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[0002]  This application is related to the following applications, the contents of

which are incorporated herein in their entirety by reference:

U.S. Patent Application No. (TBA), filed on an even date herewith,
entitled Memory Arrays Using Nanotube Articles With Reprogrammable

Resistance; and

U.S. Patent Application No. (TBA), filed on an even date herewith,
entitled Non-Volatile Shadow Latch Using A Nanotube Switch.



and in control circuits for appliances, tel ephone
swi tching systens, autonobiles, aircraft and other
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constructed out of discrete switching el enents
conposed of individual bipolar transistors. Wth the
i nvention of the bipolar integrated circuit, |arge
nunbers of individual switching elenents could be
conmbi ned on a single silicon substrate to create
conplete digital logic circuits such as inverters,
NAND gates, NOR gates, flip-flops, adders, etc.
Bliehweymid the density of bipolar digital integrated
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[0005]  Digital logic integrated circuits constructed from bipolar or MOS devices
do not function correctly under conditions of high heat or extreme environment.
Current digital integrated circuits are normally designed to operate at temperatures
less than 100 degrees centigrade and few operate at temperatures over 200 degrees

centigrade. In conventional integrated circuits, the leakage current of the individual



verification to add protection to an existing design.

[0006] Integrated circuits constructed from either
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[0007] Important characteristics for logic circuits in an electronic device are low
cost, high density, low power, and high speed. Conventional logic solutions are
limited to silicon substrates, but logic circuits built on other substrates would allow
logic devices to be integrated directly into many manufactured products in a single

step, further reducing cost.

[0008] Devices have been proposed which use nanoscopic wires, such as single-
walled carbon nanotubes, to form crossbar junctions to serve as memory cells. (See

WO 01/03208, Nanoscopic Wire-Based Devices, Arrays, and Methods of Their



retain their physical (and thus electrical) state

thereby formng a non-volatile nmenory cell. [0009]
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deflectable in response to electrical stimulus of control traces and/or the ribbon. The
deflected, physical state of the ribbon may be made to represent a corresponding
information state. The deflected, physical state has non-volatile properties, meaning
the ribbon retains its physical (and therefore informational) state even if power to the
memory cell is removed. As disclosed in U.S. Patent No.6,911,682, entitled
“Electromechanical Three-Trace Junction Devices,” three-trace architectures may be
used for electromechanical memory cells, in which the two of the traces are electrodes

to control the deflection of the ribbon.



Nos. 2005-0062035, 2005-0035367, 2005-0036365,

2004-0181630; and U. S. Patent Application Nos.

wQa 343086, 10/ 341055, 10/341054, 10/341130, tPET/US2006/018043
contents of which are hereby incorporated by reference
in their entireties (hereinafter and hereinbefore the
"I ncorporated patent references"). Sunmary [0013] The
present i nvention provides structures and met hods of
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Sumwiagy ance. The rel atively high resistance between the
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thdsERWikpRS | arger than the resistance of the second
state. ] 0015] Under anot her aspect, the nanotube
article overlaps at least a portion of the first

[00154] mi nBindevi dnk aapacq rat twol tbmning@mmhmigmkflce éhdtdesnghip.

cop R ISR b Bl bk L B e
terbdififit The device also includes a nanotube article having at least one nanotube.
The article is arranged to overlap at least a portion of each of the first and second
terminals. The device also includes a stimulus circuit in electrical communication
with at least one of the first and second terminals. The stimulus circuit is capable of
applying a first electrical stimulus to at least one of the first and second terminals to
change the resistance of the device between the first and second terminals from a
relatively low resistance to a relatively high resistance, and is capable of applying a
second electrical stimulus to at least one of the first and second terminals to change
the resistance of the device between the first and second terminals from a relatively
high resistance to a relatively low resistance. The relatively high resistance between

the first and second terminals corresponds to a first state of the device, and the
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term nal to the nanotube article, and allow heat to
flowrelatively poorly between the first term nal and
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second terminals. The device also includes a stimulus circuit in electrical
communication with at least one of the first and second terminals. The stimulus
circuit is capable of applying a first electrical stimulus to at least one of the first and
second terminals to open one or more gaps between one or more nanotubes and one or
more conductors in the device. The opening of one or more gaps changes the

resistance of the device between the first and second terminals from a relatively low

resistance to a relatively high resistance. The stimulus circuit is also capable of



hi gh resi stance between the first and second termnals
corresponds to a first state of the device, and the
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[O(ﬁd] BRadFahother aspect, the first electrical st?mu{us opens one or more gaps

by forming a gap between one or more nanotubes and one or more of the first and

second terminals. Under another aspect, the first electrical stimulus opens one or
more gaps by separating one or more nanotubes from one or more other nanotubes in
an electrical network of nanotubes. Under another aspect, the first electrical stimulus
opens one or more gaps by breaking one or more nanotubes into two or more
nanotube segments. Under another aspect, the first electrical stimulus opens one or
more gaps by exciting one or more phonon modes of one or more nanotubes in the
nanotube article. The one or more phonon modes may behave as a thermal

bottleneck. The one or more phonon modes may be optical phonon modes. One or
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witinoes a@ewsrrbln&:l andra Huhﬁnep tod 4 draie ired edtried dohiabewitlo the other
ce between the first

of VOB kR P e TR b reingl e h o Gied suthos
dekliéeawﬁi%h@ﬁdlﬂc@slé ﬁ%b%nﬂﬁétiv%tt&ﬁﬁﬁal 4 BRohE &ﬁcﬁ@@feﬁrﬁ{n‘%ﬁ and

circuit is also capabl e of appl ylng a select signa
a nanetuhe agidld havingatdedse gne pdvetubelahd amerlapppreoaiieast s pomiah of

rani er. se/ r 0 C
caffof 8 A AL RGBT I8 i HBe Pt R olebiva! comtastgpin
thé ssuite el the tdIDBIEt0R tALSiIVIOH ¥ndihe RedoRd itérhBRAA8s fnleldktrical
relatjvely |low resistance. The relatively high

COp{asf @tt%ﬁ@éoaéém(ﬁé@ﬁh@wehrfei ridre cgl @lsedrdndestaanamary eperation
cirE @k !if?él@&ﬁ?fl ct)ﬂmgmﬁ a&l%,h ﬂ{tﬁé TREA ﬁﬂ@lbltsﬁn%t St%cpf the
, an S

nmenory ce I'vel'y high resrtstance
programéemselrbad fina. S’I‘heaneknsgiocqnthtmﬂ rituoit isapable BEBpying a select
co respond toa nd | nfqQrmational state of the

B S lingdsqlot G cslind ag Sise Pign e amHibr BFRereBiessglead
linB®Yy cmge epviebigahéfor thOBSkle DRSS @BPHNGHA @é&ﬁﬁttem{lﬂzﬁs from

menory operation circuit applies a select signal
a relgvell lew résissance te @ r@@qum@gb e¢Shstm¢d The exgnay g’paiatlom

d
mr&!ﬁﬁ)s?aﬁrr% 5%1? ro??xﬁélgl g S k:gte Sﬁ%l?% P§ Prlzieltggtqg rsﬁlleﬁti tp@ cell and
a plrdsgamrsﬁg)falraﬁ tlenabgaiidréseftad Hige mﬁ@.ﬁge e hésisiice M the device

chan é@e state of the nmenory cell. Under
betyyesh %%?r pand Secamb!emlmabtfgpr@ﬁ relatively highaesigiagmeyto eaplagvely

1ovAF&istARBE The th1hiel iR TN HE BEARRL HEPfrst ©lfsecond terminals
corresponds to a first informational state of the memory cell, and the relatively high
resistance between the first and second conductive elements corresponds to a second
informational state of the memory cell. The first and second informational states may

be nonvolatile.

[0021] Under another aspect, the memory operation circuit applies a select signal
on the word line to select the cell and a read signal on the program/erase/read line to
determine the informational state of the memory cell. Determining the informational

state of the memory cell may not change the state of the memory cell. Under another

8



[0022] Under another aspect, a reprogrammable
two-term nal fuse-antifuse device includes a first
W@ oowdis1ier , a second conductor in spaced rel at PONUS®06/018043
the first conductor, and a nanotube el enent havi ng at
| east one nanotube and overl apping at |east a portion
of each of the first and second conductors. The
nanotube el enent is capable of opening an el ectrical

s nec]tél aqq gtq\i\eq? the fi rs and secong nductors in
ped pORYER) OhS e {ﬂﬁm@% I¢ aroranngeied & e pregramfergsgtread
lirdd second conductors to forma first device state.
The nanot ube el enent is al so capable of closing an
el ectrical connection between the first and second
0032 uc tlder anpthes aprack @ reprogragandiel twirtarmiinsil dlsebeintiﬁ,ge device

t and s d .conduct
B T e TR R R S
anglvi Habtubl Rienicnt Bivienet 188¢ Qﬁ@nﬂﬁw&%nato%ﬁ@pi@’ ath&ast a
nonvol atile. [0023] Under another aspect,

Poriion Bfagheh Hedisiangd seemdconseionse e @nnqatulm elempittiy cagfable
a and
orShEFY RUETE QEbUER Bulldth SRS tR L SR
respionsa d ﬁl;semrecshnldiuaﬂﬁageeadresrsrrhmﬁtst arldsecond esiesiesto fofin a
us chcwt in el ectrl cal

fi al so.i ngaléud,gﬁe a stinu

UEL RIS e ORe Banomrbersienasnt ivaliasrpableiof slosmgmnrelgettigal

covhddio dehvdth rthé"ﬁrs{ LSRN HIALEME 1&1%5{]’1&){??@] to aTsQFond threshold
i nterconnection al so i ncludes a nanotube art

volage afgowtm st andsesondoatdubors fermansetandealesictistle T

erla I as orti of t first

aoBick AR A oS RINARBhy THE B dol SEcopd P on SBfes e
nowvolatilg. | ayer conductive terminal. The stinmulus circuit

is capable of applying a first electrical stimulus to
0@ se ph(a nanQt ube article to forman interconnection
[ SioAnRher Aperiag é?rgoaﬁnmr?@lepmwwn@vmfbwwnrﬁg
plﬁrﬁﬂ@rocf wﬂiﬂg laéfefsrﬂiélﬁﬁesci ﬁfépécfndhém%l ﬁpﬁﬂl Epslglfathw of wiring

applying a sécond electric stlnu us 1 cause e
layeat eacibef valich dickides a wrigaglayer ¢ontlectbenmeninloTheet ween

r. th lLural.ity of wiring |ayers,
in el s s B i el Benlpeipiedog iy he
firsttb ARV @G iR And With@aBIPHHeh d Byér RBEMHVEXenRRAE The

[ 0024] Under another aspect, a nethod of making a two
interepRRGeEPn glsdneludes wineaoiihe Aitigleshaying At déasgone fanpibe. The
din n cond ctive

naf UL pIEs hEARAIE) onHR I il o BE HPY RRALRE
termitdl add at lsast Iarpohudﬁf epclowirth gigy@Sdohdtdtive teintigall tThe Btimulus

el.ectri I 0 nication with at | east one of the )
cirgyif 1Sicap ng a first electrical stimulus to cause the nanotube article to

form an interconnection between two wiring layers of the plurality of wiring layers.
The stimulus circuit is also capable of applying a second electrical stimulus to cause
the nanotube article to break an interconnection between two wiring layers of the
plurality of wiring layers. Under another aspect, the stimulus circuit breaks all

interconnections in response to a security concern.

[0024] Under another aspect, a method of making a two terminal memory device
includes providing a first conductive terminal, and providing a second conductive

terminal in spaced relation to the first terminal. The method also includes providing a



term nals. The nethod al so includes providing a
nanot ube article conprising at |east one nanotube. The
wmawonsdieo articl e overl aps by a predetern ned BXI/ES1006018043
| east a portion of at |east one of the first and
second term nals. The device response is a function of
the predeterm ned extent of overlap between the
nanotube article and the at |east one of the first and
ond ternl als 0025]. The predeterm ned extent of
‘i‘ iuifal Hﬁia ith plegstiogs oF disitistandigecond

teﬁhﬁx‘éﬁéd ahe me-[llilﬁi Qﬁ@ﬁ@fu@é%ﬁ@ﬁlﬁé BiHone Cﬁ?ﬁfﬁé Ic?;ﬁgﬁﬁ}{g BBleast

determined by a directio etcth proce
Ormll?@@tuéﬁ nlhe damtaterirtide overbaps &y apyddterndetderxtématilchst aa

m . The predet er m ned
pbEF A PasBinh R i i Kopd ehrinll DR inege ise
fuhbigoradt thepetietefifined ekt Jfi Wéﬂa;ﬁb@w%&?@l@(ﬂlah@tﬁﬁé Bk and the

[0026] Under another aspect, t'he nethod includes

atflepst preafithefigt g@tmgnqualwew ce, which has a
structure that is a mrror inmage of a structure of the

t h
9329, 8BRS PR e By RSB Al
iseirapiostsh pectdunalThy pmdetafmed exeﬂpéfarvyrlepr‘ﬁﬂgi ibeeleter@ined by

F ure IBillustrates a cross

a QB R A ArahGR. e et AT OF e e determined
byl @E&kibssl oTURAS kRl fﬁhQUf redtdrnAh &l %%Mt%%{zé}g&ﬁﬂgﬁb&f
Iments o

structures according to certain enbo
defesmpéted; bore thivkgessef tigyat fedst onesafithe Srst pod secord teirmivels.
vi ews of structures accordi ng to certal n enbodi nents

t he i sectional view
[Og%‘ﬂa stqﬂl?\é %{rdéﬁégcs érc g lﬁﬁlg %loéé cil% St?‘Fb ﬁfl%r% ﬁ?%’néfm%%ry
devive enhichhada gprrceurd tha iPa BHOGSinHEe bf 0 B@hctitie@ 18 twd terminal

structure according to certain enbodi ments of the

MIRSEEVER: Figure 6 is a cross sectional view of a
structure according to certain enbodi nents of the

Bridf I3t ipRon of the Drawings

[0027] In the Drawing,

Figure 1A illustrates a cross sectional view of an exemplary embodiment of

the present invention;

Figure 1B illustrates a cross sectional view of an exemplary embodiment of

the present invention;

Figures 2A-I are SEM micrographs of structures according to certain

embodiments of the invention;

Figures 3A-E illustrate cross sectional views of structures according to certain

embodiments of the invention;

Figure 4 is a cross sectional view of a structure according to certain

embodiments of the invention;
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Figure 7 is a flowchart illustrating genera
fabrication processes according to certain enbodi nents
w@boorkssiBnvent i on; Figures 8A-F illustrate croBGI/US2006/018043
sectional views of structures created during
fabrication steps according to certain enbodi nents of
the invention; Figures 9A-C illustrate cross sectional
views of structures created during fabrication steps
accoyding.to certain epbodi nents of the jnvention;
Fi gu PR ih Sipfs Gt Bt SactaeRs sardig Bueram
eifbbdifleHisF (i igdd@dndur i ng fabrication steps according
to certain enbodi nents of the invention; Figures 1IA-C
illTustrate cross sectional views of structures created
dur i Higufedbisiacaesssactinnebeiewcd arséiupgre ascortingiorcertain
[ 0 jnvention; Figures 12A, B and 13
eﬁ%&eﬁ%{%‘éﬁg@g&g@@gu ional views of structures created
during fabrication steps according to certain
enmboBigneii s adflow bigari iitveinatin@rgenéiaptabeisatiohprdcaskdsustdraing to
cross segtional views of structures created during
C%‘F‘E@? IFFNLS PE e BYIHPH ng to certain enbodi nents of
the invention; Figures 15A-Nillustrate cross
sect FighRk SU-PWusthteShdsd GhitoRdl HERbLGn b G eated durin
fabrication steps according to certain enbodi nents o
fabrieation\staps pererding gueetain enbodimehtyof tht isventivss
sectional views of structures created during

fabrgcat . C [ tp .certain enbodi ments .of
the s oA R B D S T MR s e iR
fabecdtionstdps uerding fo SrfaiicémbaRments af e idvdritiog;
fabrication steps according to certain enbodi nents of
the ji.nventjon; Figure 18 is . a flow chart illustratijng
Swi t ﬁu%b@bgg[ilﬁ‘il tWP§Sr%e§%?rf%ﬁleW§i02 §UrPeBREs CrRigeluriag g
fabHi QoA FEpE _ﬁc&ﬁ/cﬁ{"ég% GG Shhsifenis OF il ilv&iifadi ment s of
the invention; Figure 19 is a flow chart illustrating
erase cycles according to certain enbodi nents of the
i nvdiignigh 114G illustraty crass seqgioaplviews obstrugturescreated dwing

fai¥g s ?% gcecﬁ%(glz? wg%?gﬁg%ﬁt%%d%ﬂ:&g of %hquyén%"l%% according

to certa e rnvention, gure 2 1is
a flow chart illustrating programm ng cycles according
t o dégums h2AnBaeod i@ ihstrafe drdws sectional views oFstenaness 24ed

d,.22B hs illustrating read, erase, and
dugigg 5;}215}%6%1? §tg{)19ta£cccs>rdlmg tlcj)scegtgm e od?ments of t e?nven?lon;

Figures 14A-J illustrate cross sectional views of structures created during

fabrication steps according to certain embodiments of the invention;

Figures 15A-N illustrate cross sectional views of structures created during

fabrication steps according to certain embodiments of the invention;

Figures 16A-L illustrate cross sectional views of structures created during

fabrication steps according to certain embodiments of the invention;

Figures 17A-M illustrate cross sectional views of structures created during

fabrication steps according to certain embodiments of the invention;
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and vol tage characteristics and resistance

characteristics, respectively, of devices according to
we@eorasnsenbodi ments of the invention; FiguresP@BBSHN6/018043

24A-E and 25A-E illustrate cross-sectional views of

structures created during fabrication steps according

to certain enbodi nents of the invention; Figure 26 is

a cross sectional view of a structure according to

certai n enbodi rents o the,invenﬁion; Figure 27 is a

cr osEBLECH §A1OW, FRAf} pstzating siich preraR iy wetiratign using read,
c188, bAd Pro2fRdinFRYERs Qcordifg kWl %bo&hlgg{s%f £ ih¥erfion:;

cross sectional” view of a %tructure according to

certain enbodi ments of the invention; Figure 29 is a

cr osEiggeect] isndlow tlewt ibipsteatingetase gyeenarordingity degtane

f e_present invention; Figures 30A and 30B

erﬁ?ﬁ@%?tgtogihlsgéﬂg “l'cs of prior art structures; Figure

3 lillustrates a cross section of a device according

t o CEigtmi20 ieatpeshhitloéitat@f chitenti and &01th @ eridedihhRStedidhics of

and 32B il lustrate schematic di agrans according to
devige apGording &ireran embedimeatsiof eV IHionr| gur es 33A- G

illustrate cross sectional views of structures created

duri rik G @idwp. ; 2 i j . .

err‘oo]!:JITl|glrlr11f§‘;31‘2tjislb gf t h(rsehai%ti]l{f/1 gﬁ%a?%% ,%h%rgur elgg %S%Cﬁrfibnét? <'§1:tereteun
enghashente of therimventiorns of structures created during

fabrication steps according to certain enbodi nents of

t he hRn, Figures..35 and 36, are plan views of
str IR g 208 5% PRSI s B TR o
anidrvoitagd characigisticd adl lesis@hdadtatRtdrRA2S kesPe@ively, 0fldevices
g%godinents of the present invention provide
ACERRINEIP FEHAIP cHQStnyes Qhihe EWeBtiotind a nunber of

devi ces using those swtches. In general, a nanotube

el en@Bire®D3 ALK iIXAACE AHELEABS iRk trhE %%Sf_gﬁ@%? Q%w?t)f Safkres

of two termnals, e.g., conductive e
cregtechaliring fabrieation steps acnording ta cermireemmbodiments @f thehievention;
termnals, applies appropriate electrical stinmulus to

whi Ciﬂgﬁlla 26181 gfolép gec?lloﬁméw oF% E’t%‘cqgre krzly:cording to certain

embodiments of the invention;

Figure 27 is a cross sectional view of a structure according to certain

embodiments of the invention;

Figure 28 is a cross sectional view of a structure according to certain

embodiments of the invention;

Figure 29 is a cross sectional view of a structure according to one aspect of the

present invention;
Figures 30A and 30B illustrate schematics of prior art structures;

Figure 31 illustrates a cross section of a device according to certain

embodiments of the invention;
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changing the state of the switch. For exanple, the
resi stance of an electrical pathway between the two

W@ eori0sEBE characterizes the state of the sw tRET/US2006/018043
relatively high resistance pathway corresponds to an
"open" or OFF state of the switch, and a relatively
| ow resi stance pathway corresponds to a "cl osed" or ON
state of the switch. The two states are non-volatile.

TR el R S

erfbédifeht® of the ihf&it®hance) of the switch repeatedly.
[0029] The inventors believe that the ability to

cha&g.e the switch between the two states is related to
a r el g8 ASNr- g Ibestigiecpossrectional viaws ah stredteres etestgt during

terl.SLLCS: - S\ r ecifically, the
BHRARAREN B Flng by bR Mabalmel B (RREHRE i ¢ o
is related to a rel ationship between the el ectrical
cur reigures BAA-Ip dbsastetchoss sghionhblevieanof sthetnrbesrestd amdng
£ %Jetdi s?i gati on of heat ou‘ta f the nanotube el enent.
PRGOS AARTYPGES CHBILFE ‘@fgmt’*ﬁfé of e iapentiont ppd " open”
state, the stinmulus circuit applies a stinulation that

i's, KiBerek B9 QAE 96 Srdihh E¥fs of HALLRIMBRIhS tSANEE
over heatingin the nanotube el enent, and at the same

embaggmenis of etietentigr. desi gn characteristics that |init
t he amount of current-induced heat that can fl ow out

De%il&hﬁﬁ'?:gt&gwbe el enent. The inventors believe that

this a the overheating of the nanotube el enent,
whi ch breaks conductive paths in the switch and
[002&at eBraféreed aplodimsnta béthelpresehhiaveninngsovitie evo-terminal
nt or. el i.eve that .thermal . and el ectri

' b
na R AV oA et oE A itasing thave ifchény fnensiahe

nah&tubd) eleRRAOGIUHIECI8 loQERIYs at RAstlaNRhtiGDof QBR BT tyd RLRirk@e. o,
be forned. In sone enbodi nents, thermal and el ectri cal

CORGlrAiye sisHentss A sdmriYs Cipititl coynastedrt apponbothivé thedroninble,
Ll ' . . term.nals - g.,

wofide Boflaley Sl f Ittt Lo ShichBe b1 Eet Sopags by

chaveging fherstatx afhk ewittln Barexasiple) eieesibtance dfantdaatididh athway

belfIoER F WUETTIB GUBHECES, e Sgie ol dhphtTol A E0agues high
1 PR
e B R & e, o DR PEAE o2 PVRGEARA LY

relptévedy bovofesistancapathivey comespendsugha ‘choaed tar@Nmstaté bHiths switch.
t o, t he nanot ube el e

I omthe termn [ ment . |
Tl s G et ol diraltnis “EeRE P Ral GBS eyt
(NBRO)Thé staleest thysviedd heBéanBahSothe WatdR. 4 R8RS oF R

materials that dissipate heat particularly poorly.
switch repeatedly.
[0029] The inventors believe that the ability to change the switch between the two
states is related to a relationship between the thermal and electrical characteristics of
the switch. More specifically, the inventors believe that the performance of the
switch is related to a relationship between the electrical current that passes through
the nanotube element and the dissipation of heat out of the nanotube element.

Desirably, in order to change the switch to the “open” state, the stimulus circuit

applies a stimulation that is, the inventors believe, large enough to cause overheating
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For exanple, the switch can be passivated with a | ayer
that has a | ow thermal conductivity, which helps to

WO e@p/okast i n the nanotube el ement. O, the tePOi/Ns1086/018043
can be fabricated froma material that has a
rel atively good el ectrical conductivity and a
relatively poor thermal conductivity. O her designs
and materials for thermal and el ectrical managenent of

.the sw.t.ch.are con Iated shou noted that
W&HF g PR eaentnag tgﬂ%@w&rvﬂ&h ga% sighchgtactaristios
thet Beltithe &hoﬁt'df‘éhﬁ&ﬂtQHde@é{ I ) ch?ﬁSﬁr teAby m‘é%ﬁBtYlE

that the causes of these resistance changes are sti
clpapply Thsrisyaiéors belﬁﬂ‘V@rthaj(ﬂnlh aﬁowshél@ roefelrhcaihngamfcthe nanotube

t.al sta he ti o
oIFE KRR BTRE bt n e Fwir B wrsnies {8 open sife. 1n
ottleswoidbatle hekaions HEvE BHas Riefifial GAAkldcRIHaEmbRadehfnt of the
observed behavior. Ot her effects may al so cause or

sveidsh enhsnee therhuildtz of hestinybp agiasube eglem@m] soTthet anyfapeh” state
candd fBﬁnécﬁgﬁ'l %ﬂ]b%ﬁ Iﬂ&t?‘?ﬁéi‘&gf %Ctl‘l a? ggq%ggel%{%{?% ﬁs

I ntegrate o exl s I'ng ’sem con
accempbsied byovedsgpinded nanolgbeatiele vdlﬂi ad 1bash 6hOVE tweiéhinbls,
rrethdgs that allow the fabrication_of an overl ap of

©.&pEQdriltr Clenrmsry apBedriaminade copirobed Beaye dor @wénmiﬁ, in some
erfhRARBhts A6 nalat@aemaﬁém%sﬂ %@fc’a%ﬁ& el afleRY tle%%uﬂ%ulm a

Because the switch can be contr ol y sw tche
speeifi@ geornetoy, o, aaindollbd owirkpdsngtiantia pmﬁcﬁnfsielemgth Then heat

e on,of th tchcnbelnt
gt R 8 bR Sl R e REUES Ienft ot gopagt i
lohg elttﬁigh WhaticOrrantTIWEKelPfromRé tef@lidal o tll:eq{angﬁlﬁg'léie%ent In
the switch can be wgal emented in non-volatile random

Soat?ceé%boo diraerss-yherRRhvgd elpeteigal manaperoganaesbmplished by
falf) pp | EIH sgvﬁzc% tfngﬁ é%]?&&d ;ﬁ%?erfa&négc (j{ rgfga?enﬁma? partlcula.rly %oorly

Fomaranplecthb asdtdh namb@pz&swhted R Myeteiatars AJow tediesl
ir varl ous conponents wll be

COB‘&%C&VF%%{HIC@Q{ %rt]%% g?ﬁé i fhemapetbaelrmgnis iP% di thgninals can
behISHRRISTovh lal mﬁ@néllthé{?n% ertﬁgtweﬁ‘gpéw %ﬁcag %§ﬁdlﬁglvgy and a

as-fabricated switching el enent’s escr i
relptively peobeinnad osdustividey Dttes dtShgts amflirhatemals for thermal and

c base ? nonvo{aatl le e 5 r
S s T T T
chivigel Iillgthe&aﬂstﬂiﬁieftﬂdﬁe; Sitdediiend ceaiRal stinhdlath$h have been

illustrated. 2-Term nal Nanotube Sw t ches
repeatedly observed, that the causes of these resistance changes are still being
considered from both a theoretical and experimental standpoint. At the time of filing,
it is the inventors’ belief that thermal effects as described herein may cause or
contribute to the observed behavior. Other effects may also cause or contribute the

observed behavior.

[0030] The switch can be fabricated using methods that are easily integrated into
existing semiconductor fabrication methods, as described in greater detail below.
Several methods that allow the fabrication of an overlap of specified geometry

between the nanotube article or element and a terminal are described in detail.

14



[0033] Figure IAillustrates a cross sectional

representati on of nonvolatile 2- term nal nanotube
wEMorom18R- TNS) 10. Nanot ube el enment 25 is di SpPOBFES20061018043

substrate 35, which includes a layer of insulator 30.

Nanot ube el ement 25 at | east partially overlaps two
termnals, e.g., conductive elenents 15 and 20, which

are both deposited directly ont o nanot ube el ement 25.
4] An thi di ube el epent 25 is
[dgg?fer Gatseithe W'V];g?% P soRRalleRbe isdied dFivtred e pgpolatile
t@tes, 2 BecH8H AR fhibiRdti eﬁ £O-
SZQ? [003%] Cpn@ucti&e 8Iengﬁ?%h%gpg%gﬁggﬁgééﬁoéfgﬁﬁg
S%ﬁ@%ptomfaumcatm inpthodss ths svatehtis agdul iStaj nmnhbﬂbs of:appdications.
lectrica mul.at es eas conducti ve
FO Qa5 ich o be TR el inpEFotallEators focein optory
(NFAMYRFRyS REsibEiat@bdble fubSRAluQelRLiRERM iR %ﬁr@érﬁﬂﬁ%lé 0
the stimu ation by changing the resi stance of sw tch
wirmeppligadiongne conductive el enents 15 and 20; the
relative value of the resistance corresponds to the
te , circuit
OB i oo Mmcalt of b e IR Bnolbotflle Mbrin: Vel
ddviaglslsthches willdersbewn camﬂdhmt Vartoue Icempnﬁautsl&llawdééeribed.

Node PR e P GRS BRe OB R B e Mibats o 5

te NG a%QaErﬁba@edrﬁlﬁshin\geélé&néHtQQﬂl' BSUSEAPSE La gb 'eﬁbodlre%nts of

corresponds to an "erased" state of the device
degjceg that v@lizecwnafabric-dasddmonedlatiie\eddrgents onctbat menanry arrays,

15 20 For
GRS, e BB bbb e wi
bedhastragddat i vel y | ow current across conductive el enents

15 and 20, then nanotube el enent 25 responds by

changi he resi stance of the switch between
conduc?%ﬁé’”@?@ GbeSwitele90 to a relatively | ow
resi stance. This corresponds to a "programmed" state

[0683]t heFihayd p& ,ﬂhysi&afeg a@kRE kEdiioah1 &ﬁ%@é{ﬁéﬂdﬁ%ﬂ monvolatile 2-

relative é or even near-ohmc, betwee
tergnd nenpibe éW@‘Pl’e(’?t‘ENibl%nH aggubeemert 25is dtsposed on substrate

p
e R N L g R o
ovarma;mtw«;damﬁaas,raog gcondbétd@@teméitd [2AIE20,3Mch 8@iboHRdGRSIted
0 rocrarrmsd" and "erased" switch states for sone
dlr@??bb%‘i& AoARAUDBS ele®ent %) i nal nanot ube switches are
described in greater det ai I bel ow. [0036] Conductive

[0034¢ e nhﬁthﬂsfbn%&lnﬁ&taﬁa%o ?c%'t ¥5 g%%tggfeg%{ ?I‘HH qlllgglbl){ fhat

materi al, and can he S
carhipe é@fl‘lfwdsbeﬁap en dftwgieposmcbreoftkmdu@td/e elements 15 and/or 20.

[0035] Conductive elements 15 and 20 are in contact with a stimulus circuit 100.
Stimulus circuit 100 electrically stimulates at Ieast one of conductive elements 15 and
20, which changes the state of switch 10. More specifically, nanotube element 25
responds to the stimulation by changing the resistance of switch 10 between the
conductive elements 15 and 20; the relative value of the resistance corresponds to the
state of the switch. For example, if stimulus circuit 100 applies a relatively high
voltage and relatively high current across conductive elements 15 and 20, then

nanotube element 25 responds by changing the resistance of the switch between
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performance characteristics of switch 10. Conductive

el ements 15 and 20 can, for exanple, be conposed of
woredoabssisuch as Ru, Ti, C, A, Au, Pd, N, WPQUUS06/018043

Ag, In, Ir, Pb, Sn, as well as other suitable netals,

and conbi nati ons of these. Metal alloys such as Ti Au,

Ti Cu, TiPd, Pbln, and TiW other suitable conductors,

i ncludi ng CNTs thensel ves (single walled, nultiwalled,

bl | f le)., . i
ofHlcAYy, SOHEF 1880 3f ot Ript D Bt hesisbhne BRGEfoShongs to an
“cradyd” Clas of tidevideSiwhe rsaledageal 66HucEbh Bl relatifsl p@Brb between

SO e
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befBEsppIdREveaiemite 17 reshi B onelabively lewirmeinighee. This
| 08 ol PEnHES r rdSt.l | . 10
e hF 5 "o e R0 o e VRl SReBlep bl
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G%f%?ﬁ%iﬁyp’{ f%ﬁéé@f Blet B 8%18%@3? Plgl’r?é\%nT?WéE%ﬂ?‘%f&é gre separated
byl dedst AeorderoMahBitudBUBk ARk BN AN il 881 RABAES for
.l isted above and comonly assigned to the assignee o?
Prograpmedé ard sgapiedd avitenstates farrsemeembodihgntsigltavo-terminal

ectroni i ndust .practices. Preferred

naﬁ;é?:%ggéﬂg%s? %\eb@%gg%?%dﬁa ggeap%lrr e?"‘é’ﬂ’ei‘?/“é-rw apbet ween a

nanot ube el enent and a term nal, or conductive

[083@nenCondictize elenientd 15eshdB0eirt preftrablythader o adwadidiied
I nsul ator 30, may

in.greater detajl bel ow [00Q38] . . be
m tSH%o?gdg”beeﬁl%e,of Siapang Orélf%er?,’é@patﬁaﬁly dapedingn the desired
sfdtihakle@hhnasididtidsRg bha Ly WG i
pet he rar?ge of 21 tg SSgﬁ%lr?nﬁofgpngggixg?%%e?ﬁsﬁ&a{aor 0F 1?%
ex3uiplso be eempysed abaretads wicBBs Rundle Gry Andai, Pdciy Wo€u, Mo, Ag,

€. trate 35 |.so he a,conposi of
In R SO & ShitalB i nts R PRGEPES v e vieks
allbgs suehc TLAY,ETICheTHPA} BbIhSamd WiV Oothér stuthblb YodiREdrS, 1if@hding
c tsgnal s to nonvolatile 2-term nal nanotube switch

theegpelyes @nelq vellads swdtipvalled; anshonsiauble, walledsfsmexample), or
i D AS 4.0, f ) i .
cof@RedE HFHHeQS, oélgpsc,' tgf %ﬁl@ld@? s{@zﬁ?/as %ﬁxl\g é{nl.lt(gr, gﬂﬁ?’?ﬁl\é,n@é) S b8 Tisi,

as i nsul at of quar
may hestsedt Ot kiraly of eormtugtonpdreseinidontibebr, mdtdriadcempilsd brused.

3 bt ¢ b ; o b
SIS AT ot A o s S N e
nnf) ForfextabIdTeh 1B leAfo@mdhl ldoh@otivk Rttt Bigto0wat preferably

limted to silicon
separated by about 160 nm. The separation can be as small or as large as allowed by

process design, for example from 5 nm up to 1 micron, depending on the desired

characteristics of switch 10. Preferably the separation is less than about 250 nm.

[0037] Preferred methods of fabricating a full overlap between a nanotube
element and a terminal, or conductive element, follow well known techniques
described in patent publications and issued patents listed above and commonly
assigned to the assignee of the present application, or are currently used in present-

day electronic industry practices. Preferred methods of fabricating a partial overlap
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di oxi de, silicon nitride, alumna on silicon, or any

conbi nation of the followng on silicon or silicon
wale@giosBaso al um num nol ybdenum iron, titani unPCT/US2006/018043

pl ati num and al um num oxi de, or any other substrate

useful in the sem conductor industry. [0039] In sone

enbodi nents, nanotube elenent 25 is a fabric of matted

carbon nanotubes (also referred to as a nanofabric).

t hods of . ot ube Ienents and nanof abri cs
b“g{%@’*fkﬁe t‘é‘ﬁ’oﬁlﬁ%ﬂigﬂtc?agéﬁ?fﬁaa i oF OREUStHE SlgTRRit @t Gontreted
oﬁ@f?n&fg@le&edeac@&ﬁengfm%@@moéw he nanot ube el enent

abric is porous, and material from conductive
el ements 15 and/or 20 fills at | east sonme of the pores
[0038} he InswweuBemay baspmposed of Sifd,, SilS.oll.MerBel), polyintidd)er

ok P B R R R S
foperimple e thsardie i 08 BlSporfed By RahrakidRS, ﬁiaﬁ@‘ff&n dficon for

i ncl udes doubl e wal | ed nanot ubes (DmNT) Li sone
CXIMPIG r SEUaieHSanMEHER be p sorBpesie of Semisandumsors rosulaters, and/or

f.er,r ed
BB 6 A B0 B0 Y955 o4 SREE HEHEH SR o
ndnynbikites2- tEﬁ*mD\Mﬂisnothhse sSvitah (2+HNSB)I IedstiHustidddofuttber below. In
nanot ube bundl es,

25 d
SOl PR PG S 35 o P oMeFSaine i SO & 2
qUARBO L 6P OB Biibseitd THhiGIGS oy SLABLEHINAL 1BEpdRO4C]

Sonme nanot ubes fabricated by sone net ods
deppsitien pbapnogtbes by spin cRating\ButlefeFanly e xstgiad chowen dtonbée

D ses .ar f erred,
PP RS g R PGERS T wRicE, REBufie Sh paGiisha i Beon
diceide, il nirgide] AumindQlslidonget By 20nHiiin 3P (eEM1bWEn
of an exanpl e SWNT nanof abri ¢ 53 that is fabricated
siligontpr éﬂ%?BP Hloxideralumdaumsmalvhdenms drona titapiven, méatmultrayled
r at
oAb b P REY UG olue B O e KEbdiRIG B
nanof abri c may be fabri cat ed W th ot her appropri at e
[003hni fusssne athbediments praapeibe etbrenb 24 lsmefabﬂc dbnnaed carbon

nanof br|c th .. a nonol ayer
naf Gt 1R REReEy e&%*wﬁ?%’mf RN HhaAS Ph Bk 2 adRo whe Flgenents
antb hﬁﬂﬂf@lﬁn@far@ RAGV ! BeBar igé@ibed i@k ?nd@ﬁ&hﬂé@ SatenVekdrnces. In
gure 2A shows a nanofabric having randonfy oriente

SOIﬁlﬁ ﬁa%b@@é%ent% theyrragtube eleaant gr fabtig irepbrousm and) b@@mﬂaﬁrome
cog{ﬁgzﬂgé‘élg}é}%%sol nigﬂ or ZtOr}ﬁlsrb%P %étt%?lg}? oﬁ%ﬂ%&erﬁg% t%e natotube

elenremar hm’oateeainlpmhmﬁﬁts,rrfafnefuba eRsent 25 grRARkakinglehRalled
e%nb a(gwls n) gjnot i.ncl ude carbon nanot ubes at all
nanotubes Ts or multi-walled nanotubes (MWNTSs). In some preferred

embodiments, the nanotube element 25 includes double walled nanotubes (DWNT).

In some preferred embodiments, nanotube element 25 includes one or more bundles
of nanotubes. In some preferred embodiments, nanotube element 25 includes one or
more bundles of DWNTSs. In some embodiments, nanotube element 25 includes
SWNTs, MWNTSs, nanotube bundles, and a large proportion of DWNTSs. In some

embodiments, nanotube element 25 includes a single nanotube.
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but sinply needs to be made of a material and have a

formthat exhibits nonvolatile switching behavior as
waele®enosied herein, e.g. silicon nanow re basedP¢HDS$1006018043

ot her nanowi res or quantum dots. [0042] The nanofabric

shown in figure 2A is preferably fabricated on a

hori zontal surface. In general, fabrics are confornal

and may be oriented at various angles, wthout
an SEM e of strycture 9

oY o E 2C | .
(B, 2 e b RS FBeateT b e Beimes srire i faiag in 2
TRt Fd)?@@zﬁhﬁlh,%nofﬂb%ﬁroﬁ@&ﬁ@y@i@ﬁfr@&%és!a?es?lfé;erred, e.g.,

nanof abrics may be used to fabricate vertica
they teadtte gomisiputlywixhibicthn aniddng behawinr desiribed hereal. and
requiring less area (e.g. can be fabricated at greater

It N I t her bel ow | p.so
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I n ot he en'g,odi ments nanotube el ement 25 in figure |A
nangtubesy Wihilg diggread illusitpics a Ranefpluigdgtis anoradayes, multipts

1 SNG4 -

o0 o PUE TR e o UE 0GB e g ol

preferrgd kmbadinteatsod @ndtgeghitera naanfdric and id heesssasdly deohelager of
ti on between_conductive

enough to span, the se a
n:GRERED 165t 3RRM B% RBARRG et Roe RranSoe enekber andemn
indken&liotlReC Rt ' SRR
i cggﬁ?act (or"net m%gﬁé_]\%mggﬁggégg?@ﬁ%anot ulzgeliaﬁ%i%ﬂgrp%%nt e
nagetyhesaelighedss mgedy ali gned marotpbessnaydercuddd 8s wellt eddso, Mas

Bt "Nanot ube..Fi | and Artjcl.es" fo
nafloriBes e bint ofitor NRBLIRE L A 8eMRef bl ing fhupd e
pafenoreferanass L e genekal, (e deficthbrid feed M Riclide ca®0S nbiotubes at all,
shoul d be hlﬁh enough to ensure that at | east one

buf Y Beeds fo Rerads RT dmakraizbenshiaye gfars thahexhibits penvolatile
switthin@ BERaIG! WERECARAURTA, S, @ﬁﬁaﬁﬂ&ﬁ%&iﬁe B ga%ricgc%@eg

preférred characteristics for nanotubes are descr
nap@veesor quaga dathe t wo-t er mi nal nanot ube switch 10
illustrated in figure I A has a pat hway between

ducty v l.enents 15 and 20 that.c .in one of .
(0GR The BRI Evd T BRi P i SBl BricilpSpmadgrizontal
suttfigt Ihgsnaal; edbgics W@l donfordil RiShsf BE68entEhiGaribes MRsss,

.conductive el enents 15 and 20. rrent generally flows
WI%GB? ypitpiaqnge &iewe A UE an SEMbineags of stracsuigid with panafahric 95

contBfihe to afAIEHing Qb iffon. 4iSpd
charact gra I zed )}n% p%ﬁé\;r/a%b?%g B hglgesgtcglgqbgﬁ%@)er&/erﬁgwf

nanadghridsangebe e Etbrieate vertically oriented 2-TNS with enhanced

dimensional control and requiring less area (e.g. can be fabricated at greater density)

as illustrated further below.

[0043] In some embodiments, nanotube element 25 in figure 1A is a SWNT
nanofabric with a thickness between 0.5 to 5 nm. In other embodiments nanotube
element 25 in figure 1A is a MWNT nanofabric with a thickness between 5 to 20 nm.
SWNT diameters may be in the range of 0.5 to 1.5 nm, for example. Individual
nanotubes may have a length in the 0.3 to 4 um range, and thus can be long enough to
span the separation between conductive elements 15 and 20. Nanotubes may also be

shorter than the distance between conductive elements 15 and 20 but contact (or
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conductive elements 15 and 20. Current generally flows
easi |y between conductive elenents 15 and 20 in this

WO edoossdgd " programmed, " or ON state. [0045] SeET/UR2000018043
is typically fabricated in the | owresistance state.
The resistance of this state depends on the
characteristics of nanotube el enent 25 and of
conductive el enents 15 and 20. The i nherent resistance

e el enent. 25, and nanofabrics in gene

. of
OB G PP S 5P th SFhaA e Ssiverngl Sehenisosee

U PateRENoS6,786, QOZ feﬂﬁtl@d(%oﬁlbe%l ﬁlé@y for details of
four - poi nt probe measurenents. resi st ances
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Pirteiied shawcterigiinsgpr mvetubss ate desasibed darein.of  swi tch 10

bet ween conductive elenents 15 and 20 in the "cl osed”
[0d4af © inhelidasdina RTLBC LwlidPl PhRNES Pl AAKE (AL AP

region in series, plus & I'hherent  Seriescresi stance

patiiwasheetwaertaerdactivh alémdedts by aﬁchEO thanber beoiih @@ twb tates.
be sin nanot ubes _ and/ or

0 f‘ef%ﬂ{gh%?ctﬁé%?&} hprgg Sélr%‘%m ¥ hagh 1g8gtanee, Rppn
bebRER wnaﬁ&weee@erﬁémws &%ﬂi@ cﬁx@@rxttgeﬁé}bllfﬁﬁév@? ngf%ag«e%

resistance of 2-TNS 10 is typically int
copdyetiyesderpants 15131& Pem thiscopen, Zﬂeresckiﬁ,cbrrfélﬁﬁ statet Fighe other state

be S| such t the r. S|st nce
is P o O PR P b Reti e R nesbe
contiudibR@latxnts &5 hied 201CCuriiEHt gBRerhIOHGwb BasilyDetwdea @RS tive
N. Srivastava and K Banerjee, "A Conparative Scaling

elogpents 47 andh 20 ibin ‘fclasedn dpoaraseRedi AbONbwate.
I nt erconnecti ons for Nanoneter Scal e VLSI

[O(T@%h no @%ﬂcﬁ S0sis y?%?gf digrQsted fn&)}fé o%—r%sﬁ&afz%m@%? aﬁ*gQ Plstance

Itil evel connect erence
of 2lgis Siate d@endmmhe \Ahmuo:asucubf n@EpiutRa3erRas. 25[2(1164)?]coﬂ1ductlve

AR Trand QTR e R RlaBRLS e iiRe RzinstE b, Dpiadastptrcs
in gefer&l aabecontidled ttﬁl% 1nftﬁ§fa%§é16f3 £00fo 10000MUFRY: k§uare, for

can vary by a factor of at |east 10, and the device
exgEpleoATiicasyirg by foneppint pipba nma@tremta Eits avitteresistanpes

g SRS aRA s PSR iy B 2501050

nanﬁab&ipl:m squaré nfidren N &nefnaddmbodisens sasaabe ébigfit 25 preferably
bricatio and if the resistance is found to be
ha@ 3@5@@@3 @'gﬁtween 1 and 30 nanotubes. In some embodiments nanotube

element preferably has 5 to 20 nanotubes.

[0046] The total resistance of switch 10 between conductive elements 15 and 20
in the “closed” state includes the contact resistance of each overlap region in series,
plus the inherent series resistance of the nanotube, divided by the number of nanotube
pathways (which may be single nanotubes and/or networks of nanotubes) between
elements 15 and 20. In some preferred embodiments, the total as-fabricated resistance
of 2-TNS 10 is typically in the range of 10 kQ to 40 kQ. In other preferred

embodiments, the switch can be designed such that the resistance is less than 100 Q or
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approximately 1 kW then additional nanofabric is
deposited with a density sufficient to | ower the

wo e®resHEBCe bel ow about 1 kW [0048] Stinul us BCT/USL006/018043
100 applies appropriate electrical stinmulation to at
| east one of conductive elenents 15 and 20 to sw tch
2-TNS 10 between the | ow resi stance and high
resi stance states. In general, the appropriate

| to.2-T 10 .d ds
sS4t o 1Bl Rositon o ﬂ@ogkssaetrewtg&&?m@kﬁﬁﬂuag in fhe
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the electrical stimulation is a voltage pul se, and
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[ o ke ethe deyige perforgranes dogsinet sarystioaglysrithothe demsity
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enbodi ments, stinulus ci rcuit 100 nust apply a

aSéétSPftﬂﬂfEﬂf if@nicetion. anst ifethe tesistanee isi fomnd toober gg@elaiﬂnam or
t -
ap@%ﬂéx‘tirgl.gtte }J Pkﬁr 191%{1 F&&gﬁ%‘)ﬁl n?iglotz bric 1 d%g?%lfﬁﬁ le hI ebﬁer{sﬁ(yatsuﬁflglent

enhéra r|c

tommﬂtheeaststatmebaus/abauﬂl\mlo to switch to a relatively
hi gh resi st ance state can be used. In sone

OB e b BB SE lh EL1S

on%b@%@ncﬁr%ﬂv@él%ﬁleﬁﬁ 150Ra 486 §t91t<‘3192 q(NSC @baGLES jife n% 39Wl}¥s1§tance

relatively high inpedance. [0049] In sone e I ments
and hygh flesistapee sates. hQ@nerah thﬁh@pg@rm ¢ledtricd stioufdtonlto@-TNS

b I I
10]dEpb Rl e pE R E Bt ot B e R E kel S
enfb@ﬂﬁn@ﬂh fstlﬂiultﬁﬂ:ﬁl‘éult a0y eard @ﬁtﬁﬁlsﬁwﬁﬂpm toth®hish redist@mUopen”
| ess, switches 2-T to the | owresistance

Staéft ‘ax éPPI%g%ﬁJ@U&%lg 8igh oliagebias aerpessgonduetivigl edernens 15 and 20
WlfhelﬂHb%ﬁgt_e& QusWit! &g (t?rﬁlmfy&ﬁ s 1sc¢09t%g€13 a%'i)ﬁ{ 10V, or

depends in part on rlca St at’on hat Was
ab@uiédS Vo 0s 343 €hordesENS ohidtihes ahe tlepieicil sinatlgionHiofa voltage

P SR Sinatimel e QBIFoa P4 VEISH O WPty ospas
stagngoﬁ&aﬁl%%d@&rIeQ of 6hO&EMoleHRIENbEGRen T VEXNRERIBiohof one
or more pulses may also be varied to switch 2-TNS 10 to the “open” state. It has been
found in some embodiments that allowing a relatively high current e.g. greater than
50 uA to flow through the switch can enhance its ability to switch to the “open” state.
In some embodiments, stimulus circuit 100 must apply a stimulation that exceeds a
critical voltage and/or current in order to switch 2-TNS 10 to an “open” state. In
general, any electrical stimulation that is sufficient to cause 2-TNS 10 to switch to a

relatively high resistance state can be used. In some embodiments, the state is
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8-10 V pulse is used to "open" the switch, then a 3-5

V pul se may be needed to "close" the switch. If 3-5V
w@i03053180 used to "open" the switch, then a 1-PCVURMD&E18043

may be needed to "close" the switch. In general, the

stimulation used to "open" and "cl ose" the switch can

vary each tine, aIthough the "close" stinulation

depends in part on the ‘open" sti rrul ation. In other

NP8 5 SIS, Ao R95E 6 SUBIRIE:
stﬂﬂlcﬁ@ alsb e cSMhdeﬁéH it chdhsREUEdby ¥ rdl&tivelPRRAdmpaditce.
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iﬁiS{d to swtch 2- TNS 10 to the "cl osed" state, for
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mmbmnwbd)dj I‘ﬂkﬁ&% thet dvxetchaﬂmgmmlretlalge stirmbdtion avedw ‘wpedt and
"op the sw tch, but fhe vi/a\/eforms of

d
“ofle” Beg™eh Rl v PP HGALET Wl CloRe e o gepPRds
paﬁfonmﬂlé SEfenalstimuiibeN Y Stht 2&6rds Alle tﬁtﬁx HIEsvch RPEPened”

the switch, and a single pulse at the sane or a
forgxample W@htaag?el(bbfmuésebmd;bem“cﬂosedé Mathe! 3-5Hé peleg.ttbhswitch

»l | .5, |
cafsgonst Qe WP ofene RBOG R 53 s st SAR ARG
pu!sarrﬂrea[telavcﬂnag‘d:d wed YObpengRe SWikllche td@t@ﬁkeﬁ Oolta‘gb@ﬁ)eclogehﬁe

Usi ng these sorts of waveforns may sinp
SWﬂ%\?é éé@mg%h bF esanRlss figed Bergyse “onent vplteges dhat agrelagmyhan

thé"‘Qtloéée Qo1 Rs b o? s@ﬁglehﬁ)gdﬁﬁentt@tﬁes‘ Ogé;hfw ltla erzrsgﬁﬁ Bé: Hﬂ ﬂér than

enbodi nent’s I nventi on
thenfoprn’t weltagas.s Aatiginction bﬁWeelmclbsEgarmhqg:nmpbﬂﬂdns rehes more on

unr.est ed dur] er [0051] It _ has al so been |
cul R et e BRI, AT QP BREe piisR without
culréSstEiEiHGR YeNRe®W deh t%l%%ﬁ%ﬁbééqﬁelﬁﬁ’ L 8¥ frBgram
switch to the "cl osed” state.
pulse with a current cap of 1uA can be used to Close the switch.
[0050] Sometimes, the electrical stimulation is a voltage pulse, and sometimes a
series of pulses is used to switch 2-TNS 10 to the “closed” state, for example a series
of one or more pulses between 1-5 V. The duration of one or more pulses may also
be varied to cause 2-TNS 10 to switch to the “closed” state. In some embodiments,
the same voltage level can be used to “close” and “open” the switch, but the
waveforms of the two stimuli are different. For example, a series of pulses at a given

voltage could be used to “open” the switch, and a single pulse at the same or a similar
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exanpl e, adding a 1IMNinline resistor between stinulus
circuit 100 and one of conductive elenment 15 or 20, to
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elements 15 and 20, and they retain state even if power is removed from the circuit.

Stimulus circuit 100 can also determine the state of 2-TNS 10 with a non-destructive
read-out operation (NDRO). For example, stimulus circuit 100 applies a low
measurement voltage across conductive elements 15 and 20, and measures the
resistance, R between the conductive elements. This resistance can be measured by
measuring the current flow between conductive elements 15 and 20 and from that
calculating the resistance R. The stimulus is sufficiently weak that it does not change

the state of the device, for example is a voltage bias of about 1-2 V in some
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physi cal rel ationship between the conductors. In the
state where the resistance of 2- TNS 10 is high, the
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di scontinuity, exists between a sufficient nunber of
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change in the switch state. For example, nanotubes may contact one or more of the
terminals in the low resistance state, and may lose physical contact with one or moré
of the terminals in the high resistance state. Or, for example, an electrical network of
nanotubes within the nanotube element may touch each other in the low resistance
state, and may be separated by gaps in the high resistance state. Or, for example, an
individual nanotube may be physically continuous in the low resistance state, and may
have a physical gap in the middle of the nanotube in the high resistance state. The
two resulting ngnotube pieces or segments can each be considered to be a (shorter)

nanotube. In general, the physical relationship between a nanotube and one or more
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For different physical design rules of the switch, the
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required to separate two nanotubes
current, the current in unbroken nanotubes may increase, causing one or more of those
nanotubes to overheat and break. Thus in rapid sequence most or all of the current-
carrying nanotubes may overheat and break, creating an “open” path or “erased” state
in 2-TNS 10, characterized by a relatively high resistance. Figure 2B is a micrograph
of a nanofabric switch that appears to show all or most of the conductive nanotubes

pathways broken (for example, see arrow).

[0056] Similarly, the inventors believe that overheating caused by a threshold

voltage and/or current density applied to the nanotubes may physically break contact
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fromeach other wwthin 2-TNS 10 is not currently
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thebtﬁgctwrelgﬂ stimulation that was previously used to switch 2-TNS 10 to an “open”
state. The inventors believe that this effect may be related to the size of the gap or
gaps that a particular “open” stimulation causes between nanotubes and conductors in
the pathway. For example, a relatively low “open” voltage may cause relatively small
overheating, which may create relatively small gaps between nanotubes and
conductors. Then, a relatively low “close” voltage may be required to sufficiently
attract the nanotubes and conductors across those small gaps, and may bring them into
contact with each other. Or, for example, a relatively high “open” voltage may cause

relatively large overheating, which may create relatively large gaps between

nanotubes and conductors. Then, a relatively high “close” voltage may be required to
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electrical pathway by stimulus circuit 100 may be due to electrical arcing that would

C

occur across the gap (a gap formed by a previous “open” operation.) The electrons
and/or resulting high temperature may draw material (located in the vicinity of the

gap) into the gap, to re-establish a contiguous electrical pathway.

[0061] The inventors have observed that if 2-TNS 10 is not passivated, and is
stimulated in an inert gas, then the strength of stimulation required to “close” the
switch is related to the stimulation used to “open” the switch. In other words, the size
of the gap may be related to the “close” stimulation in an inert gas. The inventors

have also observed that if 2-TNS 10 is not passivated, and is stimulated in a vacuum,
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of the gap may be related to the "close" stimulation
in an inert gas. The inventors have al so observed that
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nanotubes that have been tested in 2-TNS 10, and have observed that preferred
nanotubes, e.g., nanotubes that consistently exhibit the switching behavior described
herein, typically have a pronounced optical phonon mode that corresponds to a radial
breathing mode of the nanotube. The inventors believe that this breathing mode may
be related to the switching behavior of 2-TNS 10. For example, the mode may
behave as a thermal bottleneck, trapping heat inside the nanotube. The mode may
allow the nanotube, or a contact between the nanotube and a conductor, to be more
easily damaged by a threshold voltage and/or current density than other species of

nanotubes that do not exhibit the mode. This breathing mode may also couple to a
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na%(ggf&%%plngﬁté& a‘ﬁntq contact between one or moré nanotubes and
conductors. Preferably, this break is small enough that it can be re-programmably
closed. By managing this relationship, preferred embodiments having enhanced
performance can be designed and fabricated. These goals may be accomplished with

electrical and/or thermal engineering, or management, of the device.

[0066] The goal of providing sufficient electrical stimulation to the nanotube
element can be accomplished with techniques known in the art. In particular, the
conductive elements preferably provide relatively good conduction of current into the

nanotube element. The conductive elements are preferably relatively good electrical
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described above, some nanotubes may be selected to have certain modes that build up

heat or couple to other modes that break contact between the nanotube and a
conductor. The nanotubes may have defects that are easily broken by overheating. In
some embodiments, the nanotubes are pre-treated before deposition in order to induce

defects.

[0069] In some preferred embodiments, the conductive elements may be
thermally engineered by fabricating them from a material (or materials) that conduct

electricity relatively well, but conduct heat relatively poorly. For example, the
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conductor. The nanotubes may have defects that are

easily broken by overheating. In sone enbodi nents, the
wmanonsdies are pre-treated before deposition i PCDUS®NG6/018043

to i nduce defects. [0069] In sone preferred

enbodi nents, the conductive elenents may be thermally

engi neered by fabricating themfroma material (or

mat eri al s) that conduct electricity relatively well,
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|V erase voltage. [0071] In general, the nanotube
ﬂ%ﬁgﬁ*@ﬁa%gglgpg%wgggpn physi cal contact with other
materials in the 2-TNS besi des the conductors, for
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conductors, for example having a sufficiently high heat capacity and/or a sufficiently
low thermal conductivity. In other words, the materials may transport heat poorly,
and may be good thermal insulators. This can be useful because the nanotube element
may overheat more readily if materials in contact with the element withdraw little
heat from the element. For example, the inventors have found that including a
preferred passivation layer over the nanotube element can significantly reduce the
level of stimulation required to “open” the 2-TNS, in addition to providing other
benefits. By including a preferred passivation layer over the switch, in one

embodiment, the stimulation required to “open” the switch was reduced by a factor of
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nanot ube el ement may overheat nore readily if
materials in contact with the element withdraw little
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Phosph03| licate glass) oxid Orion oxid
n1tr1de also these materials may be used in conJunctlon with each other i.e.,aPVDF

layer or mixture of PVDF and other copolymers may be placed on top of CNTs and
this complex may be capped with an ALD Al,O; layer, however any non-oxygen
containing high temp polymers could be used as passivation layers. In some preferred
embodiments passivation materials such as PVDF may be mixed or formulated with
other organic or dielectric materials as copolymers such as PC7 to generate specific

passivation properties such as to impart extended lifetime and reliability.
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NRAM operation thermally decomposes the overlying PVDF, hence a secondary

passivation film is required to seal off the devices. Since the die level passivations are
typically ~100micron square patches, this local decomposition can lead to ruptures of
the secondary passivation, exposure of NRAM devices to air, and their subsequent
failure. To avoid such failures of the secondary passivation film, the die-level
passivated devices are “burned-in” electrically by pulsing the devices typically with
500ns pulses from 4V to 8V in 0.5V steps. This is thought to controllably decompose
the PVDF and prevent a rupture of the overlying secondary passivation film. After

the burn-in procedure the die-level passivated NRAM devices operate normally.
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susceptible E(h@@t:heating. For example, as described in greater detail below, the

nanotube element can be made to partially overlap at least one conductor with a
controlled geometrical relationship, e.g., with a controlled overlap length. For
example, by controlling the length of overlap to a length that is less than 100 nm, or
less than 50 nm, the amount of heat that the conductor can withdraw from the
nanotube element may be sufficiently lessened so as to possibly allow rapid
overheating of the nanotube element in one or more locations. In contrast, an
increased overlap length may inhibit overheating by pulling heat out of the nanotube

element.
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further be passivated with a preferred passivation layer which in some cases may

include a mixture of copolymers.

[0080] It should be noted that while changes in the resistance of the switch due to
electrical stimulation have been repeatedly observed, that the causes of these
resistance changes are still being considered from both a theoretical and experimental
standpoint. At the time of filing, it is the inventors’ belief that thermal effects as
described herein may cause or contribute to the observed behavior. Other effects may

also cause or contribute the observed behavior.
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nanot ube switch. Mdre than one of the described

thermal and/or electrical engineering techniques
waele®ensied herein may be used at the sanme ti nEPCTUS1966/018043

design and fabrication of a preferred two-term na

nanot ube switch. For exanple, a switch can be

fabricated having a controlled overlap length to

reduce the anmount of heat that the conductive el enent
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ps i r e n, ,of panot ub
ovEH T ERbudR i 23 ARG e A S BR Re HRESboSeTy
fronpﬂx&snahetubél dlefenniafothe kendlcane BIerr%ﬁt wifia QMﬁé1Eﬁ‘th long
ﬁb conductive el enent 20' overlaps nanot ube
leng, ﬂfg‘fﬂﬂt%* hapgurgesth flows el feva hegondaetiierploraent into the
nmggﬁ&gag&gg;overlap l ength 40' may be in the range of 1
to 150 nm or in the range of 15-50 nm for exanple.

In one preferred enbodi nent, controlled overlap | ength
[0083] i slnainsur naGe ambodinensybtedr meret el Iclyaracrtelnsucs of

swﬁﬁ L (f(t% ’; %?E{S%CUQP é)ﬁgw?troat}d ?}Q?ﬁ n C]reqa ;tgtFxhélé)b ui?(l)rdel'J(paIane %escnbed
in greater detail below, the time required to erase and/or program switch 10 is a

function of controlled overlap length 40°.

[0084] Figures 2D through 21 show top-view SEM images of a few different
embodiments of functional two-terminal nanotube switches, fabricated using the
materials, nanotube elements, and methods according to some embodiments described
herein. In the embodiment shown in figure 2D, 2-TNS 60D is fabricated on a layer of
insulator 62D, disposed on a silicon substrate (not visible in this top view). Insulator

62D is about 20 nm of SiO,, used as a bottom (back) gate. Conductive elements 70D
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over| ap nanotube el enent 25' and conductive el ement
20' so that heat flows poorly fromthe nanotube
we@bk@mesaise nto t he conductive el enent, with a PCT/US2006/018043
sufficiently long I ength of contact that current flows
well fromthe conductive elenent into the nanotube
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in the right half of the inmage as Ilght gre Ilnes on

Nanpigbe elemebbe il piso san b sdende ﬁ)stfsnd b timopraipberyef conductive
elen}erel{'%i{) g’% fQQ{SJe ngf a?fé@tsthg @mzﬁ% f)e s r#%(fu/‘gqﬂﬁ’t ube

resu n con Ive e

coi@viengy allow$ Ahagied md/@ttglhrabex”rzaﬁcm ofrantdxposadg@eti@sof
conpared to the texture of conductive el enent 75D,

na‘%%‘iﬂ?PrPl%W‘é‘?tlééPs a linmted portion of nanotube el enent
65C as described in greater detail below Conductive

[0086F e ordCL tﬁ@%aﬁftﬁlbe%tlﬁ ﬁﬁl%ot%é“é’]exﬁ&ttdﬁﬂ candi sead RkpaN the

area 55D, which are areas of the elenent that are
distance 83D datveen cohductive sbmetswl)awdum [Gapiduefivesiernes & 5D

b b
o B PR uFBOE R STRaRbeP 5B S ERRUbP oS P b
17.49@8$ Wiath abrte@pbndshie cpaidiRareg s Rhghh®’ defipae, 1Bout

conveniently allows imagi ng and/ or characterization of
Copgncsiyp slsapn E;OZ«QD #f BID can be seen to have white borders, which is a

charging artifact of the imaging process. This artifact obscures controlled overlap
region 80D, which has a length that is substantially smaller than the length of the
artifact. However, as illustrated further below, some embodiments have overlap

regions that are large enough to be observed in an SEM micrograph.

[0087] The embodiment shown in figure 2E has a similar structure to the
embodiment of figure 2D, with conductive elements 70E and 75E having similar
dimensions as the elements in figure 2D, but are instead separated by a distance 85E
of about 250 nm. The image is rotated by 90 degrees relative to figure 2D. Here,

conductive element 75E overlaps nanotube element 65E by about 38.6 nm in region
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nanot ube el enent 65D. [0086] Sone of the nanotubes in

nanot ube el enent 65D can be seen to span the distance
w@a7bst1seen conductive el ements 70D and 75D. PCT/US2006/018043

Conductive el enent 75D overl aps nanot ube el enment 65D

in region 80D by a controlled overlap I ength of about

17.4 nm which corresponds to controlled overl ap

length 40" in figure IB. Conductive elenments 70D and
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Despite the substantial differences between di stances
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di stance of about 150 nm Here, conductive el enment
ovexlens| Halp%ermﬁmmtfelaebtelhe nkerr@ﬁesﬁy bt oegioD B0 1srﬂmut{:d)ﬂtBH]4
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oA SRR RIS T3 8 D0 Yy B
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material of element 751.

[0089] All of the embodiments illustrated in 2D-2I are functional switches,
wherein thermal management is accomplished by arranging the nanotube element and
a conductive element with a specified geometrical relationship, e.g., a controlled
overlap length. In some of the embodiments it was found that the controlled overlap
length affected the yield of the as-fabricated working switches, e.g., the percentage of
as-fabricated switches of a particular embodiment that functioned properly. For
example, it was found that about 10-20% fewer as-fabricated switches of

embodiments that had overlap lengths of greater than 100 nm functioned properly, as
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w@boonassasube el enent 65H, but region 80H is |iPCT/ERWDE018043

104 nm The enbodi nent shown in figure 21 has a

simlar structure to that in figure 2H, but conductive

el ement 751 overl aps nanot ube el enent 651 in region

801 by about 136 nm Here conductive el enent 751 can
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conductive el enents in geonetries that are different
copgughorin shepaslyeiayeithe swien in figures 1A-1B or 2D 2l
in order to thermally engineer the switch. For

[069%3"P | fish . lid 'E@%Bg?rsl%gﬁ itﬂaﬁl lEﬂeereEtQ)f Ql?esél{ﬂixgd;ﬁn'égtlg ggé;‘c?%fgg F?e]rgin
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shoul d be arranged™to provide a sufficient electrica
nasgtppgiseit¢hes whereihéerrarl onasgembmie atcongidhet byt lupitsarthe
overlap between a nanotube element and a conductive element, e. g., a terminal, other
methods of thermal management can be used. For example, in some embodiments the
nanotube element can partially or fully overlap one or both conductive elements and

the materials in the switch can be selected so as to ensure a sufficient buildup of heat

within at least a portion of the nanotube element.

[0093] Figure 3A illustrates switch 900A, which is a variation of 2-TNS 10’
illustrated in figure 1B and is fabricated using preferred methods. In this
embodiment, conductive element 905 overlaps the top and sides of nanotube element

920, forming a near-ohmic contact, and also fills via hole 910 in insulator 915. This
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t hermal nmanagenent to all ow overheating that breaks
w@owwastisbet ween a nanot ube in the nanot ube el RPEEBNS20861018043

a conductor in the pathway of the switch. [0092] It

shoul d be understood that the rest of the enmbodi nents

descri bed herein include a stimulus circuit in contact

with the conductive elenments, e.g., stinulus circuit
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of nanot ube el enent 945, form ng a near-ohm c contact,
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de ot .sho elo
CoRBa Ry IR0 uctlins i AP s FGR PP B I P b5t op
comtnallesli averlaf lengthcst0gbe el ement 920 over control | ed
overlap length 903. [0095] Fi gure 3Cillustrates

B BaR G S AoBOBLLEE YL 20 . T 10
ext@BdiRG BEyordint didof AERIEH BB entYSBE Upper and lower conductive
elements 950 and 955 are in contact with each other, as well as in near-ohmic contact
with nanotube element 965, in the region of nanotube element 965 because nanotube
element 965 is porous, typically more than 90% porous. Upper and lower conductive
elements 950 and 955 fill at least some of the pores in nanotube element 965.
Therefore, in an alternative embodiment, upper and lower conductive elements 950
and 955 need not extend beyond an end of nanotube element 965 to in order to contact

nanotube element 965 and each other.

[0097] Figure 3D illustrates switch 900D, which is another variation of 2-TNS 10’
in figure 1B and is fabricated using preferred methods. In this embodiment, upper

conductive element 950 and lower conductive element 955 in contact with each other,
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conductive el enent 950 and | ower conductive el enent

955 in contact wth each other, and overlap the top,
whodorosmisend si de surfaces of nanotube el enentPC@BBES2006/018043

form ng a near-ohm c contact. Lower contact el enent

955 fills via hole 960 in insulator 915. This connects

nanot ube el enent 965 to an el ectrode (not shown) bel ow

i nsul ator 915. Conductive el enent 980 overl aps the top
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985 in contact W th each other, and over
overdan length 20d. Material in tlamests 961 nan 856 hid a¢ leastesomedFShdyores in

er, Lengt.n 907. [0098] Fiqure 3E ..

nafififibd BB SR B oBBR AP Dierhal g § o Gruntishrgnot
by b@ving afdogttoked dvedlap 1éngtH Bldweethe AanstiBelbheh@inti@donductive

met hods, In this enpodi nent, upper conductive el enent
clegiet, DHADY BMieF" BBk Atban thermal BBrgengns technigeest deseriheidthierein.

each other, and overlap the top, and bottom surfaces
0099] nangy 5 ioh t -
O or e o araet 1 08, S dRaPe PRARGTCT il oBthigpent
of g Renyedatde twe terminal nanotube switch (2-TNS) 2500. In this embodiment,

conductive elements 2515 and 2520 are both deposited directly onto the surface of

insulator 2530 and patterned. Insulator 2522 fills in regions between patterned
conductive elements 2515 and 2520, and is planarized. Nanotube element 2525 is
conformally deposited over conductive elements 2515 and 2520, overlapping at least
a portion of the top surfaces of conductors 2515 and 2520, as well as the top surface
of insulator 2522, all of which are supported by substrate 2535. At one end, nanotube
element 2525 overlaps the top surface of conductive element 2515, forming a near-
ohmic contact. At an opposing end, nanotube element 2525 contacts the top surface

of contact element 2520 by controlled overlap length 2540.
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nanot ube el ement 965. Lower contact element 955 fills

via hole 960 in insulator 915. This connects nanot ube
wWek@mesis®65 to an el ectrode (not shown) bel owpCT/US2006/018043

i nsul ator 915. Upper conductive el enent 951 and | ower

conductive el enent 956 in contact with each other, and

overlap the top and bottom surfaces of nanotube
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representation of another enbodinent of a nonvolatile
defpnaddrnthe amed et lawgth Jili of sidepall Trepcixpgion 2240 apg gverlap
leng[ﬁoﬂsnent, conductive el enents 2215 and 2220 are both
eposited directly onto the surface of insulator 2230
and patterned. Conductive el enent 2220 has thi ckness
[0T01] whiFighreraijiusteatepen ¢rosg deciduna sewh ofoomeEnitwditént mfithef or
exanpl e.. Napot ube el epent . 2225 i s conformall .
pregeid Y%B%&g‘i’ St&‘%ﬁ’i‘b‘ﬁégﬁ?‘% STV ‘i%ouéﬁ?jt%%?mre in the
mi&BPaah shé\on i Badrepcand 18t 8R salkfdaimiela siOneLBHRA 63C, an
as well as the top surface of insulator 2230, which is
insglappd2Ce d nbyofghriistlement 652 865t ang pesond eondustizpelement 706 and

hen tterned using.co nt i gnal t ol |t '

75t DAL 005 HBh P SERToAY 908ln ABAEL K Hgabantiy
fighlRAC ista pusarvitanslaydi®se Mhkehitsul 6 ATlissligessbdbove dfe silicon

conductive el ement 2215, formng a )
substrate 63C and below nanotube element 65. First and second conductive elements
70C and 75C respectively sit partially atop insulator layer 62C and nanotube element
65. First conductive element 70C overlaps nanotube element 65 in overlap region
80C and passivation layer 64 is disposed over conductive elements 70C and 75C and

nanotube element 65.

[0102] The described embodiments may be fabricated using the materials and
methods as described for figures 1A-1B and 2A-21. Further details of fabricating two-

terminal nanotube switching elements and devices including same are described in
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near - ohm c contact. Nanotube el enment 2225 overl aps
conductive el enent 2220 at sidowall contact region
wWQ@2e0/05318€| di ng a controll ed overlap of appr oxPCEUS1096/018043
l ength TI. Nanotube el ement 2225 al so overl aps the top
of conductive el ement 2220 by a controlled overlap
| ength 2245, which may be defined |ithographically as
described in greater detail below The total
J Y r pxi
gl‘égt?,l{' {i]%glll Egloal gsreélgr% %(fd’]t?%& %1%@9(%1#1 pg & ‘_gla ?ﬁymakmg them,
meanban$mﬂﬁgmenm2240 and overlap Iength 2245. [0101]
Figure 6 illustrates a cross sectional view of one

di qent of the present invention. The structure
SER Mot hine CBbPEmEaIdsaBS A e eph B Y R he

ndﬂoﬁfb‘ég;(x@t@ﬂe nitherfdaOHhaRa a%%glegg% Aaan *Slli]s%e? ﬂ?%ver%aé)gmg athe

el enents; a silicon substr nsul at or
nanehbkatrmient slithreerend6éivefelansdnt dpd coptolim averldp tanigthe

g0 it A PRrg BSBRe Gbodiias SesPue g Gt alo, or

alteSnaelp M&I@ﬁdl%ﬁ@é@dl b$ biher RBhAIGIAY, altlf%renﬁ%@ldl&ts described
di sposed above’the Silicon substrate 63C and bel ow

h%@ﬁél@&%&le@pémmn feawresmf rasmn@mue @Iél@bfﬂdivmﬂﬂ lgss e nanotube

ct| art.i
R a5y vl ] SRRERA oY BiohaT o (gt BRrerred
ernooitimeits uee tﬁém@@tana@@ema‘&fcbﬂja ﬁlaﬁég&l'; ubéngehe@fdNin &derd ©©
@%%rlap regi on 80C and passivation |ayer 64 is
GSHEEPT VAP PERSHISS ©of the sefitshe KOs examdle i sqmepegierred

crftIRERS e iBfbe Bherddd B lortiify 463 335 LORA (BRRGE an
ovgelspy arwglter ftarmidial @gmn&éﬂdc&x&ddp%gﬂi InRordetpeefeded ai | s

b t t t I t el t
eriofi U R o e, BT A i i Lot R BB e e P,
co@tié@ive Rehas, imYRsahy6l Qhliiof PQan@ﬂBﬁ’ﬂi VeRBch ﬁf‘ﬂany

net hods of naklng them are also descri'bed bel ow.
Prpfyued prbnAiests mapinehisle ¢ppelfimsrsdsonixird ofitayeisnare selected in

or: # td %h{lﬁltcg tﬁevﬁufdﬁ 'E!f Hgﬁt 1£‘&1%°ta%’t§bé HD 68{3 S wherein

i s acco ver |l appi ng the
nanot ube elenent v ith a conductlve elenent by a
[0t 041t r olA sanduecikart ihehgtrival Hamaveication with atilledst lp@e of the

und 00 hat the enbodi nents descri herei n may
terpugg) 59 %F@P@l&ﬂﬁ&@%ﬁ tifstef n sb&aw g&a% ¢ Biedp change
thé @&ﬂ&i ﬁbﬁ%sa reﬁﬁ%e@'mﬁgfegﬁﬁh& d&%ﬁ" be doﬂ'éﬁf’ Staft B %‘i’@laﬁ{?éy

common features oOf a nanot ube article having at | east
lowryesistanast phegrammed” or “closed” state. The circuit can also be used to
measure the resistance between the two terminals, and determine the state of the

switch, in a non-destructive read-out (NDRO) operation.

Fabricating 2-Terminal Nanotube Switches With Controlled Overlap

Regions

[0105] In embodiments of two-terminal nanotube switches where thermal
management is accomplished by arranging a nanotube element and a conductive
element with a specified geometrical relationship, e.g., a controlled overlap length,
accurately controlling that relationship can enhance the performance of the switch.

Some characteristics of nonvolatile 2-terminal nanotube switches (2-TNS) may be a
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that is arranged to overlap at |east a portion of each
of two termnals. Sone preferred enbodi nents are
wo berwosdiBy and/ or el ectrically nmanaged, or engPCEHES®UG/018043
in order to enhance one or nore properties of the
switch. For exanple, in sonme preferred enbodi nents the
nanot ube overl aps one termnal, form ng a near-ohmc
contact, and overlaps another term nal by a controlled
overlap | en th rred enpodi nts onpe or
£ofn, g odies tingh RETE PR ETE PR lppihe Tt RAmBl Teglon 40°
ow%q@eﬁlus&@eg lﬁ?hgl‘ﬁ% 19, esae«efﬁmetﬂbaykﬁﬁ% dEﬁYiBE@for
/ or passivation layers which in nmany preferred
faéﬁwmgrﬁ@ntrgllcrdag/veﬂnp lengthsed popsaitied ganmedryii Sevenabadsfitional

d t h | d
erh PO Rprs; Yo AEh A ot SfbERE i 4B DR ARcabed, et
erfbddibbehits] the @bRENITeld ©3brl ORI 2 HingdhsiWntdT 118 cdndasiveddément,
of the termnals of enbodi rents of the two-term na

for granpiBethe widiaior thipknsss oftbg cp@u@hamglermme Isgenasnl, brasiap
le?%tflﬂaé“x)eg hYISP %F ah§ &e%r% elS ﬁf ﬁ%egan b%rf &?e'?i us?rggat €

reIa eS|s nce progr

w&uﬁ@xﬁdkmsﬂﬁﬂhmeﬁhe circuit can also be used to

measur e the resi stance between the two termnals, and

erm he state f the_switc in a

["ﬁﬁ‘ﬁl Gaffed FULEP] IGGPV%W@% gb@%ﬂaﬁm%la? plemeptgpd a
co%di{&w@ elehel&laga%qﬁah&@ ﬁs%fb%éfm\ﬁé& fﬁbﬁ@zﬁkfn%étﬁgdsqmﬁ Lap

Regi ons [0105] I n enbodi ntEnts of two-term nal nanot ube
hogmptl@ﬂﬁ origped eandﬁebqﬁtmcmmag ertomd dteh with erell dostrededstch

I a, .nanot a con
cfb RRSO BEuR FRgHaE ThPTidhof SrafeeGrfiifhed Ry TR
na@ofibe eldneat QMaEH e Beﬁﬁ@ﬂﬁppheﬂﬁﬁ e @b@i&lcﬁ%\éléﬁkﬂlﬂ MEhid Rakth
relationshi p can enhance t er f ormance of

COgRRPRQIMS tosprptroflpnd pxeriaprlpagth 4Q° @fflg%% V81 althopgh thr@ﬂmuﬂm
A UGS ] N NS AL 5 R et

the Ramblite edagemratnd @bndfctisevelemientliBan isl showh maﬁgdrel IB.figure
| B. Several nmethods will be described for fabricating

of8 o0 el 3Pe pid i et e thods LS B g
orieARMnanbiube élleﬁ@nbzﬁldctﬁﬁﬂé\bél?@acérmaﬁﬁﬁ% WEDastit BBl SilmURr
control |l ed overl gé)aftqsrg}%ﬁg is a dinension of the

thigkpess.cvhigh issemon jo@rthe manotths elgragnt toexpose a
TSP SIS L ST BT o

Tmsrﬂengtarcoh%ﬁcﬂﬁs tcatnedlled bnglap length 40° in figure 1B, although the
particular embodiment or embodiments may have a different geometrical relationship

between the nanotube element and conductive element than is shown in figure 1B.

[0108] Other methods use preferred fabrication methods based on
photolithography with nanotube elements that conform to horizontal features, and in
some cases additionally conform to vertical features, of one or more conductive
elements. In cases where nanotube elements conform to horizontal features, the
elements are disposed on and lithographically patterned to overlap one conductive
element by a controlled overlap length. This length corresponds to length 40° in

figure 1B, though in this embodiment the nanotube element can have a different
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techni ques descri bed herein. [0106] To fabricate a

control |l ed overlap | ength between a nanot ube el enent
w@pa7asxaenducti ve el enment, sone net hods use preEBEUSEO6/018043

fabrication nmethods with a horizontally oriented

nanot ube el ement and a tined etch with well controlled

etch concentrations and tenperature. This nethod

exposes a controlled | ength of the nanotube el enent,

' | h
B o S R IO AR g L
elébhient AUditiddl e cdbBormd {oOratical ARtB8E b %Hﬁcﬁfctﬁ@@l@ﬁieﬁ? e

or enbodi ments may have a different geonetrical

ngnefuhe; ederaent prayonsehihe Wertisalfoatytseofghe penvuctivedelement over a

ERAASREY B SRR D B0 SR oh St G

ove milergyth eak 35 1ohogapachlyateoihedeTied Rraed 288 HoBzSHitslewaihs

cer having a well controlled filmlayer thickness,
toghPEHGfe AR ale i veglaD droefhrhatcarresponds & lamsthed Qi figure 1B,

altdu g u‘f&%‘iﬂéﬁ%rﬁ t £ BAbY H{en{srlﬁegflllm%ffﬁ.%m gé?)metncal

can be erl appe a con I've
refagiogstip betmrees fendaotube elentenbhddebndueiveaperh@ndidn i¢Ohowmin
ﬁﬂ#ggge I B, although the particul ar enbodi ment or
iments may have a different geonetrical
rel ati onshi p between the nanotube el enment and

[02091d uc tThe gepdraIRBEedufdfdr EbrhON TN, had a@w!:e% ba[s&il&% 2-

G her net hods use preferred fabrication nethods based

TN, 1 Hbtsepted i feaisry Rigens 7riaadighvlevel fiove diagrannaf the basic
&ggé QHANLE ﬁbﬂ%ﬂrﬁf%&% égﬁggﬁlgi‘egfsaqq ' lrI]IVS 110, fcf'iﬁ'é cgp be

I Ona orm O ver

falnm%ed:hgnﬂtsc plrowezhﬁg anBitid strhdtuRaSep 80@)? bﬁ‘ \&ﬂﬂ(ﬂﬂi Hidtube
el emen for tao horizontal features, the el enents

CI%IP%M&P@ BB%S Y GAndpsHve elemspis pHilatst b fosmed e bresimpds
en%b@ﬁﬂlé&ﬁ @ReiEANGRELY R LlBEEM ox*i%h?ﬁhca@f‘élﬁﬁ%s dr 8. TRB

length. This length corresponds to
wifljlafgr be fa@medhusme ¢mb¢d1meaﬂsbt<hd umﬂaﬂtstmhmrmm mqtamthzély

can have .a d er ent trical i onshi
o R R B S Mo SR IR R e dBhni whe
métalrfillddbaa BblesestidsR febividia ebd dicGRY I BetivBerPrMRistdrG&dminals
feature of a conductive el enent, he nanot ube el enent

angriie plaparized spuiace\es thq reaylting partially Ebricaed sernigonducier
strﬁ!:tﬁf@e nh s8fﬁ§ IIﬁ)Ohﬁlrll&ltt{l afehl tﬁf gtﬁ‘gérﬁfrz i n(ilﬁ<¥1es ?b%ﬁ} SdQkehat

feature, may contact over a
eldneamgy. hIntsbme einsboldirhdyogy tlecoinitdh hﬂrwct@iefdvaedlcluﬁbean@ﬁdfa&@d that
and h | en ther define a controll ed

t I ths t
had el e et 1o s T T8 EPE: HropBures fhat do not yet

haté HERnddFhanotube element can be considered initial structures. “Initial
structure” is not intended to be a limiting term but rather a point of reference in the

fabrication of 2-TNS.

[0110] 2-TNS can be fabricated by next providing an intermediate structure (step
804). An intermediate structure is characterized in some embodiments by having a
defined nanotube element on a surface of the initial structure (provided in step 802).
As illustrated further below, in some embodiments an intermediate structure has a
nanotube element overlapping and in near-ohmic contact with one conductive

element. In some embodiments an intermediate structure has a nanotube element
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al t hough the particul ar enbodi nent or enbodi nents may

have a different geonetrical relationship between the
wmawonsdieo el ement and conductive el ement than PCI/BEk90s1018043

in figure IB. [0109] The general procedure for

fabricating 2-TNS, and devices based on a 2- TNS, is

illustrated in figure 7. Figure 7 is a high-level flow

di agram of the basic nethod 800 of fabricating

I, o[, (vt ; Lapthltay,

0V¥%§?§§§§g@ﬁﬁgﬁgfrst EPg%fggﬁﬁkgﬁﬁﬁﬂﬁ?FgﬁééI?%itu?é Y
foreshm@ple8BR)n, the ranghiof I ta 1 5Gumnt Ulnterskdiaterstruatude’ o 99§ ipfepded

conductive elenents will |ater be forned. In Lol e
to Gy RS 1Em PRAET ¢ Pt ob Riprgedn o8 Blonsof o 22NTR
which all elenents of the 2-TNS will [ater be forned.

[01117] SONETRIRQH ibERircatcits et proldisd 4 Hedlbtaciuge @tep 806). In
partially fabricated, planarized, sem conductor .

sorn¢ embedimenis the fnelstostureise canelpiglyt fabricatqd 2 Nppt Hyis 2-TNS
fi.lled via .hol es ud rovi.di [

coify b oo ufkd b R Rk Qe PRRTES o SnlPA Rither

below! e afibddierkte sifihalrgupdrdsingdyl inclhiddieaatrgdrray on-pitch

_sem conductor structure. In sone enbqdi nents, the ds:
cirpyiisy pesiphstal prd other GiFAtHES KR PRSHARR i HRM  &Pd RBiRPEpads;

i . ' i al .
the's,é]gﬁsagggs Andt F@;ﬁ%gtliocnt {}E gi)f‘éﬁfo%, aSthey G KBl BY&Rn 1n(§1ustry

I'n S a nano as not yet beer] forne
fabrichidoramathiodd. ((Fmabstervant’” isinot geersied ito be & tiogting wsmtbhrather a

do pot yet .hm/e %.de.fi ng? ot ube el enent can be
poinp Altedapg ip the febicaliop 9L fuk a1 nitial structure” is
not intended to be a limting termbut rather a point

of ref pLRPEeThdr Uk1gelobsritfilell Bichio RabFisGte d DINS] 2- TNS
can be fabricated by next providing an internedi ate

structure (step 804). An internediate structure.is
[013Rhr acTles srpaibipanig oI By e PRGIS tts e

. . . € f i ni tl I
oA SHE RGO 5 8] SRBEEIR ALY ook s et
meithiods depositndiagkriog insslaor 1000 @nmadindedying suectured nplshiowyn).

nanot ube el e .over| (.ng.and i n near-ohpi.c t act
CoRfYG e Aol 1 EaoTn e, 1 asiad s de e £8d
nahdHSHTRRISAInE aSdohbEdisr @ohddwa) Balodt iddator 1000. Insulator 1000
el enment over | applog)g a conductive elenent b

! y a .
an¢ oonduetiveelemert 1095 cpuagond tarisslajos 94 Bndggnductye element
xanpl be_ i.n r f . "t '
o558l p g 5. PRER oo AR AL o gl e
insuBitiAe maerQ] fot exdmpleftawmpeathicknédsén firbmngeadf o 260 nm, for
2-TNS. [0111] .2-TNS can be fabricated kr)ly ‘r):lext of
exyRRpi dnnegites ysingawell knqrer togsts egnigs)on 4 lanar surface (not

shown). Next, preferred methods deposit and pattern insulator 1020, SiO, for
example, of thickness 5 to 50 nm, for example as illustrated in figure 8A. Insulator

1020 is patterned using well known industry techniques. The resulting assembly can

be considered an initial structure.

[0113] Next, preferred methods form and pattern nanofabric 1015, using insulator
1020 as a mask, forming nanotube element 1025 as illustrated in figure 8B. Methods
of forming and patterning nanofabric to form nanotube elements are described in the
incorporated patent references. Next, preferred methods perform a controlled

isotropic etch selective to insulator 1020 as illustrated in figure 8C. Insulator 1020
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sonme enbodi nents, the filial structure is a conpletely

fabricated 2-TNS. This 2-TNS could be used in wred
woewvosHsl | e random access nmenory arrays as shpowuS2006/018043

further bel ow. Sone enbodi nents of final structures

may include nmenory array on-pitch circuits, periphera

and other circuit wring, chip passivation, input and

out put pads; these featur es and their fabrication are

t hey use fabricatio
B Rocal Faen Gt B8 v ioos £ MU oottty ok insilator
rdgion 10309 They retiiel insaiafei1020 BehéHsidak b U?reif egffisle! Dtd 1% nm in
fabrication of 2-TNS. Mt hods That lize a

albdireqtions.slgpending enthesbpiagtaristics of thengcelf. 0Thig pxpRises nanotube
be fabrijcated
e R R e

to8]§08ﬁm vRe esrrdspending fnisaldtoe 164’0 oMedﬁ@fdchﬁheﬁ@éﬁS%ﬁllustrated in
t a layer of insulator 1000 on an underlying

[
ﬂ@FP §¥ure (not shown). Conductive el ement 1005, in via
hol e 1010, fornms a conductive path between nanofabric

[094p angxa f%%glqgkﬁgﬁfhoﬁﬁ‘ at cﬁﬂ%\ﬁﬁ%uc@cﬁj 195 8821“3&5@5 11'}ﬁ%gre 8E

I nsul at or condu I've el enent correspo
with CDIFCBIQtCmtIQ{JrS Snéonsant withrtbleiextpiosed EIgEllﬂElfﬁlSO%ﬁanotube element

t [ e 3 I nsul afor 100
1S RE A B0 Pray bl 8 3 FichseSs b Tose? A sl Fagy and may
bd @mpsedrdt Betahdiechng Ra, Thicgk AL &y, iPA, Nhew! @ﬂ,EIGIOOAgE’Int R, Pb,
200 nn] for exanpl e, dep03|ted usi ng ‘wel I known

S, qg wshlray ofhes Btablremeighs, an@qﬁanatm@éd@sq nifietad RBoys)such as
T GO E L A8 R Sufle Aol ARduBBls Shdiiotivg)

themseipdse(singlei wdlled| maltﬁﬂhlled dnidgitideuBle. wdlled Uﬂoﬁé@imﬁl@)? Oris
wel | knovvn i ndustry techni

t erned. .usi ng qyes
oGS SRAAPT Ui 56 SeghiSi A 2R Gl s koo, and Tisi
m&¥ hadell! ©thdiAddR]orNB%ductdt’ Qﬁcﬁsrehﬁé’oﬂl‘i%u&? qﬁat%%%ﬁﬂ:ﬁf‘ﬁso be

pattern nanofabric 1015, using I nsul ator
uspsk, formi ng nanotube el ement 1025 as illustrated in
flgure 8B. Met hods of form ng and patterning

of a tube enment s e descr
[O?ﬁfg n? ?)1%1%6’ rat ;r%d u?‘ae?’%l?k'ﬁc 14 G ¥tecﬁ?18’f“ésrt9é’a tern
coﬂ&mdumdl‘{)zlﬁ &b bﬁfvﬁﬂeacamanzetml dle@fent 9055 apiliseited 1r§ﬁélﬁ§ BFve
to insulator 1020 as illustrated in figure 8C
Cqniuiva demans 19p 5 pusTiaps anpoives elemant HI2anskesd sgion 1050.

CoRduEe Qvéﬂ/a lgﬁ%h G084 { Rlls{rg‘tgd fif ﬁg\lre RE qg%—fztgg (rﬁr{% W %ttg 150 nm,

regi on IS re uces i nsufator nsi ons
foigxantpde, aed aaqvé:se:pnds tk)(ﬂ:oﬁﬁf@llerdnverlap ldngthi 4Gidlusoatsd in figure 1

r he etch.. Thi
altgs)(lg%s Igﬂlg g gqae n%(r:lgt% ee elmf:e%t %25I and cong{uctive elle?nent 1055
have a different geometrlcal relationship. The structure shown in figure 8F can be
considered a final structure. The structure can also be included in other devices as

described in greater detail below.

[0116] A different route to the intermediate structure illustrated in figure 8D may
be taken using the directional etch methods illustrated in figures 9A-9C. Figure 9A
illustrates the initial structure of shown in figure 8A, including nanofabric 1115 and
further including a conformal sacrificial layer 1122 such as silicon for example, using

well known industry techniques. The thickness of layer 1122 is well-controlled, and
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el ement 1025 in region 1050 by controlled | ength 1035,

for exanple in the range of 1 to 150 nm wth
w@ororesendi ng i nsul ator 1040 of reduced di mTenRCDOS2086018043

illustrated in figure 8D. [0114] Next, preferred

nmet hods deposit conductor 1045 as illustrated in

figure 8E with conductor 1045 in contact with the

exposed regi on 1050 of nanotube el ement 1025.

oPREE bR S Rt S AT o8 bl SRR o B0
cdiitrol @¥e, uséll beduse fich lafdi stely thEBilm Miickd@s of Ebnfdrimal E’ibrlfﬁihl
as well as other suitable nmetals, and conbi nati ons of

laﬁ’ﬁ‘é]s]@ w@tdeerermmeoay%o%@élﬁd getiApAengtiybetyeerp panotpbg ﬂement and

erlr%{é%%lgltn S ngl e %I:ﬂﬁggpﬂg‘u tQ%CQ’ 663:’% %{I%or

stweckdred, for exarrpl e), or conduct | ve nitrides, oxi des,
or suicides such as RuN, RuOQ Ti N, TaN, CoSi x and

10387 & oReriBp e metfiods Gnscpralis preh@opeEmal e layer 1122
usTﬁ}?ﬁ'ell Rh6 8 ’iﬁcﬁl@tt?ﬁ{éﬂm sHSLaselH, f(lﬁrré%\ﬁﬁl {enfldsin 3é1dewa11

techni ques to ern conductor 1045 t provi
regiong 430 @ffeﬂ]elﬁféaféfhtn fi9Be 9Bs Nexl, psticaedhethods pgmm ngafabric

n t 5 erla not ybe el ement
L B R a0 e e R o B 10 Bt RE 5 B TG S8ems
ndnotubs tel e 1[[26 49 Wukteat&Fin fourd9Bhe MelingR o defositthgldd
nm for exanp and corresponds to controll ed overlap

Pqtf@ﬁg% n%@f@brm}etfsara@ aepqtyperqlemnends areglesqiheg in the ipeprporated
pRIRedLFERpLs t he nanotube el ement 1025 and conductive
elenent 1055 have a different geonetrica
rel ati onshi p. The structure shown in figure 8F can be
[08b%lsi deéYexd paeﬁ:rrn@meﬁtod& etchi(emovkpths tremeiningesidearallaxpacers

| ces as describe e
110 hiE WA B 93Dy (REUTERS, SheSRaanectite ¢Rgth TS n
regioher seds alueusied uetisire od. | Asthisagiond ih thefgrottss (BDindhelRite
taken_using the directional etch nethods ill ‘ustrat ed

stiugture glwseated m Heure Plqaresponds e thetintgrraediath strpgtine; ilpstrated
inJeEAB! ErBlar R0 bl LHAHEGdihivd Ahtiits 10NN AR! T ©

urther “including a cont orna sacri
nanatpbe clkhiRAtssIO2 aad 1425, iinaitatbr1 048 angdll €20, uad B@ltw&leﬁ overlap

ter B L R 138 b BeRboal o e SrepeSR. oL et cargie
as@esckive@ abe With r&p&dies fl%ﬁ’reﬁr@tit&ﬁg F2 f&ﬁi ﬁé‘lﬂ%ﬁr?ﬂ&@ @érﬁﬁﬁal

are used because in a later step, the filmthickness
nagptube AW delntd-THRe 10T Biuatrated in figure 8F.

[0119] Another embodiment, and a method of fabricating it using a timed etch
procedure to form a controlled overlap region between a nanotube element and a
conductive element, is illustrated in figures 10A-10L Initial structure 1600 is created
or supplied as shown in figure 10A, having a substrate 1602 that may be silicon or
any appropriate material (or combination of materials). Insulator 1604, disposed on
substrate 1602, may be made from silicon nitride or any appropriate material. A
metal plug 1608 is disposed with a portion of substrate 1602 and insulator 1604, so
that its top surface is approximately planar with insulator 1604. Nanofabric 1610 is

applied to structure 1600, forming intermediate structure 1612, as illustrated in figure

47



| ayer 1122 will determne a controlled overlap |ength

bet ween a nanot ube el enent and a conductive el enent.
wab@7asaenbly of figure 9A can be consi dered aPCT/HE1006018043

structure. [0117] Next, preferred nethods

directionally etch conformal sacrificial |ayer 1122

using well known industry nmethods such as RIE, for

exanpl e, leaving sidewall regions 1130 as illustrated
attern

i } gur.e 9B. t ferr met ho A
105 MeBHF oo aarRE R T ety e Spumarted patent
refr86cek and $30nbaalREibeahert OB Ee salldbSbik@liy® nanot ube

el enent 1125 as illustrated in figure 9B.” Met hods of

depositing and patterni ng nanofabric to form nanotube
[(’éf?&me ntQx1 l@}’@éﬁﬁiﬂilbmlﬁea tq the interaedigte straciursaltdAtof figure
f : thods, et . :

1 S8 ALl 1688 L BRSO RSB BlF By optic

tovietet médiatantrictdiesiany ahé phniraeds fsavingiasimedinR@raueles 1620 as
1e|ene I égzs In region 1150 as illustrated in figure
illggrated in frguge LoD, Regions fhelhelnaagkabric 4610 atecrpaieddn structure
16207 UGkl ifednhdds 11824 |

200 el iReinich SRichite 1B i Bpec(o 2 EERDASELR b Rénove
exipasadl remnofabrit 0gormnid 19, 1f00mingaradoiube elenehe it SThEa@ke and

1105 t ube el ts 1025 and 1125, ipsul ators 1040
relitie B3RCk et Famite el ekpin CRbuG R feves

10E0 rThegpedidte!strub@ed1 672N S ExpREPREA W¥Edt¥h priR&dufE i Rehove some
continues as described above with respect to figures

of exidelgysH 614 (asshawn diivetted lines ip figarad (R leaving terhaining oxide

- - 7Q i . g fi 8F...[0119 '
o] oo Bloudth/Sled b R B8, Redip Rt gy e, or
exasipiey of11150®eh. elneiimpdiaRadutird D68AE BhaviE ifigiet 16,
overl ap regi on between a nanotube el enent and a

OB NséFah SR abD. e bt LU v
inehavMate RerhiéER B528 ObhofdR4iRI6 50 ﬁl&eg&!&@{a Syt Qadhffle MRt¥rial

be silicon or any appropriate material (or conbination
1639 apd pattdra¢dsip. ledvissuegivn of 1634 163 smys edpesed sabstbeatlement

: e from.silicon nitri r..an .
reh B B 62 ISR Freinbetit s S s B e Ghusierinl 630 and
resigtt1i632 appodxipbsud tofapprepaihte ateh pk6EBAuaR dch ity kathAhink@Bdductive
so th its togvsurface i s approximately planar with

t
elaPiR 1 496 Combintiva elemPBbia36 oveTeps nangighe Plegenp1650 at region
: ' ' | . Skruct 1612,
o3I e LD LSS [RRRARRPRRHEGE, 10

nanof abric 1610 are described in the incorporated
[01224d ent A layer 1642, which in certain embodiments may be composed of a

copolymer or other mixtures of materials, is applied to intermediate structure 1640,
which may be intermetal dielectric, forming final structure 1644 as shown in figure

10G. Note that insulating layer 1604 may act as a passivation layer preseal.
Methods That Utilize Lithography to Fabricate a 2-TNS

[0123] A method that does not rely on a controlled etch, but rather uses
lithographic techniques to form a controlled contact overlap region, is illustrated in
figures 11A-11C. A method of fabricating the embodiment of figure 4, using
lithographic techniques, is illustrated in figures 11A-11C. Referring to figure 11A,
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references and wll not be described here for the sake
of brevity. [0120] Oxide |ayer 1614 is applied to the

WO paogiosas at e structure 1612 of figure 10B, f oPOi/OgR006/018043
internedi ate structure 1616 in figure 10C. A resi st
coat 1618 is applied to internediate structure 1616
and patterned, leaving internediate structure 1620 as
illustrated in figure 10D. Regions 1619 of nanofabric

t 1620. Th t
AR R SR SR B AT
SUbSITRN 2600, PSRt alRaIB00 akiy icli@YicdmiSorkitng ﬁ@r’ié@snﬁblysmcon
nanot ube el ement 1650. Then the remaini ng resi st

g?r%%lﬂelaterq%ﬁrﬁtwgs,um@téﬂmnm taysisrand studs fqmtagmgmthsh
t .
g A PR SV Ry BRI

O renpbve
the@dnpe(ds to 500mnD yndintay &d compesediaf nidtgs sechlRBu, Th ey AngAu,

I B AL S hiEE SR N
C(ﬁfflﬁﬁmcﬁls ofthele. 1151Qtaﬁ] gﬂ(fﬂsrﬁﬂf 5@8’9?139{1 Q‘léﬁ,.r'ﬂﬁ Wisin %%&W other

shown in figure 1 0121 In |gure
smt@hl@w@ndun@omaneludmg Mhemsﬁlmsmgmalteddmkmaﬂed and/or

te structure 28. Photoresist 1632 is
o BT, R GaplbS ot Br et plbidsy Oges on Hicigat Sush g RuN.
RO, TRARNG (o880 Tesi, hesibetusdd 3BiRPRIVEs BXERREkor, and
nanot ube el ement region 1626, thus form ng
seieQduaigr. anaierials can alsaber . P@fm‘td:mﬁkhedmi patiesing 630

no‘ﬁﬂﬁctf%%le?ﬂer&?%&)ﬂnﬁ 10 %?aﬁrqlsg Keft phg tf%rgg%hﬁhlﬁ 636.

procedadur es eavi ng renal con

te@origies tahd/er ekl iaotn kﬁ;ﬁﬁlngrnh@as suarm aé rhetiwl ieferthinkqRAIE).
at region 1638, to forminternediate structure 1640,
yer 1642,

OFZ# L e S a8 e L. RES o561 EiSHiSBS GEpasit < planarize

inS0Rek YOEY usg IMRET fabtiddtish escnaqueat ﬁl@ma{cﬁ Q@éﬁﬁprégrcﬁg
to |nterned|ate structure 1640, whi may

betwieadr gontlugtivgieddnesnty 2695 dherﬁrngNﬁxin atllll setftrrmmg o égm©414Aas

f4 atin
PSRl IR o o BT B R Gl s
anﬂlt26[1 0zadlihdulagr 2622y Methbdior @ﬁﬂﬁng nénditérid 241537 re Aescribed in
rret hod t hat does not rely on control |l ed etch, but

the McRmorafedpateRirpisERISRANE willaioh pedeseribed heye forthe sake of

br&fifgi{l :Téﬂsel a%?e&?ﬁ}?%%ﬁém@ﬁ{%h&g %g*lﬁ ?rleéci: !iﬂl 151%#[1@&1? in

enbodi nent of figure 4, using I|thograph|c t echni ques,
[0125]i | | Dext, atefefr @dméﬂlgdr?r depodit, datterhCandRefgar pionajithagraphic layer

o B2 AV S AL o

as illustrated in figure 11B. The relative alignment of patterned photolithographic
layer 2620 and conductive element 2610 determines the controlled overlap length
between a nanotube element and the conductive element, as described further below.

Figure 11B can be considered an intermediate structure.

[0126] Next, preferred methods pattern nanofabric 2615, using patterned
photolithographic layer 2620 as a mask. This forms nanotube 2625 as illustrated in
figure 11C, and completes the fabrication of two-terminal switch 2670, which
corresponds to switch 2500 illustrated in figure 4. Next, preferred methods deposit a
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substrate 2600. Substrate 2600 may i ncl ude
sem conducti ng devices, polysilicon gates and

WO niogosasmect i ons, netallic wiring | ayers and BEeT/US200©018043
contacting other |layers. Conductive el enents 2605 and
2610 may have a well-controlled thickness in the range
of 5 to 500 nm and may be conposed of netals such as
Ru, Ti, C, A, Au, Pd, Ni, W Cu, My, Ag, In, Ir, Pb,

-as . . | tabl t.al .and_conbi nat |
pigfecyiR iFiafipd BB ARE SR A8 o lgon ARHro R BT L0
SENG Al,W, aall beter sl kabwe iangsis Usddin seMedondhdier ebiiation

t hensel ves (single walled, rmultiwalled, and/or double

A B e
coddubtfve BYmbR 2'6§§,qorngng Figneéféﬁlﬁjrgicg%mgagﬂ %&{é)%qgreg%}gent 2625

sem conduct or, nateri e use erreé
oveelaho dendottiyeatltmenti20¢) overduciniroHe & besriaptien g2ib 064 Gathdt may

2610 may. use I no hot ol i t hogr aphi ¢ t echni ques
ro PR 00K h Gt CHRB R G in HGES [e8E@rod0 1 desemaed by
the @Ng@hédtioR Yattdrhéa phdiQEBIgraPigx iaalels 5630 witg R%B&lt R cdiiuctive
figure 11 A’ preferred nethods deposit and planarize

clemenf 268r 2622 using known fabrication techniques.
I nsul ator 2622 fills regi ons between conductive

t i Ll f [ to..
AT S0, S Sl
tectamqiealand a cafifbimalvenowbatRatent lae SEowis ino@beAITA -26 1 Referring

nd i | at or 2622. Met hods for applying nanofabrjc
s Hi%é&rﬁﬁ% B@ghqdﬁ derrsitignd prisenapadnchae elements 2305 and

2316 R BB&LSe 5. Wulbkirite l@3(§@m§? ?ﬂﬁ&%@nﬂ&{nﬁu&g{g dhgesake

of brevity. The assenbly in figure 1I'A can
padynilé¢atiegatad aad inteiconrzectists; uetalliewifiagdrs Nekstuds for contacting

d. th t, it '
o3 R BeneDeibh RS Ans fas 2710 S8 bave ey
cok oM S@IKineR A Uil afigd ARBHSLINN dnd it Gyl KoY REASE madls such
illustrated in figure 11B. The rel ative alignnent of

as i thdrGie ALphibthsh NengFapMioc Agalpe fr, Pb.2%n, anwel an athst suitable

Lne v . h
I e
Tif6 afles cnitddelcdnduttoey; ifohidivg CRIT tiieensklvBs Caniglbevalled,

nsi.deredq, an i.nter iate structure. [0126]. Next,
PR i ioE e VB PRI o GoB B S Pt grides,or
silRFddsRuAEEs RIQ! RO TRYMARNIS S, %8 riSid r |
fornms nanot ube 2625@23 iflustrated | @??gﬁ%@?@er gﬁlg§0f
Coé@mremseﬁmeorfdabﬁor,dmﬁm@ds odn glpwbe¢ asedi Pa¢feswd trethod§ 60,
pai't‘@ﬂn?n% conductive elements 2305 and 2310 may use well known photolithographic

techniques and well known etching techniques, such as reactive ion etching (RIE).

[0129] Next, still referring to figure 12A, preferred methods conformally deposit
nanofabric 2315 over conductive elements 2305 and 2310, overlapping top and side
surfaces of elements 2305 and 2310, as well as a portion of the top surface of
substrate 2300. Methods of forming and patterning nanofabric are described in the
incorporated patent references. The assembly illustrated in figure 12A can be

considered an initial structure.
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corresponds to switch 2500 illustrated in figure 4.
Next, preferred nethods deposit aprotective insulating
wo 2002053180t shown) using wel |l known i nsul at or SPEI/UK2086018043
Si 2, SixNy, Al 203, and other well known insulators
used in sem conductor fabrication [0127] 2-TNS 2670
i ncl udes nanot ube el enent 2625 which overlaps the top
of conductive el ement 2605, form ng a near-ohmc

R e B R A

2320 ah nlam}faim&mmalﬁ usinggngivin fermenntiuttor Itﬂﬁstrmfabfioz[tion methods as

| | th 2640 i t
I T PETET L, T RV AT RO Gr e Lot ko Sgptic laver
23% taHd E@rﬁﬂ@ﬁ% él@m@l@t@qgtdbbéﬁnﬁi& fffé%n%@ﬂéd 0\[691118 HngfilBetween

nmbodi nent of |gure may be fabricated usi ng
a nainmimbg abpt@ntartcbamduqueglmt A3toag dﬁsmalbedrfartb@nhﬁéow The

infi 12A-13. . Ref [
asfy AlopsRed 3 BERe2R i o et dpd & i S folefre.
conductive el ements 2305 and 2310 on substrate 2300.

[0B31)st r Bk, gdérdtmiethodd prarbenafsTabitd 2315, dsiug patterned
onS|I|con gates and interconnections, netallic

phwoilithﬂgrapaifeiaxeré’ﬁao &f aaaask o ThisdatmaRInelbselrament 298} & as
1111;1].4tlla%§1t15 ot l ff)'u 55&1 F(ll;mgﬁte% ﬂélbﬁggf&l%f ﬁlg%lgtﬂg t\gg %nj tell

contro kness I'n the range o
nah@Qbe svitcn2B 7ayhibie cmmnpon;dsdsmfchri@ﬂahlhls&atcﬁ uaﬁgiiie 5. TNext,

Pr%wéod H’&th&tdﬁ Q?Peiiiatpgﬁtﬁelwep%ﬂ“@n&ﬁﬁisﬂéa%iiﬂ%mioiﬁi%g gl Kiown
1n§u|11£§1§ sudYBis4i103) 4ifY ALUC BncSthdd Wil kddvitinsdlafs udliA

and Ti W other suitable conductors, including CNTs
semipondedtocfgbiicitiogl e wal | ed, mul tiwal | ed, and/or doubl e
wal | ed, for exanple) or conductive nitrides oxi des,
sui i
[0 210 %a g lé&g(g a dg%l}ldmg%g)r cs-Bo dlné?%gf% ?iaﬁot@igg element
2338 overtapd Uﬁmdlrctlvémlbﬁfenﬁikﬂ 0da me@cbls D3 31e wisekdis dE’flmédeby' g@dewall

t hods of. patterni onducti ve ement s
overkanyregon 2348 Cyastine 152 &Xéin?ieiyo%? S3HF 8s i nﬂ]e%f
coBIRLErKIPHL BRI RO L P BUSh e Lo Y50 o

Hﬁgure 12A, prefer red met hods conformal |y deposit
[0K¥¥of abrthe em:bsnémwé Hlvstaigd et figereel 2dAt theagtableagtd by which

na&%a@é gl\él%% rlé%s WO sgirfaceg of %gndu%i%?é fel%fneﬁ %n&e ines a

as a port surrace

coffrolfadasieriap B:gi’(ﬁﬂ Celowvteln ad DtiRh eimbbinfats ndnqmaﬁet emem@325
nanof abri ¢ are described in the incor por at ed pat ent

coplgdiipgsihly eqntaqtporg shamimiosurfapesaf ppopdugtiye efegrang 24 Mhtodefine

a Bfitrolled overlap region, the length of which may affect one or more electrical

characteristics of the resulting 2-TNS switch.

Fabricating Dense 2-Terminal Nanotube Switches With Controlled

Overlap Regions

[0134] While the above-described embodiments are 2-TNS that are relatively
dense (i.e. many can be fabricated in a small area), even denser scalable nonvolatile

nanotube two terminal switches are possible. Some methods for fabricating dense
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considered an initial structure.[0130] Next, preferred
nmet hods deposit, pattern, and align photolithographic
wo 2002105820 on nanof abric 2315 usi ng known PCT/US2006/018043
sem conductor industry fabrication nethods as
illustrated in figure 12B. The relative alignnment of
patterned photolithographic |ayer 2320 and conducti ve
el enent 2310 deternmines the controlled overlap | ength
ctive el enen 10
SRR i oL TR oo S AU i e e e
whithfprenldes b2 Berza2-DES clpi 8hrtlge @gefaNini iy Aptcalics.
structure. [0131] Next, preferred nethods pattern the

fabri 315, [ t ned photolith hi
356 * 2abey discrbeserintiouFibs b naienen shoieTer erciterepsgs
fabSicatldnUntihadLdith R}elfti'c%g ?rﬂé'rl%ed R He! &S IB?lﬁeg%, spacing

fabrication of nonvo e two-term nal nano
betwieercthe 2870 oive elencatsrie spirvdisd Hyiatfdin tARBOess lihsteddraftbyd

ol S rasli T h HRIGESE! Ao Citbfoy Seiaitieiuion s used to
défﬁl@%oinﬁﬁﬂé@&%?ﬁp 3aHzhh B&webl R verﬁhah'ly—&ﬁ&ﬁ%d naothinRtelghent and

wel | known insul ators used in sem conductor
a eqeiurides ¢loment] Qulgphatdy, tie udawedofzbenductigaletneny itself
r | i , hanot ube el enent 2325 overl aps
d%%ﬁ%%??@@%kgggﬁ%%¥E§§%O in region 2350, which is
defined by sidewall overlap region 2340 (having a
| engt h MahodsxXBhmeFebycdtbe Bame BanicDakgeBs 3Nl of
conductive el enent 2310) and controlled overlap | ength

10F 360 5 oD R 7 RO 99R bt G S1ISVD A Bghote frame
dedfpinC I pRARE BRMRISIR Rhs ARRcteY 2Edt@RS tHaParSBY {88 %n Of

conductive el ement 2310 defines a controlled overlap
PrppRfiign to thewestelrgronny wasdhat debaeieashriechnologh geudsation. Picture

: [ n re than t .
e TR Q3T SROL ke SRR Ryl m s
Patan tApplicgitbnoNe.r 102864 8%, extitled & oheritile Bfecbimethameial Field
more electrical characteristics of the

ffect. one or np : .
Etfeet Devicy mﬁ) PGS HsiRgS ame#G MathpdyoiDdaawacuinag gpmgT and
, : e .
o e Ui Bl ARl PRR AP SR Pytamed
Narioa¢opag ArtidésdandidethodeoiSMaking ¢he Seamy)” andrfiled Séptbmberet, €004.
in.a small| area), even denser.scal able nonvalatile .
A R S i SRl o B oS SeRibs duptatndsiniShes i
des@iteadearth@belb it atipag @ eRarRsWACHAS use preferred
fabrication nethods to fabricate a picture frane

ftructure,, i ..
[0137] Referring to figure 14A, preferred methods deposit insulator1800 on an

underlying structure (not shown). Conductive element 1803, in via hole 1810, forms a
conductive path between nanofabric 1815 and a conductor (not shown) below
insulator 1800. At this point the initial structure is similar to a portion of that shown
in figure 3B. For example, insulator 1800 and conductive element 1805 in figure 14A
correspond to insulator 915 and conductive element 935, respectively, in figure 3B.
However in this embodiment, conductive element 1805 is designed to be at the center
of a picture frame switch as illustrated further below, as opposed to at the end of a
nanotube element. Insulator 1800 may be SiN, Al,Os, or other suitable insulating

material, for example, having a thickness in the range of 5 to 200 nm, for example,
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whi ch provides for dense 2-TNS that can are useful in
many applications. [0135] O her described nethods for
WO 20riosH80 ng dense switches use preferred fabrPCHUSZING/018043
nmet hods with vertically oriented nanotube el enents. In
t hese, spacing between the conductive elenents is
controlled by a filmthickness instead of by
phot ol i t hographi ¢ neans. The thickness of a renpvabl e
: CifEe i . .
cepiel BEh el o Y 2o R Oy PP R Rhondy The
assehehitpe stovania figuce ididichn becalseleedt an iAltiabstnatedey, t he
t hi ckness of a conductive elenment itself defines a

OFRE: e e mirdHhssefoh OB enisi! TR R dinpB AR i diment
1807 QV{1#88atE@n fighBliBeloptdaNTEerent NEOT §axﬁ?ﬂ@ivﬁi% Wifaf-DRE:

design. A picture frame design has symmetric features
contaet withhimpye vet sistincmbgswegronancéibricd 8t f andreenductye elgment

| es..t hat , defi h C rat i,gn ' r
18py b Fichpl 260 AR ot AP R ST LS an BEN W,
Cus Mdl A ) e Ir, e S escnd baththet shitdble Ratats) tandppinbimatiomsof these.

No. 10/ 864,186, entitled "Non-volatile )
Metplealloys fechrasniida TiEre TP dPh e andi Ve abeniitablercopdycdors,

S BCSEOI IR A SR
exdfipBR@r tdducting nittides, bides, or siﬁglidbiamh_@s BudN, RuQ), dli¥sTaN,
Cofbomd WS pirp it e antbard it vy S eREDGRaDY rerials

caf@RebuBged Wo term nal switches is described further
below wth respect to figures 14A-14J. [0137]
Referring to figure 14A, preferred nethods deposit

[013 ul alNext, pebrron methadieappsit pryl Ratierinsylator Héﬁsﬁ%@@xﬁﬂf .
xR bRoELeT 450 ol B Mkl i

i've pat ween nan
1820 iwipittetried (usidlg vediDkwowibietmstryi tachiligitesr 1800. At this
point the initial structure is simlar to a portion of-

t in fi B, F I ' | ator .18
ol < SREH pietreBrad: dopst il Filbes ot bl Pedodeer
1829, Jubk H¢ alifén R} exanpleCaNHUG atdein g YD 9Bhyer 1822 has a well-
respectively, in figure 3B. However in this

conibldedi thiskness clon gxaraple én Bleanrastof 1809 50 sy egnigelied usingogell
t th ter. of ' ' [
ol B e B TR D oL

theeth@kmbds. of IcoaformbbyaciifCial lapet 1822 SiilldedhAE, thecomtdhled overlap
suitabl e i nsul ating

length between a nanotube eleément and conductive element, later in the process.
[0141] Next, preferred methods directionally etch conformal sacrificial layer 1322
using well known industry methods such as RIE, for example, leaving sidewall

regions 1830 as illustrated in figure 14E.

[0142] Next, preferred methods pattern nanofabric 1815, using insulator 1820 and
sidewall spacers 1830 as a mask, forming nanotube element 1825 as illustrated in
figure 14F. Methods of patterning nanofabrics to form nanotube elements are

described in the incorporated patent references.
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material, for exanple, having a thickness in the range

of 5 to 200 nm for exanpl e, deposited using well known
W0 pabass31go t echni ques on a planar surface (not BEDUAN0N6/018043

The assenbly shown in figure 14A can be consi dered an

initial structure. [0138] Next, preferred nethods

deposit and pattern optional conductive el enent 1807

as illustrated in figure 14B. Optional elenent 1807

pr e ntact th inpro
3 £ SN BB BB PRy e FBR B hsacers
183 Cenmeing wéﬁ@ﬁowﬂﬁdu@(iﬂjﬂ{ecﬁlhlqti@n&x ¢ nanyube cRBlcat 185GhH
as Ru A, Au, Pd, N, , M, Ag, In, Ir,
regpn %5 aééll‘%/@ateddﬁ fighieddGs i t abl e nmetal s, and

conbi nations of these. Metal alloys such as Ti Au,

| t ' lLe: . O

RGP, o g T Wb S SRRy
14 d Con- M%Smhﬂlm expased exgiond K835 of mamtnbmdéinmt 1825 as

i ST BT i, T Tt Mo rrahiokhesad bre range of 5
toCSDOAHE L0 mAKE SRR SGEALs, suaﬁaaserzﬁ aisceal Aluspd% W, Cu,

used. [0139] Next, preferred methods déeposit and
Meatigem I, RbuSmtas wellgs @theSrs@a‘otermebalasmcbconﬂmnatmnskxﬁdmse

Ml At o o Bl £ 3R BpRer Rl R hartti hndiys

intkidhiy ONES thel3d1404 (sN@ré wm&hmlﬁ@ﬂldaeamsﬁd&mmamedaf&
pattern a conformal_ sacrificial Iayer 1822, such as
e’@mﬂl‘@oﬁr qpduehivgrrides, gxides, qisilicides quehnass RgNr RuQ BN, TaN,
2 I

CHRYFha A 0 o B8 OEOHAR, SRnbibiiy B SemiE i B Mol
calnradsorbei IIdeLS The aﬁsembhesqshearn iPfigiues dB- ML boodse @fnsidered

%:hl c&aes% control are used because the thickness of
in TUEWESS; fi cial |ayer 1822 will determine the

controll ed overlap | ength between a nanotube el enent

[0245] cOMige tirvRred lErtds ukdven khéwh RRIuB-f &R AR uésotla‘bllltern
Next , fr ef erred nethods directionally etch conf or mal

cogdBstpr 1 §454p fommy eondugtive ngmﬁtgt ]\ﬁéﬁ las Rhistwated e figeneyl 41
C%Qgﬂ%ﬂ%@g@ I%%SBIVE’I%[{S%; exd!ufsgz\é Ijgx&‘f gﬁm%mn 1835 by

a cmm)lleqb vedriaprles g 86m d@v@&tptlemgmh mam)fsab thecrad@el Jor exahmile, of

i | at or 182 nd si dewal | spacers 1830 as a mask,
% ﬁét%r lsaf@?éﬁpeq@zsaésffqrmtlgg?mswal reltionghip e

beMé:en tN@E&RﬂI%UGé cIPREAESIRIRAFNBOR, AL, 'cﬁﬁtrélfédfd% p length 1860

nanot ube el enents are described 1 n'the I ncorporate
copaspands tenfzthy 4K dbestiaGd4B8fighkextB. preferred net hods etch
(remove) the remaining sidewall spacers

[0146] Figure 141 illustrates picture frame 2-TNS 1870 cross section including a
supporting insulator 1800 on an underlying substrate (not shown) and conductive
element 1805 in via hole 1810. Figure 147 illustrates a plan view of switch 1870 that
corresponds to the cross section illustrated in figure 14I. Conductive element 1855
can be seen to overlap the periphery or outer edges of nanotube element 1825, and
conductive element 1807 can be seen to overlap the central region of nanotube
element 1825. The embodiment shown in figures 141 and 14J can be considered a

final structure.
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1830 using well known industry techni ques, exposing
nanot ube el enent 1825 in region 1835 as illustrated in
wo p@ans31801G. [ 0144] Next, preferred net hods depoBU$2006/018043
conductor 1845 as illustrated in figure 14H Con
iuctor 1845 overl aps exposed regions 1835 of nanotube
el ement 1825 as illustrated in figure 14H Conduct or
1845 may be have a thickness in the range of 5 to 500

[%%] andPigg}{e S C%\_/ﬂﬁ\g gt%&re% zttvae Iﬁlnic’e:r"?lps Ragxgen%%hap-l];gi’gat&géﬁs due
totheld Ubﬁﬁtﬁwala@ﬂhﬁ aﬂiﬁtsf'?_ eti§N!¢ dn GadikibA 8 p&B&tiDsdsTeSMemory
Metal alloys suc i Au, TiCu, TiPd,” Pbln, and Ti W

(6ot h@nvglﬂﬂﬂea@néom BERRSEISTOTY )i e lls. (s tAig TrauTs nervelasids v@s

teé%%bﬁ;o‘f@de s@&tché%lggi* w@bée%da’s %g{uﬂﬁlag dFI" Oéi@élla iy é)es

or con ve n|tr|

fise/ahtifase RuittheRb&wedh Metdl ddYersCami/oxfor mi:oilifl giirakle WiYinB for
use O her_ ki nds of caonductor, and sem conduct or,

exAEle.ag desceibrd i} werasietaikelowThe assenblies shown in

figures 14B-14H can be considered internedi ate

st ruct wWrehods Bs oilitheRin BIRTEEH 58S PRASHS PRI . TNS

known i ndustry techniques to pattern conductor 1845 to
f orm conductive el ement 1855 as illustrated in figure
[01461 Cahgires 1%1§Nelﬂﬁ$ttatq%5abrmtlma péa nainof wdrticalyeorianted

b
2380 RO BB bl Librdion HBar S8Rt ShyFfag0,
Sxdopéampdd, oh ahmna&ﬁ)ymgmmmtmﬂeqnl@fshbhnﬁ eﬂmﬁﬂtw@abmhms

ifferent geonetrical rel ationship between th
193@%% }20eBere pioided g rasaprdtane ket bHOAcum: 1230Bed

overlap Iength 1860 corresponds length 40" illustrated
[0189f | IWN &t Néﬁefefrgé-ﬂ'@lhoﬁk Eéﬁcf‘slt}ﬁs]aldt&ﬂ }‘Zflbra@tiﬁlzfstﬁteﬁtﬁ Figure 15A

frame 2-T 1870 cross section 1 ncluding a supporting
whigh @h@th@rS@%@zanomthwsdéably iy laginp snatexiad, fon oxanspiavhaymg a

uct | ve i n hol.e .1810. ure

e g S L D e sl B e gl 60

1nd@§tfyets<ﬂﬁﬂ§l&:s of tlﬁfhﬁlrfaf:@ 8inS@ator 2000.| Thsthickinees df indul HoH €212
141, Conductive el enment 1855 can be seen to overla
is pped toelefipg Bieyseparation betweery der eypmpln soudistivg elyment hﬁéﬁ and
7 t
@ SRt AR 6 1R pIRRe 50, THR sBRalibE
betwmdtheeotdustivewlementsibgusing alebhtraliel depbsitahlaba thickness can
consi der ed g final str ture. [0147] Picture frame

beyneigacerats dhaj wilngphotolithpga potential applications

due
[0150] Next, preferred methods deposit sacrificial layer 1215 illustrated in figure

15A, such as silicon for example, using well known industry techniques, in the
thickness range of 1 to 150 nm, for example. Preferred methods of thickness control
are used because the thickness of sacrificial layer 1215 will determine the controlled
overlap length between a nanotube element and conductive element later in the

process. The assembly illustrated in figure 15A can be considered an initial structure.

[0151] Next, preferred methods pattern sacrificial layer 1215 using well known

industry techniques, forming sacrificial insulator 1220 illustrated in figure 15B.
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to their density, scalability, and symmetry. In
addition to potential uses for nenory (e.g.,
wmoowrosHsd | e random access nenory) cells, pictRCEUSI086r€18043
nonvol atile two term nal nanotube sw tches may be used
as programmabl e and reprogramuabl e fuse/antifuse
swi tches between netal |ayers, and/or for
reconfigurable wiring, for exanple, as described in

d WY e Thin_Fi.l.m
N g R UL SR S A
plbbAizEGdeinbed sdctidiictl ifdalatc@nbo &t inoilael 1329 @k illBfrated in figure

rt|caIIy oriented 2-TNS. Referring to fi ure 15A,
1%5 enfppna dpsalatimg dayer mayshmd&ppﬁg?dmagléic adbek usingp

oA 8 R 08 GUAEAES: LPBE0 T s s o

etpha stopcfior meample. b esultidg Qérfacechet@ h6Bbe RigHIFPllane it order to
ferre t hods d si.t. insulator 1212 as
RIS SRS PO P20 SokTEhT Ccinty be i N A1 20, or
ot her suitable i nsul ating material, for exanple,

[0183] ng I‘@ex& rﬁr@féﬂ@é fetidds b@ttélﬁ‘ ﬁﬁ& df?éctl%nﬁl 0P sitmfict@ insulator
exanp osited using well known industry

1%?@@5 rﬁhqmsn jgure HEDs (Fhesg methods framl sacificiabipenlatdtsel 230 and
def.l ne .t he

| 1 d
SRR R 229 brrt e RabBE e A Syraigror 1200.
THﬂ%@ Dstieonld eRpaseRObdictive eRIRABN05 Adindi 12088 RAG Idaeél ojﬁeﬁm@g

:%étju process _step._Defining separation between t
1 gqctigpal @Fcé‘ﬂ@mg§]@ﬁel?§ﬂﬁ%t%“@@ﬂV%lln%léﬁt%WQlap d

cdnﬁﬁ@cfvetéﬂiﬁﬁéﬁﬁ 9865 ﬁﬁ? 8? gﬁﬂ) E@Xet}%ﬁ%[eat e than using

phot ol i t hogr ap réeferred nmet hods
deposit sacrificial layer 1215 illustrated in figure
[016H sdNsiit.as skawn poigure ﬂSquunﬁ@hed meghauly depdsit d(mfwrmal

h
B % SRR RS Dbl pL A SRR RSP et
control are used because the thickness of sacrificial

[OL8Fjer Nexh préfbiredigbeion: deposheosfonhilgirbreetivviastlapr 1240 on
naélpgggh bet ween a nanot ube el enent and conducti ve

Al 2Ppsdilugtiztedrp figpesclds Protegtivsioanaiop 1240 may psg 3N,
f i&ﬁ%ﬁk@mﬁﬁﬁk%ﬁ lgggf géhﬁpred an initial structure.
0

'51] Next preferr ods pattern sacrificial
| ayer 1215 using well known industry techniques,
[01¥]ni nfestprdféired mbthodsdérmsio instRe@ 1250 using JHS, ifor example,

o R DS PFLSHY ST RGP S 50T oppines

anaanrslcfpbﬁmgl1zmss:ﬂcqt19 EnctRet@xhipletsFlah dh@illatd2Ba: cad e used for

illustrated in figure 15C. A nonconformal insulating
this ppeposeralierle p@é%%u metfodiiplararizh depulpserkl 239iusigg well known

industry techniques, as illustrated in figure 15H. This exposes regions of protective

insulator 1240.

[0157]  Next, preferred methods selectively remove the exposed portion of
protective insulator 1240. Directional etching such as RIE may be used, for example,

resulting in the structure illustrated in figure 151

[0158] Next, preferred methods are used to remove exposed regions of nanofabric

1235 using ashing, for example, or other appropriate technique as described in the
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directional etching such as RIE, with the sacrificial

i nsul ator 1220 surface acting as an etch stop, for
we@2@mo5as0 The resulting surface need not be hiREl/ys2006/018043

planar in order to maintain sacrificial insulator 1220

t hi ckness control. [0153] Next, preferred nethods

pattern and directionally etch sacrificial insulator

1220 as shown in figure 15D. These nethods form

. riflei [ or.
BB iy RIS e e B e S YRloaly Briged .
nanosubeaienment 2085 1s'lillﬁﬁﬁltenﬁhl’ﬂgdse ESdpose conduct | ve

el enents 1205A and 1205B and | eave openi ng 1245.

i_fecti naI ch _usi Rl E sel ecl.i.ve t under |
0T e o o e o eoer LI B R0 as
11M§@£{ed frpﬁglfré 38R! ('Thu[ ir'éé&s DEYhs 17859 2 RRVRAL Bf fHeOM R ally

15E, preferred nmethods deposit a conformal nanofabric
orj@rsl mh@pemm 42w sEhd lbegthlqﬁ thiheegiomci dpneat bydithe thickness

at ent cesI 5{13‘%3 ] Next, preferred nethods
o fESLFY aé’ Hﬁ}la tive insulator 1240 on
nanof abric 1235as illustrated in figure 15F.

[(HBOI ectNeke, prafRibéhtholid depdthycolaectdd 19654k 2GR trad iR tigere
ui tabl e insul ating material. [0156] Next, eFreferred
1%&%@%@%@&8@5 VP ithey Bposeiziosigns Ananetbe efegpent 1255

C qu e :ylr%lv 'ﬂ‘ﬁlzlé%sé i tflé 9 ot 3% Sg@ﬁ‘}ﬁ brfd ma% be

ep05|te nown |n try techni qles an
cdmpdssd opmwetatsutR 45 Ti, Sl msu RAONQ AW, @u,&MpJ Agglh, BnPb, Sn, for

P A 1L P A P e P SO B ghese g 2 dlays

sdéH QWAL | TWS Tripd, PEEN TN L%ﬁﬁ’otl?érs i£bt &s@biAd, 9hyl B dsegur e
15H. Thi's exposes regi ons of protective insul ator

1240. [1\?157 Next, preferred nethods selectively
[0A6 Kby e Nawé nesipmedmefvds nemwelil kpewe indupiye techeigies terpattern

co]nglﬂamf &65%%%5&? %ncﬁltcﬁbc% glgmﬁit’ftg ECZ:?(?:I . I311(%1 ajtlltglgt?%%d Oirlgure

resu el
15Ng ﬂi’.*]k&nérﬁs’[lZ’/[(XAlEx&j] 12988t gvetlap tadpeeive reﬁdishadmnamee ekatknt ©255

O GRTITGYE FOTClEd POFeD BPor RERUA g bR, Dok ohing gusse i
thE$AfukloP 4o 1190 b RAICRERBIACIARALE Packiz! 1S MERPeen EdRductive

ting structure w h vertical I'y oriented nanotube
el@memte 2702 88d 12054 Isubstarmined hyrinfulafar E2125hickng¢sd B§ dscribed

gL ST DRt SRR b o il

con¥iderdSnteagedns sdd&ifreat the ends of the vertically

[0162]  Next, as illustrated in figure 15N, preferred methods use conductive
elements 1270A and 1270B as masking layers for the directional etch of insulator
1250 selective to insulator 1225 and insulator 1240. This etch creates opening 1290,
which stops at the surface of insulator 1240. Then conductive elements 1270A and
1270B are used again as masking layers for the etch of insulator 1240 selective to
insulator 1250 and insulator 1200. Then conductive elements 1270 and 1270B are
used again as masking layers for the selective etch of exposed regions of nanotube
element 1255. This etch creates two separate vertically-oriented nanotube element
segments 1255A and 1255B. Conductive elements 1205A and 1205B overlap

respective nanotube element segments 1255A and 1255B, forming near-ohmic
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oriented nanotube el ement 12/ 5. The length of this
region is defined by the thickness of renoved

w@amrositgd al i nsul ator 1230. [0160] Next, prefBCT/E82006/018043
nmet hods deposit conductor 1265 as illustrated in
figure 15L. Conductor 1265 overl aps the exposed
regi ons of nanotube el enent 1255. Conductor 1265 may
have a thickness in the range of 5 to 500 nm and may

0 A . Au, Pd.. N,
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teqp Al RnobE SEiaReH -1 1298A e 295 26 ilfuishted in figure 15N.
| ni ques
B N N L e o el
127OA and 1270B as illustrated in figure 15M El enents
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between conducti ve el enents 1270A and 1205A"i s
ovgdep iqﬂgﬁedZBQArané JR80Br Though th¢1 g@im@sssofatblscbeﬁmdrmeu differs

o5l et BRRSL B ABLIE 356 TR RRETAFErRlons o

coatrolled oveBip 1&@1162(]) iN@sttatedin figukelSB.r ated in figure 15N,
preferred nmet hods use conductive el enents 1270A and

i Skl ng I(gyers for the directional etch_of

[0; uI a debricatipg denss gr BV sW1ohes ugpypreferred

fabﬁéa%ﬁtn%théd%%th Jéihéalgi d‘rizen%ﬁ%h%bé’ PrRRieAS 1& Heh ¥irttdled
stops at the surface of 1nsulator 1240. Then

ovedapl lengiheetetantba ngnd@iOdement ahd ACBndwaive skaneag &i detamined

rs f he .etc | ator .,124
oy RfeskDety s iR sial P SHES DR dlsd s pe Foed s
cogOn@duatfang. € St N2 2998139 12 BOEinaE® U sR6haaG¥aBri@Sion
maski ng |l ayers for the sel ective etch o exposed

methed ehielestivalyfaasking sideavatiresiopsef a trenak, @nd:lrhwc:meta@é Bas been

eyl BERT6 B ol ST i SRS, DORRUN SIS ke
elmmltﬂé’zﬁﬁﬁ weétd fppny esaeially denseapdNS) end cetmba fabsie giee i pairs
iﬁSSA 1}23{55 , _form ng near-ohm ccontacts, and form
as Yrnes, ‘bet ween the segnents and
correspondi ng contacts (not shown) bel ow insul ator
[016X]0. _’R_Qfe‘érnfl?fdﬁgdfb N6RT prefBRRE MARYR! R gbi@ar@i'pattt%frmdﬂ@{lctor
nanot ube sw t ches -T 1295A and 1295B
28PP oo stibwragag2809. fSu@gt.r@te 2800 may include semiconducting devices,

polysilicon gates and interconnections, metallic wiring layers and studs for contacting

other layers as illustrated further below. Conductor 2805 may have a well-controlled
thickness in the range of 5 to 500 nm, and may be composed of metals such as Ru, Ti,
Cr, Al, Au, Pd, Ni, W, Cu, Mo, Ag, In, Ir, Pb, Sn, as well as other suitable metals, and
combinations of these. Metal alloys such as TiAu, TiCu, TiPd, PbIn, and TiW, other
suitable conductors, including CNTs themselves (single walled, multiwalled, and/or
double walled, for example), or conductive nitrides, oxides, or silicides such as RuN,
RuO, TiN, TaN, CoSix and TiSix may be used. Other kinds of conductor, and

semiconductor, materials can also be used. Preferred methods of patterning conductor
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The assenbly shown in figure 15N can be considered a
final structure. [0163] Vertically-oriented mrror

w0 pagesnenvol atil e 2-term nal nanot ube sw t cheBCT/BS20DIZ)18043
1295A and 1295B i ncl ude conductive el enments 1270A and
1270 B, which overl ap correspondi ng nanot ube el enent
segnents 1255 by correspondi ng controll ed overl ap
| engt hs 1280A and 1280B. Though the geonetry of this

TR I R T
techiitiiey], bl 20 Y&uctiapionefdiity ¢OE).i | | ustrated in figure

I B. [0164] Another nethod of fabricating dense 2-TNS
uses_preferred fabrication nefhods w

swi_- ch . th
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08 55108 gl sy Wi ong Y mopgelesticloyers b Sl SR AlOs,
ofdth&aditble HRUREHE ikstiamBSKi ng sidewal | regions of a

trench, and this nethod has been adapted here to
control_controlled overlap | engths. Vertical

[0367knt ¥exbeniofeund melods deapsiiapsUbuol %G, Tsulaismag1S may have a

t i : [ ed_|
(R E i e p EEE o S0 i ARG o sl SRR, T
mhyp bé compesell @ASi(y, SINr AlBO;, e bited suickboimkilagingmagiite rasulator
nduct or 2805 on substrate 2800. Subsfrate 2800 may.
2§°1%éﬁ19§%%§ SARER HiFcPPHBlIR AT e t%ﬁ 6@%&%8 ogpeligior g and
the BbR6HAAARE O coliBddlihiéttr Yol dPetSh Afhes b HhRulfir
contacting other layers as illustrated further bel ow
2838rvd uldestrate?gosherdgldvave a wel | -control | ed thi ckness in
the range of 5 to 500 nm and nay be conposed of

| s . Ti , Ni i
OFEF, 245 bt Hine el 1A corred Bregten bttt
lager 820 i inalldterE8 16 Qohascor Ivpéralg20nh)ave uahicRsesd TAUR the

TiCu, TiPd, Pbln, and Ti W other suitable conductors,

TSPl R OCNASLOF BemRle s e Y b pentindier dgposiian thigkpess gand
m&eé _eémg@éeﬁ N3 ngﬁé &fdn of R%, o TIPAL)Au, P ﬁglrw‘gg%' M8, Ag, In, I,

nitride oxI or suicidés sucdh as RuN,
Pbr &N, axCoSll s ather Shitgble nnwsls ead wembina@pheof thesed Methl alloys such

o< J9RG T mPl ByTinanf 60 SehanBleon g des e DgaaSTs
thetngel V&l (sinkROVI1aNRLRIV 41138 SRS double Gl URS eRAHPHILY, or

wel I known etching techni ques, such as reactive ion
Cogdgcquzgnt@clgg,_omdes, or silicides such as RulN, RuO, TiN, TaN, CoSi, and TiSix

may be used. Other kinds of conductor, and semiconductor, materials can also be

used. Figure 28A can be considered to be an initial structure.

[0169] Next, preferred methods deposit and pattern mask layer 2825 on conductor
layer 2820 as illustrated in figure 16B. Mask layer 2825 may be a photolithographic
layer, for example, and may be patterned using methods known in the semiconductor

industry.
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[0166] Next, preferred nmethods deposit and pl anarize

i nsul ator 2810 such that the surface of insulator 2810
wa@pa7ossuct or 2805 are copl anar as il ustrat eRICT/IIS2006/018043

figure 16A. Insulator ?310, supported by substrate

2800, may have a thickness in the rp ge of 5 to 500

nm for exanple, and nmay use one or nore dielectric

| ayers of Si2, SIiN, Al 203, or other suitable

[01703 ul aNegig prefiérsd rabthodDkmblve Naut), epr@ﬂ@foftﬁdls e LoRtiStor
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op&ﬂh% Q@iﬁas‘&?ﬁt | m@f(ffn?gu'ré‘ f(?]jj‘ do Qm §4§ %kﬁf%ﬁ&?’d%% R flefon

and
of Emml tegnchesrto be mekecinilater priotesis dwps fcmfalutwtmg versighloicgheslatile

uQ, . Ti T CoSi.x and Ti.Si x may be
na It A Rihing] Sty Mot B 5P i ohite sheiturecty
ontdoRthélve elaaiendd. SO be used. Figure 28A can be
considered to be an initial structure. [0169] Next,

ﬁgeferred nmet hods deposit and_pattern mask | ayer 2825
[01731 ¢ o ierets Brelareegd anetbablingstionally stqbsgondugtar 383@u digectigpally

mﬁéﬁl%t&yﬁ 15 Z%dlf%gy *éﬁ:h%oﬁﬁ\ﬁg&J I8 OQ{S]@@E% gt &xg)éﬁ"face.o‘? r

exanpl e, and patterned usin nown i n
sulishrates2$0D ¢o ﬁﬂunﬂrmch 28001 8¢ psfrfdd & f@vl&x tlpFp nafyeppegriate

t hods re expos ortiqns C
airp SRl S Bemoss pF g o Coma R o 8 Bench Rl obpwnote
reabﬁ'vef ioﬁléﬁéh RIG) mkpeuns&t Rffétl’f@%fsfb@@&nﬁﬁ ReAch 7360 sepatatee
used to define conductor 2830. [0171] Next, preferred
conguctas @83 o tve censiciyesioments 28 53 had 385083 Methedsodf forming
treltthaiSGbrﬁso separate conductor 2805 into two conductive elements 2855A and
2855B. Methods of forming trench 2860 also form a corresponding trench opening in

insulator 2815.

[0174] Next, preferred methods remove mask layer 2840, which may be
photoresist, for example, using known semiconducting fabrication techniques. Next,
preferred methods deposit conformal nanofabric 2865 on the bottom and sidewalls of
trench 2860, on the top surface of conductive elements 2650A and 2650B, and on the
top surface of insulator 2835 as illustrated in figure 16G. Methods of depositing

nanofabrics are described in the incorporated patent references.
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top surface of insulator 2835 and the iop surface of

conductor 2830 are coplanar as illustrated in figure
wagmr/osnsul at or 2835 may be conposed of Si O2, BIMMUS2006/018043

Al 208, or other suitable insulating material.

Al ternatively, structures that do not introduce

i nsul ator 2835 for planarization at this step in the

process may be used. However, planarization at this
[0B15P nméxf prdfbirdPhethoddsR GUBEH 29800615 PrsElaRP 2870,00838 for

Next , eferred nethods de 03|t and pattern mask | a jer
exzealy, “W’htthe sptaek ahimelapr 38 nwb/tplmaé@eqi as Hiugiyated irsfigure
1eFp SR ey B8 GERRTRF Pablided B RESINL PLRIR Y5 Xafifbte.

fabricating vertical nonvol atil e nanot ube t wo-t erm nal
[08Td]t chdexf, pfdfﬁﬁedmaﬁﬂeﬂmabh il QpeidO2 8 USein éhstibarmit 2870 in the
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ho280¢r apeningr23i75 |sbasui¢11 nﬁt%@mse;mdd:Wal]stegMe (jpomorisD gfinanofgfric

2Py PrAdr oo g o ke i TEORCH Sadansuigprs, ae

knB¥ANRHR defACndU&of RAuGHEh (R| E) may be used. Methods
of form ng trench 2860 'separate conductor 2830 into

wo conductive el enents 2850A and 2850B. Met hods of
[0¥7Jﬂ ni n}ext ereéeireigaethadsye yapkioselsciwiyitradic thagmased o
o SR8 0 SR e B, KL, B
appyoerinrtegedhnique sk dadonibe® SilincorpOdatet] pduan tefemnﬁse rTihédforms

e EA G PRETIE] DTSSR 286 n g b Solhibevaticyin figure
16f.abrication techni ques. Next, preferred nethods

deposit conformal nanofabric 2865 on the bottom and
sidewal I s of trench 2860, on the top surface of

[01e7<§ih? ucNewteprefeand meshods Sdloneninz2836 B/Ithaﬂﬁkjlnﬁiﬂatfh dEQpfor
A e e R B R e N

illustratelden ifigoer Y60/ sickdirpathesimdydfecfughagsardabitddis dsktd, by

pr%f@erred met hods fill trench 2860 with insul ator
CME; XGERREf or exanple, with the surface of insulator

2870 nearly planarized as illustrated in figure 16H,

[09@9 SO\ Hﬁ§ wlﬁtsmptﬁé/px%esfs WHERSE a RbANRS defi8e a%%n@&?édf&»‘éﬂap
by CWP, for exanple. [0176] Next, preferred nethods

lengtichetanempetically @BMEd ranpfabric acgmen82865Aand2865B and
corresponding conductive elements 2850A and 2850B. A method of selectively

masking sidewall regions in a trench (or concave region) with vertically oriented
nanotube fabric may be used. A prior art process (fabrication method) for selective
removal of material inside a trench in a silicon substrate is described in U.S. Patent
No. 5,096,849, to Bertin et al. Adapting fabrication techniques described in prior art
U.S. Patent No. 5,096,849 to a trench having sidewalls that include insulators,
nanotube fabric, and conductors, preferred methods of fabrication continue as

described further below.
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trench region as illustrated in figure 161. This

exposes the bortomregi on of nanofabric 2865. Qpening
wWQ@003/088186 not have to be centered in the trenkdil/US2006/018043

regi on, however opening 2875 shoul d not expose

sidewal | regions (portions) of nanofabric 2865.

Preferred nethods of etching the insulator TEGCS, or

ot her insulators, are known in the sem conduct or

[0L8B{uSt Pysfedr@ilhéihobedirectiphatyesteie hsRtRIBDr 8% Anple eilahRize

. selectively renove the exposed bottomregion of at the
IngatpbA Fandpempiigineetair aadteripl.de pipmsletermineg dgnl 1 below the
r . .
Bl A0RS R06L et AR 8s0S LB T gy g s
defineetht ech nrfaoé abiheema@imniach SiblSAsuasdr 28835 BPoasonssof

ilJustrated in figure 161. [0178]. Next preferred
nﬂﬁ%&ﬂﬁ% segments 304y 1yt 25908, dierafsosplerisly mregved psing preferred

A e TOL 6P BRI JEFefiE 00 Bl e i D
defineutbh toyt edges uf esvenmly(i.be pfatectdid mapdtalaelements 2890A and 2890B
desi cwp, . f l.Le. .J]0179] At, thj int i
withggonseh G on e p Bt Lbnealt Prd bRl od
redPéBtiveP InedoeHd bRt s EIH di@altiné ol Bh&wts MiRab@Riol C

segnents 2865A and 2865B and correspondi ng conductive
maeratend porrmne Af aadfgBosgmentrin thegawe siopl &owoyet, yn the event

' i d Ll regiqns i trenc Q cave

ol B bR E POt SR Foplelally R b e KGR vy
préferred a@thofls plalyMe vdéd +ieaoes sxidsadharbfibridrusit 3athg, foar

selective renoval of material inside a trench in a
exgiplee rothefApPFoRristy techpaguerasisisertined i mcorperated Pagpnt
referdd6, 849, to Bertin et al. Adapting fabrication

techni ques described in prior art U S. Patent No.

5,096,849 to a trench having sidewalls that include
[0183dul alNenetnbselnmeuts 289Ahrnd 2820Riovalagwondudctive plesionts 2850A

f f icati ti d i bed
a2l Pu oy ieied Sy 8t AL T T Bhry Thtth, 1 may
be (! 8ieNgndd &f 5 RIS0RATLEYx ARhAE)A0H erldpSibh@h a1 -138 &hyaRdn the

rempve I nsulator material, to a predeterm ned depth Dl

rangg| Qb R bt mackes csamplen die esspmblipitispiraicd gniigurantoB-16K
cat B2 QGhsiferdd fnké?ﬁﬁéﬁléfedstfu@tufrésgur e 16K. This defines the

top surface o remal ning trench fill insulator
2885. Portions of nanofabric segnents 2865A and 2865B,

[0E82¢ al Thers ptedetédimbhodersoed rersainipginafaor 2885 as illustrated in
figure 16L. Alternatively, additional insulator material may be added, and the

structure planarized (not shown). The assembly illustrated in figure 16L can be
considered a final structure. 2-TNS 2895A and 2895B are mirror image pairs. Switch
2895A includes nanotube element 2890A which overlaps the full height of the side of
conductive element 2855A, forming a near-ohmic contact. Nanotube element 2890A
overlaps conductive element 2850A by controlled overlap length 2892A that may
range in length from 1 to 150 nm, for example, and is defined by T1-D1. Switch
2895B includes nanotube element 2890B which overlaps the full height of the side of
conductive element 2855B, forming a near-ohmic contact. Nanotube element 2890B
overlaps conductive element 2850B by controlled overlap length 2892B that may
range in length from 1 to 150 nm, for example, and is defined by T1-D1. Though the
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nmet hods to depth D, form ng nanotube el ements 2890A
and 2890B. Depth DI defines the top edges of covered

W@ 2002/053180 ot ect ed) nanot ube el ements 2890A andr@BESB06/018043
with respect to the top surface of conductive el enents
2850A and 2850B, respectively. In sone enbodi nents,
RI E sinul taneously renoves the insulator material and
portions of nanofabric segnents in the sanme step.

geblpegy of thid mbémn@ﬁmffeﬂshﬁtnahpev @ﬁ@hﬁlhﬁt shoRQIhifRse BB

not conpletely renoved the RIE process, then
lerfﬁﬂéﬁ @r%éc?‘rﬁlégé@aémﬁﬁﬁponé tQ,e@yrollgd p@ﬁiﬂpele@@b é@edlustrated in

fgﬂ anpgabric using ashing, for exanple, or other
appropri ate techni que as described in incorporated
patent references. [0181] Nanotube el enents 2890A and

[opE30B Anembameﬁmd i Edbiricatingy Gmen 2 I NS HRA pasfekraB0Bcktjona
con roIIe overl Ien def ned by the difference
OY‘H p %tfwegn tage@g@l YRyientegd nanotube

ele%i‘e%'f"@ﬁ@a c@tﬂﬂmﬁ%’@éﬂeﬁ untl i€ H&E}hn-ﬂéd %ﬁ R YIRS | {‘thE REndiRRYE

of 1 nmto 150 nm for exanple. e asse
elqmelnus’fhlatn@ﬂhodmﬁy gﬁsuhsn ngBotakowalap llmg&mmtr@éamﬂprocess

t tru ture 0182 hen refer
simle RS T TS s ot gt candieDisele Bt Gt i
and Becohd Hreetribﬁl-conﬁh&t@fsrtﬁitl A¥@inYeleckdehl tomB@l A ffdbéddittor has a
mat eri al nay be added, and the structure planarized

coptritedsidstaL thivkeesasand mypsians|d \estically exiichied mapeinbe glement
[ L 95

VG isaRRARS, SR ThoRucst Bines MRS o SR Rple 4 980

cominettr fitwensed winkiry 1aPRINA imbicoinarembiipse stvha:fhéyl Veﬂmemgﬁt
.of the side of conductive el engent 2855A, form ng a

orifsd T e dgnpi pan Mﬂé}/ EFRSAT SUSOURS. 904 FAPR

fab@@@t@a%gﬁﬁs &l iaRAke8rl& RYowont rol I ed overlap Iength
2892A that may range in length from1 to 150 nm for

exanple, and is defined by TI-DI. Switch 2895B
[0%84¢| udReferitnsde digures] Fvmnefe lzaguetmﬁs depasitend apiernlsenductor

30(?5% st%&9€3‘3086 § st So0Bm %ﬁ%%%ﬁlg%l ugcﬁgt%ggx%g%&

near m c contac

polgrmhbd)mgaesam)im&rcl:c)tmeaicﬁ}lﬁﬁﬁétaﬂﬁSﬁlﬁng Yayeedndakud®dor contacting

rlap l.ength 2892B that may range in length from1
aISfG aﬁh‘f ng déwahﬁmb@lo“an%on@c@égp%alawaw a hyickness in the

berslho § %ﬁg '81919(% E[ﬁ-{'&, € ny

ran\%a s fr odjnt?‘gﬁat o%%lfl F%‘n (fﬂgegr E %Sgs %@9‘13%' g%d

COIE@@E@ o€ met&Spmhdisﬁ?tm do rftrr Al.lAed PdyNi, IWpCh avigt Agdm, Ir, Pb, Sn,
llust at ed M’] fi glure

as well 45 othar suitable metdls and combmatlons of these. Metal alloys such as

TiAu, TiCu, TiPd, PbIn, and TiW, other suitable conductors, including CNTs

themselves (single walled, multiwalled, and/or double walled, for example), or
conductive nitrides, oxides, or silicides such as RuN, RuO, TiN, TaN, CoSi, and TiSi,
may be used. Other kinds of conductor, and semiconductor, materials can also be
used. Preferred methods of patterning conductor 3005 using well known
photolithographic techniques and well known etching techniques, such as reactive ion

etching (RIE).

[0185] Next, preferred methods deposit and planarize insulator 3010 such that the

surface of insulator 3010 and conductor 3005 are coplanar as illustrated in figure 17A.
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[0183] Another nethod of fabricating dense 2-TNS uses

preferred fabrication nethods in which a controll ed
wo@r@riosiasd engt h between a vertically oriented PERUS2006€018043

el ement and a conductive elenment is determ ned by a

t hi ckness of the conductive elenment. This nmethod may

result in inproved overlap length control and process

sinmplification. This fabrication nmethod uses a

Inoladt18010/ Supfloee® BY stihhatatel 3000 mes hhve Sthicknessie tienange of 5 to
el ectrical conductors that are in electrical contact.

50R 1rry.rfg¥ exagiie: @p Ay dise gielestic 1avera af SiCe RN Al Ok RESE
Suﬁgﬂe%%/s‘ﬁfalnﬁgan ?c?(}’a?rt' cally oriented nanotube el enent

over ‘this ness. This thickness defines a
controll ed overlap I ength. A second conductor fornms a
[0:86]i ngNeay referheat mbtlht)ésr daposi¢ atsslamri30il p as iBwdttatddas figure

\Verticall ent not ube .el ement s rm
1745 ot sy HG1348R B iRt tietanecols B Rlbifonpamete
and MnAAbd Snoséd bUSID, a8 Al Bleéthaeduﬁ%le [uQs%%ﬂng material. The
Reférring to figure 17A preferred nethods deposit and

thighness ofiinselathy 3063 caurds én ssmﬁ@@tqndze@wwcrbe teputvsiaracke

copdvde g B s Ko R R P A RSN oD i O

susfattst ihQilatoOBd 1ECAs iNgstRtdiefurthéyRidy.as i1 | ust rat ed
further bel ow. Conductor 3005 nay have a thickness in

f to 500 | troll ed
M oc NS Sk Fekinoa<o SR Ty DEReTEs EBRs LfPoRtcanductor
lajfeli‘ @bl%én B&ula@r 30@? Tht thlﬁﬁl’esf &f coh’ﬂuctw la rrg;i 30WB defRBminkPa

as ot her suitable ana
COO’O’Qﬂﬁd’m\teldap bemgfh betwsan a Metoaibeadldrosg agdie tﬁlrsis;ondumpr as

Aot e eRIPS - rreibeiop ey SpHGPa Hite el ok AR Sl of
to 3008, f&%tbin@lev\@hhgd wsilwon&asmma@bsmaﬁ tIGOIORYS tahd Enay be

nltrldes oxi des, or suicides such as RuN, RuO

compsedcrfanstals sechrassTix Credl, e, BE, Worlie M A dndr. Tfl’bNSn for
exdil ggal;' Q%D\S%]fl aégtﬂglssﬁrjeﬁt ﬁ%&g&g]% Odnd c%ﬁ'fb%éti%h? of @seaI lﬁgtgg%%oys

erre patterning con UCt or

sucts Tivgu, WCl, 'Riiﬁdyx?blphmtdaithérh,d’gr aympde, trmyhhsa wpeds and wel |
knomn et chi ng techni ques, such as reactive ion etching

ey NEB" PRAGTR Bh BT eeRebE ROt ator E" SURT Bpa gjectica

cohﬁétlxl;vﬁﬁ e6ndBRi? 18R 36 NELOL QFatRORTi M 1 ZAP CRACt@Slayer 3020
illustrated in figure 17A. Insul ator 3010, supported by

m@ulmmaeétt@ irggomneawanhtibe taotermdRal ewaches asm@scrrmg duigiers
5 for I S I S
beoqw 8&& r%) ;ﬁ%}% gpa VS %gﬁc%eéls fir tﬁlé ﬁngg bf 5 fo g(ﬁy fith Sfor
example, using a well controlled deposition thickness, and may be composed of
metals such as Ti, Cr, Al, Au, Pd, Ni, W, Cu, Mo, Ag, In, Ir, Pb, Sn, for example, as
well as other suitable metals, and combinations of these. Metal alloys such TiAu,

TiCu, TiPd, Pbln, TiN, and others, for example, may be used.

[0189] Next, preferred methods deposit insulator 3022 on the top surface of
conductor layer 3020. Insulator 3022 may have a thickness in the range of 5 to 500
nm, for example, as illustrated in figure 17A and may be composed of SiO,, SiN,
Al,O3, or other suitable insulating material. Figure 17A can be considered an initial

structure.
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suitable insulating material. [0186] Next, preferred
nmet hods deposit insulator 3015, as illustrated in
wo p@ans318¥A. 1 nsi-ator 3015 may have a thi ckneBST/US20061€18043
range of 5 to 500 nm for .-xanple and may be conposed
of S, SIN, A 203, or other suitable insulating
material. The thickness of insulator 3015 controls the
separation between the top surface of conductor 3005
[0290] t hdleRQbicfefr&LnbR6Es dposin mﬁmpatteemnﬂslctagér 3P @i ihadator
on the top surface of .insulator 3015 as illustrated

3024 28 HBlStfbféﬂ owligyo18B) MeskilayesB0R9 Wi’f’érﬁrﬂhﬁ@ ithpgranhig kayer,

f"%‘.z’éﬁl? Iﬂ‘% %B&%{{agt_ F@Eg@ﬁ% c fr%g&s%ls}&g co#‘éﬁhc agtgf%gi@p

determ ne”® a controlled overlap |ength betmeen a
[Olﬁbﬂot ublexe peefiendd mettiods sfeﬂecﬁtfelg aerdoed exposabpataens ofiesiilator

30y ahd oo Hyes Rt 50 301 € RS pis e opod gy pattened

méﬁt‘ lﬁ‘}gzrﬁ)z*ﬂeielavﬁg %&&h&&ﬁlsgﬁaﬁ S0b2°0 eoﬂdﬁb@»k B©§(§3 an@B8ndiRYor
be conposed netals such as Ti, Cr, Pd, N,

309\2 agshovbin ft@,re I7C. Thesephsth@ls expose m&ml o, lnw@twe?QISas

her suita t orrb nat i ns of t
PrsiiEd IRy gl‘é’ﬁf “%.SBEP sn'g]@rima* Pd;* r?f“"‘éen%"‘g?‘ﬁse?féhe
dlff@’enﬁuwfple may be used. [0188] Next, preferred
net hods deposit conductor |ayer 3020 in and el ectri cal

ontact. with conductor | ayer 3018 as il t ed
[0 ??dur e Nextaprederrdiaethpds dgpasit arbplapgizeias %a3aQ3é such that
£
Bt PRI L 9D B ilustrated i
figare BOIRK ks thickmesshet 1nsﬂ1qer Hi355boye BeAop Myrfdceof esradwgtos 3030

is B Rfinil Stroal YAt Srma St U e Ko B RutoR S0 Hoay
be\bbrfpdsed\dT, 316? SanAleg; m%?ther@ﬁnaﬁl@ ins@MERP heweras wel | as

ot her suitable nmetals, and conbi nati ons of these.

Metal alloys such TiAu, TiCu, TiPd, Pbln, TiN, and
(0893 er sNexto preésteasiynethodiegenpet adprticrmmasl laesd(40, with
cuBii 05 FRLRA0EiRpe ! CRYPba042PaR D )5 dhfhiion
of ventiealdtrdrchektodesisediirt fabricating eeniicabndnyobile memotube two-

tergaﬁggglét&h%fsfolgil ! %r‘arhce: }&i c?r&fglt o %BMQFﬁznd nsg(épgselted directly

Onl(ﬁggﬁcqfvb@gbnﬁgserl al. Figure 17A can be considered an
initial structure.[0190] Next, preferred methods

deposit and pattern nmask | ayer 3025 on insulator
[0194] Next, preferred methods directionally etch conductor 3030, exposing the

top layer of conductor 3032, and forming conductors 3050A and 3050B as illustrated
in figure 17F. Preferred known etch methods such as RIE, selective to conductor
3032, may be used. This step separates conductor 3030 into two conductors,

conductor 3050A and conductor 3050B.

[0195]  Next, preferred methods deposit and pattern conformal sacrificial layer
3047 such as SiO,, SiN, Al;Os, or other insulators, for example, using well known
industry techniques, as illustrated in figure 17F. Layer 3047 has a thickness in the

range, for example, 1 to 150 nm. Thickness control of sacrificial layer 3047 is not
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3022 as illustrated in figure 17B. Mask | ayer 3025 may

be a photolithographic |ayer, for exanple, and is
wQairesned usi ng nmet hods known in the senm condRCT/U82006/018043

i ndustry. [0191] Next, preferred nethods sel ectively

remove exposed portions of insulator 3022 and

conductor |ayers 3020 and 3018. Next, preferred

net hods renove patterned mask | ayer3025, |eaving
cripigdlttecned thewsidtifitial lagéiaRicknese it tused (3@B€ine drectontrolled

conductor 3032 as shown in figure 17C. These net hods

coptagioaveriap lenghhas dectibed fpheybelnyis. preferred known

etch net hods such as RIE nay be used to renove

[oPsyjt | Ofll%éf?hg{fﬂgeaisjfngﬁlgﬂseﬂﬁeclﬁ@%ﬁf I tcH &i@@l}naﬁ"@éﬁrificial layer 3047

preéferre eposit an anari ze 1 nsul ator
usBR3511 knooim indagtryi msthbds oich 39 BIE fos etamms. Thisveavey sidpwall

to face onductaor 3030.as illustrated in,fiqgure
songopy SonneC TasBR B Shwal e s sn iRt B skl
3050A72388086B C QBQMXBS%Q Potidhodf thé tdpl seffhce Gbna@BMtor 3032

vary from5 nmto 500 nm for exanplé&. Insulator 3035

as pilustipteddn figoweldBf Si 2, SiN, Al 208, or other suitable
insulating material. [0193] Next, preferred nethods

ORZA7Y) Nefl B R e R A oy SDEP ARy
etdhdnfigopdBl 1, and diséctionnlly eah conduoth 8603, atdppings dhd surface of
AT (A TN oN ey T
etc?%%%@?&ssopfﬁﬁ@@dtibﬁ %ﬁﬁg eskily i&fbté}P(IQE? Hay®e @& R Yofm trench

Next, preferréed nethods directionally etch
3060.fou etamnpl80BBthasis 06 fornygng trenchA@P60 agparate Forimetin 3082 into

o i T PR 52 80 P uE B8RO Bfocs of
fortih B @EscIS 3040 Aso fpkatss@Ingtétby 80050 nARGLDNBTictBe SLamdimy/

be used. This step separates conductor 3030 into two
308 M\ @ 369 3B. Mqﬁl@mgtoé forgring menghPO68 sedpBR 2 soueponding trench

3 'élﬁfé ferred nmet hods deposit and pattern
Op%%r?}ggélrm goa{c?ra:j?'i cial layer 3047 such as Si@, SiN,

Al 233, or other insulators, for exanple, using well
[01983wn Nasi, ptefgrredembthbdudsposias cotfousslmaneibiin 306 Hom the

7F. Layer 3047 ha hi ckness ip the.range, r
vol g S S R, b RS8 i DE AR 205 gt op
SuHBMEST sRiMvalll spadt@d S048A &@l 3(RBBAESBudthedSaigufd CilaNanofabric
| ayer thickness is not used to define the controlled
306d maade dspesited s idesrgibrd isthe dreorpaseldd patentyeferencedw,
[0199] Next, preferred methods fill trenches 3060 with insulator 3070, TEOS for
example, with the surface of insulator 3070 approximately planarized as illustrated in

figure 17J.

[0200] Next, preferred methods etch an opening 3075 in insulator 3070 in the
trench region as illustrated in figure 17K, exposing the bottom region of nanofabric
3065. Opening 3075 does not have to be centered in the trench region, however,
opening 3075 should not expose sidewall regions (portions) of nanofabric 3065.
Preferred methods of etching the insulator TEOS, or other insulators, are known in the

semiconductor industry.
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[0196] Next, preferred nethods directionally etch
conformal sacrificial |ayer 3047 using well known
w0 pabass31g0 met hods such as RIE, for exanple. ThPGI/USBENE618043
si dewal | acers 3048A and 3048B on the sidewall regions
of correspondi ng conductors 3050A and 3050B. This al so
exposes a portion of the top surface of conductor 3032
as illustrated in figure 17G [0197] Next, preferred
[02@1]hod Nedi, hesttirahakihydetentvve getdhicthe ex8882region of nanofabric at

dlrectlonally etch insul ator 3015, and directianal .
the pettora oF APEMRS 3%7§G§1ngsztsg )%)é exqgmple Orqther Jppropyiate teéilmque

as%ép&fﬁeﬂixgﬁﬁgﬁgratéf t&{t%feféﬁ@@sh ﬁ@@@s@@ng étfu‘éﬁ{ré Mi@dektitally

figure |rect|ona etch met hods of
orfeatedi mabfabric segnmonty 336G ang 3006B a¢ ThusEReE)n figyre BéKused
to formtrench 3060, for exanple. Methods of formng

wéﬁﬁﬂf?- 35 ped bt ored Bt be FORDRbRR i uorTERS for
&Bm&/ﬁéahlggﬁarm‘nzé Sdsiting ih h@d}%l&%&e@imlawm@eatas

conductor 3005 into two conductive el enents, 3055A and
illggsew inNiguro HAL. shick grueiurgs meE he Futos plaandzsdras desized, by

I
CRE S BRPET Ak SR RR ANl T LS, PRI7E Y pe pHi e
in@eB5dioR sthewtst t om and S|demalls of trench 3060, on
the top surface of insulator 3035, and the top surface

o8 IR, L qRACPES20484, and ARIEE s, Wbl styated T

hdi’f%%ﬁtral Qﬁg}o&ﬁbr{s ke nkuﬁﬁ% e?in%ﬁlts B@B?)‘ltanﬂ 8063 NTE&, preferred
preferred fill trenches 3060 with

mﬁthgdﬂ Immwe SEFOhorTEDE fopy PAKaRISNg a@htnlg, farexampleagicotber

sopRoipGube i oo HBBGBF R LR PR ch R Bhesbl el bR

na@dpeBE BR2AKBUODAI g B020BS TBO f&uitingtshactureewith verigaldynodanted
illustrated in figure 17K, exposing.the bott3n1reg%§p

nagptuhg gSMmenEs 39996@5161 3680 iiniluseried Hofigure b7 Mn b asss
1llﬁﬁ%§c{dﬁ% d«%u? . | TG &ﬁ%@gbn&ﬁ}&wﬁnm\% §ke. OPeni ng 3075

expose si regi ons (portions) of
nanof abric 3065. Preferred nethods of etching the
[020&]ul aSMtCHm%Arandﬂﬁ@ﬁB iansu atrorr isnaga peir lap diwstrited imEgure

con .1 nd r 02 pr rre

L A N LA
helpgit bP ebrﬁfucﬁp@abm@nt%b‘SSAtfanﬁEIg@a{wﬂghnﬁcctron%a Nhotutsy

ot her agpr opriate techni c%
element 3090A. overlaps the full height of the sidewall of conductor 3052A. The
height of conductor 3052A defines controlled overlap length 3092A, which may range
in length for example from 1 to 150 nm, for example. Switch 3095B includes
nanotube element 3090B, which overlaps the full height of conductive element 3055B
forming a near-ohmic contact. Nanotube element 3090B overlaps the full height of
the sidewall of conductor 3052B. The height of conductor 3052B defines controlled
overlap length 3092B, which may range in length from 1 to 150 nm, for example.
Though the geometry of this embodiment differs in many ways from that shown in

figure 1B, lengths 3092A and 3092B correspond to controlled overlap length 40°
illustrated in figure 1B.

Example Fabrication Procedure
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as described in incorporated patent references. The
resulting structure with vertically oriented

wmawo0sdise ¢ segnments 3065A and 3065B is il | ustPEr/Es2006018043
figure 17K, [0202] Next, preferred nethods fill
opening 3075 with an insulator, TECS for exanple, and
nearly planarize resulting in nearly planarized
i nsulator 3080 as illustrated in figure 17L, such

[0205]u Ct Wnaﬁlﬁmytnhﬁlfé condists ofpd 4hSirwafedwith adazyaﬁ'r o€ 80 nhyof

npl Th bl ['1u .
g S35, 1§ LSO Ah s RGR s BEF PR D8 i To dfine an
an?ig[dg GhUiSRe Ju@i%g a]s%lgl%ﬁﬁare PTRE Gaf& s ﬁ%ttfh%@&l WRARY Bxygen

|nsu ato expose horizontal top
plimonat ﬁoo Asniofusingreof@dusher. Seghefrigse@toRAoabd sGl086Bconfhiaimg a

wfipailEs GeReC el SR CaPhgheBeboi e

di R FHS IROIRSIGYdREY Ji vatdre A RGAE ROhAREbR M fiHlied via a
references, to form nanotube el enents 3090A and 3090B

Spllrh@atles pracessgviich iscmonedully described 1ncla1:¢ry0@teidefﬁfeé@ces The

ARER bR EORBI S AR PRl splp oRb Rl Bl
reﬁgaﬁ&rtﬁl thereegltiag hhMdhbied is wedabured bl Q36 p&ma; citds n&(&ﬁ!&k

and 3095B are_a mrror jmage pair as illustrated i.n
deppyiipProPRAUIS TepgatesersiA e Bevldess AR WienaoRgisus below a

spg’ﬁﬁgfv%mg 8@@)&% b rj 130N Tﬁ@ @vaf“eltl lli 1?1 H %Ht apcl?t% réﬁla% b\‘t%tween

el enen ormng a near-

an@laéteEtht nd3A&0Be pircobans the ful | he|ght of the sidewall
of conduct or 3052A. The hei ght of conduct or 3052A

i ne ontr over| a 309 A, Whl
0281000 Py RSHMEE) RRbihapen Pr e At s oAk on a
hoﬁﬁﬁﬁgi?Soéﬁ%ﬂ5¥ﬁu3Q%§ﬁmh%@&%4é§mﬁ§&ﬁkﬁgfuﬁh§8@8&0&%%%&5

whi ch overlaps the full height of conductive el enent
litpepzamhyf ((Etﬁh)mgd deydapeddh msclucton & MIBKNEHot This oprmawindow
f the si

of ganiRif R Be Bttt ek of VS8 sefinar o

coﬁ@ﬂl‘lécpllahgtﬁ bewedenake haid@ibhic3a8 aaonmtﬁh elemyent. ands-layer of e-
length from1l to 150 nm for exa Though t he

eg@cﬂﬁPQf?teéfgeHﬁ@@u@lﬁﬂc?élﬂfﬁ@ﬁt(lQﬂnWé @nurwpﬁﬁwlmyéemsﬁ?ﬁ and
h
llf%?)?bﬁffé 2 gg%ﬂjt cgf {:Slo R ﬁT de 9@)‘3‘; ?hﬁglﬁéﬁﬁﬁﬁg)aﬁ%gﬁransfermd

to ithe nimbfabtie dising Iﬂasgmrleadtﬁe idxetofnhg (REDsuclathaothe nanofabric is

Procedur e
removede everywhere except for this active region. This defines a nanotube article.

[0207] The NT hardmask is stripped (using 10:1 DI:peroxide at room temperature
for 5 min) to remove the Ge and a solution of TMAH (Microposit 321 developer,
room temperature for 10 min) to strip the alumina. PMMA resist is deposited again.
Patterns for conductive elements are written in the resist using EBL and are developed
as before. 100 nm of Pd metal is deposited using e-beam evaporation. (2nm of Ti is
used for adhesion between the Pd and the oxide.) Liftoff is done in NMP at 70C.
Shipley 1805 photoresist is spun onto the wafer. A contact aligner is used to pattern
larger metal contacts comprising pads and traces that connect to the conductive

elements. Photoresist is developed in Microposit 321 developer. 200 nm Au is
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61[ 0205] An initial structure consists of a 4" Si
wafer with a layer of 30 nmof thermal Si Q2. A set of
w@edod/osdisgnnment marks i s patterned on the waf ePCT/US2006/018043
define an array of 60 die nmeasuring 7 nm square. The
wafer is pre-treated with an oxygen plasma for 2 mn
using an O asher. 3 m of aqueous nanotube sol ution
containing a majority of MANTs (greater than 50% and
depbiiles (Ihﬁﬁﬁgl 2RMETE Sort ABEGOH df the AutoIRENBIAE). ANft6FTtid&0ne in
Oxide layer of a Si wafer. A fabric of nanotubes is
NMIhti#®dC.vi a a spin coating process which is nore fully
described in incorporated references. The wafer is

[09.6# d qB éﬁ‘et nglep e%‘r caﬂ& tés?% gndr’lfié %%Qﬁ vva%r}ﬁ%alﬂgﬁdsfgﬂ dbvices

ance O e res

wna boér&tprrbg:lomoﬂmysmg @edlguybetwa@n ﬁhb npfictoee elémest ahdrot ube
deposition procedure is repeated until the sheet

congdustisiesimpenbirangiag Frsﬁbmcawqr@p.t% 58%PWV§11§®eE?q1’| qegyics
co\ﬁ"f’é v&fcoﬂﬁﬁ’élﬂér(% :EE&%%}[X V\ggntﬁ%\%ﬁgr This t@ﬂhl%q’vé%rhoﬂg at wafer level

te at fter the®nanotu
usmgaa prob{:@ﬁﬁ@ndl&;@ﬁhe rwere ficBl/Mid pekhgdd bﬁmsmumgmndrwmhbondmg
nanof abr j ked hot pl ate at, 180C far 5 mn.
toppegieae LN EpsRsss: The defiosiudte ffid g Bie PP iseopeamster
anld! Hg\%ﬂ{ﬁaﬁmrafﬁ%%u&f]&n@%\(&% ? BﬁQerEtté}n %@héﬁtﬂoi‘m o4 read the state
A. Thi's opens”a w ndow of "controlled | eng
of dhedevitre arla«rwfmlbseu weastapatiedvand thp ecmmoawng@emmgl%ga@ n
| | ed th, between the n otabr;,
m@lsnol g o iR gt STlhobiEs BHCLARE! St defatively
1o@&éﬂ&ﬁh¢ﬂﬁoﬁﬁ(sj;ﬁindﬂtd@e(“bmd’dsk@lm respectively) is
deposited and |ifted off. The lift off is done in NW

70 C. This hardmask pattern is transferred to t )
0308901 adsPialn RBCTp| St DA fediaBSIRARCeACER iy m@pguctwe

el?rg : EH fife JTH& dJt @Lr@é a@flﬂé: “_I_clf%éseﬁe gl?i’e@ %Xﬁl‘ﬁﬁéé’ WP&E an%é GfiRhe

I's active region I nes a nanotu

or&diﬁ dfd@kQ [t028/8)al M@, Nhehatcnmmak swﬁcl‘iddrbeﬂp@il tﬁel s gtatkd with
Dl rperoxi de at roomtenperature for 5 mn) to renove

Votlfﬁée welsein I hg degirad stam obtherigmice car be 83 byilmpgsing a current limit
dug@g%@pﬁbg[ﬁ&ﬁiﬁuﬁs%mfﬁt 1§:h£soﬂ1e élg 1@23 ﬂ) 10Wre§ﬁfahpe gtF‘% , or

m na esl's ep03| ted agaln. Patterns
byciopdsing inoeuaksmesttistiar during the ERASE plise (wdcisiwitchien the

a5 8P iR GRS e BVERSPLL i CopBlAee ofFpe PRCI M

puﬁ&ﬁs athesh@n RaliveRhdAfudoaag gfuﬁ‘:‘e i® Q‘ét‘ij@Si/' it EASE Bulse
done in NMP at 70C. Shipley 180 hot oresi st is spun

angitede in getvia B . The RR@GB&M anq‘l @Be’rSE BUIESWdith&)WgatSﬂetprﬁ ms

and 1 us respectively. The resistance of the devices during their “open” and “closed”

states were recorded through hundreds of iterations of switching the device between

the “open” and “closed” states. Device errors are defined as “closed” states having a
resistance greater than 10 MQ, and “open” states having a resistance greater than 10
MS. Typical percentage of error for devices having less than 100 nm NT-metal

overlap was found to be less than 5%.
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| arger netal contacts conprising pads and traces that
connect to the conductive el enents. Photoresist is
waleaeisgped in M croposit 321 devel oper. 200 nnPEITIUS2006/018043
i sdeposited (having 2nmof Ti for adhesion of the Au
to the oxide). Liftoff is done in NWP at 70 C. [0208]
10 die were electrically tested, and device yield was
nmeasured for devices with overlap regions of varying
| engt h Teelinesn FhbAcaiad Pivd TerigmeRWahorabdSigirgepnduct i ve
ement, ranging fromno overlap to 500 nm overl ap. Each
@iwmc _.contains _two conductive el ements (or o
[ i ndiigire s & flowohpy dllyszatipg stepsin apeemehodirasnsjof e inigal
- 9 S | . .
O T PR BB ReeC B PR BRRY PR ea 2-vs
dgvazsk ayeh aJthe edebodirmentsdlustrated hedinl Firsgthe doGce-under-test

b A3 IR oo lrnRE pli ensfiigden 200 e ories to Baasuen he state of
the g riRhtell TUPERERD o r&tidiﬂsf)e‘%@\?gZﬁ ﬁé@éﬂ%ﬁo&ﬁaﬁ Bgr

the correspondi ng current f
apphiing b veltzgegif dt tadeelts olior expupldsactass twe apppprdte soaduetive

ti y. low resistance correspo 1o th
o\t B A G e a0 SR A REnE T3REA0 1t g 1. e
cuexchi Bow elgtoBgl 88itebABEEHTE SRSnchkeantd\WhaaoMBY elehiédt, see, e.g.,
el ements on the order of a GN while "closed" states
naaeRibpelearsnh2? Bstigiradde isgReaskeedo dp spme pmpodiyntso this current is
. I t 1.1.C t t
SRR ool 5500100 S0 G IERRLA R0 e 4
registanceebetweentibe Siedt ahy sécopd somductve elefrents dof ikid devibigrdan Ge
he.P AM pul s whj ch swi tches the device to
e itegs LA NE BRies U oiderts b eltmingR; In general,
thé BEpddahde AwWERH thBGirstRRd ERORE B R B vé %ﬁfeﬂts%\f"tﬁé:&sf&rﬁi? g

device to a high-resistance state.) e current i

fupeiiompifitameetp ob the deyiceROERAN apwl tealetendmid Hyon&Garidg electrical
[ . he ityde of this pulse is set to 5V. The
Ch%%&%%losfgﬁ%n%%%r ude is set to 8V. The PROGRAM and
ERASE pul se widths were set to 6 ns and 1 us

[02EdpecTi gekyal itibprefa@ablsttianas asfatirtatcd HUT esfabHEdtédin a state
en" and "cl osed" states were_recorded through

their "o |
Wil el TeEP RO -dtogmPERIRFh et A reandsendrdiye
eldnf¥ts. oﬁﬁﬂf'scq%@éh éll‘tfdv@,sae@l'atﬁftz@tls%:reg?[gh& a.@r[v&egr corHonds to a

defined as "cl osed” states having a resistance eater
“clopedy arOpagtaramdd™ dedce statt athess dvaenhfjows retstielpersidy between

SRR sohaT soibitle SRR uba R lbe elerity Avelaiizely
highoregigtah€e $ih,| RSy, Ibaespellsl®sdnl ‘0gés* fiakidsed@t &dicE¥ate where

Ter m nal Nanot ube Swi t ches i
current flows relatively poorly between the first and second conductive elements

through the nanotube element. In a preferred embodiment, Rygy is at least ten times
higher than Riow. In a preferred embodiment, Rigy is greater than 1 MQ. Both the
Ruieu and Ry ow states are nonvolatile, that is, the states remain unchanged if power is

removed or lost.

[0212] If READ operation (step 200) measures a resistance R = Rygy, then the
DUT is rejected. If READ operation (step 200) measures a resistance R = R ow, then
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[0210] Figure 18 is a flow chart illustrating steps in
an enbodi nent of an initial device operability test

wae®r/03a8t 100 assesses the operation of as-faPeT/Us1006018043
2-TNS devi ces, such as the enbodi ments illustrated
herein. First the device-under-test (DUT), a 2-TNS,
recei ves READ operation (step 200) in order to neasure
the state of the as-fabricated DUT. READ operation

thd B/a0s 4DsubRcied B ERIAISE Belef(eeprdo) whadhik Mbdegibad in greater
voltage of I'to 3 volts, 'for exanple, across two

detagpetyyy.i at e conductive el enents of the DUT, see, e.g.,
conductive elenents 15 and 20 in figure 1A The

g N e

reshidtgtee StakewithSR[HRA 34 Bigh rédistaaBtatd] At Ria.SIf thd DT is not
current is typically in the ran_?e bet ween 100 nA and

ERypeFI) And preatis i the Rndvo piiriee i UT perejestacs dhhe Bl ineen
ERANETD ohd lp o RAGUCR AGTUAER, th¥f o SOTIS Robich Mg BEeb 1o

PROGR 484 tyde (scepoeOOdlevigcirisrdederitied ig greatealdetatl fbelawrpedance
between the first and second conducti ve el enents of

o3 ook bR e R e TuBL B b Sy R om e
R RAKAE t@ihe %Lh@%ta@é. 1riae BUITts Rot PREGRIANMEIS BRI Amdiks inthe

preferable that an as-fabricated DUT is fabricated in,
Rugonsstate.dheti tha DT i 1giected| i thoW e &5 BRAGEANMED aml pysitions
. hetyween_ the, fi C ' ! t
o RSBl S Ao S B f PR LR gy e on

alte@hate@sfddterit fol eXahpsls atthe @bse ¢iradgsiapirRtifroday) the DBy
where current flows reI_ativeI%/ easi |y between the )
be ppsugieddn he da operatiersh qurel (epelWpasadricaied @@i th other steps in

opBANGUHRE: POERRAippey! €l at| vely hi gh Tesistance path,

correspon to an "open" or "erased" device
state where current flows relatively poorly between
[0215¢ f i Figurealfiis adlooncharoildsicating stepk ehERAS B diclsuglephe).

tube, el e t. Jdna preferre odi nent. H i
RSB TR b bR LB (BB B Poelitanc
stagfoQcieBRéLy higl feklistingl Qadee Fiduha s sHWY cdspisporidies BRIASH

and RLOMtates are nonvol atile, that is, the states

Wavehernys 41Rc RRARE cydle (sned00) beginnpith READ opeiation (spepp310). If
; {4 - : aplesi , =
R L ek
alr¢=lyeip 22618)ivelp asgir esis@nceesitat hnihés dase; HRAVY cydie(Sthe 4Qj))T
tera)é%aél s ‘%(.e ﬁég IJ:‘%% )e é}t’%gtﬂéﬂ? (st%%?g) %gslu?es(as gle%ceé‘rrgsqgthnggﬁglf’\kolvé then
ERASE waveforms (step 410) are applied to the DUT. These waveforms preferably

switch the DUT from the low resistance state to the high resistance state.

[0216] A maximum voltage, of approximately 8 volts in one embodiment, as
illustrated in figure 20, is applied between the conductive elements of the DUT. See,
e.g., conductive elements 15 and 20 in figure 1A. This voltage causes a
corresponding current flow, with a maximum current, in one embodiment, of
approximately 15 uA, which indicates a successful ERASE operation. The result of

the ERASE cycle (step 400) is independent of ERASE voltage polarity and/or ERASE
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detail below [0213] In ERASE cycle (step 400), the

DUT is preferably switched froma | ow resistance
waee@vmes3tshth RLONVto a high resistance state, RET/S2006/018043

RH G+ If the DUT is not ERASED and remains in the

RLOnstate, the DUT is rejectee. If the DUT i s ERASED

and transitions to the RH GH state, then the DUT is

accepted and proceeds to PROGRAM cycl e (step 600),
cunkhicdirdcionleThe vdlege polagteatdediradtivmpf cuyednd flow[i0 Fipate ZGhmay

P Mcycle (ste the DUT is preferably
besrﬁR}’%e‘ﬂl P%ﬁ?%@t‘%ﬁﬁ%%%%’f:g @@pt"ﬂQiRLONst ate. If the
DUT is not PROGRAMVED and renmains in the RH GH state,

(oA t kesdddlethBodifkRS! Bakimtuin ERASEUoliageHRORAMYRpeaTE to
transitions to the RLOWstate, then the DUT accepted
10aeltan RS Eacuromamay watscovef 8 relptivedpyvide sangs aad gepdialie

enbpdi t,  .for. ex le in the S ' '
ocGPBEEABE b2 AP e B B e e e
oveiihp BRglhs tFeR DIOD) was 5ttabo neditesbsdoeltditicaltderorks eps i n

operational test 100 are skipped. [0215] Figure 19 is

nagotubes) spamying the (distance beiges therondectratmens the queteghmay
(st , it

BRSPS Bl i

berdiffRuiltte kowivdiat thesipstation estsaterrerffivgilrbe ab tiehmmast of the erase

or.r espondi . ERASE Waveforns 410. E cycle (ste
PSP BBg RV E B paPUERH Teot T CH . ke
kn%{m&%%'o@ bhelifibt@Rarcbid ofBaBEaS AEFERY LEEbLAIRS The FBRERR

H GHthen the device is already in a rel atiyel& hi gh
curresissarsimuecsss af the BRASHcycle fsep 400RASEOE yaiy signdieaptii goy

t ' . 1f R {i t
rol S Sttt BB s ehls: B Tk or e (st op

410) are applied to the DUT. These waveforns
[0R18)f er Momeveritiettoliapes, Bidfentty, and tihe requiradefer tiediRASE cycle

state to the high resistance state., [0216] A nmaxj num
(sigprPaly do vary Wit %@ﬁ%ﬁ@éﬂﬁ@ﬂ% et 'Wj[t?{ﬁ%“ @ﬁ-ﬁ’ﬂﬁ?‘ﬁjé%%ﬁ?mem
an@$ donbittiivedictknt Nséd, gg,gﬁgg% 40%3@@21!@ gﬁ. P8t Waetoihe410

conducti ve el enments o ) , .g., conductive
shelerie figere 129, BRA SHtimn if appormbikly 300 s fpo ke axpmplagysestlap

.carrespondi current flo i th ' rent..

sighe ot TR o b St spgi i TR Tt Sicatly”

resldinGAbRS ERAVECRES| Wor ERATE, @pafralldDdverEip enpdsiréatafthan
the ERASE cycle (step 400) is independent of ERASE

abpul 1Qyemplor axdmgledney msUIERASRASE RS inithemillisicond Frage,
Wl%/i?egltﬁﬁgﬁi %%%rg{?h L¥o@d Hh bERE Ay Msufi ¥ ERASH 4386 idthe
nanosecond range. A correlation exists such that longer overlaps typically require

greater erase voltage amplitudes.

[0219] Waveforms 410 in figure 20 illustrate a DUT that is ERASED using a
single ERASE pulse. However, in many nonvolatile applications, multiple ERASE
pulses may be used to successfully ERASE the DUT. Counter (step 420) in figure 19
is used to count the number of ERASE cycles applied to a DUT. If the number of
cycles reaches a maximum defined number of cycles, Nyax, then the DUT is rejected.

The maximum allowed value of Nyax depends on the application requirements,
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be reversed with no change to ERASE cycl e (step 400).
[0217] In sone enbodi nents, maxi num ERASE vol tages are

wo poovissisiange of 8 to 10 volts. ERASE current PEE/USHDG018043
over a relatively wi de range, and generally depend on
the density f nanotubes in the nanotube el ement and/or
the controlled overlap Iength. For DUTs with 5 to 10
nanot ubes (or el ectrical networks of nanotubes)

prepeyutan, iEpAiialangslahareowdier, W@hbﬁ/@g/ge&@m}&eed
the current may be in the range of 1 to 30 uA, or it

10k y2 B¥cles. gni fi cant |y higher, for exanple. It may be
difficult to know what the operational erase current

inh | f. . use, t
020 gl A6 058 385, B RBCHEER 57 s o)
PR&RAM cyuhk(step GODpWeMgﬂy @ﬁ/ltt‘,l’i& theBUANrenendRitieElf $esh
current difficult tio obtain. The voltage currents,
TeSIHAICE fletede 2 gty ey lavppeststange slaty ﬁlgye@gé) shays gekrespanging
PRpo@@r AeMX aﬁﬂ%’&gﬂo}’ ?1(&/@6@3@%& ?%15 (gk]@p ﬁg@e%gns L@kﬁ%ﬁﬁy
Op&r@ﬂlcvra@w 230ur EREAD opewdtion (stepr 230 inteastirton déviee fRAGRce

Rl T E e 5 Rk Bl o efishaie “ahu B s UG RAM

c @é@x?moo 22Rinafesd If REAMOSArAfn (sip R0 MBadufs ot
4 ve orrr% 410nsr$ovvn in fl%élrjreIIZ% PERA}JI'[’I%IEtll rng'aldsékllce

resistIeR RRaitasl flem BB QGRAN wayefosmsisteartl Opate rapplpecistpzhe DUT.

BB kSR B0 SO SEPLERHLEE e o

resistames stafeor exanpl e, control |l ed overlap | engths greater
than about 100 nm for exanple, may result in ERASE

s jnthe ml|isecond ran | e, lengths | ess
["Z?JFJ;E 8}?6“%‘611# f3ge. p %@r%wl% a|V91t$ in grRgbodime. asn

111u§t|i1@cedﬂﬁ{1ﬁ§tﬁ6 0nAl, fsaPPled Bet&OI AL RbARI IS ERIRNEYE thd BRI

| onger overlaps typically require greater erase
Seoy gigt. #gBIRAHYE i m¢e§ 15[20d P9)of \figuef bAnThis10ltage ¢dugere 20

corb b b P P R RO R B ey Gt i
onemmnoqnhemlzw@@r@mm@@ IBYAbahitSadiches § HeesSiIHROGRAM

DUT. Counter (step 420) in figure 19 is used
OPGF%?%&W r@ﬁwét HERAFRAM Em&ss% fzm(? O &8 laémeiné@nttoé PROGRAM

e e ST T

dlreatlbmwédmmﬂt tlewdh figh¥eQ2lemay ds rever ﬁeﬁam&pnxb tlealge an
PROERSVITERE Dhouever, NNAX 15 not expected {0 exceed
[0222] In some embodiments, PROGRAM voltages are preferably in the range of
3 to 5 volts. For DUTs with 5 to 20 nanotubes (or electrical networks of nanotubes)
spanning the distance between the conductive elements, the current may be in the
range of 1 to 60 uA, for example. It may be difficult to know what the operational
erase current will be at the onset of the erase pulse because the device reacts to this
voltage at very short time scales, making knowledge of the instantaneous erase
current difficult to obtain. The voltages, currents, and success of the PROGRAM
cycle (step 600) do not vary significantly as a function of the contact metallurgy, for
example, Al, W, Ti, Pd.

73



10 to 12 cycles. [0220] Figure 2 1 is a flow chart

illustrating steps of PROGRAM cycle (step 600).
wrRROGeRSIBCYycl e (step 600) preferably sw tches PEEUSLIN6/018043

froma relatively high resistance state to a

relatively |low resistance stal.:. Figure 22A shows

correspondi ng PROGRAM Waveforns 710. PROGRAM cycl e

(step 600) begins with READ operation (step 230). If
[0RBAD offee didimmof the PBCKBEAMWQS@@ Q0 dedsa®t vayisignifiastly
wxg{ gpégﬁ{r%llqu%nmvtgr AR © rsen] %5@4‘%‘1‘{%@@8&%6? %%Bﬁéu%%%e
elérﬁérﬁ‘ el &%, b4 tﬁﬁé\q q@&@mon (step 230) neasures a

device resista ce R=R Hl GH t hen PROGRAM wavef or ns

(step 610) are applied to the DUT. These wavef or ns
[OMAHf er 8htogssell the RROGR AMTcycteoranttigecohfighed with s tdile

it

co@®spdnlds! & tha k@ akively fovgiesRradedstales cztmeht ﬁaoth@ efﬂmdﬁﬁ@ a
conductive elenents of the DUT. See, e.g., conductive

reqs enesation may bivid thepdfrangegure | A This vol tage causes a
corresponding current flow during PROGRAMM NG wth a

[oggsjiuf\wa&&l@t 10 iiﬁ‘ﬁg\ﬂg ﬁmﬂqg@@% Dt‘?f t}ﬁPQfPR@GREA%MED

I'S 1 ndlcate success operatlon

usiiigen simglel PR QiR KRRV Hwb‘er(mumyamyonagla apdbgatiodant
milfip e QAN AR £ 58T viE bE picip SPGPeSyTar KOG AN B DUT.

C&iﬁ%&r?ﬁ& Biz@% 'flgufe' y2 1 %s&i% J&Bt thE nlABEN SR OGRAM @5cles
change 1 M cycle 600. [0222] In sone

apphiesbeh arrEHfI‘s If Fha@@anr obtyclagasacheea praaieRy, @P@n%mtm@; of
cy{;l(aej‘? Q\zw tﬁ?%tglF s r%kec!: qr M’? %{lxq)a%o&f%d %Qlu@%?ﬁ& v3es

nano spanni n

de@érfdsahaRe bqqﬂm&@n teqeireaansgiroass adigile anhd pa_ttlbﬂar:emb@hment
may be in the range of 1 to 60 uA for exanple. It nmay

hoge v, Mivueup 0% @‘W%NW“@ K tobRs¥isSonal erase
current will be at the onset of the erase pul se

[omaaus Ght Hﬁxﬁﬁﬁ(ﬁl%nﬁ%@&ﬁ c%/cIe@ bwe%n\h@gﬁ @gi@taa&e “SPeM” states and

short tinme scales, nmaking know edge of th
lownstistancerelnsed statewthets DERE caui thlerase b@forq)fadmgas AR inpprytant

T e e T
DUMeh# e&dfdctadb dhd fol1@Wind H9€ps: READ, PROGRAM, READ, ERASE.
Figure 22B shows resistance values 650 for DUT repeatedly cycled with these steps
for approximately 50 million operations before failing. Figure 22B shows Rrow
values in the range of approximately 10 kQ to 40 kQ, and Ryey values exceeding 10
GQ. The scatter in the values reflects the resolution of the measurement equipment.
The ratio between the values of Ryigr and Ryow ratio exceeds five orders of

magnitude, making the corresponding states easy to detect electronically.

[0227] In general, 2-TNS having two easily detectable states can be used as non-
volatile random access memory (NRAM) devices. The two states can be used as

informational states of a device.
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exanmple, Al, W Ti, Pd.[0223] The timng of the

PROGRAM cycl e (step 600) does not vary significantly
wadaonosdigo control | ed overlap | ength between t hBCT/US2006/018043

nanot ube el ement and a conductive el enent. See, e.g.,

l ength 40" in figure IB. [0224] Success of the PROGRAM

cycle can be confirnmed with a READ operatic. (step

240). A current flow of approximately 7.5 uA, in one

enbodi S@idtures B ICRRANEEMbS APEys iRt CYRY Naifd\One Transistor

reS|stance state Current |nthe oft state durin a
f il | pitibe § tinané MdtlmB =y Making Same

V\ﬂveforrrs 710 in flgure 22A|IIustrate a DUT that is

0T, b hoor B ideBaibP BuferReT RS Brodbl R .

raniByh feedsIBEMbIG (MRS afriysl thatRRCERANY UbgrabldTieatbadsiver
(step- 620) in figure 2 1 is used to _count the nunber

mego YPR@@-‘@NM tE?‘/EIl%rsaf‘éﬁﬁI seepsedbingnesgrletaikintha. Paipnierprbication

I
N < e A e N P Y S P o
Repmgaenmﬁblwmmmﬁpeﬁ fikdam dnheyen dpteihesviithnandeguringenmmimon

oces details, and rticular enmbod| nent, however,
ass g‘erHS?SCS&’&@E‘Et&HI ?E?SW EXARRIG, TREPYY deYIGEy EP%‘%m“{go@é%’f

2-TINS APV A MERBFy Rhsity & 185t RedURe Hs Hl'eﬂ]!&rf &31s$h BMGént
‘open" states and’l ow resi stance "cl osed" ‘states that

gener@ion teetmolagye pﬁf@lea mrf @erséructa\rd nemb omtdl\@R(Dhmatm

I
nof g & el on PUH 858 1 e ud B o P
timieke fol |l ow ng steps. READ, PROGRAM READ ERASE.

Fi gure 22B shows resistance val ues 650 for DUT
steps for, approxi natel

dl d h
[O@Sfeat 6%908%%4 ‘gltrflémﬁ?t e@i&lg XEs fRatent HYpPligptiqm No. 3BAiled
“N&%Mﬁé 381w AR UsHRIE NehoRBP Is%)fﬂcﬁmfﬁ%1 & ot On KWt Putt0

and RHI GH val ues exceedi ng 10 e scatter iIn
hemwah\aad heving efcoamian askigneessdghe piesent afiventien, meiasnizetiemof

t.io bet th I
NI e i O e YRR Koot e st e
les€ Silit @B pendiang hihai f&f@ABNcd, @n&l@itsﬁp&te €ds6 biver)i Miatloyy
0227] In general, 2-TNS having two easily detect abI e

rgiapee spcTBesed apd Paver@psinaslonts fecreaspdibeRanscchiorier array

AL R N T

sizévEorohy NRAM fsndteinngsilahg & mad ahdpsQee whiarsat sboesponding

lower memory costs. Cell area may be calculated in terms of minimum feature size F

as is well known in the industry. In general, for some embodiments of NRAM cells
using two-terminal nanotube switches with one select transistor, the cell densities may
be similar to those for DRAM cells such as stacked capacitor DRAM cells. Here a
cell area size of about 8F may be expected, where F is the minimum feature size for a
given technology. For other embodiments which include two-terminal nanotube
switched that are integrated above a select transistor, the density depends in part on
the number of two-terminal switches that can be stacked. Here a cell area size of
about 4 to 6 F* may be expected, and cell densities similar to those of Flash cells may

be accomplished, which are more dense than DRAM cells.
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and One Two- Term nal Nanotube Swi tch, and Methods of

Maki ng Sane [0228] Two-term nal nanotube sw tches can
whe00as83d8d o produce nonvol atil e random access PENDS2006/018043

(NRAM arrays that have many desirable features over

menory arrays in the prior art, as discussed in nore

detail in U S Patent Application No. (TBA), entitled

"Menory Arrays Using Nanotube Articles Wth

[02390r OgF @ vabdd #€in Resdfer e bodithbhte @f B iAven@eprefk8d methods
herewi th and having a commpn assi gnee as the 1% resent

inglydecgne;os moreof the raginds, demsrb@wbmﬁoe Eabrigaiing? Nﬁg Whﬂe the
e S5 Relod TSRO ACNLLS BB Dbl it

elenephngl @gt)hdueﬂiwfdae'lerﬁerﬁeﬂ oflRB to' eEnhAlBy dngﬂﬁ:eﬂthb sWNOIS) any
ation, nonvolatile data retention when power is
mqtl&{cag besebipdhermptly engiweer thp ssieescess tines. [ 0229]
As described in nore detail in U S. Patent Application

[Oiﬁ] (Tﬁ@enel%[‘tﬂ'lddgﬁ?t s NePmMek-ALd, llﬁh%mvﬁqnldélts%dltjﬁétng A

ube Sw ed on an é8ven date herewth and
elemtsng tlee desenilpad cagwidgneds as it hkecpmehcem:numvmm with a

ni m zati on of Mcell are eswabl
meoR P Py e Shiob BN et p i iy sl Bove.
theSdebdritRl NR A adA) ethB intHifiry BEErhASATBIRGS: is 3D leblkiesl pat e
| ess power. Menory performance is increased and power

cogpwaicaen withjadbidline aasdling cad sregiamtesaseleadling, wWhich
l e NRAM aryt a
R e 5 FERREL DS SRR RS Bty pE o RERG SY
detbrmniag it@rstate ef tHetceNgin Asififlaemahidd 3s fescrived gsovaFer the stimulus
correspondi ng | ower nenory costs. Cell area may be
CIrglf cylated in terms of mininmumfeature size F as is
well known in the industry. In general, for sone

[ozgnpodl ORMethel oNFAMLER] ks NISAMCarFa4Qs ilﬁfs{fht@é lm Agmet Ubg-

sw tches with one sel ect transistor,
23BieHigurd 230 ithuptrates wiitidl Istinct 1300 yetlf Idanméd/ltcmesur@cs U3Fs.

Ceﬁselgig a{ﬁ?xgt'gg ??% Rldg&spog&e Jg&l 15 V\ﬂél}nef O cf %nﬁ?rlﬁ%@hj ?30
forfnednisicsi msn‘rae 1309421328 faelcagy W1Epsﬁd@l?dﬂe§pacers 1325

enbodi ments whi ch include two-term nal nanot ube
andgRert BRI Y Ord lige ilisigied fadhehelny B apeqreaytplan view, controls

chahﬁél%m%ﬁh 9830 Warﬂf@ﬁ: %’ééteg %R %lf lﬁxbogﬁf i fiﬁbéé'ﬁb%fatlng

term swtches th e stacke
methetl$ Sindd 340 embeddedtin dtele@tﬂcol%Ol—'ﬁowdys Deorghptied ezl frond

soufce fBlg%o p atnlare1zsedS slulr:rt]acl:ea{3SISOofthgll(t)iglestr%fctchl: ?%b CSetlull%BE? gmbedded
in dielectric 1350 provides a conductive path from drain 1310 to planarized surface

1355 of initial structure 1300.

[0233] Next, preferred methods described further above form intermediate
structures 1070A and 1070B, which are 2-TNS devices in electrical communication
with underlying transistors, as illustrated in figure 23B. Structure 1070A corresponds
to nonvolatile two terminal switch 1070 shown in figure 8F. Structure 1070B is a
mirror image of structure 1070A with corresponding wiring and interconnections.
Conductive element 1005 of 2-TNS 1070A, for example, overlaps and is in near-

ohmic contact with nanotube element 1025 and stud 1340. This forms a conductive
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be acconplished, which are nore dense than DRAM
cells.[0230] For fabricating preferred enbodi nents of

wao b@7iossaent i on, preferred nethods include one PCT/OB2086/018043
of the met hods descri bed above for fabricating 2-TNS.
VWil e the described nmethods use 2-TNS that utilize a
control |l ed overl ap between a nanotube el enent and a
conductive elenent in order to thermally engi neer the

pagvbdtwbasnanetybe iinhend 10Zfharkiesousoed 3.6 of trensisibt 1336nenabbing

h i hes. |, i i )
ERAFBRROERAM; tnaturADsporaet b Ae RS 070R is
cohR&IERG difsk \95@%4}1@?&&@6 & Lorhddisedi@eldvh 8Rlsurface 1355 of

conmuni cation wth a nmenory operation circuit which is
stractord B300t 0 t he stinulus circuit described above. In
the descri bed NRAM arrays, the nenory operation

jJ.cuit is in electrical co i.cation wth I et o
0fie." Neip bR bhE erg R LAl LEdp U Preglsh ittustsneed
in WL AR 1RNSatbNE3 60I th3Hhd TEOS SRk 8£4mple CorQinotief Esalatdrs

in the array and to change and/or deterni ne the state

deppsitedand plangrized using well krovmsemeicondyicns Sehricalien BISHIPES.
for the stimulus circuit. [0232] One net hod of

duci LS . . .
0B ENGE BRI BLOR bt Mol [l e dul gt
1060 tubing vesiibitioxeckehtgoreluctbatabrit 8 5m mShbds, sxpasirtg the top surface
transj stor._ 1335 i ncludes so 15 ain 1310, and
(ﬁéﬂgﬂ@@ a?&&ﬁgﬂmﬁé%ﬁﬁ*%ﬁﬁﬁﬂnE%&g?éﬁ%ﬂﬁzggbstrate 1305.
Gate 1320, fabricated with sidewall spacers 1325 and

[0236]t OfThaN) pRéfeAYd WRitddl iR sitlah@ phttcth @dohdudiig Nayee faming
in an arrééwglan vi ew, controls channel regjon 1330 ON

condertioemstusk E78and ditdimeddrd ax shonm oorssseeiop @95 figure 23D and
. i { . . L e di t ki
wOBELRES0 RN SomStt b arp o2 it ot ol ¢

coptienagipaddis Sormicldetd@&nDioling 1H76i(4875) anttdrainel 3180Brough studs

Stud 1345 enbedded in di. el i 1350 i ) )
1370000 4345 el FRORSIF S e ds eiaTosiaG. feaRamne bRt 1330ds not

foﬁng?cﬁ ggé bg Rink i194ése gfap@ %ﬁ ERctiBR® isbRedFtorieshomby SEREREM?S.

escri urther above forminternediate
If tomevt1y trassid0F7 038 Sench he 1B stateh theh aaroadactivriShaienel isdormed,

| ectrical icati . th-under | yi '
wieh FomsefarmB M i fisyiee blys: 4 Gt p B0 A8 bt Befiveen
bi€Rhd EBBANEES’Y Anddhealbateldntent 1023 gidighatudsvii370 land O34, drain
shown in figure 8F. Structure 1070B is a mrror imge

1330, chanpeit13pe, sPomeA 3Wp + g b140 apberidueliv SlpmentaQ8d.

i nt erconnecti ons.
[0237] Figures 23D and 23E illustrate different views of transistor 1335, which is

used to select (or not select) cell 1390A using gate 1320, which is also part of word
line 1320°. Other cells such as cell 1390B may be selected instead by activating other
word lines, such as 1325°. Conductive element 1055 overlaps nanotube element
1025 in cell 1390A by a controlled overlap length 1050, preferably 1-150 nm, and at
the same time overlaps other nanotube elements in other storage cells by
approximately the same controlled overlap length 1050. Thus conductive element
1055’ interconnects a plurality of cells, and the element is used during ERASE,
PROGRAM, and/or READ operations explained in detail above. Nonvolatile storage

cells 1390A and 1390B containing one select transistor and one nonvolatile two

71



Conductive el enent 1005 of 2-TNS 1070A, for exanple,

overlaps and is in nearohm c contact w th nanotube
webk@mes1sd 025 and stud 1340. This forns a PCT/US2006/018043

conducti vepat h bet ween nanot ube el enment 1025 and

source 1315 of transistor 1335, enabling ERASE

PROGRAM and/ or READ operations in 2-TNS 1070A. 2-TNS

1070B is connected in a simlar way to the source of a

ter%tﬁﬁ’aﬂ%}ﬁtt:@ [ayBels Q¥ hi}PorSHia %@sccﬁ’ chPothef. ﬁ&(ﬁﬂ@ﬁé{ z)?eféﬁ’gp

Next” preferred nethods deposit and narize
matlmsismtcomplbaﬁ@ fawicatidustd passidation <ff| t@NM@nduwdhw or

OB Rl R Ry S R, 1o

sem conduct or fabrication nethods. [0235] Next ,
[0z3sgf ermﬁldaga&élm%%%dqsym (P%Jr@ 2BR), |cBﬁH§p@h@1ﬁlgl§60

and i nsul ator 1000 using nown sen conduct or

nmmiamlé avp sminal Bytieh l%wprh@mgn figere B asuillpsicdedn memery

s B Y308 o R B A 500 25, e i
celpateh@f BOBZ. conduct i ng | ayer formi ng conducting stud

1370 and bit line 1375 as shown in cross section 1395

102387 e Srengusshoot B 490ds IFriPHERN Bamtedsin igure 24

thaf ﬂﬁ?%&dc@gh@(%ﬂharééoif QU198 90N bUE EF0dB by gﬁ;ﬁ&ﬁ&?ﬂeﬁg 30% by
and drain 1310 through studs 1370 and

usmg ammcgllb orlqm@sSWT fabricswilEhesst296 4, andHEA5B h&mﬂm@ted in flgure
3 1
150§ efibig T0Rer PyrtP e Qi rae Bk beRidm seeiels b ddiBibed

furtter bBlGwever, transistor 1335 is in the ON state, then
a conductive channel is forned, which connects drain

q]5.&![0 and source 1315.. This forrrs a conductive_ path
[0H0] e hieprer244 Hustagesingtipd swucturg 1400 3B RipsTised FRpriructure

14%) %@rut::ﬁ'fr@ wed Bhds tﬂe?’s%gaﬁﬁgn b&dren g&ﬁbé"lﬁﬂi%]cgffufmﬁ’{‘l%ﬂtwe

0, source 1315, 1340, and conducti ve el enent
to tbe (SBpar{immt] sofricg UB &S dZBBicas dlEBEeillin ligoread3a\. dClobar ent

% stor 1335 fch i S us d to se t. (or

serifi el set e ARtlRs amkiigs p MR sDp BT s i RloPEE ol

terP@ddl iErnWife btbdr@urd 3a4RicatiéX %ﬂlu@t@dtécﬁf@@h@hbﬁ@wc €lell select
1390B rrgg/ be selected instead by activating other word

trapsisier1439upeludes segrs 141 Gehiaindehl 0.cand| @wml repne51430 formed in
t

SR A0S e A TG TaMendiope BobFl s depd pftpare of
an angy abrd e $laseatéd foetheybelbaps antirey praa wﬁxtmh:eneble Rl

i n er..staqr cells by pr oxi ely the sane
regé%hf‘iﬁ é@&ng\@%e HHct BHBE Weﬁ%sewn ?‘Eﬁé rﬁ‘SM’EF Pperating
mefld8EBIud 1440 embedded in dielectric 1450 provides a conductive path from
source 1415 to planarized surface 1455 of partially fabricated semiconductor structure

1400. Stud 1445 embedded in dielectric 1450 provides a conductive path from drain
1410 to planarized surface 1455 of initial structure 1400.

[0241] Next, preferred methods described further above form intermediate
structures 1295A and 1295B of two terminal nanotube storage devices interconnected
with respective underlying transistors as illustrated in figure 24B. The vertical
orientation of intermediate structures 1295A and 1295B are used to position adjacent

nonvolatile two terminal devices on the more closely spaced source diffusions 1415.
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1055" interconnects a plurality of cells, and the
el ement is used during ERASE, PROGRAM and/or READ
woep@rasitens expl ained in detail above. Nonvol ap¢T/€S2006/018043
storage cells 1390A and 1390B contai ning one sel ect
transi stor and one nonvol atile twoterm nal switch
| ayouts are mrror imges of each other. Additional
preferred methods of conpleting fabrication and
Stimesse V295013 thé sarheasNiRANbIatilkedwodernfinatswitebwiictursel 28814

sh%;gg&p g;gtgrg: lc&n(i %ﬁ{rg‘ag&%@% ?ﬁ%ﬁr@)@%@%ﬁ Fe tWIOQtemullal switch
strgaﬁreefz@@gdghwn iR ﬁ@erevrsiwt $thRnira 2055 1§ M8 kmifdk InedpebB70

own 1n figure 8F~ are illustrated in neno array
stractnss]1 2056t with ca@Poadidg mmmgsrpbmhm;cgmnetm yé@;@ﬁuw elgment

8RNI, o B el e G e wi

naht)thtré Eleaoffl 295 Af i@ 2440t ais foRs b RBRGRLVE 8a1ﬁ&ietw@lhea
of cells 1390A and 1390B bé approxi mately 3
B

% b
nayeliibe clatiept H35énanSPOBRTAL 3 BF (rensp AISsnEDUBATRAE,
Pli[ilg?gy[l | t f ,ggfatlﬂl% ezt'\%lgg&bzgﬁgggtlﬁS gg?@? fs connected

in d%ﬁﬁﬂa\rhﬁ@ tf)lihé ktﬁﬁceb@ avdnsistd2 HefowHihg lsméac%lllASS |olf stsmcrtmtedleO
initial structure 1400 with pl anarl zed top structure

(035, s Neowh Srefrrs R OneS Teapsk PrbbaBTardnuua ol hystrated
1n% QUFCEI It b 1460 RRFHd TEOS! fo@'éﬁe‘}nbl@ éd BetRr Zdfator

oser separation of ‘source diffusions requires a
deglodifed raed planprizabicing welhbnwol senhicendugtor fainigatign methods.
i nternedi ate structure fabrication as illustrated

t her, bel ow. {
020y oo Neds sR e e SEh A AL AL RO 1400 it eator
12001uEBg well Igidwiemisstintionabritddn m%bés m@@mg the top surface
fabrr cated with sidewall spacer % and rt of an
of gfdalhae dllustratediip Cost postioy V’feﬁ’r an array

plan view, controls channel regi on 1430 C]\I and OFF

tes abpSRfiaha Paitdra @ Rk Ngyer f
[D?r‘tic\"a]hodsﬂﬂ %%fé%ﬂgﬁe%fgd% in gl elrect ric 14% Ser forming

copdmtm@etﬂl(hl@@rmhddm line quessisedtionnh4ddas slovaminsfiguge 24D and bit

f 1455 of iall

i § S B P RanSpehihk el viay 2905 38R, 210, A

coﬂa@tﬁ@tﬂauplsﬂféﬁ&dqmweaﬁﬁt BocCDAVBUEE TS Bapbddairf 1410 tl:iroagh] studs
| anari zed surface 1455 of initjal struct

1478004 11654 TmERor 155 Ran frech R RS RaEbEMED B R ds ot

foﬁ’géﬁf %n& %{trﬁnc 495 '@13@7'565t i electrically isolated from nanotube element
1255A. If, however, transistor 1435 is in the ON state, then a conductive channel is
formed in region 1430, which connects drain 1410 and source 1415. This forms a
conductive path between bit line 1475 (1475) and nanotube element 1255A through
studs 1470 and 1445, drain 1410, channel 1430, source 1415, stud 1440, and

conductive element 1205A.

[0245] Figures 24D and 24E illustrate different view of transistor 1435, which is
used to select (or not select) cell 1490A using gate 1420, which is also part of word
line 1420°. Conductive element 1270A (1270A”) overlaps nanotube element 1255A
by controlled overlap length 1275A, preferably 1-150 nm, and at the same time
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structures 1295A and 1295B of two term nal nanotube

storage devices interconnected with respective
wa@paensgBing transi stors as illustrated in fi gur€r/BgB06/018043

The vertical orientation of internediate structures

1295A and 1295B are used to position adjacent

nonvol atile two term nal devices on the nore closely

spaced source diffusions 1415. Structure 1295A is the
ov&?{g{ﬁ ofifer AR EbASIEMENtE WPother 16288 QW btycig)gﬁﬂil&iﬁﬁew fBe same

1295A shown in figure 15N. Structure”™1295B i s t'he sane
cogfzoliedrovetlap lenatht vidius epnduntive gemenhl 250AlDtenromnd@9 b Blurality

jn fi . 15N, .St 1S, th j
of FRind e BT 180 98 RARE BRPRB AN AGotREREE and
opéraliGHsCaXPIALdd i MStail @BHGH ClbMR 1 £11€ B ize LR TUIVA £Z1dTINO0B
1295A, for exanple, overlaps and is in near-ohmc

coglgigingeene feleqt iransistarisad one pemiolatile 5o temaringl switalagouts are

-Thi UGL. th ween el nt..
3L By P S AL BBl 550 30 8L
andEPASHvati IROXIRAMR ANOFuacti dREAB: hodmd ukowsl] kiown $&bicdHdlor

2-TNS 1270B i s connected In a simlar way to the
fabgicationteghniquesy ansi st or bel ow the surface 1455 of

structure 1400. [0242] Next, preferred nethods deposit

| . : . . .
[OZZigg pl RRATk &1lsNaYb R/ LAK 1%4(;@ %ré ?hE&Sﬁzfv@ttng?sea{nﬁboééﬂ%éaeof

. I nsul gtor 1460 nay or’ exa
apprasintately i7RSuvkichois abewic¥)% enlalerdhapl cetlardB2@Al and il BYPEfligure

own sem.conduct or f.abrication nmet hods. [0243] Next,
23%?%%"&% %861%%85@%?’8]??31%‘150 hole in insulator 1460
and i nsulator 1200 using well known seni conduct or

[024abr i cahother methbd BfabasnRaiindescliBed Al iSusttaeeinofignédZEA-E
1445 as illustrated in cross section_view 1495 of

thaj g cesluss g Geblzen ofrar I9Herad 1AM Bl Herted i 1 3B Ry
ap R B00PTFHCL NG KR I E ORI DA 0B of

1470 and bit ne cross seéction as shown 1 n
fighieA3Desueh Eha wdndictive elemepisare adjaent b ABidsasnsduting bitdine and
cort.espondi n | an view 1495' i.n fiqure 24E. A
araffy TR BRI o R Bt forkeliospyifi biEeR affiaceny Fals as
descAiBdbturthanbelowaiAh datifbnb QUi Sitisls ¢ 1&d3d‘ﬂ(§n%ﬂf}&§-pohﬁon

transi stor 1435 is in the OFF state, then channe .
of the §ivga comagfingdinkinesfio prevent shodingibetweenditllinpsndcongdudtive
' I ' i S0 f nt 1255A.

ctefrpnf BEE Lol R it 35 SR HORE AR PR ot . e
a conductive channel is fornmed in region 1430, which
[0248hnedtigud2aiAnilligtiesdniliab grrctiee 180G withhplaafieed®patructure

ctjve path en bit lin 475.(1475' nd )

155??25%% “rBRshr 1538 ERaR SRIFP it 910 o S rogion
153 RiMed hllicdN@baele 1430 GagO0erabfilaed ShtdidAtl spafids
1525 and part of an array word line illustrated further below in an array plan view,
controls channel region 1530 ON and OFF states using well known MOSFET device
operating methods. Stud 1540 embedded in dielectric 1550 provides a conductive
path from source 1515 to planarized surface 1555 of initial structure 1500. Stud 1545
embedded in dielectric 1550 provides a conductive path from drain 1510 to planarized

surface 1555 of initial structure 1500.

[0249] Next, preferred methods described further above form 2-TNS 1070A and

1070B which are interconnected with respective underlying transistors as illustrated in
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conductive el ement 1205A. [0245] Figures 24D and 24E
illustrate different view of transistor 1435, which is
waiz@dosaseel ect (or not select) cell 1490A usiPOI/Us10686/018043
1420, which is also part of word |[ine 1420'.
Conductive el enent 1270A (1270A") overl aps nanot ube
el ement 1255A by controlled overlap | ength 1275A,
preferably 1-150 nm and at the sane timeoverl aps
fi@ire 95BN BHAEAHEE | G0 B 3pdiitls @b AStivoditDe a@@tee@idais switch 1070
approxi mately the sanme controlled overl ap th. Thus
shogmdin diguye8B|Sérvehre 10705 s arpigios mm@fssnactyrml(gn% Wltbf

C&Fé&}i)éﬂdl Bhgp n%l @Fcr&lnéc%m S .egs g&gﬂaﬂgd @%%F% Do

erations expldine et Al

positivme lodRITNS 30700 a6d L@10BSard 4268haiydd MﬂﬁBsp‘d@ﬂto&bﬁpeﬁﬂve
o e sel ect. transi stor and one nonvolatile two term nal

lyog traayisiors edr Bamsisioiold 3P négudugivesitanens At of 2INS
o aﬁ%b§ hR@lin RIS 53{1@ Q%rﬂ%&ﬁﬁﬁa%m%% bt f6hd ﬁﬁr%t&é"iiéb”

paSS|vat|on unction (not sho
Thie tfd>rnisrmmdmﬁme qatichetwesn Kaabtube atenoent 1 @2haridopoasce 1515 of

B SR GRr %@éﬁ“ﬁ%@ﬁ%«éﬁﬁw% 3B Sirionp 1 2R

1@0oaut 30% smal l er than cells 1390A and 13908 (figure
23E) having a cell area of approxinmately 10F2. [0247]
Anot her net hod of fabrication is described and

[02591ust Nexb dreferred gatheds deprsit and atanamze insdeior 1 96{basdlpstrated
- ted in fi
g Bl 38R A0, 0B, Luslat by s

deiposiesdcind pinagzerisise wOIT @hown seriRaRical: thbripation ARBCh

t hat conductive el enents are adjacent to studs
nect | bi t ne _and drain. This, e abI clo
10Z 0} oo NGl pBitie Shorngcharkale SunsiaE 1ae pd Bulator
109636 nighedl kb @inifs]da¥tor Abridatsid ﬂn@ﬂﬂ@hs 'eﬁﬁééﬁr?é th8YopsdiRice

is required at an upper portion of the ‘stu
of ek bxéSian dllusiratediimexoss sectipe 1891t ofsfigire A bet ween bit
line and conductive el enents due to via hole

OB SN BBt s HEL AT v
opphimgaidenadtls tith isdulatoit 1580. 15615 hoEﬁlake satlpesierlyrragistefddamnd

1535 i ncl ydes sour 1515, 1510, and channel
CXPRss %93&@% SSReRbd 05T, 13 a}t 80 i ipsulse expsed paitins of

coillwwe feRiidre @b@aﬂ’& SeBvet gﬁé‘t@frcglt egﬁ&%’:tt% ﬁtéu?l ]b557@n dnP@hfor 1580

an array word line 1llu [ow In an
m@rbe@%l&memmﬂe controls channel region 1530 ON and
OFF states using well known MOSFET devi ce

[0253]  Then, preferred methods deposit and pattern a conducting layer forming
conducting stud 1570 and bit line cross section 1575 as shown in figure 25D and bit
line plan view 1575” as shown in corresponding plan view 1595’ in figure 25E. A
conducting path is formed between bit line 1575 (1575°) and drain 1510 through studs
1570 and 1545. If transistor 1535 is in the OFF state, then channel region 1530 is not
formed, and bit line 1575 (1575) is electrically isolated from nanotube element 1025.
If, however, transistor 1535 is in the ON state, then a conductive channel is formed
connecting drain 1510 and source 1515. This forms a conductive path between bit
line 1575 (1575’) and nanotube element 1025 through studs 1570 and 1545, drain
1510, channel 1530, source 1513, stud 1540, and conductive element 1005.
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operating nethods. Stud 1540 enbedded in dielectric
1550 provides a conductive path from source 1515 to
w@bk@nasiltged surface 1555 of initial structure BGD0S2006/018043
Stud 1545 enbedded in dielectric 1550 provides a
conductive path fromdrain 1510 to planarized surface
1555 of initial structure 1500. [0249] Next, preferred
met hods descri bed further above form 2-TNS 1070A and
[02527 0B m3iifel 23D D5E i ALARELdifErett YiBws OF BESdidtYL1535, which is
underlying transistors as illustrated infigure 25B.
usegt toseleot (or 10BIkcO ol d §Pdh asing galedA0] which é alseppart of word

ind 3575 Rt GhF s 4 347 e Bt eyl ' ing ot
wo@@hﬁ@v‘d@@ﬁ] dé PSRSM CoRucive eldMicRt COFH @055’ QT&myﬁdGﬁlﬁﬁﬁhﬁ&ts
with figure 23B, the positions of 2-TNS 1070A and

switelysmion K050rin ardtinla gevalitilp stogags sells ftv@h 24 pRAA Wé 1590B
4R09SEY s AN 3658, OGRANT, SR0 K9RB prcctons

expleiaed ohdstdil alsoveadNonwblatilernsaoragadedls QBQ(D[/E ahd 16908 a(btdalmrigcbne
1540. This fornms a conductive path between nanotube
Sel%‘fté‘i?éﬂﬁtoi onfrRpryslatietwos eBnigel swiich davoutsrarg HBQOI images of
| e RREFRAN o /o
cacBRY! DALY 250] Next ‘?Sp”‘?e? Erp AP ARRAAM gﬁtﬁ% sHivation
of &lndﬂbél\b(hﬁmcu@l (nos shearm rusd 561 kaswi lséragpnditotat fabncfatlgu re
tecé I nsul ator 1560 may be TECS, for exanple, or
8P?§er i nsul at or deposited and pl anari zed usi ng wel |
known sem conductor fabrication nmethods. [0251] Next,

[0255pf ercan 1590AQES 1690 (Bgute QSBPlhaﬁfeltHe $ansadefit 26a 3560
and_insul ator 1000 using well known sen conduct or

APRIQHIMAEAY i/Bn aﬁﬁﬁoﬁ%%telYé%%ﬁl%@e% precolls 3420 pad d4YIB Higyae
241%)5%1 ?@2 hiaﬂﬁéﬂh@ﬁ 8%%% 9L g%ﬁ 1%?ﬁﬁ éﬂgugé%gg {antlé gdtifarea of
apmonfrmtemllOF sulating filmand coat via opening

sidewalls with insulator 1580. If via holes are not

02BREE° A ubi b SErPi e R PR AR AR LA DT F et

andOnckatd Mefiglre BN NoAPSIat RAFoRERMEA nabteBé EWhRe] 2370A
shorting to stud 1570. Insulator 1580 may be Si Q2, for

COTESSRRSIsdO nppyadaile fwerternpnal mangtebe retdhokbyOghpws in figwg 13.
ARSI AR S A AV 00 AANEL oo 2,
norfviotpiilem2mdrped] difucturé B49QA arludeenodblfile 28NN 2SFOA n

5' fi 25E.
inte%ggr{n%gtp 8 r\}vqtlhr]tganrgisfac)rll 2\4/1|3§ 2159 N dagure

interconnected with one bit hﬁe one first
word line, and one second word line as described further below. Nonvolatile memory
cell structure 2490B is a mirror image of 2490A, and 2-TNS 2370B is a mirror image
of 2-TNS 2370A

[0257] Preferred methods fabricate NRAM array cell structure 2400 illustrated in
figure 26. First, preferred methods fabricate initial structure 2402 having planarized
surface 2404.

[0258] Next, preferred methods fabricate an intermediate structure including
mirror-image 2-TNS 2370A and 2370B on surface 2404 of initial structure 2402 using
preferred methods described further above with respect to figures 12A-13.
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conducting path is formed between bit |ine 1575
(1575") and drain 1510 through studs 1570 and 1545. |If
wao e@nesEsOr 1535 is in the OFF state, then chaP@EUS2006/018043
region 1530 is not forned, and bit line 1575 (1575")
is electrically isolated from nanotube el enent 1025.
If, however, transistor 1535 is in the ON state, then
a conductive channel is forned connecting drain 1510
[02597 S ODliede preBerbed mMEthsdd cohifieta fARRASH bMBe ROHTLINGE WeDibry
bit |ine 1575 (1575") and nanot ube el enment 1025
chipipndhe Hitermedinta Sty ép aoamete NRAM msmory araintisicture 2¢00

, stud 1540, and conductive el enent
Sm%@ﬁ%ﬁﬁ%%é%?’Figures 25D and 25E illustrate different
views of transistor 1535, which is used to select (or
[0260] sdhegpejation) d cabdfCMgusitng foahe] HeHRBen biblindh24 75 aldsdrain

24 Rl 2 48 PE PR Tt B9 ol PR MRg T T A sy QFF
sta{fei, DRA cAMER] ASIdPEB0-is FATEMEL, Y84 Bt HinE Q&7§-Q@§ea§&n!%? 'idolated

orns and i nterconnects swtch region 1050 in i ple
fromoranetude iclesnent 832 elf deiweyess trahsister 246350 imthd AMSSGE, then a

igure 25E). and i,s used durjng .E \ /.or

cordob B Rt R el R e e T 7 et B0 o o At o

forfiks Qroadgud B pathlifesd benaiiellide 0B HaRkAdtibOSeRBRt ZR58Rtough
transi stor and one nonvolatile two term nal switch

stufls ¢ 0 andad4d S pdlraingdd 10 nehgarel @M 3@ soRrce 245, stsbA40, andhl
: s of conpleting fabrication and
Cor%ggﬂéﬁegtgﬁgﬂ gt e NRAM function (not shown) use well
known sem conductor fabrication techniques. [0255]
[026%] | s ThBROFKoLHBS1LS &M t0 kelgetr(er 2B EElebid ell 2HR0/ asng gatel

ea.of. approxinately 7F2, proxi mately, the sa area

2478, WRish is gk RGO gt i rsBarsd mhith ey SSBSAL BRI | or
cortdiptndigd Fsw. 188RAcaNRd seB A8 Bell Diraiyis &a%%@sel@ét&ﬁ RehtAds] |

area of approximtely 10F2. [0256] ot her net hod oOf
activging ether wgrdalhin yneanery apray Nisu¢tered€O0r ¢anddctived

i t [ ' | ati.le -ferm.n
clelEhtPDA SlraBh A PHER Sk 2RI 2308l Sl
overlap{¢rptiyiandlat tharais Bignesovietiaps otBeithas bRV eietehisdt lothet 3ells

iIIustréﬁed in nmenory array structure 2400

by e cant qdrPV@Flegéeng@‘\étT@rﬁ GoRdyqtiygreiemet Zafiol ati | e
intFESHRIENs GR0kreSdnlfils 6 of (AN NiIRIG BIRBORORYANAL & bsinfioh NS

2370A interconnected with transistor
elegtricad conmavtion esledmhtrhlgd?_déA&E,t PR@GRAMndecbrr&EAmmpdrdtijone as
desﬁ%n%;ige}%gyg ﬁigrﬁg)%\/\ﬁ{/ gtorlalgg gelﬁ%ﬁl@ﬁ%ﬁz{nldkﬁ%goﬁ ucro1t1tr2]uenr on%esle e\ézvt

transistor and one nonvolatile two-terminal switch and have corresponding layouts

that are mirror images of each other. Additional preferred methods of completing
fabrication and passivation of the NRAM function (not shown) use well known

semiconductor fabrication techniques.

[0262] Another method of fabricating an NRAM array with 2-TNS is described
and illustrated in figure 27. As illustrated in memory array structure 2700 illustrated
in cross section in figure 27, nonvolatile memory cell structure 2790A includes 2-
TNS 2670A interconnected with transistor 2735, and interconnected with one bit line,

one first word line, and one second word line as described further below.
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cell structure 2490B is a mrror imge of 2490A, and
2-TNS 2370B is a mrror inmage of 2-TNS 2370A [0257]
woe@fesyied net hods fabricate NRAM array cel |l SPETIUS200€018043
2400 illustrated in figure 26. First, preferred
met hods fabricate initial structure 2402 having
pl anari zed surface 2404. [0258] Next, preferred
net hods fabricate an internmedi ate structure including
(0268} or -NoragkatiZe fiNSeARRAPnm0thb2 3B 067CAIEHREPoRddd Of
i ni i?I structure Zggé usin% Ereferred_nethods )
DFEOAN G BEP FHRINRERANOHING & WHich RO @ glway indigurg flfF-eNonvolatile
mbry if R ftke I0B ishl BLRY A0 GLNOEY, LUBHRCI6708 is
fabrication of the nonvolati 2 menory’ chip on e
miperamagd PA2-A NS 2@ ure t o conpl ete NRAM nenory array
structure 2400 shown in figure 26. [0260] In

ti duct.j is f d_bet bi t ,
[ORREL 2 e SRS H R s Gt B 36 Sthg e
figure 47| Bigdtf preferé8 et dds timtaieShfal ARk 2709 h&ﬁg% gég?rtized

t hen channel region 2430 is not forned,

state
mﬁéﬁ%Z?XWS is electrically isolated from nanotube
el ement 2325. If, however, transistor 2435 is in the

t Y2 ? ' d, .whi ¢h
R N g S
TS 2GURA iaue 2{J2¥$ 26E0R\ee surfiic 2700 6f 24T sainchuRDTOR ubR g

t 23 th h studs 2470 d 2445, drain 2410,
BT B o e s Feovesy fhresines o AeHre bhAIAE: ve
el ement 2305A. [0261] Transistor 2435 is used to
[026d]ect Ther, pReferr&®hRtHols G%ble%ﬁ%dgi%ih 1@ tl%cﬁvglga% memory

which i.s also part of a conmon wor i ne share
chift pipthedptermedipe stiecturstp cemplet NBAM wen@rhierray elriictyre 2700
hSWahL 88 | 2490B may be selected instead by
° act ilvaf’lln(r%?%t her word lines. In NRAM nenory array
structure 2400, conductive el enent 2310A overl aps
[026f ot ubeomrsivant cABRGtinG pathds farmad 5evetn ditddBL705 hedldrain

rlap le w a .the same _tine overl aps ot her
2R B G0 B i B S e a5 S e o
statq Midndhlafik] @861 2130 8RSt fbrmér@,%(di GRANHHCtY ?s %Igﬁflgﬂfy isolated

2310A i nterconnects _a corresponding row o
frogn panoiybeederperg @A25.f By howieyes trrosiston 23 Bistin ithea®N state, then a

' X ri ERASE nd/ or )
cofi RS hBRCLR it bRy htres RGP i peiedt o et
formesl d con2daDA partbel¢86Bbic iR 8775 £flna86HuBE klement 2625 through
studs 2770 and 2745, drain 2710, channel 2730, source 2715, stud 2740, and

conductive element 2605A.

[0268] Transistor 2735 is used to select (or not select) cell 2790A using gate
2720, which is also part of a common word line shared with other cells in the
corresponding row. Other cells, such as cell 2790B, may be selected instead by
activating other word lines. In NRAM memory array structure 2700, conductive
element 2610A overlaps nanotube element 2625 in region 2640 of controlled overlap
length, for examples 1-150 nm, and at the same time overlaps other nanotube
elements in other cells by approximately the same controlled overlap length. Thus

conductive element 2610A interconnects in parallel with other cells similar to cell
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transi stor and one nonvol atile two-term nal sw tch and
have corresponding | ayouts that are mrror imges of
weamh/osiBer . Additional preferred nmethods of cPEPUSI0061¢L8043

fabrication and passivation of the NRAM function (not
shown) use well known sem conductor fabrication

techni ques. [0262] Anot her nethod of fabricating an

NRAM array with 2-TNS is described and illustrated in
2790guinea eofrespéndihg #65, FernBlg b RoMBIBN Yec éa@)éorﬁ{e%@&ﬁ e during
2700 illustrated in cross section in #lgure ,
ER 6o PROGRANG gad/pr BEAD eperationg e deseaidad imddtaibigtsova-

i nt t ith t i St 735, d
PR SN S0 B et o
navolatiietveeeenthal\oritch dndehads colespbhdgs 1dydhisi st are mirrorh

. bel ow, %gﬁ%] Nonvol atile two term nal nanotube swtc
impgopAl cagh PEpoAdditiosalefprrd methods wh completing Fabriaatidn el

: o it
PEUVHE, A ONRIYDyhclion B o p SR LR Sredulioy
fabrioatien26h@Bues a nmirror i mage of 2-TNS 2670A. [ 0264]

Preferred nmethods fabricate NRAM array cell structure
O illustrated in figure 27 _First, preferred _
10368 o0& P it Piele dhspinfiafifie o NRANSrizy b g Neys described
angllithiaratetiad fpufd 28; eNShRAatild BAPRImNEKhandriHef &fifch %lgﬂ%ﬁ*n .

..nMethods fabricate an internediate structure in
illgstraiedgn APl SeeiTepads (0 670BalbnosenttdinenydT4ide dfo terminal

btk &b u 7.02. Usi P net hods )
naBiubt Rt P B et 1 PSR a Fiiieaunepred it
trah@stof Q2HBAs mhamtecprneﬁanas@chrﬁ?tshﬁ@kﬁrdzml iRt @rated in cross
e menory chip on the

fabr.icatio Q; t he nonvol ati y
SeHiARdR HEUT oS erieidy Grienies syHspsere dogignvrrie miniynizs NRAM
ceBkizBedge 2700 shown in figure 27. [0267] In

operation, a conducting path is formed between bit

|ine 2775 and drain 2710 through studs 2745 and 2770
[03701 di eltécdasirgble 16 oimplify tethvsls of tibri2#3m whilé redtding CEFarea,

o e pobd R MRy G5 ety Bl AP soabetsibet mliple

celtd etk sA3h ardaf hav*éQx\éF‘}éﬁi erfdrnieé $haldistiaR kS he
t hen a conduct |bve channel ié %%r rred,ﬁd&vﬁ%ch

ON st ate, C 1ann
VeEt&ﬁ?ﬁX origntgd sWches poe desiensd (o minipiaGNRAN sell sizerkaren).

conductive path between bit |ine 2775 and nanot ube
[0271 P e NtorRRERi1E Ao et R ufd 3 ~AG8bBo£( 10,
. Channel 2730, sour cece;lngf% st ugg(g&;%ﬂcgigg 16828034
Interconnected with transistor 2935, and interconnected with one bit line, one first
word line, and one second word line as described further below. Nonvolatile memory
cell structure 2990B is a mirror image of 2990A, and 2-TNS 2895B is a mirror image

of 2895A. Insulator 2925 corresponds to insulator 2815 in figure 16L.

[0272] Preferred methods fabricate NRAM array cell structure 2900 illustrated in
figure 28.

[0273]  First, preferred methods fabricate initial structure 2902 having planarized
surface 2904.
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conductive el ement 2605A. [0268] Transistor 2735 is

used to select (or not select) cell 2790A using gate
WQ@7Z®0/05380 ch is al so part of a common word | i NPCHOS2006018043

with other cells in the corresponding row. O her

cells, such as cell 2790B, may be sel ected instead by

activating other word lines. In NRAM nenory array

structure 2700, conductive el enent 2610A overl aps

[0294Dt utNexe) ;ﬁaien’ed 2eAods TatrRAican in@AReBhte SRR h@qgla g2

T CA T TN T W R L
i e S e iR

hus con uctive el énen
paraIIeI with other cells simlar to cell 2790A in a

[0235} es e prgfermd/ma‘tlmdmmglp&té:ﬁibﬂvzmo@ oFelid héiRblatile memory
e elelaly Ctl‘%n u(i i ng ERAS ROGRAM and/ or READ
Op & &1 18HEE aﬁé&“&? (el OmpRse NRAMpeasraory gsiay siraeties2900
gﬁm@mgg@uﬁggis 2790A and 2790B each contai n one sel ect
transi stor and one nonvolatile two-term nal switch and

have corresponding | ayouts that are mrror inmages of
[0&%%)h ofmeperatii acPedisting pethes fatertbetvada bitfline@9s ahd ﬁga.m

ati.o M function
291RRE 2 L8 2005 BRSO Hksin oD M ehsiebss b inihe orE
Statte,cthcn dmﬂﬁel r{a@éhﬁi 2930ARaioh eirmi¥e ! 44achiOfine 2511 &k Ldigal 1solated
NRA arr with 2-TNS is described and illustrate
P Janeiu 16%%?&9% I hows veretraasingdr 2938 dt inshe ON steth then a

coﬁg’&fﬁﬁe 'chiuih%f 1s3b&kd, Bod: =9H¢i§%h%]ﬁ1ef§t)lr0ra%?e8@rgs %{) PSn i forms a

vertical y ori ent ed nonvo rm
cogiativh pa@g@mv@mdmﬂmeramsmdmﬂ@ube Jehbii 2880 AAhkcuigh studs

cte stor 2935 as illustrated in
29780 SO0 BT So Y, ebanoeT BRAD S e, 29 nsied 2910 ame ssnductive
clessit POFSA.N figure 28. Vertically oriented switches are

designed to mninmze NRAM cell size (area). [0270] It

'ié desirable to sinplify nmethods of fabrication while
[Oé‘ duci HDsisior 29335 Usechte selsct s potutlacy dﬁMl&BéAnmmg@a&a

2956 GAY e isNRAN) 3 Jfady& g/%ﬁﬂhﬁ)e sh l t I e gre (l:eg]rsﬁ

I ess silicon area,
com@gnqhag eoWe @shqm«mm sudl‘E:{stdeﬂ@ISDSB may%tseléc&wlﬁsﬁmﬁb)ﬁf e
]

act ﬁ{)g ﬁa?e n| m.z cell size (area [0271
O fgrdliesy o PR ATEY 3g90nrg 2800y ernsluptivns

elezBAbA8ION @x‘e@l@ﬁ@ﬁﬁfoﬁ%e‘@l&ﬂeﬁt Q@Q@A By ebn (ﬁi')é% ov@ﬁgp length

I nterconnected with one bit |ine, one
2892A, for example 1-150 nm, and at the same time overlaps other nanotube elements
in other cells by approximately the same controlled overlap length. Thus conductive
element 2850A interconnects a corresponding row of cells similar to 2895A, forming
a common electrical connection used during ERASE, PROGRAM, and/or READ

operations as described above.

[0278] Nonvolatile storage cells 2895A and 28958 containing one select
transistor and one nonvolatile two-terminal switch corresponding layouts are mirror
images of each other. Additional preferred methods of completing fabrication and
passivation of the NRAM function (not shown) use well known semiconductor

fabrication techniques.
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word |ine, and one second word |ine as descri bed
further below. Nonvolatile nenory cell structure 2990B
WO 2008/053180 or | mage of 2990A, and 2- TNS 2895B i BCHUS2006/018043
mrror image of 2895A. Insul ator 2925 corresponds to
insulator 2815 in figure 16L. [0272] Preferred nethods
fabricate NRAM array cell structure 2900 illustrated
in figure 28. [OZ?SA First, preferred nethods
(0248} i cadwotheriméthod eft fabideating ap MORANbarkaygwith NS isedbscribed

ik Qe eied 4 Nobvdlh e ] 3o RS wdeidolh

iRs{Fed 289& e 0D coredpaaas BRIy ofbhtednofTdIMEE W a1
usi ng preferred nethods descrlged further above with

n3nelREswitch 3PPyt shewn gnfiame 17Mo ZFENSTHIOAA ipingerspnuegted with
P | [ of the atile.nmenory

oA 3 33 A el Bl PP B 3P flore o
sectominyfigure 29. BemtioallyusgenQ0yitheyireldasifzh @i toan28nib R AM

Hn.operation, a conducting path is formed between bit
cqll§ize @8R5 and drain 2910 through studs 2945 and 2970

in dielectric 2960. If transistor 2935 is in the OFF
(0286 €, NJABlaARARBEbry &Ul ARSI IR MBfudlOs TRE 3@AA DI t
_line 2975 is electrically isolated from nanotube
Intereapapgted 9dth Aranpistor Bdie ved jnt¢ncamsicttiorittP?@B5bit Knd, ont fiest

wil b oetel R 301 SErsPRE M Beieht Mopiplple memory

ceficndumtd YOOBak A higtoraaisduit3 1008 CartPrionve a1 WAL HR Al
el erent | 2890A t hrough studs 2970 and 2945, drain 2910,

napRRRA&WVitoarmay edlstretng 36 5Bsisuanzordmagneal 398duct i ve
el ement 2855A. [0277] Transistor 2935 is used to

[Oﬁv\ﬁii]s ct PQé?érlr&aneﬁl%h§ ickE NR&I@IQQPAPI&%P ngugtﬁheg?»r @%@Mu%t%ated in

h 1s also part of a comobn wo ine's

figmr$1dt. cells in the corresponding row. O her cells,

such as cell 2895B may be sel ected instead by
M nme

i vating. other, word.lines. In.N ry.array .
(028,101 b2 pERa R B8 il roesER b viagplanarized
surfaceo3 ide el ement 2890A by controll ed overlap | ength

2892A, for exanmple 1-150 nm and at the same tine

rlia ot her nanotube_ el enents in other cells by
["g%’ﬁ r ox&sﬁﬁfp ereferretbmethads fabreate pp BHeEesiata prycsg inclading 3-

TN BONEA biP2 ANITBISEP PO 0L SOL AR SurceiRS163 G N
row of cells simlar to 2 , formng

preferred methods described further above with respect to figures 17A-17M.

[0284] Then, preferred methods complete fabrication of the nonvolatile memory

chip on the intermediate structure to complete NRAM memory array structure 3100

shown in figure 29.

[0285] In operation, a conducting path is formed between bit line 3175 and drain
3110 through studs 3145 and 3170 in dielectric 3160. If transistor 3135 is in the OFF
state, then channel region 3130 is not formed, and bit line 3175 is electrically isolated
from nanotube element 3090A. If, however, transistor 3135 is in the ON state, then a
conductive channel is formed, connecting drain 3110 and source 3115. This forms a

conductive path between bit line 3175 and nanotube element 3090A through studs
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a common el ectrical connection used during ERASE,
PROGRAM and/ or READ operations as descri bed above.

wQ 0783%318lbnvol atil e storage cells 2895A and 28B&BUS2006/018043
cont ai ni ng one sel ect transistor and one nonvol atile
two-termnal switch corresponding | ayouts are mrror
i mges of each other. Additional preferred nethods of
conpl et i ng fabrication and passivation of the NRAM

{40518 KA SRS Ll 015 ST TG

elefn@hfii(lﬁaw.ng an NRAM array with 2-TNS i s descri bed and
illustrated in figure 29. Nonvolatile two term nal

(02831 T e ogmanon Sndr brecap po G PR HleRd D P LA sipg gate
31209 WhidhAk alk8pakWpe éifﬁﬁ&%&%ﬁiﬁé sBRRWRYith bthdrel1@inlhM

2-TNS 3095A°i s I nterconnected with transi stor 3135 as
corrdsporstingtwd @themﬂarsjaclam el 3t90Bomay be S1ated inbtgad bat ed

cotyife e PR EE SMNRAY e sy Ny isd 0 FBChve
elef@hEFNS0Al H28Q ’\% s NRBH Dk Aldncpt BBITAK Py 66httol Rt loveilaf Rngh90A

i ncl udes 2-T 3095A i nterconnected with transi stor
3092¢g5or exsanplat-450 annard aldhesame Gie oyprlansioteer ngptubg elements

o R OB, SRS LA By 536 PR S
eleir&nﬁ?OﬁOWmterwmg&s atoBdspoAding nekw nﬁ ol sirhilhreto t34B0A, forming
w lfiopeert st anesA dufios BRASE BRI EAMratHBRREAD °

oerQt%ﬂs%@H@scNB@@/hﬁdV ay cell structure 3100 illustrated
figure 31. [0282] First, preferred nethods

fabrl cate ini t| al structure 3102 having planarized
[0287} f ad¥oDiMile $t0R88TelNS005 Amndf30PPIB gontainiegiene sgiact cat e

oG SR 0Bl Tadl P S e BpRER ER 0GR

mitdSi inghgpd eff @kh ethefeAlditidnd @sefeirb® thefhodt becormpionsg fubiibation
respect to f| ures 17A-17M [0284] Then, preferyred
piyatonofith dBRatioa(pefshayn) HS& Welhkaavag sqraicordisiay

fabﬁ@étRmOthﬁ e%nter nmedi ate structure to conpl ete NRAM
menory arr y structure 3100 shown in figure 29.

[0288] Using the methods and embodiments described herein, one skilled in the
art could fabricate an nonvolatile random access memory array utilizing any
embodiment of a two-terminal nanotube switch. Some NRAM arrays could even be
fabricated including more than one different embodiment of two-terminal

nanoswitches.

[0289] For example, picture frame nonvolatile two terminal switch 1870
illustrated in figures 141 and 14J may be substituted for the 2-TNS 1070A and 1070B
in the NRAM cells illustrated in figures 23D and 23E, and in figures 25D and 25E.
Other NRAM cells (not shown) may be designed to take further advantage of dense

picture frame nonvolatile two terminal nanotube switch 1870.
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[0285] In operation, a conducting path is formed

between bit line 3175 and drain 3110 through studs
W@ 1003/053180 3170 in dielectric 3160. If transi stpPeT/BIBH6/018043

is in the OFF state, then channel region 3130 is not

formed, and bit line 3175 is electrically isolated

from nanot ube el enent 3090A. If, however, transistor

3135 is in the ON state, then a conductive channel is
Noh9s1a8l , TveoTviesidl Nandnde SwatAG adfigh Densty Gioks Poili Switches

forms a conductive path between bit Iine 3175 and

nanot ube el enent 3090A t hr.ough tud331701 nd 314&, .
[02804i n Bataprocepsaih @Pmﬂ@éﬁau%ﬁ PR CHPYRICT §3 ﬁ%"%sfi%, ctaiige
selﬁﬁeg&i&%dr\fﬁfigh,e@?c%urﬁgé%d PaliB8ls EERdI St Moicdd. 3Bxdrfiples of

used to select (or not select) cell 3190A using gate
pr&ii2B cowtred mchisleasmart pardigagks.anoblefondheld queh aseccl phpers,

with other cells in the .corresponding zQw. r
perdnl somgieh desay Mol G HE T ase Be vaLrgeide: Ly by
reqifrbinéAls 1 aROdHF ey i Ahuli} 2808, pdrforiNRANS, pBwer, yelabilay, quality,

structure 3100, "conductive el enment 3050A overl aps

anch timetto bt e FensonBOaPACHONs oHCh 85 PEESRIGSIACHFOPEHY IS

3092A . for exanmple, 1- . at (o fi
exgirer o e R iR SN B P el YRl dpBFcations
sectipipy fostuies Rkl a b aedarmossibilityobi rederoveardisgerihg i fequifbment
conductive el enent 3050A i nterconnects a correspondi ng
as el of cells similar to 3190A, form ng a conmon
el ectrical connection used during ERASE, PROGRAM
[og/ ort RRREELIRIN ASrdaRedy e rcﬁb@éﬁ)g An@8uction
Nonvol atil e storage cells” 3095A and 3095B cont ai ni nea
raropapsissectulted imiiceasing asmpeef @rawired reponfigurels legie figld|

PR st TRt B sPERH koLl AR RS e

redoafEh@Blei168ic Adh RAFBGHR] dre Bheen tifivealRAM SIQrubipsdrcfuse the
shown) use well known sem conduct or faarication

complerify ¢l SIC [ ezigghipeBrnigeieArwdnEith dddo 4R EOTRBIGY FARATEST
le\%gsg ﬁ{s{lﬁﬁlg N Gcfdaled ?dz}t%l @gl' ﬂr)x]lf%g tilf® thRSarRet! TREWbALity of the pre-

ricat& an nonvo ahdom access menory array
wittidi re¢atifizgrabhe/logiviuhifisrentesothan those of ASHE chips saHwt pigee are

reqiHie G ANOF ot RAACB AEB P U B At g e

rectom%%ﬁgfglggk r@g”ig&sggi\;,émes. [0289] For exanple, picture
frame nonvol atile two termnal switch 1870

[0292] The size and electrical characteristics of the pre-wired switch essentially
determine the reconfigurable logic architecture and potential applications. The
smallest pre-wired switch presently used is a prior art nonvolatile one-time-
programmable (OTP) two terminal antifuse switch between logic wires as illustrated
in figures 30A and 30B. The nonvolatile OTP antifuse is the smallest in size (area)
because it is a crosspoint switch placed between pre-wired logic conductors that can
be programimed to selectively interconnect various logic conductors as illustrated in
figures 30A and 30B. The use of prior art nonvolatile OTP two terminal antifuses to
design pre-wired reconfigurable logic functions is described in the following
reference: John McCollum, “Programmable Elements and Their Impact on FPGA
Architecture, Performance, and Radiation Hardness”, Altera Corporation, 1995. The
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illustrated in figures 141 and 14J may be substituted

for the 2-TNS 1070A and 1070B in the NRAM cel I s
WO bdoassrisi ed in figures 23D and 23E, and in fiPCFES2086018043

and 25E. O her NRAMcells (not shown) nay be designed

to take further advantage of dense picture frame

nonvol atile two term nal nanotube sw tch

1870. Nonvol atil e Two Term nal Nanot ube Swi tches as Hi gh
refEIRASId povier Potht PrisdtatM 16 7e6_NIBCOMIm DAPR BRARBSIABLE

conmuni cations,; and consuner sol utions are dictating
LOS8f_AGTTRRA .opt” dessi mprfound st hitpieiabsiarg. Thel prackadiselgses

t echnol choi ces.. anpl es of produc cover ed
forhii e A B gAY REBICBAF? HRAAPE Such as

cell phones, personal conputers, desktop/workstations,
[0293Y s EFiyede/30n iti§edi® pridiesentiOfy il peIENhE ON ECUDSERN oPY

m niaturization, performance, power, reliabilit

progeamned congdygting statetld2fa tigure 3RHrillugrptesapior ?Jéam%ﬁsg 1900 in
the R (OPERFHGR B oy SOTREION0 Rridf & SRAREnL P RDHuse

19G(p3lin candvoting staed920} gonfieadisri®30 and ho4(sara electrically connected
near.-i npossi bility of reyerse engineering is a

by AegftERO fosa AR Op .ohngq}heﬂ%@%umﬁ%ﬁ?, CPRURIF A0

and PO 0FhrB A6 CNBN B Ay UoRhdREd) dn@ iR o‘%%&‘iiﬂéﬁéd Lded BYRrd i flkRSs
resulted i n incréasing usage of pre- wred

smplbdessthgulFlgeenodsgfar, expinpled pr ogr anmabl e gate arrays
(FPGAs) for exanple. For many applications, pre-wred

n onfigurable JogicC.. S P re.chosen .
0298ED 0 AR of Bt B8Rk 3200 s B RIRE P hyprgne =
crokOpbift Shitdhscohfiguration,de® @dpacivaide, dddattvelIOw(1esistanee hnd
conductor levels, resulting in increased costs and
nolvola§Hlity-t Alse. it & difiquditto “teversa &RSines” aichipHe tisre theilpeig
Fo S AR i taf, £ B P ARn. "L 01RG: Rladn
harbie givironnggntscucn ed high tenireaded apd dighi leeds oemdiatipg (radiakien
h Iogli.c regions as well. [0292] The size and el ectrical
aréﬁ Bteristics of the pre-wired switch essentially
deternmine the reconfigurable |ogic architecture and

[0205] enthighdvaRREeLatlrdhart ahifusé 1800 BSIudpheghiwdlRge SWi t ch
presently used is abﬁr; or art nonvol atile .
Progf?én@%ecéi’ &y HanekEs) rbhighrpyrentadypisplly Hamlnper antifuse). Also,

Bl R IGEL BIGE AR SRl OB LS bt
compﬂatell;eeitminat.ed ifeoen (herpeervited aeesiightableslogicpars.sBecaute of

gt Rl RSS! SRS R S LSS DA QL Sy B

o]

out in a socket (test fixture) prior to use in a system.

[0296] What is needed is a way of retaining the density and other advantages of
prior art antifuse 1900, while eliminating or reducing the disadvantages (limitations),
especially the elimination of defective switches from pre-wired reconfigurable logic
parts and eliminating the need to program switches in a socket prior to use in a

system.

[0297] Nonvolatile two terminal nanotube switches, such as 2-TNS 1870 shown

in figures 141 and 147 and other switches described further above, can eliminate or
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be progranmed to selectively interconnect various

| ogi c conductors as illustrated in figures 30A and
w@aw7/031160 use of prior art nonvolatile OTP t wPCEUSI0NE018043

antifuses to design pre-wired reconfigurable |ogic

functions is described in the follow ng reference:

John McCol lum "Programmabl e El enents and Their | npact

on FPGA Architecture, Performance, and Radi ation

sigaifdastbsiedudd te limifatibposirio? Art shABhes TOVOIBORE eNEiBEres 30A

m?cgml nt r esent ation file
forexguirmprEbe wer ¢ mPkERthlppﬁl't ap@fpspewitch
1§(§UJ @Tﬁlts f8t7b95 é%s!ﬁg %gérg{eg betv%géﬁ it qﬁye t1s g%ﬁ%@?ﬁgeﬁmnt

formng an anti elec ric

switeh, aed, glerHapy excst injrd29a{ly &zg/lheeeré?éaé antl Ipusgrmma réfendly as
art. OSED) or. programmed

d F{lf &0190% in the ON (
SHB‘?f@%" YEe i@i@sulkpﬁuwge%@&ov guahle éﬁgé%Pfﬁ’Fﬁ laay be
s}ﬁftSﬁedaWtﬁ fd@ng?atl@ QR4 mgfrtg%?gm?%gq: g@&fed?%a r%i‘&?%élgé 1900 i s

ate 1910 prior to n
in conducting state 1920, conductors 1930 and 1940 are

[0298L ¢ r iTe 50y cabadisentsd npyvdatiletis teamiel nandudmsmmhes have

A ASe OB e 4 o Ao R ST BagFORTRL ot 3Ry
losaPROGRaMend RIRAS B yurkdies, aﬁtmaﬂ 9€ssi tharS 100 1A leles%ﬁtdhhan

lfng r node, for exanple. 4] Advant a&es of prior
Begaps |SWH§1éeSf%€FafimFea@bled@%%neﬂylr%bﬂ%\le tiggs wwugent to

Pﬁomﬂ@oﬁbaﬁw th g)lﬁoi: ) Eh&ﬂgé‘f éﬁh Rre- oillva(? ?ﬁ%@ﬁétﬁ%ﬁlg logic chips

relatively I ow resistance,
based din ﬂfll"bé& htaytbe ptogemned ien gysmﬁﬁ ehvisorahd. The hamke t h e

t|on whi ¢ r ortant in secur.it
ené’brgf“in@%&% PFce pha qi"é ﬁn‘¥ E gf%éPg&%{ afBYer?Fa?@Peeﬂng ylS nearly
ingpovdibleNiRAtsSthaUueficaan Bk dtkdtig @Hﬁéﬁ%@f&ﬁa&@gg?éﬁlané exg! s

of radiation (radiation hard switch
PrograEesnnapecs, f¥ eppmple. art antifuse 1900 include high
vol tage programming (10 to 12 volts) at high currents

[0269/P1 CaYdYe %pﬂﬂﬁft%%a @H)tsk Eé{:“?ig)l of ﬁ‘!)l%%lat]? EE A &&ecg%sgtpo%

ant’i f us r-amred

svatehi2008 essultagfoim lti&: mmgpiueh of g-TN$ nBTRétReh 1hCﬂQuEé’sel4I and
c parts, Because

re-w red reconfi abl oqi
14? [athco H%F%fﬂﬂ%ﬁs 235@?%5@% %Onﬁ%fﬁ? 20 Qfgrqsgonds to conductive
1dRdrRtiRY I
O Y% oy i Gt A ol iR ofBE Eicfilnd Mas il Bojans
180@ & i OQHh eldetbenverkap éeMyOb forregamplei hg 50 men, de descnjae(aﬁn‘ther

o SRR b i e L 08 YL Bt

2060 igintedddtddd$ fontact with nanotube element 1825 of 2-TNS 1870 through stud
1805.

[0300] Conductors 2055 and 2060 are in relatively good electrical contact when
nonvolatile nanotube cross point switch 2000 is in a relatively low resistance “closed”
or ON state. Conductors 2055 and 2060 are in relatively poor electrical contact when
nonvolatile nanotube cross point switch 2000 is in the relatively high resistance

“open” or ON state.

[0301] Figures 32A and 32B shows a schematic representation 2100 of

nonvolatile nanotube cross point switch 2000 illustrated in figure 31. Figures 32A and
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especially the elimnation of defective switches from
pre-wired reconfigurable logic parts and elim nating

W0 b@7083680 t 0 program switches in a socket pri OPCT/US28€018043
in a system [0297] Nonvolatile two term nal nanotube
swi tches, such as 2-TNS 1870 shown in figures 141 and
14J and ot her sw tches described further above, can
elimnate orsignificantly reduce the limtations of

3 L UURR S, 0 10

figrds 30t afd GOB with hohvol &6 naﬂctﬁ'lbé&‘crd)&ﬁﬁblm&“&aﬁlﬂlw Conductors

mctbetwe netal |ayers,
215@ apg 2 i‘@ﬁ FEUIS, %?%%ﬁgrrﬁ%pgpdtm%m 5930@&9 1g40,
re%%ove. ,%ﬁgﬁ’[a?gb 'EHE@OBE‘@@ @gbx Sils} gﬁg‘rﬁft@%e&?;sgfoﬁﬁ%@mch

resu pre-w recon I gura
21pQin the raa-;fabm:aetimﬁ@@RMﬂMEmi‘cégsedt’ gieitealtid Ofas Hbseribed fuather

DDA TR, oAb PaE P HECE S B v & I GELaw resistance

betVéch @B8SudRRY 91@%@521\4@' tR@RImPIk 1&s iRl OOMORHS or 1%&%%'\/'

voltages of 4 to volts, and relatively low P
L%Qcplgmomm@qumemy pFigatd 32B Blistrathamanbodecros @plnt

' . esvv;,tc re readil establ e,
sl o o RE RO o MRG0 e kBt oo
crcss@ PR SlitE102 100 State@ 10 2dvirtekpisils 196ae 1916 of pndsleedt antifuse
configurable | ogic chi ased on 2-TNS nay
198 &?Pé&n?s.a paing ?@tt@h?-]éﬁ\r Platsriid At cormponslsfie piate 1920 of

pn(%f‘?iﬂt 59@9&?@196001\1%5&[]6@ Bhs PR évfi&?ﬁl@ﬁ‘iin %%@GMMED

reverse englneerlng I's  nearly i'mMpossl
to thrange fiogi gate 220G ® sjlstedl L0y andithéncBIR ASEDOs petam to state 2120.

applications nd space or _exa
M Siseiiples e Tieh Sbaetiebe s Guaheiapgre. gve Gperation
of BAMERHiRhinh# HRARGEE %n@f f?ﬁsfh }%ﬂ)gijgroai%tﬁ E@nt%gﬁfé pre&silddl ng
fromthe integration of shown infigures
recopfiguableddgicw t h conductor | ayers 2060 and 2055.
Conduct or 2055 corresponds to conductive el enent 1855

wn 1825
(00210 Bkl lfifc eSS ARRLAGEMALER AR 102
nam@xairgdress pbiﬂt&@ntﬂlﬁs 2490 gers-cliip BRI ST aiid PR OHAML. functions are

| nsul at or 2002 .corr espF ng%g to_i nsul at or 1800 shown in
Poﬁ‘sﬁg% 12 SYBEM. eRSTRGRIEEH- %G I vol{age gquiremepty descsibed fyrther

i 7 tud
O P S35, AL S

1805
6.3de1846i lgxglhyfo agnd nedydrst deicoddd @oettipeas delsenbed in Bertin et al., U.S.
Patent No. 5,818,748.

[0303] The sections describing figures 14, 31, and 32 above describe two terminal
nanotube switches as high density electrically reprogrammable cross point switches
that provide reprogrammable contacts betwéen a first conductive element on the top
surface of an insulator and one end of a stud (vertical filled via). The opposite end of
the stud contacts a second conductor in contact with the bottom surface of the same
insulator. The above sections describe applications of electrically reprogrammable

cross point switches.
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nonvol ati | e nanotube cross point switch 2000 is in a
relatively |low resistance "closed" or ON state.
w@eovdostier s 2055 and 2060 are in relatively poRCT/US2006/018043
el ectrical contact when nonvol atil e nanotube cross
point switch 2000 is in the relatively high resistance
"open" or ON state. [0301] Figures 32A and 32B shows a
schemati c representation 2100 of nonvol atil e nanot ube
Cross pOvaTemminbENaZMBL Swikdhss bAHBM Donstty G B-iHy
Figures 32A and32B illustrate the replacenment of "prior
art antiepirggaargble Niofbeip fttr conudtisnoRerwieen Tivgur d&re
30A an j nonvol ati | e nanot ube cross poi nt
S tchqzl?%g.é%}r%ductors 2130 and 2140 in figure 32A
and 32B correspond to conductors 1930 and 1940,
[0804]p e c Funtkérygmbadimhemys fesl@icaly deB0gammdly ¢ia3brcsHsing

B85 Resiba BRI MEEs b LRants ok BT tupe plegnags replaces
stiete6ia iheRYnhdHibRE W}Iﬁ&?&@uldﬁ%ﬁ%ﬁﬁ%&ﬁy&ﬁ@ﬁ&iv@ﬁ&ﬁl such as

characterized by having a oW resi stance

tupgstee elingowducippes agd/80othaccaduorst dthearaotpbecleasst provides

o T 50 R 08, LT St
twpatetthinaMiviithe2d&Xribét fuleEOSEheaPeMboBhRhE A4 as

described further above. Nanotube cross point swtch
clesiiagllygeptoarappdle paingafrsraaocetionsaier ehipJalicatiop pibr

atdoianti fuse 1900. Nanotube cross point switch 2100,
pagkdgidd! :

stagte 2 110, corresponds to state 1920 of prior art

antifuse 1900. Nanotube cross poir switch 2100 may be
[03020GRANREDUD D cletrenbastd el isicall preptaftammableati@in?erddihections

a then ERASED to return to.state 2120. M1 ligns of
&l a%kKPg |h8§Rﬁﬁ5%°%%HS B pish IGUPERLL? PREAI LR REgess of
200kie¥ees dditiofiie! R eRAMPAE), ARG Fol&ihi SFhi SR AREoY Rvelsl §fien

prior to shipping products containing pre-wred
terpperawre laragsieantd @@;ﬁ@tzor{ ioBoRice Besv b ofrtaii eharadtertstice by

2h ﬁlgm' ng current of nonvol atil e nanot ube cross
. p%%?élg%{e ches 2100, on-chip ERASE and PROGRAM

functions are possible in a systemenvironnent. The
[03063h vDNRbetgee clemantrlasedtiscttieslty tepagbrimmbbleintaloreccudis

be.,gener at e n chi s, descriped in Bertin et al.,
Proyide’a pizn s Ch Rﬁ?e%?l@ﬁe@é%?vem @ﬁa SRS ROGCoRySHEEh

SREAERIMBN bE BlePSi hedqi t 2 svthcR:
° Pat ent Nogﬁ 5, §18{C%%%03] dl’lg(g)esﬁg%tflbgﬁgﬁnc}g% éi rsi“élfcﬁgo N
statq) @jateds imuprnogrondh @r domatiomecrokeserdsh Evenwithaevdrseal

engineering of the hardware, the interconnect network cannot be determined.

[0307] In general, though it is not illustrated, it should be understood that
elements in the described embodiments are in electrical communication with a
stimulus circuit which is similar to the stimulus circuit described above. In the
described reprogrammable interconnections, the stimulus circuit is in electrical
communication with a conductive terminal and one or more wiring layer conductive
terminals, which allows the circuit to reprogrammably form and break
interconnections between one or more wiring layers in a similar manner as described

above for the stimulation circuit that changes switches between two states.
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nanot ube switches as high density electrically
repr ogrammabl e cross point switches that provide
w0 e@rospismmebl e contacts between a first condup€T/Us2006/018043
el enent on the top surface of an insulator and one end
of a stud (vertical filled via). The opposite end of
the stud contacts a second conductor in contact with
the bottom surface of the sane insulator. The above
[0368)t | OOe ARSHIEId BTaRRRAkih S Bhd-8miRl n8ARES dwifdhby as high density
repr ogrammabl e cross point sw tches. Two
reffegranmad anatotiie nintarbaseationsibgtwddenwotwiriep dayersisal | y
... Repr ogr ammabl tube Via Interconnections Between
1HW§%m%gn%§P§mﬁ$ﬁp%ggLayers [0304] Further enbodinents
for electrically reprogramuable via interconnecting
[0309]t C hBEstapRfGRAGhAET depbaveondictbheXS SHeasbN®RMhickndss as
nanot ube el enent r%flaces stud via interconnections,
up

lygtraesd indigr ep 33/pi EandugtarSe0amag haues hickness iartharangaehs 1
508%ink Mﬁgﬂe %ﬂ‘n%@u@fﬂg‘ PRy asqﬂp”l'[? rCrom,eA , Pd, Ni, W, Fu,
conduct 0rs.” The “hanotube el enent provi des ‘electrically

Mo efg.dgy RifmiSheascwelhacothansithidt weedls,| aay ebmbiisitiogs of these.
Dﬂ&%ﬂﬁ | atil e nanotube two-term nal sw tches descri bed

o SuAseliatn b diish §bHe Ard TEW apther sitablecopduqtars,

_ g > :
B e
exanplepor chadetivehitidesi exitiésy or glicidey sachmbRaNy RO, TiN, TaN,

it er necti.ons are tolerant of. harsh enviro nts .
Cosfr gAY Rielr Beter iR oF ot ThaSamidBaRos pprerials
caflglgd Beasdent i grade, for exanple), and tol erant of high

radi ati on |levels. Hi gh tenperature tol erance and

radi ation tolerance result fromcertain

[03g0ar actVert Bieferdgretherotenpit damitrtscontingon 2 drsininee
coﬁd&f@%ﬁ%%ﬁgthe@gﬁﬂoﬁz Liy o%&lﬁ’r[ﬁ%girﬁmg’#c%mmodate vertical vias
e a hightle 0 Tn

I nt er corfnéct| ons provi vel security
as {lhstreted it figire 83dawsing knpowanindestry, techaiiquek. Opaniag B2bHm

cof 3t S s KBl R TTE SR ond Lo A

opélifig ISEL M in BYRR s¥dtioh if BY¥EISB AENObMREIor BI1®fs JfREfficient
hardware, the interconnect network cannot be

widfhtthatrioleetP 1 Sl p swfficipanberder regloougonndiopesingdR15 (not
B 2 G RSB GR oEPARTB53

escr nts are
and lenptinik patdroed wikdithe same masking step as used to define conductor 3210

dimensions such that conductors 3205 and 3210 form a composite conductor, with the
top surface of conductor 3205 and the bottom surface of conductor 3210 in electrical
and mechanical contact, except in opening 3215. Conductor 3210 may have a
thickness in the range of 5 to 500 nm and may be formed using metals such as Ru, Ti,
Cr, Al, Au, Pd, Ni, W, Cu, Mo, Ag, In, Ir, Pb, Sn, as well as other suitable metals, and
combinations of these. Metal alloys such as TiAu, TiCu, TiPd, Pbln, and TiW, other
suitable conductors, including CNTs themselves (single walled, multiwalled, and/or
double walled, for example), or conductive nitrides, oxides, or silicides such as RuN,
RuO, TiN, TaN, CoSi, and TiSix may be used. Other kinds of conductor, and

semiconductor, materials can also be used.
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stimulus circuit which is simlar to the stinulus
circuit described above. In the described

w0 e@rosgismmeabl e i nt erconnecti ons, the sti nmul usPCT/D82906/018043
is in electrical comunication with a conductive
term nal and one or nore wiring |layer conductive
termnals, which allows the circuit to reprogranmably
form and break interconnections between one or nore

[031X]i NngNegy pfefertddl Bethodd depbsitanglanaedasdatohEaPoalmggknown
for the stinmulation circuit that changes, switches

ingystrxeesihedio lasulaters320Sdls|openias Relharrl provideh pipkaser oy surface
32299 HRLSHLAR 1n AANBLYIRE 1HMNAGIIPOARaDISIAICEN LAl 00, BeO,

repr ogr anmabl e®nanot ubeé Vi a 1 nt er connecti ons
polyimidd, ot otfiet aytable inssildtink isdtédd] ef thick debguurths radigédoB83 @ 500

0309] First, preferred nethods deposit conductor. 3205
nr%ff%@%%ﬂpéfw e sl allustiedin ?@gferﬁ?eaaq b gqngidesed qn initial
stek@geuct or 3205 may have a thickness in the range of 5

to 500 nmand may be forned using netals such as Ru,

Ti, C, A, Au, Pd, Ni, W Cu, M, Ag, In, Ir, Pb, Sn,
[032]wel| Nexsis preféread methoddodeposibamd patteemebnsuntor A323 emsurice

ese. t | 1.0 such as, Tj . TiCu, ., Ti Pd, Pbln
25358 Fipcs onaf wuf¥ RadveelallePtiiglés g BlafitpecRndirtace o
foitnh @¥ERLS224 8¢ NRkeaté@id Belire BBB! iCKabh@d:s 32050hay haleubl e
wal | ed, for exanple or conductive nitrides, oxides

thigkness inciha sangs 9k ta§2>¢a9m, angypmy b formed Ksingawtals sl as Ru, Ti,
TS . 0 )

CrIAR ATy e dug Aot f Oyl GIAUGHRE L et an

coldbittatiops eff thesee Merel diogs subdpe JiiAuaTicCu diRE PhIc and WcWoother

3210 definin opdu ength, width (not sho an
su g gt ChTr v s Sinds i amilahialba Shdor
dohible Wilal B ex i1k 0 uF goznflgét_wésﬂiﬁﬂieg,r&\i\ﬂbsl HA4BEiHs such as RuN,

techni ques. QOpening i n conductor 3210 is forned
Rugxs iTaly, Kalwio$ik Ene Tk wey be tsede Qtberdondiuefiapnd@zos andy t h

openi.ng 3215 shown in.cross section in figure 33A
seiRRR g FRB BB B IRBRE, Sne Wt h that hol o 8215

| eaves a sufficient border region around opening 3215
[0X13)t sSNex#yprefdredd methodicdepdsif 21 Posecami fosmar mavkt layard230 with

I

851 REn HANGUE HAL Bl R B LA BISH, O0ns such that conductors
nﬂ%Z%S aﬁ%m2210 fo?n1a conpos??e conductor, with the top

surface of conductor 3205 and the bottom surface of
[0¥dh ducNext, rfa@rddrmeheds ditegtipnadlyctereendniton P2 Lo diregtionally

6tC%)§I()ESeIHEtltOII' 5‘2@? & &gec%%%zﬁly e%w géjncdtugtror §§é}§3 s{‘{)ap%in%aa\f thesurface of
insulator 3200 to form via holes 3240 as illustrated in figure 33C. Known directional
etch methods of fabrication using reactive ion etch (RIE) may be used to form trench

3240, for example.

[0315] Next, preferred methods deposit a conformal layer of nanofabric 3245 on
the bottom and sidewalls of trench 3240, on the top surface of conductive elements
3225A and 3225B, and on the top surface of insulator 3224 as illustrated in figure
33D. Nanofabric 3245 deposition may be done with techniques as described in the

incorporated patent references.
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thi ckness in the range of 5 to 500 nm and may be
formed using netals such as Ru, Ti, C, A, Au, Pd,
wORQO7TME318u, Mo, Ag, In, Ir, Pb, Sn, as well| asPOI/l82006/018043
sui table nmetals, and conbi nati ons of these. Metal
all oys such as TiAu, TiCu, TiPd, Pbln, and Ti W other
sui tabl e conductors, including CNTs thensel ves (single
wal | ed, nultiwalled, and/or double walled, for
[omnpl N)ext Elfef&%adwhbdfseﬁm irbidhCHERI0 oI EheslatoR B250) THO: for
such as Ru RuO, TiN, TaN, CoSix and Ti Six may be
example. withHles sufagelsf insulaion a2 planarized ag distraied e figwre 33E
rial.s n.al e used.[0311] Next, preferred
usﬂw%tkr%&gl %%‘Egglt?c@lq&gpl anarize insul ator 3220 using
known industry nmethods. Insulator 3220 fills opening
[03P7]5 aNexp peférdeismethpdsaputerd @ eself insulato3 3250 asing known

IIttd fi 33A._ | | at or 3220 be Si (2,

i s B i o e e ok s
[ f
E5H bk MR SEhple A SIMEHRSARY @ T ATIEI NG
3265 gtayéeaﬁlly pama]ﬂgerenmvsd cb&fmedreamwed |at alhby iterapdt siepeof
12 preferred nmethods deposit and pattern

m%@ﬁﬁﬁ#@f 3225 on surface 3222 of insulator 3220 using

known i ndustry techni ques, and planarize the surface

[03138] Or N aRsfabat 9245313 2t ftirel hrlry@bvai 186n preféidiuhehddEmay be
Conductor 3225 may have a thickness in the range of 5

use%tosemorviﬁﬁme%@,gm@ of apnasebripsysing #pbing, Lorexamplesorgther
apgfscm\l;\le elteéNm%L{tNés dgs%nbglg jnif A r}g? gfé%até%g refE cés Th?sbreSLg 3'in

her sul | nati ons
nahdrebeeleMehid26dlds ofsstratedhin figurki38F, Ti Cu, T| Pd, PDbIn,

and Ti W ot her suitabl e conductors, incI udi ng CNTs

| ed ?Ib ng I nCFL]ingggaod%ﬁ?ep@élﬁ a{\fip Va\%’fléfllﬁ%d!{lﬂqgg giqg))ﬁogg)éeecmg

th@ﬁor%lﬂé@ﬁmﬁﬂ%l@ﬁenm%edFé%@uoﬁichny Tphbgraadiakieans
Ti Six may be used. Ot her kinds of conductor, and

intgreaneesh iecteie 3280 eeillusiraied imfigure 336e used. [ 0313]
Next, preferred nethods deposit, expose, and form a

3{23)3 | 3Bl %3R0 il RO SERheRP3 IasA il fx%ﬂhﬂs and
ure I ne ocatl on eétrica
forheya m@m@hnndnb@taut asthdmsouubé) eldnfent 3265 at Beleoml] ahd ﬁipﬁls]urface of
t f ds di t | h t
conbisisr TSac BRI PRI IHEOFLBRuehs IS S22, Which
ov&'lé;%%tl 253hd ¥ndh SAnfORMEL: Rith3ARGubS LRARNNI @ atlshRwall and

surface of insulator 3200 to formvia holes 3240 as
top $urfece ph cediucior BRYAR.eSida@rllsdArof dianetwbe elaglent 3267 form vias

between conductive element 3225A and conductive element 3205A, and between

conductive element 3225B and conductive element 3205B. Conductors 3210A and
3210B, in electrical and mechanical contact with corresponding conductive elements

3205A and 3205B, may be used for interconnections.

[0321] Nanotube element 3267 overlaps the sidewall of conductor 3205A by a
controlled overlap length that is determined by conductive element 3205A thickness.
Nanotube element 3267 also overlaps the sidewall of conductor 3205B by a controlled
overlap length that is determined by conductive element 3205B thickness. Thus

conductive element 3225A, nanotube element 3267, and conductive element 3205A
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etch nmethods of fabrication using reactive ion etch
(RIE) may be used to formtrench 3240, for exanple.
w(Q 0B163318kext , preferred nmet hods deposit a confPCTEE2006/018043
| ayer of nanofabric 3245 on the bottom and sidewal | s
of trench 3240, on the top surface of conductive
el ements 3225A and 3225B, and on the top surface of
i nsul ator 3224 as illustrated in figure 33D.

folg A AL TINS 32404 8RRV Qive B 39S ihétibd SehRhOBIRT,
as described in the incorporated patent

anf gbedustive slefiB81B}05Reform apeedner3-EWSHA7/ABds fill trench
3240 with insul ator 3250, TECS for exanple, with the
face of i.nsul ator, 3250, planarized. as illustrated in
(032, < TGherariBiria Bood (G T eialedP o aiauitivsl lectisy Fofihection
belVeoeh copdiehivt EReheABIIPREA PABROSA idfuiimed eiD-TNSWF0Aris in a

. 3250 usi n%hknomm i ndustry n>-,thods as illustrated in
closeflirstatg 3Fhe registarmbety cpbelemsais 3R2aAna¢ 42eRA.Jpgome

t ghi [ Rl v s Prijiop o
enfReflbOf. Wy Bl Y TP LA TP 2AAS RO Ll P tcample.
Thefd 0 ueelati@dly g@ér emaviedvay hadhl rebiytabded eRbGRRaBéRRe&ion

i nsul ator 3250. [0318] |If nanofabric 3245 is not

be@vﬁemcén@uqﬁéﬁﬁ%@ntsﬁ@ﬁ%ﬁra@fiéﬂ%@ htTRGUE2 796§ inoan (Rped” state.
Thre%g?éffn SHREFEH iGNl Oggrr,] irCsoed ngbcgﬁll%ﬁg’m%;%e in
exanpl e, or ofher appropriate technique as describe

theé RngdodEpaeathed 1 MO ot greatethandasQ fdha Sclogdukiate, for
nanot ube el enent 3267 as illustrated in figure 33F.
expBleg SWiTE 32708 bpeeqreasporsding #iatey apbeiaracierisliss. ahhg gonsral
opé{AﬁHﬁ %@%hﬁ&g&isaem %B%ti?é‘@v@@%ﬂﬂaﬂdﬂo&b@%@@&%eﬂe
el ement - based el ectronically reprogranmabl e via
explatredboriect structure 3280 as illustrated in figure
33G [0320] Structure 3280 includes conductive el enent

3225A, . which | d.f - 1 C. t act
w th nheraBnd MRSk A Bt R AR T nce
of  CONRETHBFanBRAIAN RS HBE Vil Bitc3eShedli SR Bepbbed®ater Than

conductive el enment 3225B, which overlaps and forns a
near - ohwp WitBadaraswi t h nanot ube el ement 3267 at
sidewal | and top surface of conductor 3225B. Sidewalls

0323{> Ofn JSANRAUURE R 16 b Q618 YRR
L co duc]tfnl ve gfpgrrgant ggggg\esgﬁg conéuct?@é %ﬁ%ﬁ?eaégOSA,
repaogkalnat abdeemanotrhd i inteecainecints b8®ReB naord tlortdootiring layers.
In ﬁlleeegieargples(gecs)csrﬁjed%}qtggr%tei)o%vs, n%'rznlfgl'zl_t\tﬂ%%?ectrically reprogrammable
interconnections between four wiring layers are illustrated. Four layers are used for

illustrative purposes only; many more levels are possible.

[0324] Figure 34A illustrates is a similar structure to that illustrated in figure 33C,
but extended to include four layer via interconnections. Preferred methods used to

fabricate the initial structure shown figure 33A may also be used to fabricate multiple
wiring layers with conductive elements 3305A-C and 3310A-C one above the other as

illustrated in figure 34A.

[0325] Next, preferred methods deposit and pattern conductive elements 3325A
and 3325B using methods similar to those methods used in defining conductor 3225

as shown in figure 33B.
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3210B, in electrical and nechanical contact with

correspondi ng conductive el enents 3205A and 3205B, may
wheoonssxdsd or i nterconnections. [0321] Nanot ubePEl/E8N§/018043

3267 overlaps the sidewall of conductor 3205A by a

controlled overlap length that is determ ned by

conductive el enent 3205A thickness. Nanot ube el enent

3267 al so overl aps the sidewall of conductor 3205B by

ont r e .

O cr T e PR At e k8020 8 HRLELEL DERARE 34 sing

praefbmtbmbthaaQ bremehfotnidtion desnibod fBRRY ab&wrty o redped: iy e
a first. 2-TNS 3270A, and conducti ve

el enen
forgjaficn ﬁ’% trg @4% %’tat%léné!géﬁe}ﬁc 3267, and conductive

el ement 3205B form a second 2-TNS 3270B. [0322] In
[0320%T At NeR, pRfGRAMdBod: de PBS@! RHnbEBkY 339Wag ﬁﬁsﬁ‘ﬁt@@ Gffigure

el ectrica connectlon ween conductive el enents
348 2384 pagfarred 0B ods deso;nhgi:l alicfve 2nd MEStha 27@8parstei patent
refer% gsed" state. The resistance between el ements 3225A
Id'3§205A in some enbodi nents, nmay be in the range of
10 to 1,000 Wfor a "closed" state, for exanple. There

[0328] a rNéxat prefired pRaRods€ilbvia hoR! BB WatYinki180r 3350 and
resi stance) el ectrical connection between conductive

plag ¢ §u1§waélraﬁbﬁt@ﬁ§§f&ursmg prefaedmeihofs dessribed fusthen”
abHeatifh relgat teRksth P@Es@%%ﬁéhﬁ'rﬁ%@ §;§3225A and

sone e di ment's he range of
reater than 1M\ or greater than 1 GWfor a "cl osed"
[0328ht e N¢>t§rprefcami Imthﬂmmuﬁnmmmmaﬂdmaﬁpmmtmged

L W R

ustﬁg\pieﬁéiﬁi lﬁétﬁowsaﬂtmcfuftﬁér%ﬁve WA rdspedrith #briNanes h'a?iﬁ)tube
Sw tches as Hi gh Density Electrically Reprogramab

elenspiot26d dlvatetadindiseendd¥et i ons Bet ween Great er Than Tvvo
Wring Layers [0323] In sone applications it is

[039651 ' alle X et e[RY SRR g%@dstt' B \fGfiLd £ Q{‘lf‘%’ﬁ 3360,gs illustrated

. reprogra e nanot u la I n er connec
in frgwre 34K asing woefeired mgthbdyéassmbddrfurther ahosaplith rdgrcr ﬂobed

55 RSP RERREAE RS S0l PGS RS
eleméﬂltuﬁsé(ﬂél@@tncﬂgufepf@‘ﬁﬁﬁtaﬁé %1&&%%@06&&0&3& k@l 83’8?)

purposes only; many nore | evels are possible. [0324]
ure 34A illustrates is a simlar structure to that

[03131 us ttclge 338G ingludes amductive element 3325, which overlaps and

forms a near-ohmic contact with nanotube element 3367 at sidewall and top surface of
conductive element 3325. Sidewalls 3375 of nanotube element 3367 form vias

between conductive element 3325 and conductors 3305A, 3305B, and 3305C

[0332] Nanotube element 3367 overlaps the sidewalls of conductive element
3305A, 3305B, and 3305C, by a controlled overlap length that is determined by the
thicknesses of elements 3305A, 33058, and 3305C. Thus conductive element 3325,
nanotube element 3367, and conductive element 3305A form a first 2-TNS 3370A;
conductive element 3325, nanotube element 3367, and conductive element 3305B
form a second 2-TNS 3370B; and conductive element 3325, nanotube element 3367,
and conductive element 3305C form a third 2-TNS 3370C.
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but extended to include four |ayer via
i nterconnections. Preferred nmethods used to fabricate

wWo b@7/0sd180 al structure shown figure 33A nay al BOI/D82006/018043
used to fabricate nultiple wiring layers wth
conductive el ements 3305A-C and 3310A- C one above the
other as illustrated in figure 34A. [0325] Next,
preferred methods deposit and pattern conductive

[Oﬁﬁnenhﬁo%?@cﬁxﬁ, anslatBRRPE Ak 3Y e IY Fove te¥istice f dlectrical

those nmet'hods used in defining conductor 3225 as shown
copmectipn beiaved8 BoldRLBE clvmrnt 3320 @hd prpar #tbehibg sorduckve

trenc 3 i trated.in fj . [
e EER G Ta o PR BB Bga. sv70m
anfi/dk BBROC aligue‘cséd? stRS PERE rebidtaho Paveomelemehis 8325 ad@40
illustrated in figure 33C. [0327] Next, 5referred

338 Ahincomeegsalidimenin shaathe is tgawogast 19 toukPe2dar  nclosed”

figure 34 i ng. preferred nethod ri. he and
s 308 i PR e Sl R PP Eled el ES S AR
eldetredaB s ctigi h@esed ddndustive dihént 3330 avd 4y drnsldfahor

3350 and pl anarize the surface of insulator 3350 USI%{,}%

copduative elegnopis 1984 3l BBERC ffisorwanondig e TS 1 7/Pés
. tor. 3250 . )
s 830 Biflan SGP0he sy S Brahft DBl Petciibys 6377 4
3308ADfoe erxpplssid soagicaedizhents nodydderin ¢the mngoohgmataothain é
el ement 3367 as illustrated in figure 3

M 6 BRrigihga L{R4OH SR dote TR B UEhsn b AU TefseE0
hap@oorPRbhiihe N SRR LR ERER bl obURHOTREE. "

chaplaatesistief noswdlailo twd3Gthizad nahdtulst sveitahes are eikplpined Ieddn.
using preferred nethods described further above wth

pect .to insul ator .3260 illustrated.in figure .33
(OFEGEF T P Sraticns PRYRRS Romuit PREBRiBapess avan
befbRARBARASE G324 B dryCathdr)of cORIRESTABBBPAEBYAMAI C. Also,

i nterconnection structure 3380. [0331] Structure 3380

copppetigavhetwoeiianst jonbivgtvney B tpls copbiragonsdrqoagdectais$305
for, -ohm ¢ contact wi th nanotube el enent 3367
1¥§¥ag§éema§ﬁgg%g top surface of conductive el ement
3325. Sidewal I s 3375 of nanotube el enent 3367 form
[0335s bBywegnfcaanple refarie emeortvoBBikonanethbe chuoent-based

o e 2 S SR S e
34E, if switch A is “closed”, switch B is “open”, and switch C is “closed”, then since
conductive element 3325Ais connected with near-ohmic contact to nanotube
sidewalls 3375, conductive element 3325 is also connected to elements 3305C and
3310C, and 3305A and 3310A. This also connects conductive elements 3305C and
3305A to each other because switch C is in the “closed” state, and switch A is in the

“closed” state.

Two Terminal Nanotube Switches as High Density Electrically
Reprogrammable Nanotube Via Interconnections Between Two or More

Wiring Layers With Still Greater Densities
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3305A, 3305B, and 3305C, by a controlled overlap
l ength that is determ ned by the thicknesses of
web@mestiso 3305A, 3305B, and 3305C. Thus conducP@mES2006/018043
el enent 3325, nanotube el ement 3367, and conductive
el ement 3305A forma first 2-TNS 3370A; conductive
el enent 3325, nanotube el enent 3367, and conducti ve
el enent 3305B form a second 2-TNS 3370B; and
[0838]dUCtThY BroBd SI¥EBAs BB ated VArTatunes edreBinind3BEGtibed fdrther
conductive el ement 3305C forma third 2-TNS .
abg 87,0 unE3B 3] a via holsds auramdedby epngducting {aygissaoynd the entire

relatively.l resi.sta [ '
el etyiafilel FEh Bbe e s SO El Al coRMRREldpa, |
reGARBNEI foe s@ieiRntshddS0bherd3epidns SAtEMding fieholes, ladding

correspondi ng 2- TNS 3370A, 3370B, and/or 3370Cjs i.n a

padg progwavided en eachttpely Suchslandiag Pads AR ¥l BT spaoiBe

3 j i i | Vi Ak

el s R FIH AL RS Syt fE ey ik ConloRRES By

aldcSbeapla@daidiacentyto peetal lipes githouteb@titinglapdinggiads, thereby

. resistance) electrical connection between, conductiyve

IngIaTRE EOTSHOET FEINSIRPSHY %& F‘Td“S’F’gttﬁ%SR?SW@ﬁ”@W?Fé‘ C&P@?ﬁ\i%ﬁss
3305A, 3305B, 3305C if correspondi ng 2- TNS 3370A,

[033710B, rangé 95 1R3ENEs h planVidin 34008 onahietbs 34BD@n a top level
resi stance between el enents 3325 and 3305A, for,

andxcmmor @101¢ lovess wenduebs aiinealeyelsPdyOndop SORGHEIQraTigRs PO on
. t h 1 f " "
B SPLST e TSR kO ARG B

spa€ihg Betweet cogdustat ef alRdrishKyels iincehsedsin ofdwe tgewcet al
operation and characteristics of nonvolatil

minPUEEPAFIAR FCANARBERIS S 4% PanesmareVEls 14y 4R8I n.
in&Qc"b%ﬁlctéﬁ,'an&QIE’B'cgﬂﬁéc%ﬁvﬁ{ céddggdo? 3950 B4 LI IR 3445. Via holes

connectrons may be activated between conductors 3325
34@s doanyn mooarbelenoantsd UBdpoview 3300 carresBond faicross SREEENS

..connections betwee ny..c i pation or. [ tipl

e e B MR R TR 0P Vg Bl s

cotebPRith e toQRAvdiaf neRYuBE clBX@APbRed ERERICkII gprézrammable via
nonvol at1 1 e nanot ube el enent - based el ectri cal

inteagsmogetionr@BR@ illustated infigwn AdEtand 5 388 gdnstpieddn figure 34E.

illustrated in figure 34E, if switch Ais "closed",
k1t Ch 2By diS 3¢ : ' f SondabR8EH30 dihefdp level
[0§$%ke g@%ﬁ%é??@%ﬂgFgng%¥§%%%§§?§b%§ﬁhected with peve
andesie-op hdre oasatcanduda wisingievels 3550 lahdiog pa3dshave been

conductive el epnent 3325 i§ al sQ cpnnected to.el.ements.
eluninated 5 thas 8R3582 bEteongpRAuCiS %§§, g?ﬁ&_ re%-ﬁcfeg aéxfi ygring Hens1ty
hds YREE fcfe 8 QN WGIHNE Bl ARNbSatSBA et defined by the intersection

of a top level and lower level conductor. Nonvolatile nanotube element-based
electrically reprogrammable via interconnections similar to 3280 in figure 32G and
3380 in figure 34E may be fabricated using methods described further above with
respect to figures 33 and 34, except that the spacing between nanotube elements and
conductors will be smaller in cross sectional area because only a portion of the via
hole perimeter will contact each conductor level. Conductors 3530 are patterned on
the top surface of insulator 3510. Conductors 3650 are on the top surface of a lower

insulator (not shown) and are in contact with the bottom surface of insulator 3510.
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3305A to each ot her because switch Cis in the

"cl osed" state, and switch Ais in the "closed" state.
wa 7083186 nal Nanot ube Switches as Hi gh Densi t BCT/US2006/018043

El ectrically Reprogrammabl e Nanot ube Vi a

I nt erconnecti ons Between Two or More Wring Layers

Wth Still Geater Densities[0336] The cross sections

illustrated in figures 33 and 34 and descri bed further
AIRPOME enBSEHBR:st hat a via hole is surrounded by

conducting Tayers around the entire perinmeter of the

via hol e openi ng. Because of alignnent considerations,
(033 r efuioneemblinentssiglé wabed catberduanotibed oragidxe preferred,

regions_ surroundi Ng, Vi es, . | andi ads are
o TR0 BEer b HRR, Pty Aok ook BR e aliPomogs may
beipisteas edlss RafdtiBesifiyBEiked O Bt hufdton W tHERMBwiieY.e Naddtires
reduce wiring density. Via connections may al so be
as pl-aterpddigrein énmeans torean SINEIEERNQIVirpS aESIeadies ¢ fag-woven
| 1 s .
naly 084 S, AREGr S ERR 0 ERRAHEL ShnbbbbBH.
naf&¥abid, ntgs bendowitek usé.r at es a pl an vi ew 3400 of
conductors 3430 on a top | evel and one or nore | ower

ductor, Wi i | evel s 3450. Top.condyctor wires 3430
o FR ot Sesstibed oo verGe drieicpmitst Hiringed 40, Hjergpnnect tho

nah@GBE QRS BHRISLs WA RUBFeRloRaPlBERGucH REARRAS N Cu wiring
bet ween conductors”on all wring | eévels is increased

withrepprejeiate inswleténg layers much asgiORnpplyisejde, reerrelitesin@4mnect may
alsg?)% Ol mor e u@%i' %T]tg%lna%lﬁrs 3@ O are interconnected, and
al sc‘j""‘(,gil)enr%gf 0 COREULY O%‘Xgﬁlgby vi a hol es 3445.
Vi a hol es 3445 contai n nanot ube el enments. Top view
[0BUQO0 COhe¢ dmepttivth thay b @abodiedin @& spkdifis Forafsaditiiont departing
figures. 33 and. 34, descri bed further above, with via
fromyfhe suit o7 etsepiid Shaartrgstics thiserfo [ Thepresenifhpadiaents are
thefBIER eRBAGHerEh ﬁgﬁfg%é‘cﬁ 4s>mﬁ§1%99 LATRRRESrivhR,

I nt erconnect 1 ons ustrated in figure 33G and
3380 illustrated in figure 34E. [0338] Figure 36
Relateddpplicasions pl an vi ew 3500 of conductors 3530 on a

top |l evel and one or nore | ower conductor wiring

[0334%;3 ﬁgﬁggﬁ%&ﬁ&giﬂglapﬁq§ %@o@@@eﬁé&%&%?fﬁ% %%.a‘éﬂ%ed

en conductors and Wi rl
to thenassigneechdshib agpiication aabad hedbg ilwiresatdd 9 refentobatmdn
at a corner defined by the intersection of a top |evel
thelf ftIHGET | evel conductor. Nonvol atile nanot ube
el enment - based el ectrically reprogrammbl e via

I Nt ecQRRRShh MBS MEﬁBfﬁAﬂﬁ?U%i%%Q\ﬂrﬁhfﬂe%Bﬁorﬁ?a@d asthod for
Making Same (U.S. Patent Application No. 09/915,093, now U.S. Patent No.
6,919,592), filed on July 25, 2001;

Electromechanical Memory Having Cell Selection Circuitry Constructed
With NT Technology (U.S. Patent Application No. 09/915,173, now U.S. Patent No.
6,643,165), filed on July 25, 2001,

Hybrid Circuit Having NT Electromechanical Memory (U.S. Patent
Application No. 09/915,095, now U.S. Patent No. 6,574,130), filed on July 25, 2001;
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3380 in figure 34E may be fabricated using nethods

descri bed further above with respect to figures 33 and
w@2q07/0530ept that the spaci ng between nanot ube PCEDR0&018043

and conductors will be smaller in cross sectional area

because only a portion of the via hole perinmeter wll

contact each conductor |evel. Conductors 3530 are

patterned on the top surface of insulator 3510.

CondtleéturBecBad0alaltBe®Mrdch gurictipn Dévicas €USE PatehoMpylication No.
i nsul ator (not_shown) and are in contact with the

104%3: 5% Baw Lhe el %wthfs G5 $823 S o Peenaes 28 ¥H: nent s

[0339] In sonme enbodi nents, single walled carbon

o A AR i PSR .

Patey Alpplipatmhe¥e.d@/033103Q, man ok SilRasenrdp. 65 84.928), fiked on

Dco%unﬁig W th nanow res. Nanow res as mnentioned
$remrn2s 2O8kant to mean singl e nanowires, aggregates
cf non-woven nanow res, nanocl usters, nanow res

ent aggofthe\Hitnlk élﬂn&ﬂiél}z@fm@ @’ﬁfehﬁAgghéhuBﬁ'l\Rf abr1g,118, now
matt es of nanow res, etc. descri bed above

U ShRatepitNe. SoHIeeA02) filed Ay a3at2§)02ht erconnect the

nanot ube device term nals may be conventional wring

suc r i .
" nsaried SRkt o AR, 3RRLERYD B fion o,
10V 128elr1@onove &1.S riagera NoD 6&8559[0); tfiged Apnmﬂ ©2oo2yal |
nanot ubes used for wiring. [0341] The invention may be

i n..aother specific for t hout _ depa
£ r onefass g HetiEs GRS on e L rPELobbsr
Eldhigntp hes ARiclenendi Pﬁéﬁt%@h@aﬂdﬁ% &H1orR11tonshile@bs TaRhasH13,
in respects as illustrative and not restrictive.

20R&) ated Applications [0342] This application is
related to the follow ng references, which are

ass 'I%Qtﬁgdst & 0k ?ﬁg{ ]%@Fa?L erd {8 ﬁaﬁe?ékfb%ﬁﬁ\ia%hu%? ?ﬂﬂ?}{s?

her eby |ncorpor erence reinint
Lagexs) Fatrice Ribbbies Ei@rmmamh AaicleMEO. Patnt Applilsitiog No.

bons n thod for Making Same (U. S.
10&3921?3%&% %88?09/915 093, now U.S. Patent No.
6, 919, 592), f| I ed on July 25, 2001; Electronmechani cal

Me ”M&thb@svéﬂt%lﬁ’g Ple-o2MBE& Naftubeés't6 M&l{eycﬁaaﬂs NaHstiBSFilms,
Wth NT Technol o (U. S. Patent Apgol i cati on No.
Lageyp giadricy, Ribheng. Blemenppandnirtigss (U.S. Patent Application No.

10/341,054), filed January 13, 2003;

Carbon Nanotube Films, Layers, Fabrics, Ribbons, Elements and Articles
(U.S. Patent Application No. 10/341,130), filed January 13, 2003;

Non-volatile Electromechanical Field Effect Devices and Circuits using Same
and Methods of Forming Same (U.S. Patent Application No. 10/864,186), filed June
9, 2004,

Devices Having Horizontally-Disposed Nanofabric Articles and Methods of
Making the Same, (U.S. Patent Application No. 10/776,059, U.S. Patent Publication
No. 2004/0181630), filed February 11, 2004;
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6,643,165), filed on July 25, 2001; Hybrid Crcuit

Havi ng NT El ectronechani cal Menory (U. S. Patent
wWo\REIZ0sH80 on No. 09/ 915,095, now U.S. Patent NeCT/US2006/018043

6,574,130), filed on July 25, 2001; El ectronechani ca

Three-Trace Junction Devices (U S. Patent Application

No. 10/033,323, now U.S. Patent No. 6,911,682), filed

on Decenber 28, 2001; Methods of Making

El eabdQem aNam £ bt NEBishbRENaldRHricoRr RN A€ MdthbdB-of

Pat ent Application No. 10/033,032, now U S. Patent No.
Meking the03@)e (.51 Rajers ddppéicaidnaNo. A8/ 7780072, Uniatenb Bublidatien

a j U. S.. Pat ent plication No. 10/128, 118,
N%%&O@{wa’éﬁﬁﬁ%‘?m%rﬁge? 5 ed on April 23

2002; Methods of Nanotube Filns and Articles (U. S.

Pat ghitterep Na@otdopit Aeicles @hd BEstHokds, of Making the Sateqlt.S.Nutent

6,835,591), filed fﬁéil 23, 2002; WMethods of Maki ng
Applicaden NantV 9l 9, Uss Pateay Buklicaigh Noe 2005 HiST88).

El ements and Articles (U S. Patent Application No.

3415 : | : f .

0854140l 0l v 08 o i
frdoa fher spiritfeaiesiential dRataberistics Eheraei thegmekent ¢roddimeits as:

Pat en li.cation No. 10/.341,055), filed January 13,
tnesi5E toieRa S e Rip FRALF G Bhg A EBEERTS nake

Car bon Nanotube Filnms, Layers, Fabrics, Ri bbons,

El ements and Articles (U S. Patent Application No.

10/ 341,054), filed January 13, 2003; Carbon Nanotube

Fil ms, Layers, Fabrics, Ribbons, Elenents and Articles

(U.S. Patent Application No. 10/341,130), filed

January 13, 2003; Non-volatile El ectromechanical Field

Ef fect Devices and Circuits using Sanme and Met hods of

Form ng Sanme (U. S. Patent Application No. 10/864, 186),

filed June 9, 2004; Devices Having

Hori zontal | y- Di sposed Nanofabric Articles and Met hods

of Making the Sanme, (U S. Patent Application No.

10/ 776,059, U.S. Patent Publication No. 2004/0181630),

filed February 11, 2004; Devi ces Havi ng

Vertical |l y-D sposed Nanofabric Articles and Met hods of
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Maki ng the Sanme (U.S. Patent Application No.
10/ 776,572, U.S. Patent Publication No. 2004/0175856),

WO pdogdsHebruary 11, 2004; and Patterned NanoscREi/US2006/018043
Articles and Met hods of Making the Sane (U.S. Patent
Application No. 10/936,119, U S. Patent Publication

W’l\llg'i 2?395%)11828788). [ 0343] The invention nmay be
SRLSGIEEST B ot her specific forns wi thout departing

1. f r om &hereARinkl dwiRhiRSRORE] @mfil@igact eri stics thereof.

The present enbodi nents are theretore to be considered
i n préepeonductive tarminlly ati ve and not restrictive. Wat

is claimed is: 1. Atwo.termnal .sw.t ghi devi ce,
conpr i gohdicnb wrmilhin S Calapiio e A% Sl
congughdtie AriERIHARNgiablcaRame hah@liBd, s8id aiticlé beinkiaf@hged to
termnal ; a nanotube article having at |east one

ovastapct lnset 2 rastien af edch|oé thedlipipndrseeangidarmigalsiaid ap at

| eagt,,. rtion.o J . .

tor BB bR P Up G cBhuddifalibh M AR PGRE the first and
secondmagmiredd, i on wth at | east one of the first and

second terninals, said stipulus circujt capabl e of

appl yi ng said st siteed panahle of appingen st sletirisalstimplis to at
leageosniysb? giéc%§%?@{y%g gevﬁ%g g&\/\@ ﬁétﬂ{hece}e%i rst aﬁntg second
betweemihedlrst dandeacandrietnznaly éom & miativeli lovvanasistance @ a relatively
h.belatively hi gh resistance, said sti-.nulus circuit
188 IBANRECof  appl ying a second el ectrical stimulus to at

| east ongai@kti hiiRislcirbsit c@%ﬁle&ﬁ"éﬁ?@ir{ged SBcom sletwicanaingus to
the resi stance of the device between the first and

at lgasg oneiof e firyiapd seqopehtermiedlato chenge the gesistenge of fhecdevics
e LN Rl S SR el
lovcrsisampands to a first state of the device, and

wherein the rel ativel oW resi stance be en the
first an¥bewibikg r%léﬁlvﬁ)f}ﬁ&gél regditpe ma%enttﬁe rgg éE‘E?Fd‘OHd

terfirlsoPespdies HRY HE® state of-m@déi)f@é@t, %igd glﬁe&ir?ﬂh@rélatiM§ (&N

S
the first and second states o evi ce are
resistano@betwicethe first and second terminals corresponds to a second state of the

device.

2. The device of claim 1, wherein the first and second states of the device are
nonvolatile.

3. The device of claim 1, wherein one or more thermal characteristics of the
device are selected to minimize a flow of heat out of the nanotube element.

4. The device of claim 1, wherein the nanotube article overlaps at least a portion
of the first terminal with a controlled geometrical relationship.

S. The device of claim 4, wherein the controlled geometrical relationship allows

electrical current to flow relatively well between the first terminal to the
nanotube article, and allows heat to flow relatively poorly between the first

terminal and the nanotube article.
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3. The device of claim1l, wherein one or nore thernal
characteristics of the device are selected to mnim ze
w@2do7os318d heat out of the nanotube el enment. 4pPCT82006/018043
device of claim1l, wherein the nanotube article
overlaps at |least a portion of the first termnal wth
a controlled geonetrical relationship. 5. The device
of claim4, wherein the controlled geonetri cal
rel at hnj t.f I f .
6ol S OBFit B Al A R L e ok Bl b Blpahip s
nangtedetrmirted ek exnt afevealap.ows heat to flow rel atively
poorly between the first term nal and the nanot ube

article. 6. The deyice of claimd4, wherein the e

7. CondiHs ke GEgARE b ChronahepegHeriBes Xt ptdenan itmidein
ext exd raRbe OVEld A nn{. The device of claim®6, wherein
the predéterm ned extent of overlap is within the

range of 1 to 150 nm 8. The device of claimé6, =
8. wherldp devige opelaige b ewhérpiadheriedetermined extentqf dverlep ishwithin

t he 0. 50 nm 9. The device of claim§6,
V\heglgeﬁﬁggan(ghpsﬁg etnélg'rri ned extent of overlap is defined

by a dinension of the first termnal. 10. The device
9. of dhaidavite ofdieines whdreinfthe pledetenaived extentadfeivelip is defined
conprises a.material that conducts electricity
fithg%&st

r el Q¥ \FEPERSIQR?P ESP¥RAEt s heat rel atively poorly.
11. The device of claim1l, further conprising a

10pasghy akviedlof @it 1 AVEROEKE Bt EQRIUBANOLIBRENEIRTRRES a
12. The device of claim1ll, wherein the passivation

| ay &ateishihal eaxlugts elechidityirelativaly seHdudtoondisss heat relatively
rel %&yzl y poorly. 13. The device of claim 12, wherein
t he*passi vation |ayer traps heat in the nanotube
el ement. 14. The device of claim1, wherein the
11.r esiTht dendee of claine] flurthér cohmpiiging pRissivatimit lagdi@lipobeion the
times |larger than the resistance of the second state.
15.n¥l?é‘%?f T8 of claim 1, wherein an inpedance of the
first state is at |east about ten tines |arger than an

12.1 NPEHABGACHH dIdier BE GRS HRYRssivation layer comprises a material

that conducts heat relatively poorly.

13.  The device of claim 12, wherein the passivation layer traps heat in the

nanotube element.

14. The device of claim 1, wherein the resistance of the first state is at least about

ten times larger than the resistance of the second state.

15. The device of claim 1, wherein an impedance of the first state is at least about

ten times larger than an impedance of the second state.

16.  The device of claim 1, wherein the first state is characterized by a resistance

above about 1 megaohm.

17.  The device of claim 1, wherein the second state is characterized by a

resistance below about 100 kilaochm.
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16. The device of claim1l, wherein the first state is

characterized by a resistance above about 1 negaohm
wdaZ007/0ka8@evi ce of claim 1, wherein the secondPGL/HS®06/618043

characterized by a resistance bel ow about 100

kil aohm 18. The device of claim1, wherein the first

el ectrical stinmulus is an erase operation. 19. The

device of claim 18, wherein the erase operation

CcO | ses. th i ul ' ' b vi latively
187 gnitsafeyisg & shbinds vt (P R BBt R et

20. obemtidavi ce of claim 19, wherein the relatively

high voltage is within the range of 3 to 10 V. 21. The

device of .claim 18, wherein the erase operation

19 opfhesdsyice pg claim g} whersin the Prase PRATYH M oFpaiset thesgulus
vol t : tr 2 ' ] :
wher S BUO R AELATS AR LRl 105 e TR Spd BRI Rorinals
pul ses, and a nunber of the pul ses together are

20s uf fThei denicetof cabrai§ewhéreindbe radgively hilgh vbitagstis stithirethe range

22. o}!}et iﬁ\&yce of claim1, wherein the second
el ectri'® stimulus is a program operation. 23. The
devi ce of claim 22, wherein the program operation

21¢ONPrHesiRSick B cRirh IT8| Wherin' thél bfas@Ppdraticicomnpriskaihle \seihivlus
| ow voltage and a relatively | ow current across the
f i r Sircai gbRIBEIe 08 ey 4pliage pulsespraondhe Best grd sgcandn
23, ' r.el.at j: I t ' ik Ri
¢ and SR G i EIOo RPN EHRu bt Hebul B anda
wi t humitchef thamgleofogter 4re sitfildienh i chahge fheelediew it thedirst
claim?22, wherein the program operation conprises the
sti %S circuit appl yi ng one or nore vol tage pul ses
across the first and second termnals, wherein an

22anplTHeURQicelof EREM NUKEESIn Be WEBORH @TIRE] §thRulRssSeSrogRRT
a nunber of the pufses together are sufficient to

charf@erafine. devi ce to the second state. 26. The device
of claim1l, wherein the stinulus circuit is capable of

232PPI MR of claim 22, wherein the program operation comprises the stimulus
circuit applying a relatively low voltage and a relatively low current across the

first and second terminals.

24.  The device of claim 23, wherein the relatively low voltage is within the range
of 1 to 5 V and the relatively low current is within the range of 100 to 1000
nA.

25.  The device of claim 22, wherein the program operation comprises the stimulus
circuit applying one or more voltage pulses across the first and second
terminals, wherein an amplitude of the pulses, a waveform of the pulses, and a
number of the pulses together are sufficient to change the device to the second

state.

26.  The device of claim 1, wherein the stimulus circuit is capable of applying a
third electrical stimulus to at least one of the first and second terminals to

determine the state of the device.
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third electrical stinmulus to at |east one of the first
and second termnals to determne the state of the
waelewro83182y. The device of claim 26, wherein theCT/052006/018043
el ectrical stinulus is a non destructive read-out
operation. 28. The device of claim 27, wherein the
non-destructive read-out operation conprises the
stimulus circuit applying a voltage across the first
2and Thededcd eff dthinal& whizteis dirshind eleb@ichesinailadic @ non-
between the first and second term nals, the voltage
bei \rqgesélﬁFtﬁYecﬁ'eé%oPS/OHeéWOPhat it does not change the
state of the device. 29. The device of claim?28,
ZWer?h@dNi@e Hioélﬁlﬁﬁﬁ lytheRIR He“:hro e ARRAYL %0 Yop?xgxtlo%[ he
device of claim1, whereln Peast one ;} th
and ewupnisgs ther shmdusscwu&rapp]gmmcétﬁge aabsg the fingtraat yemnd
artigcle. ce.o aim1, erein o sin
oo g Rging it e Sfitece dpbsa e VT rdwemrir
| easthedoRasd Haéih'fgl_ sHtrigieatly Riv ﬂhQ@it fibdsSiot BRh g BOASke of the
term nal s. he device of claim1l, wherein one of
t he 49%iex and second ternminals is a picture frame
structure that overlaps a peri phery of the nanotube
rei he
e nofnpte B AChARE! L8R RaSaR il G AR S
the other of the first and second terninals overlaps a
3G ent Flzd deveg aficlaif T, véheredam ot Iedse one of the Eirst3dd sddoad dewiinss
of claiml n the |rst termnal has a plurality
of SUYF4RL e %’?&?&‘W%ﬂﬂ Rattlube article
substantially confornms to and overlaps at |east a
31por t T dedfice B ctiinna RvHeRdn Spds@end$of theRen&LBEBAik1e0f
claim1, wherein at |east one of the first and second
t er rFEPRSCE Ve oVarlapeatieasha pyrtion pémCédefﬂ@faﬁnt&t and sgaend terminals.
wherei n the nanotube article substantially conforns to

3oat | ’ﬁﬁ:scieggcw i eidn?in,l g&fhefetﬁgoﬂe\?\%ftthg Ak X PEdBRE ?eggﬁr?a?st M€

36. The ¢larm er el e nano
ar t | mttereciyape ssedus tha givartapsfa peapkndsrgtmé tlfeamnbmbefamcle, and

CR)ed ori e tation Ci? .The,. devi ce of im1l, wherein
the ShBPUBETIAP ficeh il deginn Pk T S SR

nanot ubes. 3_8. The dev! ce of_ claiml1l, wherein the
33nanorheaevivetof ¢l£m G hERaSths bl 6f e lfir&dind second terminals

overlaps a central region of the nanotube article.

34.  The device of claim 1, wherein the first terminal has a plurality of surfaces,
wherein the nanotube article substantially conforms to and overlaps at least a

portion of more than one surface.

35. The element of claim 1, wherein at least one of the first and second terminals
has a vertically oriented feature, and wherein the nanotube article substantially

conforms to at least a portion of the vertically oriented feature.

36.  The device of claim 1, wherein the nanotube article comprises a region of

nanotube fabric of defined orientation.

107



nanot ubes. 39. The device of claim1l, wherein the

nanot ube article conprises nultiwalled nanotubes. 40.
wab@7dssasce of claiml, wherein the nanot ube aPCT/UF®06/018043

conpri ses bundl es of nanotubes. 41. The device of

claim1, wherein one or nore nanotubes in the nanotube

article are selected to have a particularly strong

radi al breathing node. 42. The device of claim4l,

37Wher’ﬁ1 r&le{lllgg oP?&%xirl %,aq}\rﬁ%%%lttﬁé B&B%He}gh&krﬁ&ﬁgﬁéé%idagb led

behavés as. a eneck evice o0
cl ainanétuBgs. wherei n the particularly strong radi al
br eat hi ng node couples to a node that causes a

onnectjon between a nanot ube a onduct.or in.the

3 Gev 108 dBCHPEHRTT MURIPR e BOIIECBHOF OTRE SIS Halled
COMbh&fBesone or more of the first termnal, the
second ternminal, a nanotube, and a nanotube segnent.
44. The devi ce of claim1, wherein the first and

395 ec e desicerohelnin Arehereindhe nar®tubprpsticle ppweriess reylgmalled
44, V\,hetr%ln the nmetal conprises at |east one of Ru,

Ti, P&POUAYS: Au, Pd, Ni, W Cu, Mb, Ag, In, Ir, Pb, Sn,
Ti Au, Ti Cu, TiPd, Pbln and TiwW 46. A two- term nal
40memahy déeice ofclate mpwh&biﬂghe farfotutetardecadompiises bundles of

termnal; a second conductive termnal in spaced
rel #RYHDE the first conductive terni nal ; a nanot ube
article having at |east one nanotube, sai d article

41bei ﬁgle Wl RP YL atn? 1 OWBLERARMor nRRS harfbtitfs ih 2 Rho®B6 Brticle
of the first and second term nals; anda stinul us

ci r @i seléctedgb bave & p@tm@l@ﬁmﬁ@m@hbmtmngmoﬁ@ast one
of the first and second term nals, said stinulus

1251 S B g PR IR By P AP o

t er iehales at 0 ttepasl Wwitenetk.nor e gaps between one or nore
nanot ubes and one or nore conductors in the device,

al df d%\rflllce %f claim 41, wherein the particularly strong radial breathing mode
couples to a mode that causes a connection between a nanotube and a
conductor in the device to break, wherein a conductor in the device comprises
one or more of the first terminal, the second terminal, a nanotube, and a

nanotube segment.
44, The device of claim 1, wherein the first and second terminals are metal.

45. The device of claim 44, wherein the metal comprises at least one of Ru, Ti, Cr,
Al, Au, Pd, Ni, W, Cu, Mo, Ag, In, Ir, Pb, Sn, TiAu, TiCu, TiPd, Pbln, and
TiWw.

46. A two-terminal memory device, comprising:

a first conductive terminal;

a second conductive terminal in spaced relation to the first conductive
terminal;

a nanotube article having at least one nanotube, said article being arranged to

overlap at least a portion of each of the first and second terminals; and
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of one or nore gaps changing the resistance of the
devi ce between the first and second termnals froma

WO edoawsed y | ow resistance to a relatively hi ghCT/US2006/018043

resi stance, said stinmulus circuit capable of applying
a second electrical stinulus to at | east one of the
first and second termnals to close one or nore gaps
bet ween one or nore nanotubes and one or nore

con ql'é&h‘l ?]u;él clﬁxgu{t heedeVE G ommdlg a‘ﬁloﬁ %&}ﬂgxgat ?éaspgrfet &'thd"BsE and

gaps C Iresi stance O evice ween tba

sedond $érnads,second termnals froma relativel y hi gh

47.

48.

49.

50.

resi stance tq a_rel atjvel | ow rGSISt nce

conduct 0B FUERBISEEFIE S2RIGHRT aé’éb’u%ﬂ% e"‘?ﬁﬁr’éa{ﬁﬂn%%’és to at

fir %as{)&{e"ﬂf R flrst %&%SQ@Qr aﬁ't@% en Qné &Y }ﬁ«t.)fétg%ps Bétdedn

nanot ube segnent erein t relativel

r esiost anmretxﬁnmﬁﬁas advbore crrsmora ndndm:lmm th theldﬁvnqa,l seid opening
nds to a fjrst at e, dewce

whe PEPRE Prisofeeaeas Fianeyns ivisvistingt 306 e Lefy P e frst and

firgtcoAlemRtAneofed Mdﬂﬁr@? 16@%§§@&!&C{§ alrlafivél ¢ Goihd
state of the device. he devi ce of clai m 46,

wheresistartche first and second states of the device are

I I h '
ronre) at o IR BHLSE B nBLAL DA e

of thrRastdRebLERR faktdndlsecdnd tOPENalo Reclose oAy & rg@'{asgapsw
The device of claim48, wherein the fléit el ectrical

st | Malveen Ghe PHERTesNagOthes 3Rd enesRers soRduciors I digdlevise. said
arti, o ¥ ah @l B e
wher gqﬁggﬁe %Pf %?i@%%%ﬂaﬂrﬁg%wglﬁgsﬁ%ﬁe?? |tcs of the
deviftst aad eecoal eatrénhls from avetdtivelyaigh waistihch trad redativelyflow

t he nanot ube el enent.51. The device of clai m50,
whefei§i@%e 1 ow of heat out of the nanotube el ement

i's m ni MyaReibY cBhERIG R %etctwlce@eﬁipﬁb& cHeldr Ghete dNchetilier
first termnal with a controlled geonetri cal

r el &rimonahihp sedead términalsa pragtubel AW orANOBIOESAMARINOt Ube
article \%})fl‘&l% e reﬁ%v%lhéﬁ% ?r %&&?&%Weéﬁzthe-m& ﬁ\éé&ﬁd

of claim erern eonetrica
r el adrnadHeq@rdspoisno aditiatae oftle dx'tfiemtandfwlra:vean teerelatively

low resistance between the first and second terminals corresponds to a second

state of the device.

The device of claim 46, wherein the first and second states of the device are

nonvolatile.

The device of claim 46, wherein the first electrical stimulus overheats at least

a portion of the nanotube article to open one or more gaps.

The device of claim 48, wherein the first electrical stimulus overheats at least

a portion of the nanotube article by Joule heating.

The device of claim 46, wherein one or more thermal characteristics of the

device are selected to minimize a flow of heat out of the nanotube element.
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53. The device of claimb52, wherein the predeterm ned

extent of overlap is less than 50 nm 54. The device
wobooclsdige 50, wherein the flow of heat out of PEEUS2006/018043

nanot ube el ement is mnimzed by selecting a materi al

for the first term nal that conducts electricity

relatively well and conducts heat relatively poorly.

55. The device of claimb54, wherein the nmaterial has a
51t el ardevdelvice bif ghairgl5ectvhérerl the odlgfthext dut offi@ manotube element
relatively | ow thermal conductivity. 56. The device, of
cl ailhfBEmigddearanghe thapaatehe aricls epdthedist eupipplwith a

gro X .

o et R e SRR
el ecirti¢le ahd Bitd thelfirst teppeinslsone or nore gaps by form ng
a gap between one or nore nanotubes and one or nore of

the first. an ecand ferm pals. ., The devjce .of .. .
21 o e Ve RE FRfR St neheRe op il kP et r E uShipinis 2
one REdRhfndaRE ¥t §RRApat i Ng one or nore nanot ubes

fromone or nore other nanotubes in an electrical

networ k of nanotubes. 59. The device of claim46, .
53nheridierdlevice of rlagn 58| whereindhe predptermingd speasofgyeriap is less
nor &, Ry breaking one or nore nanotubes into two
or nore nanot ube segnents. 60. The device of claim 46,
wherein the first electrical stinulus conprises a
54vol tEgealevivatbof ektm &lswhertinrths Flolvbi\heht ey ef dfe rahetube element

nanqt ube article, 61. The deyi.ce of. ¢l aim whey ej n
e I PR AEt Sel<chie & IRTIALLoTpeHET BB T PO Es
by %’E&kﬁdi@r&eﬁﬁ%el%vémfn% cBH@LELQ@héE@ P&Qi&ﬂyrﬁd&gﬂ?r _nore

nanot ubes i n the nanotube article. 62. e devi ce of

claim 61, wherein the one or nore phonon nodes behave
55as dbenlsrisalf pleim PdnwhweingBe nptpsialjaas wrelagivelyl kglhelgatrical
wher gj . ; opti cal
phoﬁgiﬁ&lnc%ggg gﬂ(gﬁ?&?ﬁeﬁgleo\gf?@gﬁg?l@ﬂgﬁ%% , Wherein one
or nore nanotubes in the nanotube article are sel ected
56t 0 Mzeelemicpaf tiaonlSdr Wiersinrtbeateaih sl selected tiiviom thergroken of

65. The device of cl 4mg 1,. V\,h((ifr%i n one or nore
nan§PHBESYP RO]tyH’é?r%%lI}ﬁﬁ SE SHPIEPRIRE TS
57.  The device of claim 46, wherein the first electrical stimulus opens one or more

gaps by forming a gap between one or more nanotubes and one or more of the

first and second terminals.

58.  The device of claim 46, wherein the first electrical stimulus opens one or more
gaps by separating one or more nanotubes from one or more other nanotubes

in an electrical network of nanotubes.

59, The device of claim 46, wherein the first electrical stimulus opens one or more

gaps by breaking one or more nanotubes into two or more nanotube segments.

60.  The device of claim 46, wherein the first electrical stimulus comprises a

voltage that exceeds a threshold voltage of the nanotube article.
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are selected to have a defect node. 66. The device of
cl aim 46, wherein the second electrical stinulus

WwW@h@3ms3leme or nore gaps by attracting one or POF/ES2006/018043
nanot ubes to one or nore conductors. 67. The devi ce of
cl aim 66, wherein the second el ectrical stinmulus
attracts one or nore nanotubes to one or nore
conductors by generating an electrostatic attraction.

6158 i %egll%g b? glaﬂiltx 46! | @hérkifGhe %?51@&ﬁc£1t§ﬁn{dlﬁs%pens one or more
el ectric st I'mul us’ opens one or nore
chargapd ey emhgognea)rgmre phamon modeswiiene bﬂnbk@nmamﬁd in the
el ectri cal stjmulus has sufficient anplitude to cl ose
one DgROHBT i&ps characterized by that size. 69. The
device of claim46, further conprising a passivation

62! ay ghedesRO LN 61 NELRENRIBR & B6R @hona@moa&%eﬁsw &8
of claim69, wherein the passivation’layer traps heat
in theemabbostiesekel ement. 71. The device of clai m 46,
wherei n the device can be repeatedly sw tched between
the-fir e Ve i on

O3] ' 735 hief BEGRRE TR b i St affbror Bads FEBeica
art iphbforcabgsi ses a regi on of nanot ube fabric of
defined orientation. 73. The device of claim46,

t.he notube article conprises double walle
nanfﬁa pece el gPd@W@@ 0Bf OF mirwwuhﬁha}@mawabe article

nangleilfecailib %@e & 9&?&&1&1%& sttoftHagial Blch@th1ABGL, Ubes.

75. The device of claim4 wher ei n t he nanot ube
article conprises nul tiwal I ed nanot ubes. 76. The
65 devilée device phelpiny 61, wheseiaione phmorapanotitbes iy the apeotube article

CoTpld SES. YRS, Slreliaeiubes. 77 The device of

§t and second terminals are
nmetal. 78. A selectable nenory cell, conprising: a
66cel [Thsdbect dbbelain dfisiistrein theszcout ¢lgeteca atimuly dags ong or

and a drai r]j w th the %ate
more gaps by attracting one Or more nanotubes to one or more conductors.

67. The device of claim 66, wherein the second electrical stimulus attracts one or
more nanotubes to one or more conductors by generating an electrostatic

attraction.

68. The device of claim 46, wherein the first electrical stimulus opens one or more
gaps characterized by a gap size, and wherein the second electrical stimulus

has sufficient amplitude to close one or more gaps characterized by that size.

69. The device of claim 46, further comprising a passivation layer disposed on the

nanotube element.

70. The device of claim 69, wherein the passivation layer traps heat in the

nanotube element.

71.  The device of claim 46, wherein the device can be repeatedly switched

between the first and second states over one million times.
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in electrical contact with one of a word |ine and a

bit line, and a drain in electrical contact with the
w@thensxago the word line and the bit line; a  PCT/US2006/018043

two-term nal switching device conprising a first

conductive termnal, a second conductive term nal, and

a nanotube article having at |east one nanotube and

overl apping at |east a portion of each of the first

72and The devide bEEIRIND A6, SwhetbB HiR) fhnbhde falticd célﬁﬂsﬁqeﬁ alredidn bh

el ectrical contact wth the source of the ce
sel agnotebe fabrie of definedmnigntatien.second ternminal is in
el ectrical contact with a program erase/read |ine; and
a YA j ' [ty t [t COF i '
735 { ROp R 8B Ao s i Mo Mo TR B L e
| i n@ansabed. menory operation circuit capabl e of
appl ying a select signal on the word line to sel ect
the _cell .and_an erase si.gnal on the program erase/re
fi ndbe ée\elﬁ%ﬂﬁg%é ATl A g AE e G pRale aled
t he shddisitesand second termnals froma relatively | ow
resistance to a relatively high resistance, said
menory operation circuit capable of applying a select
75si gikP device pleclaior 46, vireeein thessinetyibe attisleedmprines multiwalled
prog&gﬂm§ggnal on the prograni erase/readline to change
the Tesistance of the device between the first and
second termnals froma relatively high resistance to
76.a r @hateviet yf dlaim 4&sviskcn de, nanbeibe artiddeoniprises bwgllys of
hi gh resi stance between the first and second term nal s
cor PEQITSs to a first informational state of the
menory cell, and wherein the relatively high
77.1 €STTRE aBGEe SEANBLNG, iR rdih iRl firdNshdSBEAR e ARAAN Gld M8tal.
el enents corresponds to a second i nfornati onal state
of the menory cell. 79. The sel ectable nmenory cell of
78.c| aPnielegtabigyaempry ¢ellecemnprsingind second i nf or mat i onal

stafegy Qélgcéf&%\'}\%a%i%k Elﬁludzlg)%%%gyassg)lg?c%t ?1?& £ dfFRL with (hE 'ohte

74

of claim erel n sal eration circul
in cgptica somastelidic bnsofgnmabrddinetdnd asr lind, amea Umis & dedtritdie

confi b PHET DB FOLHRRIORETIEH o of the momory
cop b Byl pabsst s, St by ipaatel
secpptroenduciéve tedoingl, and aohaoigee athiclediaming apieastvme nanotube and
overlapping at least a portion of each of the first and second terminals, wherein the
first terminal is in electrical contact with the source of the cell selection transistor and
the second terminal is in electrical contact with a program/erase/read line; and
a memory operation circuit in electrical communication with the word line, bit
line, and program/erase/read line,
said memory operation circuit capable of applying a select signal on
the word line to select the cell and an erase signal on the program/erase/read
line to change the resistance of the device between the first and second
terminals from a relatively low resistance to a relatively high resistance,

said memory operation circuit capable of applying a select signal on

the word line to select the cell and a program signal on the program/erase/read
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menory cell. 82. The sel ectable nenory cell of claim
78, further conprising a plurality of selectable

woreowong3ieel | s connected to the program erase/ reemUS100€018043

83. The sel ectable nmenory cell of claim78, wherein

one or nore thermal characteristics of the device are

selected to mnimze a flow of heat out of the

nanot ube el ement. 84. The sel ectable nenory cell of

C| ai |
I{Hlagc?%% & gl% r@ggttf} Céanogglg% n%/?c{eee‘tgretrtn\k/génlethg ¥1?{% aﬁg §ec%hd

c 0 nltdsrﬁhhzﬂdfrgmldhlvel@ﬂ higletesisianos tu eprelz&ﬁzelyﬂbez resistance,
sel ectabl e nmemory cell. of claim84, wherein the

cont r ol | Ftheidn #@trﬁkaewy héghatiesisianes betwesnoihs f’é$té‘€f1 seqoaf
Cur &k ﬁ?ccgjrégﬁbﬁ(ﬁlté‘ﬁ'f\f 1§ffo¥ﬁ£él M&t@% lfu{&%eﬁl% , and

termnal e nanotu e artic eat to
f | owheadimtliewelajivelp i QMehe(hmuwm the cfmdnﬂ seaqondabnduetve

t he pnanotube articl e. 86. sel ect abl e nory cel | _of
1 oI PR 19 g PEpPEHICRRLE of B mmemes cell

relationship is a predeterm ned extent of overlap. 87.

79.The Thelseleétable endiarp k¥l 6ﬁé1hm9f78 bel@éré'ih&@e il g eédeohdne

predeterm ned extent of overlap is defined by a
di métferrastionpl stafes femenvalatilei nal . 88. The sel ectabl e
menory cell of claim86, wherein the predeterm ned

SO.SXt s&fect?lylg ?ﬁe%r#br&r Seilbf Qbily |t7$ ewlﬁe@&ﬁ%aﬁf %’n&&ﬁ%é&u%ﬁ]

81

e se nmenory ce arm
one couit iygplies v stleanibnabaothd werd dinoad seléc tie qm]lcztndraeread
frane structure that overl aps perj phe t
nanSEIBCTHPE PEISEANYERC/HRAdIG I 36%?%&%&%}8&311&1 state of
regugnnggogn%lnanotube article, and wherein the other
of the first and second termi nals overlaps a centra
region of the nanotube article. 90. The sel ectable
nens |h9 S%leﬂrtﬂbl@ﬁne@my aelf of clojne 8@ wher¢ia desemindng &eni nal
has. S n ' ube
art P Bt doke BL rRUECATT T 0 IR A by G e
| eaatensorpogll.i on of nor e than one surface. 9 1. The
sel ectable menory cell of claim78, wherein the second
ter

82, et BF BRI SR Pt ¢l /G B hen FoRFSyiE a plurality of

83.

84.

85.

selectable memory cells connected to the program/erase/read line.

The selectable memory cell of claim 78, wherein one or more thermal
characteristics of the device are selected to minimize a flow of heat out of the

nanotube element.

The selectable memory cell of claim 78, wherein the nanotube article overlaps
at least a portion of the second terminal with a controlled geometrical

relationship.

The selectable memory cell of claim 84, wherein the controlled geometrical
relationship allows electrical current to flow relatively well between the
second terminal and the nanotube article, and allows heat to flow relatively

poorly between the second terminal and the nanotube article.
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conforns to at |east a portion of the vertically

oriented figure. 92. The selectable nenory cell of
w@b@i7ns3i8) wherein the cell has an area | ess tP@EnUsIv0&/018043

10F2. 93. The sel ectable nenory cell of claim 78,

wherei n the nanotube article conprises a region of

nanot ube fabric of defined orientation. 94. The

sel ectabl e nmenory cell of claim78, wherein the

8682”%ﬁ QQeé’thElb %@&9 Bl bP&Rint 941 hb&raiﬁ lheshnBANEd K Setrical

e sel ectabl e" menory cel claim 78, wherein
t he relanmishipes aptadeteemmdpxtesle&f mtlap wal | ed
nanot ubes 96. The sel ectabl e rrem)ry cell of claim78,

t nanot ube cJe r
87 i Sl fyd Ay St bt it i e Sine] axtons of
V\heb%ﬂhphb ﬁeﬁﬂcfdﬂiy Adghenson bd tHe&hﬁﬂ tBﬁinﬁalar e netal . 98.
A repr ogr ammbl e two-term nal fuse-antifuse device,

r|S|n a first conductor; a second conductor in
88p padsg stlastale sremasy eAlbof Flrisn S6oHuein ohe PrEdTiaIRebEstent of

el emedy qgwlﬂﬂg}ﬁ%n@%{gégﬁ%?ﬁﬁﬁt ube and overl appi ng

at Iéast a por e first and second
conductors, the nanotube el enent capabl e of opening an
89e| edhe scladtalle mreandry oell beelaee A8 twieeréinose ofithd fsicmddecond
conduct o s in.response to a f rst thresha vol.t.age
cor WG R abnte i Ahlagh & HEobhesy R hRHRngpbe
dev 'aﬁi%les bAd BoesaHH oc@fm@t& @nihl @gi@ﬁlom ehetin6lude biftickaland
connection between thé first and second conductors in

r espéweein the oghes of ﬁlﬁoflllsmﬂéisﬂ@mftﬂl touhinaly @ verdans sceptial region of
fir conductors to forma second device
e RREBERANE,

sta eprogranmabl e two-term na
fuse-antifuse device of claim98, wherein the device
90can The sdwdthlsib ﬁcénhﬁy weléof tlhien 78, refterain dhesecomtitedeiriablas 2

t t t t
T 00 P PE B LA B e i P DN faipnforms
dev 't&%lcpéve?llagé éff‘lga%t a PBRIoRION niddE tHAR \bn€ Suifsced

Cr 0ss- poli nt

91.  The selectable memory cell of claim 78, wherein the second terminal has a
vertically oriented feature, and wherein the nanotube article substantially

conforms to at least a portion of the vertically oriented figure.

92. The selectable memory cell of claim 78, wherein the cell has an area less than

about 10F~.

93. The selectable memory cell of claim 78, wherein the nanotube article

comprises a region of nanotube fabric of defined orientation.

94, The selectable memory cell of claim 78, wherein the nanotube article

comprises double walled nanotubes.

95. The selectable memory cell of claim 78, wherein the nanotube article

comprises multiwalled nanotubes.
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101 . The reprogrammabl e two-term nal fuse-antifuse
device of claim98, wherein the first and second
wa@leow7o8318¢ at es are nonvol atile. 102. The repr oBCHIRI0G/€18043
two-term nal fuse-antifuse device of claim98, wherein
t he nanotube article overlaps at |east a portion of
the first conductor with a controlled geonetri cal
rel ati onship. 103. The reprogranmabl e two-term nal
fus ' e
6conﬁpggélé%gﬁeorre%¥ ry Bf&}ﬁ%#l ons ﬁr%mglﬁ%d\?\lg{% artcrl? cal
cur bemprisdsbfuhdﬂes bbﬂlzaiotubeb.y wel | between the first
conductor and the nanotube article, and all owsheat to
flow relativel oorI the first conductoy and
971 he HHEABECIBEE iy el PR WRgrB S RIEsccond teriminals
t wontehihnal fuse-antifuse device of claim98, wherein
the controlled geonetrical relationship is a
predeterm ned extent of overlap. 105. The
98.r e pAogpragrranineble o terminal fisefansidusedevica.compeisinge  of
cl alg}% H\'h rein one of the first and second
con8dEg§PadYCEor, picture franme structure that overl aps

a pekéqongicyndictdrie spaedtdlomipotthefitt caic@dees not
overlap a central region of the nanotube article, and

whe? 8apptibreelgmprirhaymg;ah deast qnemagpybe ardboverienping ghleast a
po@éﬁfok@&lﬁl & tﬁéﬁ&gﬁ%d {&bf?&‘c&}fduuafs nanot ube article. 106.

e reprogramma wo-term nal 'fuse-antifuse device
of cI ai mi28janotube elemenheapableatf vpeniag ti eleetricalmpnher®na
on of nanotuhe fabric of defined orientation. 107.
oD LA Get R SoBF I FIBesB 0 f A ainid BoTtage
of 6Bl Birst WHE s&Ad LhEIRAROIHREM ATk CdeSi G RMX, 2R € Bapable
singl e wal | ed nanotubes. 108. The reprogrammuable

t \r/:mf dpsing an clegisakbernngciing htbvéenghofirst had sacosd cetdaci@irnin
tlogre a0 os% :fé)g g Fgcrofnlg Elﬁgg}o?g?oﬁasgt% %?%#hle\%?rﬂts ¢ g gn%orxllg 3R§uc”cors

devtcmengfa s@b@dﬁe&&;e seherein the nanot ube art| cle
ri ses doubl e wal | ed nanot ubes.
9. T ep Be) FepRespIEablRd WodEHIRA] fuﬁm%nfa?ﬁ qlerves@é)f &é‘c\l/m@é Yherein

Cl a{ c%@rcg%&?ﬁ@ Ewi téﬂéﬁ H@'EW&BEILE fifkk Eﬁcpée%oﬁ@ﬁﬁﬁéess‘%&es

es o nanotu e reprogramma
t\/\mdpeatmilyafbr itumtamﬁnﬁlhemcﬁém ce of claim98, wherein

100. The reprogrammable two-terminal fuse-antifuse device of claim 98, wherein

the device is a cross-point switch.

101.  The reprogrammable two-terminal fuse-antifuse device of claim 98, wherein

the first and second device states are nonvolatile.

102.  The reprogrammable two-terminal fuse-antifuse device of claim 98, wherein
the nanotube article overlaps at least a portion of the first conductor with a

controlled geometrical relationship.

103.  The reprogrammable two-terminal fuse-antifuse device of claim 98, wherein
the controlled geometrical relationship allows electrical current to flow

relatively well between the first conductor and the nanotube article, and allows
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the first and second conductors are netal. 112. A

repr ogrammabl e i nterconnecti on between a plurality of
wWOowRosg1Bayer s, the interconnection conprisi ngPCHUS1006018043

conductive termnal; a plurality of wiring |ayers,

each wring |layer conprising a wring |ayer conductive

termnal;a stimulus circuit in electrical

conmuni cation with the first conductive termnal and

Wi t o8RG RO fel dielydoRFly BRRFHAA the/Brst &Indub@l and@the 2asHbE

article having at Ieas%, one nanot ube, sai d nanotube

ar t iagfidde.bei ng arranged to overlap at |east a portion

of the first conductive termnal and at |east a

ortiaon of each. wring | ' t Is [

10877 RGeS e Rt ot SR Fusf ARMES bifod ST, viRhéhn

el eqhd tdnlollsd kothatficilQelafoiship i@ phateairmiedaxtdnt botenlap.

forman interconnection between two wiring |ayers of

the plurality of wiring |ayers, said_stinuluys circuit .
10¢ap eé@ﬁ@%@éﬁﬁ%ﬁ%@%ﬂ%@&@ﬁ%&% ¢ é%n‘fl?%?é RIS erein
Cau%?le%?ﬁler}ﬁ%ldt&@ccﬁfdtdoﬁh&t M £e ﬁ% r@ Rt e EAREEL dvBlaps

between two wring layers of t urality of wring
| ay erperiphdry of Theenanefwbo grtaayabd dodsntog pratapectantal wion of the

claim 112, wherei he. stinul us. circuit  brea al.l
PRt b end Wil St 3 e HE byt 6roR8 SeBlinens
114 oviNspsLRESET RBITARI end MnBhiBeARRE. 1 on of claim 112,
wherein one or nore thermal characteristics of the

device are selected to mnimze a flow of heat out of .
106he Thgnenrogansnaieio-termmal fse-apidiise e vpmellam 98, wherein

| nt ﬁﬁefcx?:{ﬁ%ﬁfote'a?t@clgrz rﬁi;)ﬁée@ajrééon farfotdh tﬁﬁiﬁ@ﬁ@fﬁ@&

article overlaps sl Peast & portion of ‘eac W ring

| ayerieaqtidncti ve terminal with a controlled

geonetrical relationship. 116. The reprogranmabl e

Lnterconnection . of claim1l wherei n t.he ntrolled .
10 oo R AR E gt b Rissainagt feticsot S Shofitsein

f1 ovhe Ritineakicl¥BbhphR&s WRBR VAL tihnbiubes. | ayer

conductive term nal and thé nanotube article, and

allows heat to flow relatively poorly hetween each )
108 r iThg reprpsvanspde BY9-(eaminal fuse-antifuse device of claim 98, wherein

the nanotube article comprises multiwalled nanotubes.

109. The reprogrammable two-terminal fuse-antifuse device of claim 98, wherein

the nanotube article comprises double walled nanotubes.

110. The reprogrammable two-terminal fuse-antifuse device of claim 98, wherein

the nanotube article comprises bundles of nanotubes.

111. The reprogrammable two-terminal fuse-antifuse device of claim 98, wherein

the first and second conductors are metal.

112. A reprogrammable interconnection between a plurality of wiring layers, the
interconnection comprising:
a first conductive terminal;
a plurality of wiring layers, each wiring layer comprising a wiring layer

conductive terminal;
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term nal and the nanotube article. 117. The
reprogrammabl e i nterconnection of claim 115, wherein
wa b@7o8318¢ ol | ed geonetrical relationship is a PCT/US2006/018043
predet erm ned extent of overlap.118. The
repr ogr ammabl e i nterconnection of claim 117, wherein
the predeterm ned extent of overlap is defined by a
di mensi on of each of the wiring |ayer conductive

ter rd Aahdus difit il RRciRET QfAIRBAIG With Been@ptbaveof
claim 11/, wherein the predeterm ned extent of overlap

tesinsingl andiwitht dﬂae:h rvangg layer dondoctigerminall 20. The

reprogr terc t|on o clai.mai1l k..
{ he SRR S s ROREF pidlendtop Hidbatune B E bbing
arfadBéd © (foeﬂd}gﬁﬂ 168 a%bftﬁiﬂtcﬂtt}h@ﬁrst dahliuctivi@rminal and at least a
| e intérconnection of claim 112, wherein

r epr g%;gh mn&}aﬁ/ercqoeldwwrte@@galdou bl e wal | ed
n anot ubes, ai \Aﬁizmulupcel{% g%)gfaggg%lf P? 'ﬁtfﬁ&%?&ﬂ?&aﬁ Et‘ﬁﬂuﬁg to

claim 112S erern cl'e conprises

nul tdawed the fanaiied artiels to 1t anfineercpectinrataednetwo wiring
i nt er connection of claim112, wherein the nanot ube
ar t ilayess ebths plualityinh varies lagesnanot ubes. 124. The

reprograr Qm*)gtﬁnﬁlg 8&@% ik 8ha _1}']15% 583 chli%le R ?t‘lrﬁulus to
the wirin ayer conductrve ter s conprise netal

125. caAsmtbe meubtohe artiklieng beeak wo interconmeatiombetvepn tey | I\M;Ieng

t he .net ho S iding a first conductive
t er riA¥RF © o é’% 19{@?3’%@%%9!@ conductive termnal in
spaced reI atlon to the first termnal; providing a

118t | NEHeUSpoioitthhble t@lcesictticabs a@mum Gieren the stifnifiis
| east one of the first and second term nals; providing

a nashiibecaks all dntercorinstipry lﬁgesé’Pn$eet8§tse€aWétYﬁ8ﬁ%ﬁf%rbe
t he nanotube article overlapping by a predeterm ned

118Xt effe 1@% é)'gﬁﬁ'l%halﬂe Pﬁé&bﬁ{é g&cm 8t c1hi®$12, WRrah ohd6r fbkesSt

and secohd-term na evi ce response being a
f uncthemml ohartéterigice détherdeivive dreeseleetetd tofmioineize aplow of heat

bet ween %hhe nang g]%e article and the at | east one of
t he 4t PECIRROWRE G s ni nal s. 126. The met hod of
clai m 125, wherein the predeterm ned extent of overlap

1158  The reprogrammable interconnection of claim 112, wherein the nanotube
article overlaps at least a portion of each wiring layer conductive terminal with

a controlled geometrical relationship.

116. The reprogrammable interconnection of claim 115, wherein the controlled
geometrical relationship allows electrical current to flow relatively well
between each wiring layer conductive terminal and the nanotube article, and
allows heat to flow relatively poorly between each wiring layer conductive

terminal and the nanotube article.

117.  The reprogrammable interconnection of claim 115, wherein the controlled

geometrical relationship is a predetermined extent of overlap.
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determined by a tinmed isotropic etch procedure. 127.

The nmethod of claim 125, wherein the predeterm ned
we@xaoens318d overlap is determi ned by a directi oPel/Us10061018043

procedure. 128. The nethod of claim 125, wherein the

predeterm ned extent of overlap is determ ned by a

thi ckness of a sacrificial film 129. The nethod of

cl ai m 125, wherein the predeterm ned extent of overlap

11i8s dEdeaepiogehridbléidtdtcekdeeson of clhinel B, whessi theneedetermined
the first and second term nals. 130. The net hod _of
cl ai sRtenp 8f oyauiep Ardelmsebyiadimgnsiemet ashioh E}"eaw%’é‘éé%@r

”?”Dcfoiﬁdlg&?(r'eﬁ& ﬁeﬁ? devi ce having a structure that is a
mrror | nage OF"%>structure of the two term nal menory

device. 131. The nethod of claim 125, wherein
1]|9r oVI'to mgrogfmmaiﬂe)inﬂdaeom‘rebﬁm ef ¢laicl Ut svhessh getpredpteynened
more nanotubes to. use in f Em t he nanot ube
art | SR PHOVRHIARAS W mrfgﬁfﬁ“@ﬁ@g é&ﬂ?%?rt“' a particularly
strong radi al breathi ng node.
120. The reprogrammable interconnection of claim 112, wherein the nanotube

article comprises a region of nanotube fabric of defined orientation.

121.  The reprogrammable interconnection of claim 112, wherein the nanotube

article comprises double walled nanotubes.

122. The reprogrammable interconnection of claim 112, wherein the nanotube

article comprises multiwalled nanotubes.

123.  The reprogrammable interconnection of claim 112, wherein the nanotube

article comprises bundles of nanotubes.

124,  The reprogrammable interconnection of claim 112, wherein the wiring layer

conductive terminals comprise metal.

125. A method of making a two terminal memory device, the method comprising:
providing a first conductive terminal;
providing a second conductive terminal in spaced relation to the first terminal;
providing a stimulus circuit in electrical communication with at least one of
the first and second terminals;
providing a nanotube article comprising at least one nanotube, the nanotube
article overlapping by a predetermined extent at least a portion of at least one of the
first and second terminals, the device response being a function of the predetermined
extent of overlap between the nanotube article and the at least one of the first and

second terminals.

126.  The method of claim 125, wherein the predetermined extent of overlap is

determined by a timed isotropic etch procedure.
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127.

128.

129.

130.

131.

The method of claim 125, wherein the predetermined extent of overlap is

determined by a directional etch procedure.

The method of claim 125, wherein the predetermined extent of overlap is

determined by a thickness of a sacrificial film.

The method of claim 125, wherein the predetermined extent of overlap is

determined by a thickness of the at least one of the first and second terminals.

The method of claim 125, further comprising fabricating a second memory
device, the device having a structure that is a mirror image of a structure of the

two terminal memory device.

The meii:od of claim 125, wherein providing the nanotube article includes
selecting one or more nanotubes to use in forming the nanotube article in

which the nanotubes exhibit a particularly strong radial breathing mode.
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