of geometries of nanotube wires so

grown.

Summary
The invention provides electromechanical circuits, such as memory cells, and

methods for making same. The circuits include a structure having electrically
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usi ng nodern technol ogy. Mreover, they may contain inherent Iimtations
such as the length of the nanotubes that may be grown reliably using these
t echni quewp oateliets may difficult to control the statisti eall/usarcasce of
geonetries of nanotube wires so grown. Summary The invention provides

el ectromechanical circuits, such as nenory cells, and nethods for making
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Descr i pt ispcrblelf Rind%atd fifm ridbohl6r RBHBYmal Ll e biebddclify rat es a nanot ube

belt crossbar nory device according to certaln enbodi nents of the

i nvent i ompndicue esce@ AEBch tiblbst inaludes ave o tnadre sawdtutsesnenory cel |l according to
certain enbodinents of the invention; Figure 3 illustrates acts of making
menory devi ces according to certain enbodinents of the invention; Figures

4-11 i | | \BrdfDeRcr3fiod 6fthé Priwingf creating an intermediate structure used
to make nenory deviceS according to certain enbodi nents of the invention;

Fi gure 13dntheewieg.es t he non-woven nanotube fabric, or matted nanotube
layer, used t]:‘?glﬂglf‘?11195‘?&[@@;1%3&@889{)@"[? c':’]rtogsbg}c mterrﬁ%r)} %?c%taicggfding 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;

Figures 4-11 illustrate several forms of creating an intermediate structure used
to make memory devices according to certain embodiments of the
invention;

Figure 12 illustrates the non-woven nanotube fabric, or matted nanotube layer,
used to make certain embodiments of the invention;

Figure 13 illustrates the matted nanotube layer in relation to hidden,
underlying traces of certain embodiments of the invention;

Figure 14 illustrates addressing logic of certain embodiments of the invention;

Figure 15 illustrates a hybrid technology embodiment of the invention in
which the memory core uses nanotube technology; and

Figure 16 illustrates a hybrid technology embodiment of the invention in
which the memory core and addressing lines use nanotube ribbon
technology.

Detailed Description
Preferred embodiments of the invention provide new electromechanical

memory arrays and methods for making same. In particular, electromechanical
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Figure 13 illustrates the matted nanotube |ayer in relation to hidden,
underlying traces of certain enbodi nents of the invention; Figure 14

il lustratwe oadeirvessi ng | ogi ¢ of certain enbodi ments of th@Crrsentissn;
Figure 15 illustrates a hybrid technol ogy enbodi nent of the invention in
whi ch the nenory core uses nanotube technology, and Figure 16 illustrates a
hybrid teB¢ROIYysEYs aietsoctiterbthat apferathenaolpgensly emthie INTWKIM detibes disshased core and
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to be easier to build at the desired levels o I ntegration and scale (in

nunber ofinideratior sndrsmds) (imnambdreof glevinest madey and thergepmers iateymoe@asityl | ed.
Because the Ql‘fe‘gi nanot ube belt crossbar nenory devices operate anal ogously
to I\I'I'V\CIVlcof’Vi escription of their architecture and principles of operation

is brief. RefmicaneahdBdw BendiRstRrdEbA ARGl REs dpdrhi8 hnsleSHikiypt | on and

background. Fi gure 1 illustrates an exenplary el ectronmechani cal renory
array 1000 NJOMSM.ibe érscrpleay ofithyr ashigaciure apd paneipleppboperaton iehtefdi nent s of

D e R BT PR ORI ool 102
such cel |l s i s Higaratléluatatds@n enerdprapt elediong:chirdcdl mvendry @frap oo t he t echnol ogy
may s Upp()cg;[lstxqu%\t/cjdcaecgorgglvgi tg %rincip]es 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
devices.
Each memory cell 103 includes a nanotube ribbon 101 suspended by one or
more supports 102 over electrical traces or wires, e.g., 104.
Each crossing of a ribbon 101 and a wire, e.g., 104 forms a crossbar junction
and defines a memory cell. Under certain embodiments, each cell may be read or
written by applying currents and or voltages to electrodes 112 which are in electrical
communication with ribbons 101 or through electrodes (not shown) in communication
with traces or wires 104. The supports 102 are made from a layer 108 of silicon
nitride (Si3N4). Below layer 108 is a gate oxide layer 109 separating the n-doped
silicon traces 104 from an underlying silicon wafer 110.
Referring conjointly to figures 1-2B, junction 106 illustrates the cell in a first
physical and electrical state in which the nanotube ribbon 101 is separated from
corresponding trace 104. Junction 105 illustrates the cell in a second physical and

electrical state in which the nanotube ribbon 101 is deflected toward corresponding

trace 104. In the first state, the junction is an open circuit, which may be sensed as
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information storage capacities equivalent to or |arger than nodern

non-vol atile circuit devices. Each nenory cell 103 includes a nanotube
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st at e, t hherjchemtcabyreastiee species.f Eweapofaserten spm-¢@tagl matSohlcutik s metaBN) , whi ch

b d h. i ther. the tube 101 o t 104 wher
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in positiRald Ao 5md§wmeie§sebmekrdnm'@ﬂangthnm_bmﬁot@tseo&sﬂdﬁ@eﬁs the ribbon
may be held }t% ot her means, such as by anchoring the ribbons to the

suppor t s indivisgabrapotbescapzalsochopinded thenwgh thputse waldribonding ée thersutfage- be

i ncrease t 7} ] cal o N L ug} coval ent

bondi ng #%SWHS’F%%&%P gcvgf%ggidg%%%gg}ﬁ%{s&gﬁ%%%gso f%ﬁr}%(haeﬁg}saﬂgcrl ot her
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oxi de or 3PEIRA ki He APPbEIhYS-dtetlo 782U 461 ‘§7 foseremplant wehauesfofy strengt h.
e oonct g PSR rmd ity s RSl 7 Ly L1 01
Si dewal | FunctUmdeatértzan pefered eBibodimentad shdwn 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-

doped silicon electrode and is positioned close to the supports 102 and preferably is

no wider than the belt, e.g., 180 nm. The relative separation 208 from the top of the

support 102 to the deflected position where the belt 101 attaches to electrode 206 (see

figure 2B) should be approximately 5-50 nm. The magnitude of the separation 208 is

designed to be compatible with electromechanical switching capabilities of the

memory device. For this embodiment, the 5-50 nm separation is preferred for certain

embodiments utilizing ribbons 101 made from carbon nanotubes, but other

separations may be preferable for other materials. This magnitude arises from the

interplay between strain energy and adhesion energy of the deflected nanotubes.

These feature sizes are suggested in view of modern manufacturing techniques. Other

embodiments may be made with much smaller (or larger) sizes to reflect the

manufacturing equipment’s capabilities.

The nanotube ribbon 101 of certain embodiments is formed from a non-woven
fabric of entangled or matted nanotubes (more below). The switching parameters of

the ribbon resemble those of individual nanotubes. Thus, the predicted switching
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by rows of patterned silicon nitride, though many other arrangements are possible,
such as a plurality of columns. Conductive traces 104 extend between supports 102.
In this instance, the traces 104 are shown as essentially contacting the supports 102,
but other arrangements are possible as are other geometries; for example, spaces may
exist between trace 104 and support 102 and trace 104 may be fashioned as a wire or
may have non-rectangular transverse, cross-sections, including triangular or
trapezoidal. Sacrificial layers 304 are disposed above the traces 104 so as to define
one planar surface 306 with the upper surface of the supports 102. This planar
surface, as will be explained below, facilitates growth of a matted nanotube layer of
certain embodiments.

Once such a structure 302 is created or provided, the upper surface 306
receives a catalyst 308. For example, under certain embodiments, a catalyst metal
308, containing iron (Fe), molybdenum (Mo), cobalt or other metals, is applied by

spin-coating or other application techniques to create a second intermediate structure

310.
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certain enbodi nents. Once such a’structure 302 is created or provided, the
upper surifaaeabgOwith speséfic/dansisies either yore GOI8ss demse axiadpsiced. uWdier cert ai n

enbodi nents...a ¢ L yst netal.. 308,  cont aini iron (Fe). . nolybdenum (M),
cobal t or-piBp BLALHE PEbRimeT kIRt B a R B 4o et on

t echni quesropedlycdoRabRed naG&obed cail be iaae tadvenBi disteibute & verda Siverl fiVM@ thad/ 021613
PCT/ US02/ 23859 = A matted | ayer 312 of nanotubes is then grown into a

non- woveniS PEBRFY dmogplaysref Ranqtelesc Rrapsh Srambadtes conraiof PABNTEd a t hird
o, AL i a5 RSO HORAR 5LVt
exanpl e, abuond3d@ink20Fa)e, spinlceatgagrsanuaats dlengthgnd RPM), growth time,
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A photoresist may then be applied to the layer 312 and patterned to define
ribbons in the matted layer of nanotubes 312. The ribbon patterns cross (for example,
perpendicularly) the underlying traces 104. The photoresist is removed to leave
ribbons 101 of non-woven nanotube fabric lying on planar surface 306 to form fourth
intermediate structure 318.
The fourth intermediate structure 318 has portions 320 of its underlying
sacrificial layer 304 exposed as shown. The structure 318 is then treated with an acid,
such as HF, to remove the sacrificial layer 304, including the portion under the
ribbons 101, thus forming an array 322 of ribbons 101 suspended over traces 104 and
supported by supports 102.
Subsequent metalization may be used to form addressing electrodes, e.g., 112
shown in figure 1.
One aspect of the above technique is that the various growth, patterning, and
etching operations may use conventional techniques, such as lithographic patterning.

Currently, this may entail feature sizes (e.g., width of ribbon 101) of about 180 nm to



a carbon source, hydrogen and inert gas, such as argon or nitrogen, are

fl owed over the upper surface. This environnent facilitates the generation
or growt hwofoswheisratted |ayer or film 312 of single-wall @dTasnhzasso

nanot ubes. The layer 312 is primarily one nanotube thick and the various

t ubes adhere to one another via Van der Waals forces. (Occasionally, one
nanot ube ajrlowssdd@nm, het the physicabelarirderisticholigh compenegtsome AMicaable l at i vel y

i nfrequen E.QW e he rraterl al . Under sone

enbodi msn%veﬂ?%a{l@r er %IZGP ﬁfgm %gﬁgﬁ%rgég %@gb% IEJermrBatter ned to assist in

growi ng the n/amﬁlub@éxpmlhéu sdiew] theie afkemany p&sibi WaRY offBaéRinglthd ess dense as
is desired. Wien conditions of catalyst conposition_and denS|ty grow h

envi r onnefermagiatersitigtuees or apslegnup ISSF“‘E%YI% descriged abpysofimes4d8h be made to
evenly di V, ispy a nonol ayer of
nanot ubes%wpﬁgﬁowsr(g{vﬂ‘ﬁay?ﬂg Cg%Fefeﬂgglégsrﬁu?gﬁgﬂ df13°te gtﬂaérr@{ erg i ncl udi ng but not
limted to catalsisbn oafgpds0ts pmvﬂadimtﬁrmenﬂdealhy@ﬂ()ﬁ Thebkidailakr Bat i on  of

t he underly| ag)ﬂsurface spin, coating paraneters (length and RPM, growth
time, Yif Eevapaiiogeters BrBicknesa buberilld pe anmieh s A sHigon Hikepe

i d t tted
| N A RO o A P ™
per pendi dayearis px)efdrifteyuﬂdestmmngthidkaces 104. The photoresist is renpoved to

| eave ribbons_ 101 of non ven_ panot ube fa ic lying on planar, surface 306
to form fourt AT %@Pﬁé@#ﬁ?@egéq{]@ﬁwaﬁ@e eiched Rreepaiis ubicar e
structur 940%3@ RS sUpRb s@AGus 4970wtk ﬁloﬁ%%érbfﬁdhgs t%%_(lft kv‘%dtﬁ'm!yg%er 304
exposed as shown. e structure 318 Is then treate Wlt¥'l an aci such as

HF, to r epovel §0ren s&adﬁmrfpechaqvls sialjer The4¢mainvigudiaeg nithide p(altetriabdefdﬁeder t he
ri bbons an arra§a 322 of &l bbons 101 suspended over traces

104 and ]‘gﬁf}ﬂ’é’?ﬁé&{’g@e &y pr8?‘vt RN] ps§8@§?ﬂf ent netalization my be used to

f orm addr essi ng cevefil 408 @5 n-dped siliédrdis thdhoiMpoditedfth GrtRe davifiisogspect of the
above technique is that the various growth, patterning, and etching

oper at i oﬁﬂlmew(&fﬁve)mmmalemWHmrqm@y be gegutdqimn "rhleiogmtapam loe as
patternl(r}% %rrently this may entail feature sizes (e.g., wdth of
ri bbon 101" B 4Wsut 180 nmto 8 WD 03/021613 PCT/ US02/ 23859

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
end-point detection (EPD) may be utilized until the upper surface 410 of the etched
silicon nitride is reached.

The structure 411 is then oxidized to form and define sacrificial layers 304 of
SiO, about 10-20 nm deep into planar surface 306.

The unconverted, remaining portions of silicon form traces 104.

Figure 5 shows another method that may be used to create the NTRCM
devices 100 of certain embodiments. A support structure 407, like that described in
connection with figure 4, is provided. A layer 514 of n-doped silicon is then added
using a CVD process, sputtering or electroplating. Under certain embodiments, layer
514 is added to be about half the height of the SisNy4 supports 102.

After the layer 514 is added, an annealing step is performed to yield a
planarized surface 306 to form a structure 411 like that described above. The

annealing step causes the silicon of layer 514 to flow into the cavities 406.
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about 10-20 nmdeep into planar surface 306. The unconverted, remsu ni ng
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The 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.

Reactive ion etching (RIE) or the like may then be used to etch the Si;Ny layer
704 to form cavities 708 and to define supports 102.

Afterwards, n-doped silicon 710 may be deposited in the cavities 708. Under
certain embodiments silicon is deposited to a height about equal to the height 712 of
the Si3Ny4 supports 102.

The photoresist 706 and silicon 710 on top of the photoresist 706 are then
stripped away to form an intermediate structure 411 like that described above.

The structure 411 is then oxidized to generate the sacrificial SiO, layers 304.

Figure 8 shows another approach for forming first intermediate structure 302.
Under this approach, a starting structure 800 is provided having a lowest silicon layer
802 with a lowest silicon dioxide layer 804 on top of it. A second silicon layer 806 is
on top of layer 804 and a second silicon dioxide layer 808 is on top of the second

silicon layer 806.
10



anneal i ng step causes the silicon of layer 514 to flowinto the cavities
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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
silicon growing process.

The structure 411’ is then oxidized to form sacrificial layers 304 at the
exposed portions of silicon, as described above. For example, the layers 304 may be
grown to a thickness of about 10 nm.

Figure 10 shows another approach for forming first intermediate structure 302.
A silicon substrate 1002 having a layer of silicon dioxide 1004 on top of it and a
second layer 1006 of silicon (n-doped) on top of layer 1004 is used as a starting
material. A mask layer 1008 is photolithographically patterned on top of layer 1006.

Using nitridization techniques, exposed portions 1010 of n-doped silicon layer
1006 are chemically converted to SizN4 supports 102. The unconverted portions of
layer 1006 form traces 104.

The mask 1008 is removed forming a structure 411 like that described above.
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The structure 411 is then oxidized to generate the sacrificial Si02 |ayers
304. Figure 8 shows anot her approach for formng first internediate
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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
this approach preferably includes the sacrificial layer to provide a planar surface to
receive the independently grown fabric, the sacrificial layer may not be necessary
under such an approach.

Because the growth process causes the underside of such nanotubes to be in
contact with planar surface 306 of intermediate structure 302, they exhibit a “self-
assembly” trait as is suggested by figure 12. In particular, individual nanotubes tend
to adhere to the surface on which they are grown whenever energetically favorable,
such that they form substantially as a “monolayer.” Some nanotubes may grow over
another so the monolayer is not expected to be perfect. The individual nanotubes do
not “weave” with one another but do adhere with one another as a consequence of
Van der Waals forces. Figure 12 is an approximate depiction of an actual nanotube

non-woven fabric. Because of the small feature sizes of nanotube, even modern
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exposed portions of silicon, as described above. For exanple, the |ayers
304 may be grown to a thickness of about 10 nm Figure 10 shows anot her
approach worospaoremd ng first internedi ate structure 302. APSiTlUSomesssubstrat e
1002 having a | ayer of silicon dioxide 1004 on top of it and a second
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triangul ar or trapezoida ross section. In di tion, Cross section
may have fotthertaifl@rgrewthswuch thas any growaingl enevilarfar asipée.edhsi-gdesis) Bs was
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o Tt t o0 ‘RARBLBE SIS o Ere B G Rl Ok CRE DS IFRE S08 o che
st ruct ur en@eRevdnmeiddd Rl E€Aing P AskhJTEYs Svith HeontNavedemsifyabri ¢ | ayer 312 is
Jrom 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
matted layer of nanotubes 312 form a non-woven fabric that is not a contiguous film,
etchants or other chemicals may diffuse between the individual nanotube “fibers” and
more easily reach the underlying components, such as the sacrificial layer.
Subsequent metalization may be used to form addressing electrodes, e.g., 112
shown in figure 1, as outlined above. Other embodiments use nanotube technology to
implement addressing of memory cells instead of using metallized electrodes 112 and
addressing lines (not shown).
More specifically, under certain embodiments described above, nanotubes are
used to form NTRCM arrays. Certain embodiments use nanotube technology,
whether in individual wire or belt form, to implement addressing logic to select the

memory cell(s) for reading or writing operations. This approach furthers the

integration of nanotube technology into system design and may provide beneficial
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over the structure through the use of a catalyst 308 and through the
control of a growth environnment. O her enbodi nents nmay provide the nmatted
nanot ube weyen281? separately and apply it directly over PCHAIS82/2386¢ ur e
302. Though structure 302 under this approach preferably includes the
sacrificial layer to provide a planar surface to receive the independently
grown f abiunetiomality toddghet-leviebdysieaydssigimFon oxarhple nmdestbhisrappragaéhe such an

h. th he .under si f b
(o be- 1 n edneaae e Fn bR PROTRTAR0 Bele R L PREUP LR Bl 6502 "

t hey exhiWiltinBereat®y §toreaRS REDIMYmoty' Aidtes@S | s suggested by figure 12. In
particul ar, individual nanotubes tend to adhere to the surface on which

they are grownligheanetpde-bassdrpenerygellyhavghistaliliy chasagierizedhly a highy f or m

subst anti al: - I e 1D BBy, (0] ..anot her so
t he rmnol%%#é%sf ?eglsgagfgg%%g%/g% a,[ng gg&é@?’%‘i&%e"’ I ﬁ%@%&usaﬁésnlgnot ubes do
not "weavatomplishedbe tixnapiphiestidawdf sgecificnarageshdrbssahenanaibedicltas ware
consequence of Van der Waals forces. Figure 12 is an approxi mate depiction

of an act3Mdtheundselying tragenwehieihatrleast ore othe mgmenyeelk ements fsa feature sizes
of nanot UbgowBY 8P a ARARIEE dshohO1P3H0 63&hpﬁ{eéé§%2é§ﬁéﬁ9isla BAASO el ectron

m croscopy cannot "photograph” an actual fabric w thout 53] preci si on;
nanot ubesthtavkageaatass thisjunetsonds dsterhined with-aZsensetainphifies” lRdadwarehe preci si on

of SEM Figure 12 for exanple, s ests..the fabric's tfed nature; not
ol ear f r JHTISGTRAT BeSTiEREyEhe S TAAL 15 Hater SBlIoc HP G PEBHENY  ar oas of
di scont i nygk hyedeMat It dde WBGSRANMESENt . Each tube typically has a dianeter
1-2 nm(thus defining a fabric |layer about 1-2 nm but mag have | engt hs of

a few nicrons Hgererdyepistsaisbrreigng bisarycelent wystoms or desedery meywdlrve and
occasi o nagel éf(pi:a]ril%%ﬁ)e?()t@gid%&g&ﬁg E%IIJO nr;{lﬁ? §§ 1@%%gﬁ%d t\v(?thonqgot%[}%stscfr}er{a{lc:)/tgE? van der

Waal s forces. Tn ce es grow su an y
unr est r ai ditshdnitecthnbidgy.- Murebver,akd decdid¢randy nconsiubtedieths shsk afitwial | y

restricted in the z-axis (perpendicular to page of figure 12) as a
consequerfO&RONCR LS a8anqubs gy calkatray. o-ge h@fﬁ%aiwﬁ% may suppl ement
ooy DO A9E SN RC I 6, Mt LBl sty o et e o
further tlHORaondigatennt junsticmhofttivatnasetybegrapwahotibe obleng] &ntis mgard, the. g. t he

- X-axis) iint%raction is analogous to a “pass transistor” found in CMOS and other technology,
in which the intersection may be opened or closed.

Locations such as 1420 where one nanotube or nanotube ribbon may cross
another but which are not intended to create a crossbar junction may be insulated from
one another with a lithographically patterned insulator between the components.

For the sake of clarity, the decoder illustrated is for a 3-bit binary address
carried on addressing lines 1408. Depending on the value of the encoding the
intersections (dots) will be switched to create only one path through which sensing
current I may pass to select lines 1418.

To use this technique, a “dual rail” representation 1408 of each bit of the
binary address is fashioned externally so that each of the address bits 1410 is
presented in true and complementary form. Thus, line 1406 may be the logical true
version of address line 1408a and line 1407 may be the logical complement of address
line 1408a. The voltage values of the representation 1408 are consistent with that
needed to switch a crossbar junction to the “1” or “0” state as described above.

In this fashion an address 1408 may be used to supply a sense current I to a bit

or row of bits in an array, e.g., to nanotubes or nanotube ribbons. Likewise, the same
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retarded. This allows for a nore even coverage of the desired area with a
pl anar interwoven nonol ayer coating of nanotubes with a controll able
density. wopBameéevi ew of the matted nanotube | ayer 312 w t irCoinz$ez/23gsng
silicon traces 104 is shown in figure 13. As expl ai ned above, once the
matt ed nanotube | ayer 312 is provided over the surface 306, the |ayer 312
i s pat t eraperpaghthagtbe veetl toenkefd gieen trisigofes examplos seleating sgeeificfaatayi ¢ t hat

The sacri.fi is_then with

Se0a) T oreohiBRS] o teq sl BSm 38 S astleR wibi{Rering s KA e TSR BR e %

Because thgy bewcl €6k X aN&or ¥fdebading boBFoskadih@hnd for RAt fatibari c that is
not a contiguous film etchants or other chemicals may diffuse between the

i ndi vi dual narféraieembodiments o invastien gepyideya h)@&@ﬁ%ﬂm@l%ﬁ GEFVYi ng
Corrponentl%OO Sslﬁggrne}ﬁ i nr% 53U | (f)ﬂe%e%llor&%él? !n‘ri)fgaﬁe E 'égnsarurc%%l %ls éat i on may be

used to forma ess ng el ec {66 e 1, as

out | i ned NID@ M oa\lmcmnmﬁﬂhmmt«eslsuaﬂomdbyI@emtoeﬁmlagmuit@formmgl enent
addr essi % of _menory cells instead of _usi nsggmat allized el ectrodes 112 and

addr essi ngard Xe@d{eﬁ%ge‘@ﬁ’é‘iﬁﬁfo‘* st B &cand; Tt pdfgrs lé%léfi b0 9Mrokmbodi ment s
descr i beqo PqY¥er aﬂ@&ﬂhﬁ%ﬁeﬁrﬁmusﬁg &%fn&rsﬁ} mg{ e YW I\%Et ain
ether 1n i

enbodi rrent use nanot ube technol ogy, Vi du wre or belt
form to NWhEvieote maybessidrfgr ¢angemidnal meriacingtimectiongrimelydiog! | (s) for

reading or writing operati Thi s approach furthers the integration of
nanot ube Hr%\eﬂw&fﬁagkﬁlﬁfﬁflﬁ a§§§?’égfﬂgd?é‘§ﬁ“ﬁﬁ(og?ﬁf Smay provide beneficial 13 WD

03/ 021613 PCT/1h'efer 31%%5&mef1ténﬁﬁa')©£}ﬂi YiadleSs dicBi&s 156y 8ld BBy slesi gn.  For
exanpl e, under this approach menory architecture will not” only store

menory c shbsituted Mthﬁb‘hnmlﬁlelwlée orehelferddigssing Wichniqimdiseussed aboge.obre t he | ast
menory aqﬁiesgéﬁg)o 1me},r|1t atﬁg tcgr%'%vol{l‘;llg *nclu%rmrlﬁ/o C%el% %nlaa gﬁre}glﬂgé o%'acl I g_y st at es.

characterizé ratio o reS|setan e

Swi t chi ng bet %emdlhemoﬁm%&$the$ybﬁdeﬁmi 1500adaylye fdﬂﬁe@pﬁluklﬁgﬁﬂ on of
specific voltages across the nanotube belt or wire and the underl ng
trace, i MappibhCYE (wafﬁeléﬁy%tfmﬁlﬁe%@#ﬂéwn@mory eqllsppd pddipssing OH‘é?Pnot ube or

a nanot u%a ﬁ)gmpﬁmehﬂngﬂr% SARBLRRE cirdhitry %ﬁi%yhﬁﬁ;ﬁrﬁgﬂgﬁlma‘bfe @%ﬂr@ﬂ and the

vol tage acro I'sS Junction I's determmne nse a Reads
are 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 I/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
utilized on an as-needed basis by the manufacturer.

Figure 16 depicts one possible implementation 1600 of the hybrid technology.
A FPGA chip 1602 containing the buffering and control logic (described above) is
connected via conducting traces on a (perhaps multilayer) printed circuit board (PCB)
1604 to a nanotube (NT) chip 1606 containing the memory cells and addressing logic.

This particular embodiment is suggested to conform to the PCI bus standard,
typical of today’s personal computers. Other passive circuitry, such as capacitors,
resistors, transformers, etc. (not pictured) would also be necessary to conform to the
PCI standard. A front-side bus speed of 200MHz — 400 MHz is annotated, suggesting
the kinds of external clock speeds such a chipset might run at. This speed is limited by
the PCB interconnects and FPGA/PLD/ASIC speed, and also the chip packages, not
the NT memory cell speed.
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non-destructive, meaning that the cell retains its state, and no wite-back
operations are needed as is done with DRAM Figure 14 depicts a branching
bi nary seWweas/oswsi em or decoder, 1400. As will be expl aiPoetSoELiseg
decoder 1400 rmay be inplenented wi th nanotubes or nanotube ribbon

t echnol ogé. reover, the decoder may be constructed on the sane circuit
conponent r Embediments menory cell array, e.g., NTRCM or NTWCM A

per pendi cul ar BAIREGHbh Andfibds ¥her iifetial it BRCk A0 IR EIRAl as a dot

1402 indicates a junction of two nanotubes or nanotu In this
regard, tpreperiied suitableiforelegroaraehagoliswitchiag ¢@pdd be endsisnat. oFhes¢ ound i n CMOS
and other technology, in which the intersectiqn be ened or cl osed.
Locat i ons™&§d _séi"é’u%ﬁ%e\ﬂﬁ%ﬁe@‘eéﬁgnﬁlﬂﬁ%FﬂE%“ 8?“%@??8%%@“? pﬁ%ﬂiﬂ“ﬁﬁ@ Cross
anot her buelyRGELdAERsiI18 red it EPREENSIR HafPARl AnELHOSSRALIed HNGEI ON may be
insul ated from one another wwth a |lithographically patterned insul ator

bet ween tihatedalrmen éalt withifarrangeetosdliew hastalyligyrafithe junpieondandoder il lustrated is

for a 3-bit binary.address carried, on.addressin j 1408. Dependi ng on
the val ue s orRen SO SN g or Eor R R e B Pl RM6E swi L ohed 1o
create only oreorigd purbbdeQf Gite )i GNCHVEDS idpek fof Bdre&ing twdBippRAsSEestc@n sel ect
lines 1418. To use this technique, a "dual rail" representation 1408 of

each bit bsrenyvipéoned; fnthg fiagi¢mbediment theqianetybe assy wilhbe injegsyed hefereeach of the
dd i ; i i. . . Thus, i
aaar ess t}EEeélth%g&cﬁq bt aftFIr 5 $RbaHtatiBn Eﬁ&’@faﬁ’%%&ﬁ&m @Q%N@%%%@g%@dc% us, 11ne

1406 may ogi cal true® version ress line i ne 1407
may be t he s¢cond eadthabinpdleeegiowdf ofatle n@ssubel dritgs béfdBafabiibwiovelf tikge val ues of
istent with that needed to switch a

t he representati on 1408 .are con .
cr os_sbgr ey qe3iFep drohune ipn giperpniabontad Bighdemes PG MEUE SHR. ¢ h s
fashi on @p&ﬂ&fn‘?ﬁ&i&rﬁ&%&@h&?tﬂé?ﬁﬁl tReaBipRRbY ofbGiR BREnAnBIubE BbbdiO a b'_t or

row of bits in an array, e.g., to nanotubes or nanotube ribbons. Likew se,
t he sane and4ha(OMI33 OViGh3viR@Todgsh 2¢iRS 8Badard ppd widshy wed phesocded t o sense a

o ven, trece. b SRATRL R BF LR ARSLTRER Shin bl BRGS0, 520, 20n
for X andegiicofiddesolhd\&nolbeledkisionad THds @ndstflp%rowdktrédmyiagw@tib@ms. .
Certai n enbodi nents of the invention provide a hybrid technology circuit
in the ON state so that no multiple current pathways exist.
In addition to rectifying junctions, there are other widely accepted and used
methods to prevent the occurrence of electrical crosstalk (i.e. multiple current
pathways) in crossbar arrays. Tunnel barriers on top of the static, lithographically
fabricated electrodes prevent the formation of ohmic ON states. No leakage currents
at zero bias voltage will occur but a small bias voltage has to be applied for the charge
carriers to overcome this barrier and tunnel between the crossing lines.
Methods to increase the adhesion energies through the use of ionic, covalent
or other forces can be envisioned to alter the interactions with the electrode surfaces.
These methods can be used to extend the range of bistability with these junctions.
Nanotubes can be functionalized with planar conjugated hydrocarbons such as
pyrenes which may then aid in enhancing the internal adhesion between nanotubes
within the ribbons.
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
growth techniques, etc.) or to nanotube 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
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1500, shown in figure 15. A core nenory cell array 1502 is constructed
using NIWCM or NTRCM and that core is surrounded by sem conduct or
circuits wormiong13 X and Y address decoders 1504 and 1506; pRTarsd2/238puf f er s
1508 and 1510; control logic 1512 and output buffers 1514. The circuitry
surroundi ng the NTWCM or NWBCM core may be used for conventi onal

i nt er f aci dlgmsuansk thatrtheseichaiing ohiihh gncoppags modiicateens of and enprovemehtstnsi ng

out put vol Aesy | n, ot her, enbodi nents, the X and Y address decoders 1504
and 1506 % a0 158418t ed with the nanotube wire or belt addressing
techni que di scussed above. In these enbodi nents the core woul d incl ude
menory cells and addressing logic. In certain enbodi nents, the hybrid
circuit 1500 may be forned by using a nanotube core (having either just
menory cells or nenory cells and addressing logic) and by inplenenting 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. O, they may be packaged separately. For exanple, a hermtically
packaged nanotube circuit (having nmenory or nmenory and addressing | ogic)
may be conbined wth a PLD)FPGA/ASIC in which the I/Ointerfacing logic is
contai ned. The resulting conpact chipset provides access to the benefits
of the NT nenory for the user of the product, while maxim zing the use of
"of f-the-shel f" technol ogies, which nmay be wutilized on an as-needed basis
by the manufacturer. Figure 16 depicts one possible inplenmentation 1600 of
the hybrid technol ogy. A FPGA chip 1602 containing the buffering and
control logic (described above) is connected via conducting traces on a
(perhaps nultilayer) printed circuit board (PCB) 1604 to a nanotube (NT)
chip 1606 containing the nenory cells and addressing logic. This particul ar
enbodi nent is suggested to conformto the PCl bus standard, typical of
today's personal conputers. Qther passive circuitry, such as capacitors,
resistors, transfornmers, etc. (not pictured) would al so be necessary to
conformto the PCl standard. A front-side bus speed of 200MHz - 400 MHz is
annot at ed, suggesting the kinds of external clock speeds such a chi pset
mght run at. This speed is limted by the PCB interconnects and
FPGA/ PLDY ASI C speed, and al so the chip packages, not the NT nenory cel
speed. 15
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WD 03/ 021613 PCT/ US02/ 23859 O her Enbodi nents Besi des carbon nanot ubes
other materials with electronic and nechanical properties suitable for

el ect r omewbaniozmh3 swi t chi ng coul d be envisi oned. These meCenisat/s3sswul d
have properties simlar to carbon nanotubes but with different and |ikely
reduced tensile strength. The tensile strain and adhesi on energies of the
mat er i al Whasts dlaiimedwi:t hin a range to allow bistability of the junction and
el ectromechani cal switching properties to exist within acceptable

tol erances. FO& nieffodRmpAS Qéctiotine@iadidaldrdaldeferh@i Corhgisimgitie astsi ng t wo
approaches can be envisioned. In the first enbodi nent the nanotube array
w || be iafitegrated before netallization but after ion inplantation and

pl anari zation of .the CMOS | ogi ¢ dgvi o A i nvolywes growt h
of the nanot uboéo‘e’alfj‘rn§)?s§trﬂ)‘%ﬁ‘uBe?lgavin%eﬁ%(éégﬁﬁlgncogﬁ(gﬁgQg&%ggge}:) dg{eé’slh:énvol Vi ng

i on inpl enent ati on sapgbrh eendigTesAyaacivTald subgtrateps.  Upon conpl eti on
of these steps the final netallization of both the nanotube ribbons and
the CMOS devi duaviginga lpyes@baanaiahes §ver tBm aenmertanandv del y used protocol s.

El ectrodes congj.sti 1 id r

sem conduct or %%%egébéggﬁ&fé?@nﬁ Ig&e}ﬁg%s\s/(:)f{stlhgﬁgg?&%ﬁgm\%ﬁ ﬁ%qgﬁ‘ Iglil%%{rsod\?i de
rectifying juncti onmnotubed thet cBdésshatlectscaltyhamdodiveutaesp wdeoum easht  pat hways
exist. In addition to recti f,%/i ng junctions, there are other w dely accepted
and used nethods t&PYIPEOBRTISEHDE HE LG BOWOSF- ) ectrical crosstal k (i. e.
mul tiple current pathways) in crossbar arrays. Tunnel barriers on top of
the static, lithographically fabricated electrodes prevent the formation
of ohni ¢ N stBieanethpibof Jaikaly@herain thatast ofgroviding asitmistuyeproaies &i | | occur
but a small bias valtage,has to be appljied for.the ghar carriers to
over come YHFETHRYH li’ﬁ%r’?&ecﬁﬁﬁih%Fo‘b%lltc\ag%{r{a?eﬁgecqogggisﬁllﬁg ?rg%ess  Methods to

i ncrease the adhesion energies through the use of ionic, covalent or other
forces can be envisioned to alter the interactions with the el ectrode

surf aces.3. TheBre methpdakclaian! pherpin thetast hareHdingResUSNERPONdss 8t abi | ity

W th these juncti NI Telal I i w th planar
conj ugat esgmh@'?r%‘c‘gﬁg%hs éugﬁagz ngé}lrcgg%tsr %%ﬁ%g%?ﬂen aid in enhancing
the internal adhesi on between nanotubes w thin the ribbons. Certain of the

above aspects,_such a e hybrid.circuits and. the nanotube.
p4. The methoc? 0% (t‘aim ¥wherem the act ofs pX‘O\I;ll ing a structure provides a

structure in which the electrically conductive traces are ribbons of nanotubes.

5. The method of claim 1 wherein the act of providing a structure provides a
structure in which the support structures are formed as rows of material and wherein

the electrically conductive traces are substantially parallel to the rows.

6. The method of claim 5 wherein the traces are separated from the supports.
7. The method of claim 5 wherein the traces contact the supports.
8. The method of claim 1 wherein the traces are separated from the supports.
9. The method of claim 1 wherein the traces contact the supports.

10. The method of claim 1 wherein the act of providing a structure provides a

structure in which the supports are made from silicon nitride.
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technol ogy for addressing, are applicable to individual nanotubes (e.g.,
using directed growth techniques, etc.) or to nanotube ribbons. It wll be
further apprsowizrd that the scope of the present inventi @eTiGsonzass9 i mted
to the above-descri bed enbodi nents but rather is defined by the appended
16 WO 03/ 021613 PCT/ US02/ 23859 cl ains, and that these clains wl |
enconpass lnndiThecra@th@%gf@iﬁmahwhem wéﬁmﬂpgowémgmcwa%pm@ﬁs described. 17
WO 03/ 02 / i maki ng
el ect r o- neghul e e Rl o di s B At Siond 1o BPRR a nga
st ruct ur emitanalng eRteRhNy alake/the oackiatlanee foraeasomed supports, the supports
extending froma surface of the substrate; providing a | ayer of nanotubes
over the supports; and selectively renoving portions of the |ayer of
nanot ubes; £ 0 TRThEhPPONa Al 1 WARRA RS c;fgﬁ&wﬁirngsasstxtugﬁréefwr%%deéEal ly
conductlve traces, erern each more nanot ubes. 2.
The net hcmtuon‘ure:ﬂnamtnclh thMuhafoandallylaenmnva)fraq@scam dich@ver infulatigunateialovi des a
struct ure | ﬁ@l’ El &I ectrically conductive traces are doped silicon
traces. E‘C KOS Me i35S | wherein the act of providing a structure
provi des a structure in which the electrically conductive traces are
nanot ubes. 4. The nethod of claim 1 wherein the act of providing a
st r uct ur el 3pr ovitggsethod sf ¢la|itm umdciem thhiactoftpievidingatlnyar aff hynatareduct i ve traces
are ribbons gf nanot ubes etqeﬁ)hod of claiml| wherein the act of
provi di ngd"3" ?srau%%}zvgv%}%{;pag NP uct ure in which the support structures
are formed as rows of material and wherein the electrically conductive
traces are substantially parallel to the rows. 6. The nethod of claim5
wherein tHe trﬁ@é@etm%og@wﬁ@o\’vhﬂﬁbﬁhetfh‘éﬂ%ﬁwlﬂ gn themtrugtyee. met hod of cl ai m
5 wherein the traces contact the supports. 8 The nethod of claim| wherein
the traces are separated fromthe supports.

15.  The method of claim 13 in which the structure includes a sacrificial layer of

material over the traces and in which the fabric is grown over the sacrificial layer.

16.  The method of claim 14 in which the structure is treated with a catalyst to

facilitate the growth of the fabric.

17.  The method of claim 15 in which an upper surface of the sacrificial layer is

treated with a catalyst to facilitate the growth of the fabric.

18.  The method of claim 1 in which the act of selectively removing .includes the

act of patterning and etching the layer of nanotubes to form the ribbons.

19.  The method of claim 13 in which the act of selectively removing includes the

act of patterning and etching the fabric of nanotubes to form the ribbons.

20.  The method of claim 14 wherein the growth of nanotubes is substantially

unrestrained over the surface of the structure.

21.  The method of claim 18 wherein the act of patterning and etching uses

etchants that diffuse through the fabric.
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9. The nmethod of claim 1l wherein the traces contact the supports. 10. The
nmet hod of claim 1 wherein the act of providing a structure provides a

st ruct ur ewpresshieeh t he supports are nade from silicon nit PCEAISOYBSVO

03/ 021613 PCT/ US02/ 23859 11. The nethod of claim 1l wherein the act of
providing a structure provides a structure in which the electrically
conduct i &t r athegnethed of/epina 1 wapesin die layes of pariotupes iregubstaatially@ el ectrical |y

i solate t]ﬂgnolgaces relative to one another. 12. The nethod of claim1
wherein t ‘'of providing a structure provides a structure in which the

electricaldy comeleikéechbhiasiescaitcoa@iRingver insulating material to
electrically isolate the traces. 13. The nethod of claim1l wherein the act

of providing & it@gsire bavingeleettipdly copdustivgdeaces ansriupputsrexfendinedremn a

nant ot ubes. 14 Th m13 in which the fabric is grown on the
structure. Theesr‘%e %J@d[hﬁ?g a{lgtlfcﬁ 13 in which the structure includes a
sacrifici al I ameotubé rlbhzmse;ns@hdm/lgr theBepporaaks casd theelsdmiciiyt he fabric is
grown over the sacrificial |aye 16. The method of claim 14 in which the
structure is treat é-‘&nmweéraew ab%tm ftaah ribhen FOMpHES ORROYTE h of t he
fabric. 17. The metfagpés. cl aim 15 in which an upper surface of the
sacrificial layer is treated with a catalyst to facilitate the growth of
the fabric. 18. The nmethod of claim 1l in which the act of selectively
rermving |ncI es the. act t rn'n.adet h|n thela er  of

nanot ubegt o fﬂi’erﬁrtcHlé FFIBB%RQ hggln %‘?&l‘%&f%g?j CB‘F ?H‘?%éafen ®flch the act
of sel ectsiiu@h¥rac@ovi ng i ncl udes the act of patternl ng and etching the
fabric of nanotubes to formthe ribbons. 20. The nethod of claim 14 wherein
the growm h of nanotubes is substanti aIIy unr estrai ned over the surface of
t he strucsture. C f patterning and
et chi ng Eztsses T%]CF]CI %fgﬁ{"{gg ‘[?g'le hrarecjacﬁ“ 8” “vae“gce%&v\o 03/ 021613
PCT/ USO2/n28&0Bes. 22. The met hod of claim1l vvherel n the | ayer of nanotubes is
substantially a

26.  The circuit of claim 23 wherein the electrically conductive traces are ribbons
of nanotubes.
27.  The circuit of claim 23 wherein the supports are rows of material and wherein

the traces are substantially parallel to the rows.

28.  The circuit of claim 27 wherein the traces are separated from the supports.
20. The circuit of claim 27 wherein the traces contact the supports.

30. The circuit of claim 23 wherein the supports are made from silicon nitride.
31.  The circuit of claim 23 wherein the electrically conductive traces are over a

layer of insulating material to electrically isolate the traces relative to one another.

32. The circuit of claim 23 wherein the electrically conductive traces are each

over insulating material to electrically isolate the traces.
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nmonol ayer. 23. An el ectronmechanical circuit, conprising: a structure having
electrically conductive traces and supports extending froma surface of

t he substwetog/2wanot ube ri bbons suspended by the supportsPCRAISOD238SE t he
electrically conductive traces, wherein each ribbon conprises one or nore
nanot ubes, 24. The circuit of claim 23 wherein the electrically conductive
traces ar®:dopBef Cikqujtiof glaimPdcwherepgibbppgpargiof @mop-vegver fairin d3 wherein t he
el ectricaldyor ductive traces are nanotubes. 26. The circuit of claim23
wherein the electrically conductive traces are ribbons of nanotubes. 27.
The circuit of claim23 wherein the supports are rows of material and

wher ei n e tjaces ar subséan iajlé g raIIeIl%P the rows. 28. The circuit
of clai m¥7 whEHuLRk clair dasWhgreindhy, HPRRns drg substaptal s meaeleyer of 29, The
circuit ofanehu@kdn 27 wherein the traces contact the supports. 30. The
circuit of claim23 wherein the supports are nade fromsilicon nitride.

31. The circuit of claim23 wherein the electrically conductive traces are
over a layer of insulating mterial to electrically isolate the traces
relative to one another. 32. The circuit of claim23 wherein the
electrically conductive traces are each over insulating material to
electrically isolate the traces. 20 WO 03/021613 PCT/ US02/ 23859 33. The
circuit of claim 23 wherein ribbons are of a non-woven fabric of
nant ot ubes. 34. The circuit of claim 23 wherein the ribbons are
substantially a nonol ayer of nanotubes. 21
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