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Background
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 arréys
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 réad/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
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For example, magnetic RAM (MRAM) or ferromagnetic RAM (FRAM)
utilizes the orientation of magnetization or a ferromagnetic region to generate a
nonvolatile memory cell. MRAM utilizes a magnetoresisitive memory 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 technologyl 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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state (i.e., attracted or repelled wires) corresponds to an electrical
lg,de
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fromthe junction, the wres retain their physical (and thus electrical)
st at e t hertetope pobath migesito 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 formiﬁg 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
fnay 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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non-vol atile nmenory cell. The NTWCM proposals to date rely on directed
grom h or chem cal self- assenbly techniques to grow the individual
nanot ubes needed for the nmenory cells. These techni ques are now believed
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conductive traces an extending froma surface of the substrate,
and nanot ube Acdvinding toseremspedeof thy inveticauthp skeco-meahanimabsigcuithe el ectrical ly

conducti v traces, wherein,each ribbon .compr.i.s on r re nanot ubes.
Accor di n geelflale?)tﬁ are Tuade by providing a syuctyre ﬁg}q,ng gﬁgngﬁ@&op@cm% ﬁ%a’cﬁlg & circuit
el enent s suppon® drewhich fieasapporis@xeend froucd surfacdhefthé gubsirgtet Aileyat 6fy conducti ve

traces and s orts, in which the supports extend froma surface of the
Substr ar enangRibRS Bprayidecpyoing SURPOrte 230 DOk G IRYER RS PEUTHET £E ang

portions dectiv€ly r@diéVed @ farRTHHIRESF ARGub&ahACEdsy BleXleceizred to form ri bbons
of nanotubes that cross the electrically conductive traces. Each ribbon

i ncl udes eMWugtiveitaces. Fagl ribbrrsinclpdesone peaOFs N9NPYRESof the Drawing In the
Drawing, Figure 1 illustrates a nanotube belt crossbar nmenory device
according to certain enbodinents of the invention; Figures 2A-B illustrate
two st at e8rief Descriptian of the Drawimgor di ng to certain enbodi nents of the
I nventi onyg E L& illustrates acts of nmaking nmenory devices according to
. In gﬂ ing, . R .
certain enbodi nent’s of the invention; Figures 4-11 illustrate several
forms of creatFigorednllusitaessamadnatulee ledltrasossbarenansoryl device avedrdinggoror y devi ces
according to certain_enbodi nent s (%f t.he .
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, of‘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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i nvention; Figure 12 illustrates the non-woven nanotube fabric, or matted
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description and backgrou Igure 1 1llustr an exenplary
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DT o oo S sy AU QeropHif Moty 211 of o
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
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 cqmmunication
with traces or wires 104. The suppofts 102 are made from a layer 108 of silicon
nitride (SizNg4). 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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state 105 or "off' state 106. The actual nunber of such cells is immuateri al
to wunderstanding the invention but the technol ogy may support devices
having information storage capacities equivalent to or Iarger than noder n
non- volat| 6{9% devi ces. Each nenory cell 103, |nc+ notube

ri bbon 10 0¥Wied by one or nore supports 102 over ec rlca traces or
wres, e.g. 104 Each crossing of a ribbon 101 and a wire, e.g., 104 forns
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correspondi ' il a second

trace 1Q4. Junction 10 strate
physi cal g‘g‘q@?ﬁacﬁ'ﬁ 8’&\‘1“%?%&%“?‘9“% &hr‘im’tgaﬁjé "rl"asﬁ(S‘? ‘?Q?HBH?F Uy i s
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such on eiothseFhamigally reassive amwarE\tapa@@dmaplwqeaﬁccb@ataa@lrse@wanemﬁ t he second
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may be sensed as suc be 101 or trace en so
addr essed coudalso be@ddcdltﬂ lrt@mbwhmamnmg stréngths aFhstnahetube ditbons a01 nmay be hel d

in positig he ribbon
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c hernI cal | ynd EﬁtétlaVsEAppﬂeBhy@SLettEW?lmoel zisan f_s:wxlampmgt ®éhniqiieefdral such ais_
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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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See R J. Chen et al., "Noncoval ent Sidewall Functionalization of
Single-Wall ed Carbon Nanotubes for Protein Imobiliation," J. Am Chem
Soc., 123, 2001 3838-39 and Dai et al., Appl. Phys. Lett., 77, 2000,
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fabric of ®Avldhgifadtydr Megoverdtha sesistanersof thegibbopseshepld besigaificaptc hi ng

par anet ers Thus, the
predi ct ed !so\?\‘nf rttﬁﬁﬁraf f&%ﬂ&ﬁg@*@i@t@gﬁ%ﬁﬁ?}fﬁ%hgﬁﬁ& an&t‘vol t ages of t he
ri bbon shoubbbnapwcbmmdcm have lasgareross-sastionah areevthamindividifal nangtwbesibes. Unl i ke

the prior art Waeehoiildhs ShahdiEated MR Aol RER sRlvRpf - assenbly of

i ndi vi dual nan es preferre resent 1nvention
utilize fabevicatldGA ﬁfscfnmmrrudmtelsmmimBogrstckdatedfdrbmsrrdtddIri thehogr aphy. This
nmet hod of abricatiaon lends it ner tron over e surfaces
especial ly l{k}étlr%? o%gpeqt.etggftruc ﬂg s a¢t W%B‘fﬁspﬁt&ll‘&é d% #Yy i ndi vi dual
nanot ubes éalating 1dyat1691 csecrb@smrubn siwmderrhdd d diRdcAMitdide 1ay8ec@HN,F 108irrent | y

unf easi bl e, e ribbons shoul d exhi bi Elﬁwnﬁeoved faul t oI e ances over

i ndi vi dual thatsrbinehariurality of suppagts 482 Bd ¢e, Hte WBPRItS L0 3¢

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.



pat hways contained with the ribbons. (If an individual nanotube breaks
other tubes wthin the rib provide conductive paths, whereas if a sole

nanot ube were used the cell would be faulty.) Mreover, the resistances of
the ri bbon@(ﬁ&% gbe significantly |ower than that for usgdhagsslual
nanot ubes, thus ecreasing its inpedance, since the ribbons nmay be nade

to have | arger cross-sectional areas than individual nanotubes. Figure 3
illustrates a rrmxhaldsd(kiyeﬂ&id ¢fan@ubied isthengrown ireo asionfwvoMéiRiabtic devi ces 100. A

first interpmedi ucture 30 reted row In t

i1l ustrat ec°|'_"§ °“ P?ﬂ?“&bﬁémé 8\“&&%‘5‘“‘5 @eISF‘E‘EfH”gEﬁst rate 110
having an an@uh@ld ﬂﬁsb&mnmé%d{a&tk%cta@ ﬁolma@% pliced inf®dn el add Si | i con
nitride |ayer (S|3N4) 108 that defines lural ity of supports 102. In

thi s i nst aheded torachighiisprpenatirel (for &&ﬂmplﬂoﬁbﬁ'é OObBZOQ(ﬁ)szDh gesestceptalaimgsi i con .
nitride, r I plurality
of col umsg%@ndu | veH}Sé%%g&%%e%;%&dﬁ O\BA&ZE“@ gretﬁl%g@mal nthis

I nst ance, tleaupperssnefacel (Rhisengirsiment faailitaassthe genatatipn ooglfoamt ofithe mheds upport s
102, but other arr nents ar ssi bl e, as r eorre ries; for
exanpl e, spAEEY ‘ﬂ'ﬁyﬂgﬁ?@%ﬂ@?\ﬁggﬁg?q%@gt“%% ayfﬁg%s "EB&* YA trace 104
nmay be f ashusinetd thisk and\he @arfus niveY adheiéao Bﬁ@aﬁoﬁfé} RIAMNEner WaaRFOCES €,
cross-sections, including triangular or rg&ezm dal.. Sacrificial |ayers

304 are di Ssesianallyapenanotbe growsoverthe tap of anethergtbppghithisgrewlinar surf ace

306 with thgQaeRAhfrédtichARR t@fhe%%vtﬁ%ﬂ&fcie% o?—ﬁx% maléHed, Ohd?@6me SuUr face, as
w Il be explainéd below, facilitates gI’OWt of a matted nanotube | ayer of

certain emsalpdiments (nabshewn) thecaialyst 308 may be potemed te p@m merevingthsyi ded, the
upper surf aaenifio wn@%&%nf’l’ce(fenﬁu&aeg@w ibre 3P fbss dddke 596 "W rocertain

enbodi nents, a cat contarning 1ron nol ybdenum (M),
cobalt or coiditionsef aatdystlcemamniqnexnd idensity,growtheayirenment, and kiee aggopl i cat i on

t echni ques r sec ter rLe 310. 7, 3/021613
peT/ Usoz) 2B THERRE FREs LSRR BbTerRl AAbNE Buer on held g,

non- woven fisfrimailph mo&olagére:fnmioh&:ds CRrope ngrowthaeqliss cbtﬁmﬁbamrpctémr m athird
T e, g SIS Bl o B SR, BhEABRRLS £ vt
exanpl e, akethe uB@MyIndAEhce/bpih Coating ParamodisylenpthGind RPOAY prowvtiswié,ce, hydrogen
and inert %cmperastv.lxjrgra]nggas%%g&rﬂtr%ongI trogen, are flowed over
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 si:spended 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



t he upper surface. This environnent facilitates the generation or growth of
the matted layer or film 312 of single-walled carbon nanotubes. The |ayer
312 is prinarily one nanotube thick and the various tubes adhere to one
anot her Vi go\aR Waal s forces. (Cccasionally, one nangiiiigesis over
the top ofa%notﬁer though this growth is relatively infrequent due to the
grow h tendenci es of the material. Under some enbodinents (not shown), the

cat al yst 3@Slowais 16@ npabiitelidyysita cnaﬁcttsﬁsuwogh@mmlgontehte areliitpAblORS Wit h
specific densities either npre or |ess dense as is desired. Wien

condi ti ons®¥ sE’éﬁ%ﬂ 9§E‘r°éliﬁ§3'(§ﬂaﬁ?féﬁ“ﬂ%c‘iﬂ’éﬁ’l‘é‘pﬁi’enﬁ’ﬁom h environnent, and

time are propesl wnwsuwppahAeacielowaneﬁctbb@ﬁlaﬁﬁposbm of reR¥AIhy di Stribute
over a given field that primarily a nonol %@ of nanot ubes. Proper

growth r eqmtqr@sdle@rstm@uresmr mhﬁ%tsﬁﬂ%mfeﬁ describedaponest Figwre 4 fori t ed to
catal yst ¢ e, ShAWs B Ya§% g fif@tﬂ& ﬂ'ﬁtflr&rintef-n‘x'élﬁs{l+ &FHc Lgggion of the

underlying su éce spi n I 'ng paraneters eng and RPM), growth tine,
t enperature andAgElsomwafcemﬂ)Gmtprayidcd Whpﬁncnxaﬂeésyesﬂomﬁl)hetdxm qur spplied to

the | ayer 31 nd atternedtod ns in.the edla r of

nanot ubes grfgerﬁ)m% WWBW""SE&‘PQ}‘ “?‘?8 ase‘?'éﬁ'?pﬂémng ‘F?fb’i’fﬂ%/ ul arly)

t he under | S8ig) tayecsR lsl&‘bosxfEB%nthﬁ@&léésdrﬁcém@mﬂ sflRon RigkR® ribbons 101
of non-woven nanotube fabric |vyi ngﬁon pl anar surface 306 to formfourth

i nt er medi atd¥erd pigtarahlvatdaast 0rpB tigkur th i ntermedi ate structure 318 has
portions 320 ofrid SliddASGfilid/la V‘&of?s%eﬁ bt QJedwaahe%Qéﬁ@ePaQé&%ﬁ shown. The

structure 318 is then treate such renove the
sacri fi ci aft0f teyferm gpport struckture 40y With modemi technigueiethe canity widtbisaydel01, t hus

fornmi ng g E%ﬁg%l&fﬁfhﬁgﬁﬁﬁnaﬁg} THSBRRARY siEEh nﬁﬁ&crgacﬂa%ga{ag Corm

supported supports 1 sequen e use
addr essi ngthelsemnortsd%(ege..agrqwbli)erhaﬂrmmiumm)f|gure 1. One aspect of the

above technique,is that th ari,o r owt h atternping, and tchl ng

oper at | ons. y AaveR ke BEnf s erbieh B Bh e Blrrash

pat t er ni NgThe évefMd08)for éxehiplaipamBaimbnts ﬁﬁgbbl Bous | fi@Sthick balt may\bedésh of

ri bbon 101) of about 180 nmto 8 WO 03/021613 PCTI US02/ 23859 as | ow as 130

nm but th fbﬁ"y@i%l characteristics of the conponents are amenable to
even small er fefftoferftigoB id e BOLdsS&L, FirleRampIE BF RéIF-Fihenth gz LM -

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
Si0; 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 SisN 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.



As will be explained below, there are many possi bl e ways of creating the
I ntermedi ate structures or anal ogous structures descri bed above. Figure 4,
for exanple, shows one way to create the first intermediate structure 302

A silico 00 is provided with an oxide | ayer 402 l.de | ayer
S preferg’lg@%g{ﬁfléelw nanoneters in thickness but could bengl%rgrﬁ"?#S? m A

silicon nitride (Si3N4) layer 404 is deposited on top of the oxide surface

402. The si | i conikettat d€b6ribdday ebnrestidt Witiefiut ¥, thé str@dse 43DisnARent hi ck. The
silicon nitri er 404 is then E)atter ned and etched to aénerate cavities
a

ide |a en. .

406 to forﬁ*‘gﬁﬁb@rf%f@ﬁ?@éﬁpréﬂml e 3AhabNOz aboiril§209m deep dMQi t y wi dt h
may be abﬁl‘dﬁarjs&@ad%@ow de or perhaps smaller. The remaining silicon nitride
material defines the supports 102 (e.g., as row, or perhaps colums). A
covering 408 ofFiguig&sbaws andthes approachtfenfogningan aliernatvef first interreedinte/i t i es 406. .
The coveri r r Qhi ' but may
be as thi ﬂ%gﬁl@%&égmﬁﬁpﬁéﬂb&%\c}ﬁ?aﬁg} silt)cgﬁ Pé&%ﬁgﬁogfso%gg}s%ﬁ h;H ol%)n5 g;égzrrpl e by
sel f - f 1 at t efsilinynaitridbhaving shdight 604 bbatdeast Irny anneal i ng, to produce a

pl anar surface .306,..di scugsed ve, to formstruciure 411. | n the case of
sel f-flatteni ngﬁ‘ergé]écgf’i'\'}ga? @‘H‘?fg@gﬂ? fhgn E’i‘-ﬁfegjed\ﬁf‘ﬁ ﬁtCH%@-$B?rﬁ? SEAStEEt i on ( EPD)
may be uti b0&zgd tolGéfidedistspon@NO2. Thy dicting Prbesd bxpdses £pdHiIGHe08dfIthecon nitri de
i s reached. l_%I'he%rft,r_ucture 411 is then oxidized to formand defi ne

sacrifi ci afuriagsefsiliopgsubstrate§08o> apout 10-20 nm deep into planar surface

306. The unconveydéxgesetiQiTRbA 5P BOS isQRRiIRY 18 fdrefdtda (kN dibAgES 104. Figure
5 shows anot her nethod that may be used to créate the NTRCM devices 100 of

certain enki@iwierssol0haxinggdicknesy ofca fawenny 0 7Thepq lyers ALQ eveatighy bed in
connect i Onjnahih@ tlgb%qggﬁzg?%&s g?ﬁie%inﬁlitﬂ?%yeg@c&ﬁ £ tHORRIe ST 11 con i's

t hen added usin ce Sput'tering-o tropl ating. Under
certai n entesdiibedistructutea$@2. 514 is added to be about half the height of the

5, o0 Sunport QU B PR bRl PRI, 510, o
t hat descr ciosted imtamy @f a Virdety afunexaler. nBigsiedyillostass shd processihg stops off | ayer 514
to flowi nhgurgshf-s %Esiv. tE) ic(raesate%gc 1 trz?ccy\%()) i %ét?a%elt }sspoﬁ'ngl US02/ 23859
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 Si3"'N4 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 SizNg4 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 sacriﬁciai 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.
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Li ke that described in connection with figure 4, the structure 411 is then
oxi di zed to formand define sacrificial layers 304 of SiQ2 about 10-20 nm
deep into planar surface 306. Figure 6 shows anot her approach for form ng

an al t er nafgp\soisfsst i nternmediate structure 302'. In thigeGids9disseEnt, a
silicon substrate 600 is covered with a layer 602 of silicon nitride

havi ng a height 604 of at |least 30 nm The silicon nitride |ayer 602 is
t hen pat t er ned Thadopesilidondlioxaday(Sifds) dayer 8(fais ipattrsneddycphatudititograghy toned supports

102. Th | ti 08 of the. f,sili
subst r at o SO SRE’ BR300 THF FRSGf 861 D Brseio i 852 PEReRer ot oo
silicon disilicordayef SD6dwn taYigd firsOsiliconalioxide laydri804 K This stching@reaeyy nm  These

| ayers 610 eveniual ly _insulate traces 104 anal ogously to the way
i nsul at i nGaYH§eP1420d dafigesitiees W4 above described structures 302. Once the.

insul ating | ayemg chvifles BAMArdGRY 4ndRaVered with SilicomaiaRie SNI®I6be created in
any of a vari e% of manner. Figure 6 illustrates the processing steps of

figures 4-5 usddeSisNsreveriag 8i& is backetched withiRIEte thegame height 818iapmthe Fi gure 7
shows anot : ' ' <l | 02. A
silicon sur st‘r‘.nrn g@«@{ o&%gﬁg%%@g %}%Pég‘?\%dlp g@%%@%ﬁﬁﬁgﬁgﬁﬁ%ﬂ)ﬁl I con
nitride | dybich fomnithe gaczificiad layens¥0#.er ned phot oresi st |l ayer 706. For exanpl e,

hot ist | |0 t .. 704 and sequent |
exposed and |1 FHEaE SRt apB Rl o Rudind BARKRG o S ARINE (R D) or the
i ke may tshrectutee302% e dnder thtsmbpﬁob?, SisGthayige 40’|7i(kﬂo®ﬁ)i7ri‘liggm ¢,a:gt hdates 708 gnd
to define su rts 102 fterwards, n-dgped siljgon .y _be deposited in
the cavit i%é'%@é? Prg¥igeg- éc‘b}st‘%ﬁtwcﬁ'ﬁﬁ%ﬁ ROTLS lioﬁg'ﬁYF?EC‘&Eﬁsgl?%d to a
hei ght ab@@tnngqAahin i4yei Semétal Wtis depdsitd onttbﬁoﬁihs BHNg slipp6itd F024ad on The

photoresist 706 and sjlicon 710 on top of the photoresist 706 are then

stripped d0R9f heexrased %ﬂ’iﬁ?'ﬁtSéPhﬁd'Peat.t%tgg’c?fdhﬁ cAvitied 394 a5 depicteddy iEscri bed
above. Theos! M908 adkidod forrh t@ﬁbo%y@1&@9«@9@%&%&%&5&;I&aﬁbbé' e

al
| ayers 304. Figure 8 shows another”approach for form Irst Intermedi ate
st r uct ur e myyzhen bodppesiterios geopiprtyridetroplating covarigg sheralestnode 9680Mtil thepr ovi ded

DA% 0 5 NS08 AL bR S0s B0Vl LG 7 bld Sl 0 Taver B0
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 topof itand 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.

11



on top of layer 804 and a second silicon dioxide |layer 808 is on top of the
second silicon layer 806. 10 WO 03/021613 PCT/ US02/ 23859 The top silicon
di oxi de (Si02) | ayer 808 is patterned by photolithography to create an R B

mask 810. is used to etch the exposed portions 8!1%[

silicon | ayer ér%ghdown to the first silicon dioxide |ayer 4. ?ﬁﬂgs et chi ng
creates cavities 814 and defines traces 104. The cavities 814 are filled
and covered wi t TheséxpossdrpontidngilAE2 ¢f3ilRhid purfate are Then dRidi2ed to dwertheg 816 i s

backet ched 'th E.to same height 818 as the remaining portions of
the Si 02 Ig\&‘r ?&c'ac!g‘iy& %ﬁ the n-doped silicon el ectrodes 104 (which form

the sacrificial Figajarn sBOd3 an fipdotcR fé foltingarpdltedBvOfAshintedmediadem Nng an
alternative fi rstqi ntermediate structure 302", Under this approach, a

struct ure PYYeErage2’'sHBdgr this appregshe silicop sybstrge 1193 l@éﬁyereé)wwfsat ovi ded. In
this instapggiiéde s%r%'% aSHPIRY ddcthR2 d]ﬁ%ﬁoﬁthbeihgm mﬂide%%hoﬁﬂ nm A thin

| ayer of netal 902 is de‘gosMed on top of the 3N4 supports 102 and on
top of thedepedsiisan jsadde msilsh@gzap&ucailheatmedow BEE,tm@rraawqm 184. 904 as

depi cted by i {egh S0take. 08 RO R ESRRIARY | RIFGPARS, A 1 aver

of n-doped silicon hen p05| o ting,
covering thearealtwtanmjﬁ)rﬁm’fsanmficial lalyer 3041.1 i con 906 achl eves a height 908 at

the top of the 102 and conta The, grom h
o ocean oay be THRRREE R oS B SEA Flog Snd BickRitRed o BBUERS " e | over
gnd upper dﬁtgfaab 366 ﬁﬁttb@&@:sal&!ﬁ&tlﬁe gﬂ'sln&lte?mmd sedtroctiiral302" e Ay wnﬂet?h_gozf may then
e renove wet cheni met ho r dr his fornms an
ot o ot apBdet o 0w BIiE in e s uRdR s APPiRasT MBeD B SR TYEr Bbove. . but
with a bur sgfdedlefty fcﬁﬁﬁe@%cesalmaﬂlmékdpﬁﬁﬁd fﬂfm §d§b§ort§102|. @Aerdr OW Ng

)

process. The structure 411' is then oxidized rmsacrificial |ayers 304
at the expintignyefithis fgchnigpe giay be employed Gé?@?laﬁé@aﬁmsvwr@ﬁaml e, the

layers 304 sd@RyndiSt trad ﬁo?eﬁarﬂgle Gldeses P4 AROOH crddled ¥'hald Hidhfded0 Shows

anot her approach for I ntermedi ate structure 302. A silicon
substrate tpoor m@avenzgtmngldgreqr tigpezoidal eross seiitioni dreaddirn, e craspsegtion t and a

second | ay gy, $000Rlr 15inks, 6RH af BB NinBpekPuidth, | aver 1004 i's used as a

starting
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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material. A mask |ayer 1008 is photolithographically patterned on top of

| ayer 1006. Using nitridization techni ques, exposed portions 1010 of

n- doped silicon layer 1006 are chemically converted to Si 3Nd supports 102.
The unconwgplosphidrtions of layer 1006 formtraces 104. pfhpgsiiusksel008 is
renoved formng a structure 411 like that described above. 11 WO 03/021613
PCTI US02/ 23859 The exposed portions 1012 of silicon surface are then

oxi di zed tssafringeledieon nic@Bcapy cannpot ‘c‘ﬂhatograap ersactp fabric withautdassShows an

appr oach. {6 lOk TaohyAl Al BORSLS of it asy0hi] WRE il Uot ur . 302

Under t hi 'CSh wth athin film
1104 of Si ﬁb&snansofaSEManguaglstor aummpiesuggastsmpfaifnctsrmatedlnamm noiitride | ayer

1104, n silicon is added and Ijtho hi ca rned by RIE, to
formtrace@gaf[gr m &§f gg‘i?r‘?%i’%"é’%’*t?ftﬁ‘it%é?ctjé '899' Vssmbéﬁgse%‘lﬂﬁ RPNt he sio2
| ayer 1106le‘ﬂh6h1b€§1§r§sen@SE@H t@e&%ﬁmywﬁa diamBlePi-29acthdsidefidihg hayer 304" .

The structure is overgrown wth 3N4 1108 and back etched to form a planar

surface 30fbrinayerabeyrn? am) bytamay;haxe lepgths of afew migeong byt ey ie@s lgng 302" . As
will be exisdgMiclofs. t’hﬁ%stﬁbél?ﬁ gcﬁﬂ'e afd bl&sighdily ¢to&Sdne taﬂitﬁeraﬂ‘%élac h, when the

sacrificial layer 1s subsequéntly renoved, fraces 104 wll be separated
f r om suppoattagh tbome agetherrvia Yan dertW aalssforees.t his techni que may be enpl oyed to

creat e alter naty (ih SABYUAIEG Hafites B b8y RSBty oY, XAl .

the traces 104 may be crea ave °a rou p, or to a
tri angul arardry-amaqhmdbmbutcarmbstmﬁmﬂy cestricted lmdldlzbaxm(per‘phuimdanm section

may have ot her {] sucr& as a trjpan ll- vmétl] tta e r'n As was

expl ai ned %?‘58\9% gy @%fafq PEAYSTGE 8 gsa 'g'”lfg U fg Wﬁ e.g., 302,
a matted nmmpsupb&nieaymé abové apgroadhay igfb@dngOmene 3 12ewig maase affietdace 306 of the
structure 302, preferr t he non-woven ric,layer 312 is

grown ovefnented °§1ﬂPWc‘{’lf'P tgFf’r"?fE&‘fL'ﬂlﬂ@su%c'b‘F’p e@&?téﬁ‘%‘f’ays SE4® t hr ough t he

control offuahergﬁmtgk’ovan\shmnmﬂy growtiBilone phiaak dX8y (e g, !liB}Lx-QRQ)/isde the matted
nanot ube | ayer 312  separately and apply it directly qver the structure

302. ThougH agciqduﬂlaa%owgramacrevee Reveragp oF e desitsd @rea i APIMKE | udes t he
sacrifi ci a3 rdhol eydoqgngaofmaﬁ&a‘seswﬂhfa%ﬁtrémamer&ﬁﬁtyve the independently

grown fabric, the sacri f i cial” layer may not be necessary under such an
appr oach. - 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 deséribed 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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Because the growth process causes the underside of such nanotubes to be in
contact with planar surface 306 of internediate structure 302, they exhibit
a "self- assenbly" trait as is suggested by figure 12. In particular,

i ndi vi dual yipgahidiss tend to adhere to the surface on ' re grown
whenever energet ?@gl | y favorable, such that they form!ﬁ%@?%%??%lsfy as a
"nmonol ayer." Sonme nanotubes may grow over another so the nonol ayer is not
expect ed t guredomeaity tighel-leRel systemidesigl. Fraerirpleunder thisapproavhake” with one
anot her but do adhere with one another as a consequencge,of Van der Waals
forces. Fi quAmory arhiectiie wilies oniiose BEmPRL OB IS BoN- VRIS Manest BBl
non-woven f“am,{}-@,-enﬁyg@gstgeggt,ﬁé}@rgg@dréss,f eature sizes of nanotube, even
nodern 12 WO 03/021613 PCT/ US02/ 23859 scanni nlgtyel ectron m croscopy cannot
1

"phot ogr aph” anThe aangfube-hpsed nafiornealis haysshistahility sharecterizsd by sdvgh ubes have
f eat i -, oGl ] LS f SEM
eature si %ﬁa ér‘%es?n%@cé b&Weer G Fhydf %Fhé.%iS?xgﬁésrﬁ%%e?‘g%gn%e%S SateSs O

Figure 12 exa e, suggests the nature; not clear from
t he fi gur e acdomphiskad byitke applicatioh ef $pebific coltages haxoss themenbtube belsorofire

di sconti nui wi th, no tubes present . Each.tube typi,cally has a dianeter
122 nm (£ hthd ek et 3R R Bag oG hnt ooy RiERmelis}¥R 0 | Bngt hs of
a few m cr aasotithetoramigndgbeatbbofNlh on@approithivh Cieadvmt cubleat tisihdiedayd cur ve and
occasi onal | coﬁoss one anot her.,\‘n&bes attach to ona’_ar),oéh%{ﬁ via Van der
Waal s f or c &€ VOIAEEA6ress this WREHOG I deterdined yrith 4 i5ense gmplifier  hBeadserey | v

unr est r ai n@dndestiubives meaiifly thabwlié Eellkeialis fits Sfafe, ardlio vaite-baskspendtiohal | Y
restricted in the z-axis (perpendicular to page of figure 12) as a

consequenc @regieedqdeas dsdane 34t M.trait. OCther enbodiments may suppl enent

the above approp@hmtg&mmarwadzﬁfng%ﬁ;ﬁsewJys{eh@oe&@o&fr, 408! ds wari | ented or
fl oworiented girowth techni ques. Such ‘suppl énmentati on may be used to
P

further tabpexplgneseiow.deerden it00amay byrimplemented $iifh nghaiuhes oppanstube. g. t he
-X-axis) i ?ibb§r?€e@t§r%ﬁ%xt MlrSovel hf%‘éi%c@é{/ m3y HPE@s&Yc‘?éB €L %xg:tx%,tmt [‘ﬁ desired

area with a planar erwoven nono er” coating of nanotu a
cont r ol | abkempanest 4sya nagotpbamemprywel) firray; e. gy NTREM va NIWEM. | ayer 312 with

order v 19,5t ARG el TGO Tl b B iSRG o020V,
| ayer 312 i40Dinticetes & hnetich ofttwb ashoubesiaf nanetube hibtwns. ThQhisoégarh et ube fabric
th? L cross thQr‘Ect?o%‘%? gnraﬁosgo&é) t%'a “Tst? tr%ggsrt&rt'lfgdn%l in lcﬂl(% arlld's otl%eh“%gch;lglgg)\'?d (e-g..
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 compleméntary 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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acid) formng the array 322 descri bed above in connection with figure 3.
Because the matted | ayer of nanotubes 312 forma non-woven fabric that is
not a contiguous film etchants or other chem cals may diffuse between the

i ndi vi dual %%Hili)? "fibers”™ and nore easily reach the §0¥/55§99
conponents, such as the sacrificial |ayer. Subsequent netalization nmay be

used to form addressing el ectrodes, e.g., 112 shown in figure 1, as

outlined a@fyrsach Hlah®e uSddte dénie A ighven Erice) R ek dnysle, lselebriiy speifié @rayi NPl ement
addressing of nenory cells instead of using netallized el ectrodes 112 and

addr essi ngCQIWRRS) forread sepsviFpm in copiypetian yath selectng 3 row; tEus thig aRPE9agh

enbodi ment ' i iting GpddiREM ar rays.
Certain e 8%?%%?2&%g@gﬁgﬁgﬁkﬁﬁﬁfg%@?gﬁﬁfggﬁlgfrnﬂén int(lj%ig%//: dual wire or
belt form to iGutaémembodimentesfshnigventighpravidesdiybad techrologiesitpit cel | (s) for .
nanot ube.+ Sk 1e38 R PRDS sy Ko BeBoRBN AR LA0HS) st o2l “15 ™Mo
03/ 021613 RTWCKGE: NTRM, {ndnitdt cara dd sutrpudded by géreicohdieslr csgdts dormdigsi gn.  For

exanpl e, ugder .t his approach_the ) rehitecture will not only store
nMenory con @H?Q} ?drqreﬁ%ﬁgc\?g?ré?ﬁ‘tea“ﬂﬁm %\SltaY g\’éf?rf %%r?é‘#glﬁw’f%tf%re the | ast
nmenory addlogis)517 bl Gapbuiiers hase dThesTRurysttroendimy/he NTWEM dri t Y
characterized by a hig ratio of resistance between "0" and "1" states.

Swi t chi ng D¥¥ iForeyadbesysgd for cpaventignabintartacing fungtions, iCBIGSi cat i on of

specific vgﬂoyﬁafgsfeﬂ‘du%ﬁtsfan&seaaﬂgwb@cJaﬁhges.or wire and the underlying
trace, in which at |east one of the nenory cell elenents is a nanotube or

a nanot ube ri bblewther smbedimapisitheaXtand ¥ addeessidngoderst ¥0drand 1566 mppbd ed and the
vol tage acy@pssubeliwith il GdnofiBe kvt?rﬁgfﬁ?f}%gdg&gﬂpg"l&ﬁhi&u;cﬁﬂﬁﬁd 99@@! i er.” Reads

are non-destructive, neaning retarns 1ts state, and no
wr i t e- bac kthesgemattodimmmnts the core doulddndwde rsemiop eclisi antl adiRédsingHogjar e 14 depicts a

A T T ey R O N
t echnol ogynanbtube osre (haviripeeitiergost eemory cdlie of meioryuczlle dnd@ddrddsing kugie)Ci rcui t
0 S U TR TN CYRRC R T N
1402 i ndi caiesor@andigatd drdy cibuitrehal) B8 Q6MAIRE] iara sirpMOpHieRaljablges. I n this
regard, t hc(laesircd. 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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I nteraction is analogous to a "pass transistor” found in CMOS and ot her
technol ogy, 1in which the intersection may be opened or closed. Locations
such as 1420 where one nanot ube or nanotube ribbon may cross another but

whi ch are ' nded to create a crossbar junction may ' ted from
one anot hé?a\b\%/ézﬁélg | it hographically patterned insul ator Bmdglzwtsﬁe

conponents. For the sake of clarity, the decoder illustrated is for a 3-bit
bi nary adddthesEmbadimeads on addressing |ines 1408. Depending on the val ue of

the encoding the ..intersectiqns (dots) .wll be sw.tched .create only one’
path through \Aﬁeﬁ'ﬂess"@ "rﬁ‘ﬁr_‘of@?ﬁ?&'ﬁfm l)cﬂ%ylfl_wbtg§§°°§8m§8’fdgr@f&8w§%s 1418. To use
this tec hgjrmﬁiesaui'ia&wor éladtiometipdpicabsvitohing@bullide @nwibioralc ITheset of the

bi nary address_ is fashioned exterpa

ernally so that each of .the address bits
1410 is pRaUE wepld haveRsepegica SE‘@}HN%%@M"W‘P'&SA’N Wﬁ%é‘,fgfﬁ“haé‘ 1406 may be .

the | ogi cajkefylrb@iced RhsieWreth. 2T @8He sirtif add RffRsiaMeherdiBcof 07 may be the
| ogi cal conplenent of address |ine 1408a. The voltage val ues of the

r epr esent draterial mpgicfall withinarenge: te atlowbistabilinnef the wagéen and switch a crossbar
junction t b Or O . ' . is fashion an
addr ess 15865&%?‘%3]0@583 : Q?'BE é‘g’kgﬁ“gss tg%gﬁﬁ{ggﬁ’i@%?r %tgﬁlt?%&gé%i t or row of
bits in an arr &gr the purpose af imegratings € OSrlogia fartadthessingtborapprobdhkeodnse, t he

sane 14 03/.0216 PCT/ US02/ 23859 . appr oach nmay . used t ense a given
trace, fX\Segﬂ‘é'ﬁ‘ﬁpeed}%géqeézggieﬂéoilﬂggﬁhle@Qrg’?‘i‘aba?f"axé’lﬂgﬁw("ze)gra[t%&regoéa sense from
I N conj unahdtallizatioh busaftee ivhiimpglaAtationand flanarizdtiod ofitheICMOB logiedevizes.used for X
and/ or Y decodi oth for readi and for witi erations. Certain

S bogi mantk st Pethod NRNEHoRIY ot e ey betork, APatoR P e ' 1200,
shown in fCMOSRIetides ilvalfing idiBAPIemetiQlibn &id ayh thipératuse amealingyeped usi ng
NTWCM or NTRCM and that core 1s surrounded %Bsem conductor. circuits

forming XreAgompletion ethesssteptitie finalypefallipaiionsbboth thenagotedeithoss s 1508 and
1510; contghg k%ﬁ%@%é@wmo&w T Q&Hdta@ra?ld %ﬁ% us]éh?r&b«!o@s‘!! try

surroundi ng t _ NWBCM cor e may be use or conventi onal
i nterfacing f udidacirodes consigting of ngopqsrsiticodion ¢opr fasdme metabpt s and sensi ng

out put VO'sEﬁﬂ:@@ducH? 1k P;&L atlsg)(r]gé\%qﬁgﬁg%fs Th¥s%{l§gﬂ9%v%qu<g{f§§$ j[qutgagmger s 1504

and 1506 may subs € nano e Wwre or ressing
t echni que idliledRiN st saltinr eo multipld dveset pathiyoays exdstt s t he core woul d i ncl ude
memory cell s a'i'r(xj ac?&%nqgsrécﬂg'irlmgoﬂingtions, 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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In certain enbodi nents, the hybrid circuit 1500 may be formed by using a
nanot ube core (having either just nenory cells or nenory cells and
addressing logic) and by inplenmenting the surrounding circuitry using a
field proggdPRMess 9ate array. The core and gate array Gidrfiths/ssg®y be
contained 1n a single physical package if desired. O, they may %e
packaged separately. For exanple, a hermtically packaged nanotube circuit
(havi ng negmims, 1d tHRTREsY cRftRs ﬂﬂl?kn@&ﬁ?d%gﬂo@ﬁc@ﬁqn%ﬂmﬁqwmm&%&o with a
PLD) FPGA/ ASIC in which the I/Ointerfacing logic is contained. The
resul ti ng Wh#hanbeendesasibed. provi des access to the benefits of the NT menory
for the user of the product, while maxim zing the use of "off-the-shelf"
technol ogi es, which may be wutilized on an as-needed basis by the

manuf acturer. Figure 16 depicts one possible inplenentation 1600 of the
hybrid technol ogy. A FPGA chip 1602 containing the buffering and control

| ogi ¢ (described above) is connected via conducting traces on a (perhaps
mul tilayer) printed circuit board (PCB) 1604 to a nanotube (NT) chip 1606
containing the nenory cells and addressing logic. This particular

enbodi ment i s suggested to conformto the PCl bus standard, typical of
today' s personal conputers. O her 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/ PLD/ ASI C speed, and al so the chip packages, not the NT nenory cel
speed. 15 WD 03/021613 PCTI US02123859 O her Enbodi nents Besi des carbon
nanot ubes other materials with el ectronic and nechanical properties
suitabl e for el ectronechanical sw tching could be envisioned. These

mat erial s woul d have properties simlar to carbon nanotubes but with
different and |likely reduced tensile strength. The tensile strain and
adhesion energies of the material nmust fall wthin a range to allow
bistability of the junction and el ectronechanical switching properties to
exi st within acceptable tolerances. For the purpose of integrating CMOS

| ogic for addressing two approaches can be envisioned. In the first

enbodi ment the nanotube array will be integrated before
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metal | ization but after ion inplantation and planarization of the CMOS

| ogi ¢ devices. A second nethod involves gromh of the nanotube arrays
before fabrication of the CMOS devices involving ion inplenmentation and

hi gh t enpegat neal ing steps. Upon conpletion of th he fi nal
metal | i zatefv?nowc())?m?c:th t he nanotube ribbons and the CMOS g@é@?ﬁtll
proceed using standard and wi dely used protocols. Electrodes consisting of
n- doped sSiWwhftiAmed @ of sonme netal or sem conductor |ine can also be
envisioned. This will still provide rectifying junctions in the ON state
so that noynult} V LSk i I B AR £ fying
junctions, lt her’éamaerﬁ.'é)ﬁégc h*é?ﬁ@ggé'{i’%?gﬁﬁi rcg‘ngleﬁlggﬂa%@rg?%‘g%@a? %)th prevent the
occurrenceofof electrical crosstalk (i.e. nmultiple current pathways) in

crossbar arrays. Tunnel barrier.s t.op of the stati |0 ghaphical ly :
fabricated el ed?Y}88 aﬁ?’%ﬁ%’ﬁtha‘flﬂ%gl?‘étpﬁ@yic8ﬂ&“8$veotﬁ$ﬁe%gmugi’%é@e No | eakage
currents at zero bisagpor@leki@adingirbi agadfave dfthe sabstrawt | bi as vol tage has to

be applied for the charge carriers to overcome this barrier and tunnel
bet ween the cr d¥QeYifigepilanes of naBPWBeOVELE SHPPRAS #lhe adhesi on ener gi es

through the useepftivepemovin@'pBHRAS of ME la9eM T haldRites fo oA ridBoRVfi Si oned to
alter the interactions wmth the el ectrode surfaces. These nethods can be

used to extend the mangjubesithasrrosstbe eleewicallyiandugtivetracghthesrideacRianot ubes can
be functionalized W&b@o@h@rﬂ@ﬁs&&@dﬂ@&?ﬁan@ﬁ@éﬁcar bons such as pyrenes
anci

which may then aid in en ng the 1 nternal adhesi on between nanot ubes
within the ribbons. Certain of the above aspects, such as the hybrid
circuits dt .fec . f . i icable to

i ndi vi dua?ﬂnano ﬁg@és}%dé%.lﬁlﬂjﬁs‘?%gélg%ggfgﬁ&g&r@%?h‘g%éugﬁhf\oc‘fﬁdgg%’ etc.) or to
nanot ube rsuubmnsin whichght klebwicillyrdonductispraces amtdoped shlitontthagesscope of t he
present invention is not Ilimted to the above-described enbodi nents but
rather is defined by the appended 16 WO 03/ 021613 PCT/ US02/ 23859 cl ai s,

and that these Therhéhod\bf dai@NCWRER&a SheBeCbfiproadih@a stnaturaprbvidepaoverment s to

what has been described. 17 WD 03/021613 PCTI US02/ 23859 What is clained is:
structure in which the electrically conductive traces are nanotubes.

4, The method of claim 1 wherein the act of providing 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 wheréin the traces contact the supports.
8. The methodf 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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1. A nethod of making electro-mechanical circuit elenments conprising the
acts of providing a structure having electrically conductive traces and
supports, the supports extending froma surface of the substrate;

provi di ng I of nanot ubes over the supports; and se i removi ng
30 gphiary i

portions yer of nanotubes to formribbons of na hat cross
the electrically conductive traces, wherein each ribbon conprises one or

mor & nanoj ybesthemethb of @kPH whkref thé 8Bt bf %ﬁ‘&@iﬂﬁig& sthlSruGgrowfiesr ovi di ng a
structure provides a structure in which the electrically conductive traces

are dopedstsudyre snwhich thesslecgricaliy eonduetingdrages ase everallayghefisfwhatinge act of
provi di ng ] i J ich the electrically
conduct i vgJa {e?xrgiété;éegﬁrgcaﬁg%\éla&gg%f}acﬁ}%fgg'rtru@eﬂéo oﬁ@}bl aiml wherein the act
of providing a structure provides a structure in which the electrically

conductive,tr s_are . rihbon f nanot s. hH. The nethod. claiml

wher ei n tﬁ% agﬁﬁ% °{?P69F§P‘Hbf&%§&°‘r’§§? 't\#gF%r%@fn&eass%gctugetq,rg\g?{?rae in which the
support  sktiutire irewhigh ¢hef edéctiivdll psoridavtiveafacespdreedch lovarigdsuldiiag eiaterial he

el ectrically conductive traces are substantially parallel to the rows. 6.
The met holP dectugally ifolato e terss- t he traces are separated fromthe supports.

7. The nethod of claim5 wherein the traces contact the supports. 8. The

met hod, of claim1 wherein the traces are separated fromthe supports. 9.
The nethod3of Ehamethed ahelpisn hwhersin thaect of prowiding;a leyrs of panioBibes. 10, The

met hod of pfdv{,d;,?,ﬁ“‘ﬂ WRLEL FibliR6f AntotflesPr ovi ding a structure provides a
In rch th

structure e supports are nmade fromsilicon nitride. 18 WD
03/021613 PCT/ US02/ 23859 11. The method of claiml wherein the act of

provi di ng st kuc j . . re. | [ ectrically
conduct i vég't r a@ges}ng{hgd§§§\réfng?fg@ét}'§%{hg?%g‘ﬁﬁ% ’Pﬁgkahﬁn&%@?‘é{ﬁ’l’to electrically
isolate the traces relative to one another. 12. The nethod of claim1

wherein t act, of providin . str.ucture provi a_structure.in which the
el ectri calqsy c%h?iﬁ‘@ﬁ’logg%P"é‘gb@"a‘?’@&bé‘ﬁﬁmb@‘g? "Icguglsﬁf gﬁcﬁécﬁglta & |%£1I to

el ect ri calpayeriaboVentif tiddes dndag @hichte fabltieis Erowinevepthechaifiwial lapbrer ei n t he act
of providing a | ayer of nanotubes

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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provi des a non-woven fabric of nantotubes. 14. The nethod of claim13 in
which the fabric is grown on the structure. 15. The nmethod of claim13 in
whi ch the structure includes a sacrificial layer of material over the
traces and in which the fabric is grown over the sacrifig) . 16. The
met hod of Q&Y in which the structure is treated wi tﬁégh%dazﬁgﬁglst to
facilitate the growh of the fabric. 17. The nmethod of claim 15 in which an
upper surbace he ol 3f blalrh ¢ wWibrelrUhElaybiof nhidtities s Whidingat al yst o
facilitate, the growh of the fabric. 18. The nmethod of claim1 in which
t he act ofmonelagetively renoving -includes the act of patterning and
etching t | ayer r the ribbons. 19. The nethod of claim
13 in vvhi? 'thé%ae(l:e%trgﬁ'%ghce%?’lleégfcﬁr\‘/:{él?’fur@gn%bgng i ncludes the act of patterning
and et chi ng t he sfradiure havihg slecteitallyeondustivotraces hmd suppdrtsrextendig fiohea net hod of .
claim 14 wherein the rom% h of nanotubes is substantially unrestrained
over the surface of sqr%@eg e SEBSTrae: 21, The method of claim 18 wherein the
act of patter nhaguaiditdbid¥usgen the buppons thaf diéds tiel didousaally hr ough t he
fabric. 19 WD 03/021613 PCT/ US02123859 22. The nethod of claim 1 wherein
the |ayer of nanot ub¥suptivediases Wherpin cash rbboRGRBPHSFS one orMorg
el ectromechani cal cChifedides. CONMpPri sing: a structure having electrically
conductive traces and supports extending froma surface of the substrate;
nanot ube ri bbons suspended by the supports that cross the electrically
conductivegutra e [ [ j r anot ubes.
24. The c?# cui 'frﬁ %Flrﬁéﬁ%mfg‘ﬁm? Eg&@?@@{@ﬁ%@ﬁ}gtr%ﬁg@gﬁ% traces are
doped si Isilcomtraceaces. 25. The circuit of claim23 wherein the electrically
conductive traces are nanotubes. 26. The circuit of claim 23 wherein the
electrically conductive traces are ribbons of nanotubes.

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

nanotubes.

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.
29.  The circuit of claim 27 wherein the traces contact the supports.

30.  The circuit of claim 23 wherein the supports arc made from silicon nitride.

31.  The circuit of claim 23 wherein the electrically conductive traces are over a

layer of insulating material to electrically isblate 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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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 fromthe supports. 29 The
circuit of_cl ai 7 wherein the traces contact the suppo

circuit of §I°§ ﬂ:“éS wherein the supports are nmade from s?h coﬁgzﬁP r| de.

31. The circuit of claim23 wherein the electrically conductive traces are
over a | ager afheiciomt etdlidig 230ivRéreialribbonselre6t 4 nonawbenifasricadfe the traces
relative to one another. 32. The circuit of claim23 wherein the

el ectri calapto8¥ssiucti ve traces are each over insulating material to
electrically isolate the traces. 20 WO 03/021613 PCT/ US02/ 23859 33. The
circuit of claim23 wherein ribbons are of a non-woven fabric of

nant ot ubes34. 34 ThElgiscwt eflaim 23f wherainhexibhaneareisubstantially pmenelayer ef
substantia‘{ahgmgesfmnol ayer of nanotubes. 21
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