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Nano tube Array; and U.S. Provisional Patent Application No. 60/692, 765,
filed on JuneTwp;Terpgoa Nanetihe Ieyiesidaddgteayn et dsd i MakingSameror
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U.S. Provisional Patent Application No. 60/692,891, filed on June 22,
2005, entitled Reversible Nanoswitch;

U.S. Provisional Patent Application No. 60/692,918, filed on June 22,
2003, entitled NRAM Nonsuspended Reversible Nanoswitch Nanotube Array;

and

U.S. Provisional Patent Application No. 60/692,765, filed on June 22,
2005, entitled Embedded CNT Switch Applications For Logic.

[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 swtching systens,
autonobiles, aircraft and other itens of manufacture. Early digital logic
was constructed out of discrete switching el enents conposed of individual
bi pol ar transistors. Wth the invention of the bipolar integrated circuit,
| ar ge nump@e®7/633180ndi vi dual switching el enents coul d P68/ on a
single silicon substrate to create conplete digital logic circuits such as
inverters, NAND gates, NOR gates, flip-flops, adders, etc. However, the
density of bipolar digital integrated circuits is limted by their high
power consunption and the ability of packaging technology to dissipate the
heat produced while the circuits are operating. The availability of netal
oxi de sem conductor ("MOS") integrated circuits using field effect

transi stor ("FET" switching elenents significantly reduces the power
consunpt i Backgrowdidgi t al 1 ogi c and enabl es the construction of the high
density, conplex digital circuits used in current technology. The density
and operating qugghg gdigital circuits are still limted by the need
to dissipate the heat pro uced when the device is operating. [0005] Digital
l ogic integrated circuits constructed from bi polar or MOS devices do not
functi on B}%ﬂﬂect [The predent apwiedtion isigsnesdllshielptediedite finld ekswitangenvi r onnent .
Current dj t i t Iy ned.to operate at
orper at ul e pad FELR-GaT LM RLR PHIRL LGS ARG 0 B8PS
tenperatUﬁmbsmMBWﬂﬁQ@aﬂﬁghaeﬁmn@gmhmgmade I n conventional integrated
circuits, the | eakage current of the individual 2 WD 21)07/053180

PCT/ US2006/ 01804 ; swi.t ch g el nts in the "off' state increases rapidly
W th tenperature. LSKUSS 1@%%“m%ggfent i ncreases, the operating tenperature
of the device rises, the power consuned by the circuit increases, and the
di fficul tjoood] di sigitaopad dingité e uedd in peRbLal LomPUEREpdIAbled@t@niceduces
circuit reliability. Conventional digital logic circuits al so short
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manuf acture integrated circuits wth speci al devi ces and i sol ation
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elements could be combined on a single silicon substrate to create complete digital
logic circuits such as inverters, NAND gates, NOR gates, flip-flops, adders, etc.
However, the density of bipolar digital integrated circuits is limited by their high
power consumption and the ability of packaging technology to dissipate the heat
produced while the circuits are operating. The availability of metal oxide
semiconductor (“MOS”) integrated circuits using field effect transistor (“FET™)
switching elements significantly reduces the power consumption of digital logic and
enables the construction of the high density, complex digital circuits used in current
technology. The density and operating speed of MOS digital circuits are still limited

by the need to dissipate the heat produced when the device is operating.

[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 fromeither bipolar or FET swtching elenents are
volatile. They only maintain their internal |ogical state while power is
applied to the device. Wen power is renoved, the internal state is |ost

unl ess sone WOyHE/8TI8hon-vol atile menory circuit, such asPOTHEREG0(018043
(electrically erasable programmable read-only nenory), is added internal or
external to the device to nmintain the logical state. Even if non-volatile
menory is utilized to maintain the |logical state, additional circuitry is
necessary to transfer the digital logic state to the nenory before power is
l'ost, and 1 0sR8iRg SehBfs 8 AL €ofe! stﬁt@@ndréh@és"rhﬂﬂ@lw1'tIPlQh{f>el%hfr@ UAL Roakadaen power
is restored to the devi ce, Alternative solutions to avoid |osing
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cost and [ 7 r| stics
for logic CI Peu tsutcxngncre% ‘T%e @ﬂ%ﬁ%ﬁ%@@loﬂi grqmlnla W 81 ?fsttat?cl enS| ty, low
power, and hisgte is@eescirdiinvieniliton Gonvengomal a@htultlbglmrana alsiolslﬁbicted to silicon
substrates, but |ogic CII‘CUI'[S built on, other substrates would allow |ogic

devi ces to b&H WE?Ue%‘ HEieE &9 PRITer oG ViR REFR s ey BaY BFstRiet s in a
single stepeletiichin@brehE HifdeNBe &%ﬁ&ondh&@%ﬁte@ﬁVHﬁ@%oi@?o‘!@tobfﬁ%{ﬁf&hﬁé)os ed which
use nanoscopic wires, such as single- walled carbon nanotubes, to form
crossbar j unéttegpied glecudte i specipsieBicys %@IlmaUOSé@hnwsospltb@ZD@’ refaios copi ¢
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Nanot ube- Bas &ehifNaiwnodvailadikty aﬂapd@mmaa&dmamrsycﬁ mgltMElemd ehit@onput i ng, "

Sci ence, vol PP 97, 7 July, 2000.) Hereinafter these devices are
cal | ed nanot JBEHWIFPIQEF%3%#116}?@%??@9““‘5@&? lrm@r?géﬁnof‘ ég%‘g‘br oposal s,

i ndi vi dual SIV@I%&U@@HQﬂﬁ;&g&;dmga%h@@ng &uigpended over other wres defi ne
menory cells. Electrical signals are witten to one or both wires to cause

themto phyS| cally attract or repel relative to one another. Each physical

state (i.e., [0} actlBgemiedcasrits wastpcieddyor sites Sipskiasr FBT awitgliegt r i cal
state. Repele#eﬁfénf@"af@@ol?tﬂ@ Py m%in'Ea(fﬁJ{htalrlnj\t}\%ﬁﬁl' lgéﬁcal'ﬁatté @Ffl@ VWr $sS are a
closed state formng a rectified junction en efectrica I's renoved

from t he j unepplisd,to theelewice.e¥/hen power is removed, the internal state is lost unless some
type of non-volatile memory circuit, such as EEPROM (electrically erasable
programmable read-only memory), is added internal or external to the device to
maintain the logical state. Even if non-volatile memory is utilized to maintain the
logical state, additional circuitry is necessary to transfer the digital logic state to the
memory before power is lost, and to restore the state of the individual logic circuits
when power is restored to the device. Alternative solutions to avoid losing
information in volatile digital circuits, such as battery backup, also add cost and

complexity to digital designs.

[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-vol atile menory <cell. [0009] U S. Patent No. 6,919,592, entitled

"El ectronechani cal Menory Array Using Nanotube Ri bbons and Met hod for
Maki ng Sane" discl oses, anong other things, electromechanical circuits,
such as wemeyosesbl s, in which circuits include a stPUBUSHE/HEN3Ng
electrically conductive traces and supports extending froma surface of a
substrate. Nanotube ribbons that can el ectromechanically deform or swtch
are suspended by the supports that cross the electrically conductive
traces. Each ribbon conprises one or nore nanotubes. The ribbons are

typically f [ r j g J.ayer or matted
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for di gi tratain theip phesiqabipnd shug elegiichla statg) thaelelopmigggwst wiptdemewos,  Pat ent  No,
4,979, 149, sentitl ed "Non- volatile Menory Device Including a

ell.
M cr o- Mechvani cal Storage Elenment”). [0012] The creation and operation of

bi -st abl e, nano-el ectro-nechani cal switches based on carbon nanot ubes
(i ncl udi 1§0e¢no- Uy rentlindt, 19508 centiHed Editramethasta Memedrgdtrraydes has been
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structure having electrically conductive traces and supports extending from a surface

of a substrate. Nanotube ribbons that can electromechanically deform, or switch are

suspended by the supports that cross the electrically conductive traces. Each ribbon %
comprises one or more nanotubes. The ribbons are typically formed from selectively |

removing material from a layer or matted fabric of nanotubes. ;

[0010] For example, as disclosed in U.S. Patent No. 6,919,592, a nanofabric may
be patterned into ribbons, and the ribbons can be used as a component to create non-
volatile electromechanical memory cells. The ribbon is electromechanically-
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. 10/341005, 10/341055, 10/341054, 10/341130, the contents of
whi ch are hereby incorporated by reference in their entireties (hereinafter
and her ei nb¥EP3PEOFHE "i ncor por at ed patent references"). BSUAREPY1§0D13] The
present invention provides structures and net hods of nmaking two- term nal
nanot ube switches, arrays of nenory cells based on these sw tches,

fuse/ antifuse devices based on these swi tches, and reprogrammabl e wring
based on these switches. [0014] Under one aspect, a two term nal sw tching

devi ce includem1q fiTiRtuse 6OAAMIE MR ChANJAL Bigdtabdd @b viceTOE GBHal GADEHGIonY €
termnal in spaced relation to the first termnal. The device al so incl udes

a nanot ube arstorazedianalse hepnatecsiad (SesdeS naient dsed 975AeD, ghtitled ‘DNans arr anged t o
over|ap at | %@P@w&%ﬁﬁ&&%&ﬁ&ﬁ Qfl\/hrm%%teék{aﬁfcalaﬂgr %@Efé‘ﬁ%n ”rPer mnals. The

device also in {1Mul Us ciPCUit in el ectricar communication with at
| east one of the first and second termnals. The stimulus circuit is capable
of appl yi ng [60%2] r stThel cewtion e@d opsrativnlofi bi-ttablanaheaktironechdnidahewitdhest and

second term na chan i stance of the dev he first
o racona ™ Ot et PR AR TR LS S PSSO W R ey L e
resi st ance, a[&:dtrb@es@a@@d@h@e@ﬂe@i@wieﬂﬁat&lt a§pmﬁﬁﬁlnsaiaeﬁltgreﬂ doalmdit dsElghdés to at
| east one of the first and second term nal s t he resi stance of the

devi ce bet weéhtherpgesentapplicatign.dée obent &asi @%ﬁ%o%r éﬁﬁgs?]eﬁasﬁﬁdépy hi gh
resi stance g @ariebatioelor b v 083 A8 und 190N Sht YohioM AL S} St ance

between the first and second term nal’s corres onds to a first state of the
devi ce, and tNvs. H0MO022EEH) @@51@13557@17/20@0(%/3618@%}018]333& amdeﬂlﬁ Pajont

resi stance beg f s.to second
state of the%‘d)\g\ﬁ?églé)%ﬁﬁ q/ lé)?gdlﬁgﬁ‘g@%%%@%ém i&ngﬁ@het%g A ?‘rfay be
nonvol atil e. which dreBésbypincerpoifatedtg réfercdte ﬁﬁtﬁ&ﬁeﬂmmmbehea&mhmshd about ten
times larger than the resistance of the second state. [ 0015] Under anot her
aspect, the REiDGIoES het MEP@ORNRSMalEpbIeiiencendt a portion of the first
termnal with a controlled geonetrical relationship. The controll ed
geonetrical gmhmkiyonship may allow electrical current to flowrelatively
wel | between the first

[0013] The present invention provides structures and methods of making two-
terminal nanotube switches, arrays of memory cells based on these switches,
fuse/antifuse devices based on these switches, and reprogrammable wiring based on

these switches.

[0014]  Under one aspect, a two terminal switching device includes a first
conductive terminal and a second conductive terminal in spaced relation to the first
terminal. 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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termnal to the nanotube article, and allow heat to flow relatively poorly
between the first termnal and the nanotube article. The controlled
geonetrical relationship nay be a predeterm ned extent of overlap. Under
anot her aspect, at |least one of the first and second termnals has a

verti calWwg07iossibed feature, and the nanotube articl ePCEUPEIANEMHA] | y
conforns to at least a portion of the vertically oriented feature. Under
anot her aspect, the nanotube article includes a region of nanotube fabric of
defined orientation. [0016] Under another aspect, the first electrical
stimulus is an erase operation. Under another aspect, the second el ectrical

stimul us ra&maelﬁo%reﬁ%@&%%e%e #80&H se&ﬁﬁttélﬁﬁxilﬁé&ﬁ{%% ontd*g?o gtinmulus circuit

is capable of applying a third electrical stimulus to | east one of the
first andewedeott Qfélnmciamies The fidw bt secoml ttites @ftth«téememabebajew ce. The third
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conduct i v[mnttﬁesmlgahc@@fdh@sea@mae,conduct| ve termnal in spaced relation to
the first conducti ve termnal. The device al so i ncl udes a nanotube article

havi ng a not ube. The arficle is an ed to overlap at least a
portion ii}dlgi alpqr,aggecbﬁ@naggtgg %F“‘E]@rol’f? S§t g?%épegmnéé th8 so i ncl udes

a sti mul ygst Grrbas tmhra c%h@&lﬁéd[lgﬁ@ﬁleﬁi%‘ﬂ’fﬁlﬁh&%hipo rTh\é‘cBﬁ'tréﬁed'o‘é@ﬁEtn‘éEle of the
first and second termnal s e stinulus circuit is capable of applyi ng a

first el edetidnghip mayiattaviedectitcaheurfeatiotilayneelasivekytveelk hetweenghelfirss econd term nal s
to open CAGi QEE% geu% ﬁ%&“’%ﬁ&‘aﬁ&% hgat F({THJ;W 1&%‘\7 goorlg%%fjw nor e

conductors in € “openi ng ‘of " one ofr SC anges t he
r esi st anciest ofrmiirdaé antiethe nmdmﬂiewmk t Tiee ddntrsnechgudn&&mhﬁldtlehmmﬁia§ froma

relati ve resi st ance tivel h i st ance. The stimul us
circuit i aQFe\gﬁte ‘EF’éterOfQVV%PZSE‘aFW? f)a gé]*/ g?%b%‘?edﬁé]@ﬁl St appl ying a

second ehﬁ‘&geebf@denﬁﬁhmbwv&ac@ry JrRARH fQRGe OfnditEndubfubl .ARE Second term nal s
to close one or nore gaps betweén one or nore nanotubes and one or nore

conduct ophstantitlecanéarins do atfpast e persiongf & vertisaldy orianted fgafprs. dhdleges t he
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relatively rési stance resi stance. conductor in
" the devi ogewtatimr i ses one or nore of the flrst termnal, the second
termnal, a nanotube, and a nanotube segnent. The relatively

[0016]  Under another aspect, the first electrical stimulus is an erase operation.
Under another aspect, the second electrical stimulus is a program operation. Under
another aspect, 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. The

third electrical stimulus may be a non-destructive read-out operation.

[0017]  Under another aspect, a two-terminal memory device includes a first
conductive terminal and a second conductive terminal in spaced relation to the first
conductive terminal, 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 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

\
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hi gh resistance between the first and second termnals corresponds to a
first state of the device, and the relatively | ow resistance between the
first and second termnals corresponds to a second state of the device. The
first and sevomg7sizatoes of the device nay be nonvol ati | @CT[UBED8P18UKRder

anot her aspect, the first electrical stinulus overheats at |least a portion
of the nanotube article to open one or nore gaps. Under another aspect, one
or nore thernmal characteristics of the device are selected to mnimze a
flow of heat out of the nanotube elenment. The flow of heat out of the

nanotube el eqmilindBYe i o[l K10 A LANGHIWE N ARALURR Biihal e and t he

first termn a contro geonetric relationship that Timts heat
fl ow out of td@dowamebubereagdps béteeanohe artnwre hanotifbies aitd ¢rerarinmad s, The

controlled geonetrical, relatignship nmay be a predeternm ned extent . of

over | ap.  Thecegsiepr e Bt BF coRes AL FUmeRETErag e sed by
sel ecting a mRt®yicabettvetn thB&irdtiahd techhd mmmstfmafe@ﬂﬂ@trﬁg@iea@ﬁaﬁmbtay
relatively well and conducts heat relatively poorly. The material may have

a rel ativel yrigRiydpeaesisiene. Aconderseiyheylexise cempiiieapns el porohheariml
conducti vit yten[nﬂﬁﬂ;%le slég&@rter?lﬂ%lhgﬁan%ﬁfﬁ@,catng afotlibd & m%}ltec’lth'é'rgl%ivey I mul us
opens one or nore gaps by forning a gap between on& or nore nanctubes and
one or nore bightrémstdrice betwandtheSestand sd¢condrierraingls cbimelpondsntotafast stspefct , t he

first electrical stinmylus ens,one o re s.by separatin ne or nore
nanot ubes. 1 BIHGHES AP ERETHE I BB Y Pt i) Bk PRC CHaPor K of
nanot ubes. Ubgledsp&iiQtth@kecdnd &ele.of tHeedelick SThefiREAnd se@dndstdtelbf dfe dePRENS One or
nore gaps by breaking one or nore nanotubes into two or nore nanotube

segnents. Un88Y baReewdatilaspect, the first electrical stinulus opens one or
nore gaps by exciting one or nore phonon nodes of one or nore nanotubes in

the nanot ubeagfi chigded RRiRRSsRE:, RFEsRRCARA MRAGS FMeRShAMG gs a thermal
bottl eneck. The one or nore phonon nodes may be optical phonon nodes. One or

7 WD 2007/ 058%8i0n plrite npi@RB0B1i0e S04RN one pemarrgspu bdeder anathes appasbionbe articl e
7Y ool oo ot Bl B LS ty 2000 LG BRI D s 1 2.
one or nore gapsd thynabtubaelemegt. dhe floky ofiest cuaoiihel bamtibe edsneenomapbe e
conductor's. The second el ect il cal stimilus oy Attract one or mafe nanot ubes

geometrical relationship that limits heat flow out of the nanotube article and into the

first terminals. The controlled geometrical relationship may be a predetermined

extent of overlap. The flow of heat out of the nanotube element may be minimized by

selecting a material for the first terminal that conducts electricity relatively well and

conducts heat relatively poorly. The material may have a relatively high electrical

conductivity and a relatively low thermal conductivity.

[0019] Under another aspect, 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. 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 phoron 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

7



or nore conductors by generating an electrostatic attraction. [0020] Under
anot her aspect, a selectable nenory cell includes a cell selection
transistor including a gate, a source, and a drain, with the gate in

el ectrical contact wth one of a word line and a bit line, and a drain in
el ectri caiD2006536@ with the other of the word |ine a{d/¥R06WI8048 | ne. The
cell also includes a two-termnal switching device, which includes a first
conductive termnal, a second conductive termnal, and a nanotube article
havi ng at | east one nanotube and overl apping at |east a portion of each of
the first and second termnals. The first terminal is in electrical contact

With e SONGEHLinl REnfBhle SRIROLLOMLANS LAl pARGudliEageond termnal is
#H &f a}pn%erase%eadﬁ{ﬁ) he

in electrica con progr I ne. al so
i ncl udes rmairmaat}yngmeai@tot ﬁ)defealmddﬂl Unider abthet aspeetl the@enmmeleattricaﬂn with the
word line, bit |ine, and % ggarﬂerase/read i ne. eration

e 0
circuit rLmilsslgpes one oG K ABFIEEOne OF BIRL] NagAt “;ﬁﬁ%tov%‘f}(?r ho to sel ect

the cell caRRlcRR. eMA%Econt BRBLricalstihh@isRAQH IR 8hA6Eh6R3™nothbdi&o bRe Change t he
resi stance of the device between the first and second termnals from a

rel at i vePympsgopdudters Ak gancarasing apglegtrosiaicyatiacplr esi st ance. The nenory
operation circuit is also capable of applying a select signal on the word

[1ne 1o aahept HiRePEldndtheea BOMAT ORI ARIAR REAYIRRIGher ase! r ead

line to change the resistarce o evic etween the first and second
t erm nal garisnsmmniaclu@hga igete) ysmrcghmd@sdrsmawﬁbthecgaa ineleatricakdoptact ow r esi st ance.

cor r espolit cpgobt FORLER Fh 3ot Ce B el B PRaRS T BE oI Dt e
rel ati vebythbin@hd lifieegidshanie Bnderwael alsbendlides b teotersR0BRitcanduct i ve el ement s

corresponds to a second jnformational state of the nmenory cell. The first
and secofdi§enFoIhansiedear fgﬁta‘?@%@mﬁﬁ‘?teﬂﬁ’@a}méﬁ?F@P@LF?IFdé‘CU[’Q)@?‘?cT"ﬂUﬁ%r anot her

aspect, ahsm@%m&ycl@w@g ét%‘asf:dn{ecrfdh&tu@eoeglld'o%%llﬁv ifeAt @Skt SH@Bh of On the word
line to select the cell and a read signal on t e brogram erase/read line to

determ n@ctllmétherﬁreiramdtsemdltersmaaﬂse Tk firsidermanad iy/ineédciricaDamgachivithng t he
o e a0l LSl PR 5 B SRR BB 0,2
pl ural i t yontdct séthagiredrhe/crmone kel The esliealaninciaddsetmtmotynpepitiogr ant er ase/ r ead
i ne. circuit in electrical communication with the word line, bit line, and

program/erase/read line. The memory operation circuit is 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. The memory operation

circuit is also capable of applying a select signal on the word line to select the cell and

a program signal on the program/erase/read line 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 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 reprogratrunable two-term nal fuse-antifuse
device includes a first conductor, a second conductor in spaced relation to
the first conductor, and a nanotub" el enment having at |east one nanotube
and over| appVRgrEats318hst a portion of each of the first BTdU2AEIHE+
conductors. The nanotube el ement is capable of opening an electrical
connection between the first and second conductors in response to a first
t hreshol d voltage across the first and second conductors to forma first
devi ce state. The nanotube elenent is also capable of closing an el ectrical
connection beiween phlflit) bf fliccaRE REEAYLLONEUEHRER] tdhE §RReHrat9redd S€cONd
threshold voltage across the first and second conductors to forma second
devi ce statelin¥he device may be a cross-point switch. The first and second
device states nmay be nonvolatile. [0023] Under another aspect, a
r epr oganmabl e,d-Rt er I I f LI LNg.. i ncl udes
a first cond éF?%e ﬁ%?%?%gw%gﬁgﬁgy%?ﬂ?ﬁ??ﬁ%ﬁggk§§¥?ﬁﬁl éég%g$§%%%ceof whi ch
i ncl udes a windlwigs b diye comimauct sevandtcenidicalin spebel reiatibe te tha fies comiuc@t,s o
includes a sti Iusuijr?uit Ln elejérical comrunication with the first

Py

conduct i ve t &P AHIC o, haaRg AN A5G g RIRHBYe GG ERRRE A1dve i hal . The

i nt er connect ipgftioalo Badnf kRSt MMdRERAH UHRIBIL, CI'R MAAMURDeBhet§AShaBE
nanot ube. The nanotube article is arranged to overlap at |east a portion of

the first coffoRMmingan desindahednnegipndetvicen gt fastpodscemnd epndugts ¥ ri ng | ayer

conductive t 1 nal , el clrcult. d I i first
el ectrical S?%ﬁhﬁgga%gﬁ%gﬁ%&ggﬂgﬁﬁgﬁ%yﬁggwg?ﬁﬁgﬁgagggc&%@%ﬁ%ﬁ%ﬂ&%a?
i nt er connect ifiost dbetaveetn. Thonaonibeglehayieis alsofcafdbé: ¢flclosalg anyelastrioad ri ng | ayers.

The stinmulus circuit, is also.c ggfle of applying a second el CEriCﬂi

Stimul us to GEREETON Iea e TR AR Fondeop i e Shonp O CEMRGRERBIY bet ween
two Wi ring | ayrdgs a0foss e firflabd sdcbhd/ caidudbrisitd ebrmayRESnd ddRdeistadNOtHRer aspect,
the stinmulus circuit_ breaks all interconnections in response to a security
concern. [ 0098Yicamdrpe apwshBeingyHsht Thefips anbypcerd dexiaetites TRaydet er ni nal
menory devi ce,,ijigligides providing a first conductive termnal, and providing
a second conductive termnal in spaced relation to the first termnal. The
met hod al so includes providing a 9 WO 20071053180 PCTI US20061018043

stinulus cirt¥28]in Eidscndtiealaspeonrruepregatmumableiintbreconnccdersbetwem of the fir st
and second plurality of wiring layers includes a first conductive terminal and a plurality of wiring
layers, each of which includes a wiring layer conductive terminal. The
interconnection also includes a stimulus circuit in electrical communication with the
first conductive terminal and with each wiring layer conductive terminal. The
interconnection also includes a nanotube article having at least one nanotube. The
nanotube article is arranged to overlap at least a portion of the first conductive
terminal and at least a portion of each wiring layer conductive terminal. The stimulus
circuit is capable of applying 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 concer.

[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



termnals. The nethod al so includes providing a nanotube article conprising
at | east one nanotube. The nanotube article overlaps by a predeterm ned
extent at least a portion of at |east one of the first and second
termnals. The device response is a function of the predeterm ned extent of

overl ap \»P@E(W%{kﬁohe nanotube article and the at |easicrangoRfvidolpe first and
second termnals. [0025J The predeterm ned extent of overlap nay be

determned by a tinmed isotropic etch procedure. The predeterm ned extent of
overlap may be determned by a directional etch procedure. The

predeterm ned extent of overlap may be determined by a thickness of a
sacrificial film The predeterm ned extent of overlap may be determ ned by
a t hi ckné&gulss cifqyét in eleplaigalicopnuniptiomwith pt least apeioltbe il apdsaspithl s. [ 0026]

Under an\%f% I Bsﬁ%ﬂgﬁ{eﬂ%otd@?soq%hb%g gt&lﬂsﬂfgg Sadoffe Fthd g&nﬁiszrf‘gg% fchgfrenory

devi ce, as a structure mrror 1img ructure of the
t wo t er nbmatanotuberoThe tkmvtubde artidlel @brlipadyra pedetmrmaiedtehenDatdedsngs [ 00271 I n

the Drawing, Figyre 1A illustrates a,cross.segtional view of an exenpl ar
enbodi mePRRR Of RHESLATSAL e TSVHSPSAL KETUIHS HESVRR FSPPREAS? a or 0ss.

sect i onakun¥{iéofhe pred @4STRPexYen® BPORHBE Bétweén the RBndiRSSRle bRV @Rt i on; Fi gures
2A-1 are SEM m crographs of structures according to certain enbodi nents of

t he i nvefitipashonemfdlug rst @l secqnd|terstin@i- e cross sectional views of structures
according to certain enbodinents of the invention; Figure 4 is a cross

sectiona EEW - | ' ients of the

i nventi OLO;()%l]S V\gh% gﬁe?[/n %@%‘%‘%%@% %géfgg ééaglbggl&ge% f"é ‘gy‘gqgﬁe:ag a Cross

sect i onalsotvdmeetoh procsdurel cThe medataoimtidregtenbofomvetlap may berderdinmeert by of t he

i ti e Fl. i ti i f t t di t

| nvent i opy ELBNISS S8R AR2 pR80HLARE! el U Sferflp HAE ARG O Ui N0 to
by a thickness of a sacrificial film. The predetermined extent of overlap may be

determined by a thickness of the at least one of the first and second terminals.

[0026] Under another aspect, the method includes fabricating a second memory
device, which has a structure that is a mirror image of a structure of the two terminal

memory device.
Brief Description 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 general fabrication processes
according to certain enbodinents of the invention; Figures 8A-F illustrate
cross sectional views of structures created during fabrication steps
accor di ng t oveér’asHsenbodi nents of the invention; Fi gur RCTOWR209601%045¢t 1 at e
cross sectional views of structures created during fabrication steps

according to certain enbodi nents of the invention; Figures |OA-1 illustrate
cross sectional views of structures created during fabrication steps
according to certain enbodinents of the invention; Figures 11A-Cillustrate

cross sectional VipgWse 9fs SIbUGEMIRR EwBE SnAtit Bt ordiAbld Gakipon st eps
according to certain enbodi nents of the invention; Figures 12A, B and 13

illustrate crodbediseents dikd invingias; of structures created during fabrication
steps according to certain enbodi nents of the invention; Figures 14A-J

[Hustrate cross ekl @nalc¥iusicl Sb UEL UERC LERLAH: BiLkag fabrication

steps according to aln enbodi nents o I'nvent1 o Igures 15A-N
illustrate creofedsents oniad invéngios; of structures created during fabrication
steps according to certain enbodi nents of the invention; Figures 16A-L

illustrate cross ctional .views aof structur created durin abrication
Steps according t SIEF { 5 IOt BsTiAUng EeReral TAtIFATRY BRCeSHsghssLng o

illustrate cregsinsedbdigRals oy iiRWEvatiost ructures created during fabrication
steps according to certain enbodi ments of the invention; 11 WD 20071053180

PCT/ 1J52006/ 018043, Fig#{e_18 is aflowchart illustrating gmﬁtch
operabi l ity verifiF&3Egson-Hidiusgatecarys setana viexs Pt siredantiesigd y&tes accor di ng

to certain erhQdhiBNiSysAhcdlifg ¥l SMbodifidb@nd fvbsidy, | ow chart
illustrating erase cycles acc%rdlng to certain enbodi nents of the

invention; Figure 20 is a graph illustrating current and voltage erase
characteristics ofigugsAcEqllugtiamraess geationdeieve of sErEBEE Aisated dBfing he

| nventi on: Figgiceudl% Redbidh F0RIn iU MBALAL e BRAAKATT ng cycl es

according to certain S e 1 nvention; Figures 22A and 22B are
graphs illustrating read, erase, and program current
Figures 10A-I illustrate cross sectional views of structures created during

fabrication steps according to certain embodiments of the invention;

Figures 11A-C illustrate cross sectional views of structures created during

fabrication steps according to certain embodiments of the invention;

Figures 12A, B and 13 illustrate cross sectional views of structures created

during fabrication steps according to certain embodiments of the invention;

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;

11



and vol tage characteristics and resistance characteristics, respectively, of
devices according to certain enbodi nents of the invention; Figures 23A-E,
24A-E and 25A-E illustrate cross-sectional views of structures created
during fabrication steps according to certain enbodi nents of the invention;
Fi gure 280i2607453Bbss sectional view of a structure ad€drefizpy/i¥+Eertain
enbodi nents of the invention; Figure 27 is a cross sectional view of a
structure according to certain enbodinents of the invention; Figure 28 is a
cross sectional view of a structure according to certain enbodi nents of the
invention; Figure 29 is a cross sectional view of a structure according to
one aspect of K VAL LR il S0A J rate
schemati cs of FIr?eolrgoig‘ra?f\oghﬂﬁggures?&%ﬁ%gﬁg%lﬁ%%g ?a@géglrg%é%ss section
of a devictse,aad progiangning cgert aicordingrtb oeltaie embodifiehthef thevugvention; 12 WO

2007/ 053180 PCT/ U52006/ 018043 Figures 32A and 32B illustrate schematic

di agrans accogdi ng, {.0 rtain..enbodi nents .of the.inventi.on; Figures 33A-G
illustrate cr reg]egé]ts Fgﬁ)éﬁ &\?Hé\)\%s%?ngsetr?s&(?ty fireacoerding OEeHiPi ng  fabricati on
st eps acembdif@nis@f €Rrihwnfognbodi nents of the invention; Figures 34A-E
illustrate cross sectional views of structures created during fabrication
st eps accordiP to, certai nmbodi ments of the invention; .and Figures 35 and

36 are plan vie %)fls§tgF5lP_ 0 ‘!‘Sé@“%‘é%’ieaf?{’&‘ioga%ee‘?rf‘%?i ara_étﬁﬁﬁﬂﬁsﬁénts of the

i nvent i 0RevitRtagédr@id g R &G aAPEhNh AR et fldned enbodi ments of the present
i nvention provide two-termnal nanotube switches, and a nunmber of devices
usi ng those swtches. general, a nanotube elenent or article overlaps at |

I n ‘ : ]
| east a port i Biguest2ldaaplogrchagigllysapiingapgramaipg cyclesgreniding jecsiadiirent s. A |

sti mul us cGhs@EHlehts f MRANEGLEGnt © one or both of the termnals, applies
appropriate el ectrical stimilus to which the nanotube el enent responds by ?

Figures 22A and 22B are graphs illustrating read, erase, and program current !
and voltage characteristics and resistance characteristics, respectively, of devices

according to certain embodiments of the invention;

Figures 23A-E, 24A-E and 25A-E illustrate cross-sectional views of structures

created during fabrication steps according to certain embodiments of the invention;

Figure 26 is a cross sectional view of a structure according 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 resistance of an

el ectrical pathway between the two term nals characterizes the state of the
switch. Arelatively high resistance pathway corresponds to an "open" or
COFF state Qfobheesmgdch, and a relatively |ow resistangerpabmyseds
corresponds to a "closed” or ON state of the swtch. The two states are
non-vol atile. The stinulus circuit can non-destructively read-out (NDRO
the state of the switch, and can change the state (e.g., resistance) of the
switch repeatedly. [0029] The inventors believe that the ability to change

the switch betwenth es is rela dtoarelatlonsh bet ween t he
thermal and el ec }glu{ieé ﬁézﬁgﬁ‘?@? e(‘f‘%he&?ancgf?@mé% Ceprdinge Ber?b‘gci fically,

t he |nventogﬁlbgﬁhjegt\é%ﬂﬂg%vgnhgnperforrrance of the switch is related to a
rel ationshi p between the electrical current that passes through the

nanot ube el enent _and the di ssipation of heat out of the nanotube el enent.
Desirably, in or H@ﬂf@ts&él‘@rﬂé}étfﬁtﬁéf%wqcﬁﬁﬂﬂﬂ viepn ef stgppanes gede@duriige st mul us

circuit elieve, |arge enough
to cause ngz!rbh ngépfgy‘%x%a %8)7‘% E%%fg@ E’WIS'#\[{EJZ%%?IBQBMB i n the nanot ube
el enent, and at the sane time the switch has design characteristics that
limt the am)unt thhres@ﬂmmdsmiucwds {eetatnat iatvs oﬁstnfctlmw ama:tedx[ur'm@e nanot ube
el ement . i.nventors that t al th over ating of the
nanot ube ?@Hﬁ?ﬂ %ﬂsé‘ﬁc ‘318% ceUBi Gt &Dﬁ\%e %ﬁ]& llnﬁnt asr@] tch and creates
the "open" state. In other words, the inventors believe that thermal and
el ectrical managEiperes 36fand Bearemﬂwﬁmedsﬂwacteretshecdﬁdlhg cug@riafn heat in the
nanot ube el er;lgé SO % at, an "open" state can be forned. In sone

enbodi ment s SUPAUMIGRT oL M IBYSOEPR cal managenent is acconplished by
over |l appi ng the nanotube article with at |east one of two termnals, e.g.,

conductive @legmRARscriplion Ppredeterm ned, controlled way. For exanple, in
some enbodi nents, the nanotube el ement overlaps at |east one of the two

termnals ecified geometr a control ] ed overla Iength of a
preferred | @g@ﬁ fﬁ‘gﬁ“%ed‘? 041%%0%%6&#63&% I‘rﬁ’ﬁ‘n‘tﬁ%mﬁ‘é‘%f‘ﬁ(bé@r@‘@ into the
termnal, DylndullR WeRBNARf 2 RBMRGE dév?ces hﬁﬂ@th%@@é’b&[bh%@% g‘éHérEleEﬂt f | ows vel |
fromthe termnal into the nanotube el enent some enbodi nents, thernal

and el ect ri saiotyhsredpesné at artigle guerbapp bl lstréd pbqvlon@ébaqh@éttwgr;rmh@lsS%t ch from
sel ected m%@ﬂdu@éi\% etlgrﬁ‘éntéj.l ﬁ%ﬁl‘:ﬁﬁfug cﬂ*gﬁltt, Ok éte(? H)l Sie |o¥ bBRYr tﬁ’e terminals,

applies appropriate electrical stimulus to which the nanotube element responds by
changing the state of the switch. For example, the resistance of an electrical pathway
between the two terminals characterizes the state of the switch. A relatively high
resistance pathway corresponds to an “open” or OFF state of the switch, and a
relatively low resistance pathway corresponds to a “closed” or ON state of the switch.
The two states are non-volatile. The stimulus circuit can non-destructively read-out
(NDRO) the state of the switch, and can change the state (e.g., resistance) of the

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 layer that has a | ow
thermal conductivity, which helps to trap heat in the nanotube elenent. O,
the termnals can be fabricated froma material that has a relatively good
el ectrical conductivity and a relatively poor thermal conductivity. O her
desi gns hiidbRidoal s for thermal and el ectrical managensnisofsoishe switch
are contenplated. It should be noted that while changes in the resistance
of the switch due to electrical stinulation have been repeatedly observed,
that the causes of these resistance changes are still being considered from
both a theoretical and experinmental standpoint. At the tine of filing, it

is the |nve tors' Eef th‘? Lhermal effects as descrﬁbed herein may cause
or contritg ?%anlOBleﬁ msRE 8P aldhe e et the gy Heh hasrdegigh Sharagfelied cause or

cont ri but @, figi: 1RDSKINEEE RSRAVINAced hOR I cAEow Wil GihEahoRfef abri cat ed using

met hods that are easily integrated into existing sem conductor fabrication
met hods, elemeds dhe badntors lzﬂlemtbat thie mlgws ﬂbebwheatlse@étmlnamh@ds t hat al | ow
t he fabrl ati verl.a fi bet wee nanot ube
e e oRBhbEn BRkaRY SnaBil R bR R KR ETRCAR% snd (bR Rt 25097 109180
PCT/ US2006th€&1166143 thd i@0&htdrs Beltedd sigat ﬂﬁﬁna\md elacigianl thenagenédtok llabl y swi t ched
between two non-volati|le states, and because the fabrication of the switch

can be i ntEifhaebanseripebuildugif hept i GanarniehsElrent. a8t 41 BReimstaffods, t he

swi tch i sciefrthimdan Iﬁls&ﬂmﬁﬁod?ﬁleﬁp%élﬁﬁfAn‘ar&'fectrldzapﬁlaﬁ’ﬁ@ffﬁhﬁs the switch can
be inplenmented in non-vol atile random access menmory “(NRAM arrays,

r epr ogr amrebinplished by amrlalpgswg thFendnobe attinld with at égnsoong-aof awertdsingnald, r i ng
appl i catiops, cH%l iBVZe] ngnvol atil e nmenory
¢

f be-b d
dovi cos/ SUbt ¢ et RO R ot DR B e R BN be

descri bedembd?iﬁménts nied Readsiboe tlefalr dveAijsngleanione B the twb edirmiias withk be
illustrated. Methods of testi nf;das-fabri cated sw tchi nghel ements wll be
(&

descr i bedSPeFifed Seqmaief-fe ACeNtEIIEd gugrapdengihalia Rieferied dength ofeBIEH. based

nonvol at i ﬂl&vs%&ﬂ?rﬂ?o?n R YahotAbe a&H&ﬁYnt@'EHeeié’ﬁunalfB{ﬁ%e@@ﬁ%’tfl be @orﬁi@c‘t'!isc es, and
reprogramebl’e wring, and nethods of making same, wil be il Iustrated

2- Ter m nalongeznygh &rab eursuit flowe gvell from the terminal into the ‘nanotube element. In

some embodiments, thermal and electrical management is accomplished by
fabricating the switch from selected materials that dissipate heat particularly poorly.
For example, the switch can be passivated with a layer that has a low thermal
conductivity, which helps to trap heat in the nanotube element. Or, the terminals can
be fabricated from a material that has a relﬁtively good electrical conductivity and a
relatively poor thermal conductivity. Other designs and materials for thermal and
electrical management of the switch are contemplated. 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.

[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.
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[0033] Figure 1A illustrates a cross sectional representation of nonvolatile
2- term nal nanotube switch (2-TNS) 10, Nanotube elenent 25 is di sposed on
substrate 35, which includes a |ayer of insulator 30. Nanotube el enent 25
at | east paw(j%lﬂ/%nsgverl aps two termnals, e.g., conducpiv¥esmbesenss 15 and
20, which are both deposited directly onto nanotube el enent 25. [0034] In
this enbodi nent, nanotube elenent 25 is patterned within a region that can
be defined before or after deposition of conductive el enents 15 and/or 20.

[ 0035] Conductive elenents 15 and 20 are in contact with a stinmulus circuit

100. Stinmulus circuit 100 electrically stinmulates at |east one of

conduct i ve el083Hnt s Beugmire spiich camibeisorrallablyswitkbedshoaweendivodigntvelitien. Mor e
speci ficall yy I - t:he St i by changi ng
he 1 esi ot ante SR R B e of B By b Al L BB ™Y 167207 the
rel ati ve val yeighdtdier fabs¢asivanethodgtieessyichdsusenl ith&nusbatof apflichdimsswi t ch.

For exanple,_if stimulus circuit,. 100 a ies a relatively high voltage and
ol at vely  HemEtRPent SuiiHGE ve SgR e e s A P dSe 6 BemE | nanot ube
el ement 25 r@g00Ng srrd), fég Bt s/afitsdeaRoReQbind RBefWigtatinddes ween 15. WO
2007/ 053180 PCT/ U S2006/0180d3 conductive elenents 15 and 20 to a

rel ativel y hvgileepelictiarfce. This corresponds to an “"erased" state of the
device, where electrical conduction is relatively poor between conductive
element s 15 082120, FQ! efSRMRLAS of fanShbIHAS Gl VobHd mifBr2PP! | €5 a
relatively low voltage and relatively [ow current across ‘conductive el ements
15 and 20, delins/seindicsibél bé shoemt arRiSheiespmnesorhyoneh@vgllivg dedveibedsi st ance of

roei ot ance. TRteclafy Banaieds 5 ETRTbpeian oS 2 ifeRer IR cer wner e

el ectrical centhgekifeiticard sivatiahg Meinyntg adtbe @scigdedn [AGAEmbEUIERts BEt ween
conductive elepents 15 and 20. Generally it is preferable that the val ues
of the high et B vHir dpapaaic-based naayalatiiesipmapis. sitch|ag Mmooy agiider of

magni t ude. ExanRlRu Aol RO ind LFdoBMSabl AN HinkCldhans&Soiking BhRILAMMEd” and
"erased"” switch states for so eénbodi ments of two-term nal ~ nanot ube

swi t ches ar ebedBysgraiddled in greater detail below . [0036] Conductive el enents
15 and 20 are preferably made of a conductive material, and can be nade of

the sanme or differ eg_tTep;;};,%rlM}zémggg‘gﬂgjepg on the desired

[0033] Figure 1A illustrates a cross sectional representation of nonvolatile 2-
terminal nanotube switch (2-TNS) 10, Nanotube element 25 is disposed on substrate
35, which includes a layer of insulator 30. Nanotube element 25 at least partially
overlaps two terminals, e.g., conductive elements 15 and 20, which are both deposited

directly onto nanotube element 25.

[0034] In this embodiment, nanotube element 25 is patterned within a region that

can be defined before or after deposition of conductive 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 least 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 swtch 10. Conductive el enents 15 and 20 can
for exanple, be conposed of netals such as Ru, Ti, C, A, Au, Pd, NI, W
Cu, Mo, Ag, In, It, Pb, Sn, as well as other suitable netals, and

conbi nati ons of these. Metal alloys such as Ti Au, TiCu, TiPd, Pbln, and
Ti W ot hero awigsatdoe conductors, including OCNTs thens@CV@82006018¢3e wal | ed,
mul tiwal |l ed, and/or double walled, for exanple), or conductive nitrides,

oxi des, or silicides such as RuN, RuO TiN, TaN, CoSi, and Ti Six may be
used. O her kinds of conductor, or sem conductor, materials can also be
used. Conductive elenents 15 and 20 generally have a thickness in the range

of 5to 5 du& e?l{en?sxl%r%lhgo t(& Brdl %ﬁiv@l%ﬁh@ﬁ% ﬁl?@&lffé% of8s ?A grent s 15 and

20 are pre era separa about e separa on can be as snall
or as | arGpeasad’ sa:kté oM;d dbyice, mmmeess:udtmtc:@ductimls eelampl}qador benwbemm up to 1

the. separSRrB e Serist S 200 o 8881n ety B s7u P Bk ERk ot nods. of
fabri cat i Rowdel Wil VQIY&]E|aﬁ<ﬂ)re@ﬁiv‘éEQBw%uﬁé’fﬁ%EM@@conﬁh&%@Ien@éﬂ@ & do@r mnal , or
conductive el emrent | ow wel | "known techni ques described in patent

publ|cat|3%ﬁﬁaﬁ@mﬁﬂgué@ngﬁﬂém@@OME§Wébm&wMM@C&ﬁ@U@©ﬁﬂ%ﬁPVWHdSS|gned to the
assi gnee @eftwé% &&ﬁ%@%le Hﬂs'l‘:?%%)&%?to é’ﬂa&%&y%@?&ﬁ% gabnsd in present- day

el ectronic In rac I'Ces hods 0o cating a partial
overl ap 1@r1\é@o§lﬂ§)ﬂ)/eO‘Edeg}ﬁ)mﬁﬁﬂ’/W@ﬂ%%ﬁ@é&fhemﬂm&mumomm;uhe el ement and

a termnal, .or conductive el ement,, nt.rol | ed | ength are
descri bed ] Vyy E80% OF GEsTAICA- et‘[’?f’@ﬁ]l WCH%F%PBWS%%@&)M cgrrposed of

'Si 2, Si Ngerddad8s 1s%@e@ra@l@ Iyt Hed@Iuco bf thehh@rand W ARls@intdiswé adphgdmat eri al ,
and have a thlckness in the ran%g of 2 to 500 nm for exanple. Insul ator 30

i s supportyed lasgt anmdenoi magaindenggampleyritagep, cogrnts cind resigsgseefor Subst rat e 35
may al so « %?o IPOSHLQ a%d’%wcflig{a%g%r%ﬁm e}n%ﬁaﬂlf%hf% ¥ tw SRS ﬂlial metal s that

connect t ct|ve el ehent s and to supply Fectric signals to
nonvol at |Itaaoﬁabe ewitthes hrerlasoibab e geattatetdlbelNS) 10 as illustrated further
below. In some enbodi ments, substrate 35 may be of the sane material as

Dol rtofl . Bop B PSRRI RV RRALR) F By o ™o
pr ef er abl pataridtpdreirdabe 61266 6Nthé QMR diiiffeghtaufte 448 dépehding onfthexicsiier mal oxi de
or nitri dpeerfolrrge%lcg (gilaggctgrlsttmg] cc))ft svslzl‘lcw ltoe%o%guc%llvé zalgr?lents 15 and 20 can, for

example, 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, CoSiy and TiSiy

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

Conductive elements 15 and 20 generally have a thickness in the range of 5 to 500

nm, for example. In this embodiment, conductive elements 15 and 20 are preferably

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 oxide, silicon nitride, alumna on silicon, or any conbination of the
followng on silicon or silicon dioxide: alum num nolybdenum iron,
titanium platinum and alum num oxide, or any other substrate useful in

t he sem cong‘;tfgog;mgﬂ]%ustry. [0039] In sone enbodi nents, papekip€osbgment 25
is a fabric of matted carbon nanotubes (also referred to as a nanofabric).

Met hods of maki ng nanotube el enents and nanofabrics are known and are
described in the incorporated patent references. In sonme enbodi nents, the
nanot ube el enent or fabric is porous, and material from conductive elenents
15 and/or 20 fills at |east some of the pores in the nanotube elenent. In
sone enbodi mkeitvecn haanetubbelealeahandta emningconsgeducsive glemenabf @epntielebt ubes
(SWNTs) and/ oy [ l,ed. .nanot . In sonme preferred

enbodi nent s, 8{%@#&%}}[’%%8&2}1@%%@9 §|d§1%\ﬁ%§§' doubl e wal | ed nanot ubes
(DWNT). In sonme preferred enbodi ments, nanotube el enment 25 includes one or
mor e bundl es[0038] namoulad@30 rhay mowmppsedfod Sie SeMbAdeD1BrOs polpanidt, wbe el enent

25 includes one or . nmore hundl es of s.,..l.n_sone, enbodi nent nanot ube
el enont 25 1 REFUIUEIE SoRIPSTE o AR s BRBURGHGET B & 0T
proportion oforB\i¥sle. IRuBRABO iﬁ%gﬁ’te@[&?tsﬁbstﬂa@r%ﬁ Hhee AbeARLn 2y 1 ncl udes a
si ngl e nanotube. 17 WO 2007/0531 PCT/ US2006/ 018043 [0040] Sone nanot ubes

fabricat ed b§*ame THbsHyedS &y apedearcpgosigo! senaicppiuptors NSulRErs, Bad/oexanpl e,
nanot ubes pr &g{éﬁsﬁgat%nrhgéptooéo?gﬁi?g §lggﬁrﬁ§ts 5 %C?Q(S %%B@g%%ectl‘[cgﬁsxgrfagsgg 1t 0

consistently ex It the sw avi or descri ereirn. ] Figure
2A shows an Siiviolanege teodhimahnawarp s eitSWRTT NSNS abilustrats0 fodlet below. fnabr i cat ed

with a spin-on nethod as a bstantially single |ayer of tted nanotubes.
Whi et gur - PR SRR qub S Rgran & e e S an Oruer SO 1) pl e

|l ayers of nag@f@bmi serddbl, the siakatk 68§ belahjmatehar thappilicpedpatie t echni ques.
That is, preferred enbodinents do not require a nanofabric that is

necessari |y SEhesiHen afeanogibes hnfRie cerbiag, tnpprefskaiip p @atarisbchpseipfralBiic can

i ncl ude bund|gs, 0f,nN&n e or SitH e Al 6 shicgure 2A shows
a nanof abri céiﬁaei nﬁ@aﬁgg%ﬂ%@?%m@é tﬁ%ﬁgltcu g%f&ﬁgﬁ?ghﬁéﬁéé or Sné:glyl y aligned
nanot ubes magiobide glénbnaitrivie| dlumiah s silitdre or mgrrombesios ahthedolimtiag b c and/ or
sem conductin ribe %at ent references. In

i he i .ed .
omer o e Mo R RS WD BRI R ARB D e B ALY

aluminum oxide, or any other substrate useful in the semiconductor industry.

[0039] In some embodiments, nanotube element 25 is a fabric of matted carbon
nanotubes (also referred to as a nanofabric). Methods of making nanotube elements
and nanofabrics are known and are described in the incorporated patent references. In
some embodiments, the nanotube element or fabric is porous, and material from
conductive elements 15 and/or 20 fills at least some of the pores in the nanotube
element. In some embodiments, nanotube element 25 includes single-walled
nanotubes (SWNTs) and/or multi-walled nanotubes (MWNTs), 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, MWNTs, 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
nonvol atile sw tching behavior as described herein, e.g. silicon nanowire
based fabrics, other nanow res or quantum dots. [0042] The nanof abric shown
in figure 2A is preferably fabricated on a horizontal surface. In general,
fabrics ave:wonf3esomal and may be oriented at various XEFIUS006/0if04hout
limtations. Figure 2Cis an SEMimge of structure 90 with nanofabric 95
conform ng to an underlying step after deposition. These confornal
properties of nanofabrics nay be used to fabricate vertically oriented
2-TNS w th enhanced dinensional control and requiring |l ess area (e.g. can

be fabr! caioR) at sahEaLAsARTRIkd b35orhd bisSbiaLEd FriNeEahow [0043] I

sone enbodi nents, nanotu enent ure nanof abri c
wi th a t hThErAés Fobetampdn n@ndulies pﬁadamd Uer‘lepmcembandlpnﬁaﬂr@d ranot ube el enent

25 in figyre |IA s abric tha hi ¢ Sss .between 5 to 20 nm
SWNT di arr@lf’% eéldﬁ%f/orﬁgmﬁ Fﬂ@gﬁtﬁ"ﬁgsgl%lf behayigr gesgr E?ffhefr%‘?‘ exanpl e. | ndivi dual
nanot ubes may have a length in the 0. 3 to 4 umrange, and thus can be | ong

enough to[ooap]an Fars2hshald arsEM tinee ofaeREMahE SWIRT eaRthisicls) @ad 20.
Nanot ubes y. al so be shorter than the di stance between conductl ve el enents
15 and 2olst£u{rwé@ﬁt“a@ta spyr-on gethed 2pp yyheatialy smely laygoderae8043 " net wor k

with") ot nts. See
05 Pt cpr ORBEOVYRERglS ARG RRERC R MBI AT % o

details olfayersoﬁnhmofabme naxythecfalmpaadwlmeiﬂmamopmmwdhmqm dhaosubes. I n

gener al , th nano Si shoul d h. eno h to ensure that at |east
one nanot EETSE Rbb RSP Hol kS aeo BB L Bk AR B Mt veen
conduct i vieanetudsE ics edampin dthe ano@biie lcan mbﬁﬁebﬁlﬁﬂhs@f&hﬁﬁﬁﬁl%slaﬁﬂﬁocs for

nanot ubes are descri bed her ein, [0044] The two-term nal nanotube switch 10

i | | ust r at 90ele parofygs-e Wihile figureA WW?{@WMI%ﬁMW\?@%%mm s 15 and

20 that capoR@ed g OQBezrrm@B@é@aiotubQ}ﬁaﬁmss%d 'a§w€f‘aA?sQ>t ffi zed by a
pat hway that has a rel ati ve(é resistance, R -Infix et ween conducti ve
eirpe

el ement s mEBoahes @0.be@utalinan mamn@ucrun@,w@ dpmbecymttb@ wserporaigshduct i ve
L ement o st Dfeck Ml Msdeel SREnora 8 ARA Dy 1 81uaCEEm Y BiuelUf giher state

is chara r-ze vy ap as are OW resi stance
bet ween but simply needs to be made of a material and have a form that exhibits nonvolatile

switching behavior as described herein, e.g. silicon nanowire based fabrics, other

nanowires or quantum dots.

[0042] The nanofabric shown in figure 2A is preferably fabricated on a horizontal
surface. In general, fabrics are conformal and may be oriented at various angles,
without limitations. Figure 2C is an SEM image of structure 90 with nanofabric 95
conforming to an underlying step after deposition. These conformal properties of
nanofabrics may be used to fabricate 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 thicknessvbetween 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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BE L

conductive elements 15 and 20. Current generally flows easily between
conductive elenents 15 and 20 in this "closed," "programmed,” or ON state.
[0045] Switch 10 is typically fabricated in the | owresistance state. The
resistance of ,dfohbhsist ate depends on the characteristics pehRaNOHHE el ement
25 and of conductive elenents 15 and 20. The inherent resistance of

nanot ube el enent 25, and nanofabrics in general, can be controlled to be in
the range of 100 to 100,000 ohns per square, for exanple, as neasured by
four-point probe neasurenents. Filnms with resistances between 1,000 to

10, 000 ohns per square typically have a density of 250 to 500 nanotubes per
squar e mi cr ontetVerkswi) etisoernabRestoshrhe paktiepnpeivess thecdmegnih 1S has, for

exampl o, | Dol vee k] AHORNOLHRES kT ST NER SopaRetuUpe  of crent

preferably has es, he total resistance switch 10
bet ween condoatduvigvestrécterins nkbvakdioROed firom nhotliteds o fregénestl. abenanoalbades t he

contact resistance o .h _over region | eries, | us t he inherent
ceri o5 res: stds i Fefian AuTie &5 anih Gat Byt Bk HianiBic B RNt ube
pat hways (whiglorimy shes SHenati danet BBeReREsHIas RS PindnanN athdes)
between elements 15 and 20. In sone preferred enbodi nents, the total

as- f abri cat efrefegdsharaeteristiss formm@utey aresdesgrfied &F1en. i n t he range of 10 kf2 to
40 kS2. In other preferred enbodinents, the switch can be designed such

that the res'!lma ce T3 th63& ~ﬁaagﬂa1§6)gpoﬁg%itgﬁ1é81u}1&t2@917¢§%§i§%a5a

PCT/ US2006/ 01804 greater t An explanatio f nanot ube
resi st ance nagthwey bavwaeh ¢andudtive eteafeprsdiciad RD ti8t tardstiawae ahvdstatBaner j ee, "A

Conparative Scali nal ysis.of tal Lic, and r hon. Nanot ube
Interconnectl8%§mgg?éﬁ?ﬁ%ﬂ&F%Byé@%ﬁg®Wh§fmmféﬁﬁﬁ8$88¥%§R?“§F8€%§ﬁfngs of the
21" | nt er nat banatn dn3bctMeleldnhedwels dni26r ConeRGenerfionfiewepeely(Débbdeh, Sept .
29-Cct. 2, 1004, Wkoloa, H, pp. 393-398, [0047] In}general, t he device

per f or mance BYEECcHhEseleagns L ?“6’6& ify thip fepenhecigesdsi aPProstatsad B¢ ABHESSHE t he

nanot ube el e Cﬁ%@mm i fabric can
vary by a fag?g%aggﬁ%% Ieasgﬁﬁa,ﬁ%ﬁ%p?ﬁ%m§§§?§gqg%§?g%H§Q§G%£?€§'mell. In a

preferred enbodiuatvetclemings Ehawst20r dirsnigroerally flohe ewdiidratsen condiced ow
approx'natelXm&?géhsEﬂ%§8ﬁﬁhﬁ”@ﬁg%f£ﬂ§a§m59Egﬁ%§t§$&&,? of the nanofabric is
assessed after ta and TT 't he ance 1s

rication, esl's ound to be greater
t han

[0045] Switch 10 is typically fabricated in the low-resistance state. The resistance
of this state depends on the characteristics of nanotube element 25 and of conductive
elements 15 and 20. The inherent resistance of nanotube element 25, and nanofabrics
in general, can be controlled to be in the range of 100 to 100,000 ohms per square, for
example, as measured by four-point probe measurements. Films with resistances
between 1,000 to 10,000 ohms per square typically have a density of 250 to 500
nanotubes per square micron. In some embodiments nanotube element 25 preferably
has, for example, between 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 £ or
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approximately 1 kC2, then additional nanofabric is deposited with a density
sufficient to |lower the resistance bel ow about 1 kl2. [0048] Stinmulus
circuit 100 applies appropriate electrical stinmulation to at |east one of
conductive elements 15 and 20 to switch 2-TNS 10 between the | ow resistance
and hi gh wesoshsnge states. In general, the appropri atb€TalSeeH01941
stinmulation to 2-TNS 10 depends on the particul ar enbodi nent of the sw tch.
For exanple, in sone enbodinents, stimulus circuit 100 can change switch 10
to the high resistance "open" state by applying a relatively high voltage
bi as across conductive elements 15 and 20 with unrestricted current. In
sonme enbo V, or 3-5V,
or |ess. %}e%m il 16@{%eA§'letx§ﬁlrgl czll&lﬂ? %QSt%CG%% vb[?#%d 121 t§epu| se, and
sonet i mss 1edelsme|}é$1nfhstmal B K. iBaneged“A dlompaﬁaﬁbe 8ea]1N§AIﬁ13tsﬂ ofhe "open"

st ate, e |l e a series _of one or ul ses 1-5 V. The
durat i on %ﬁ%ny nddfrarpiep Hanniibeduterrgpnestians fBJéIQWeé%F Célmwstlch 2-TNS 10 to the

"open" st @c&&momtgletva%&ee&ngsf&Wﬂﬂ%@ﬁﬁﬁoﬁmeq M1%vaf1§tfemeh$éaw ng a
relatively high current e.g. greater than A to flow through the switch

can enhankenferegcaiMiE)y Sew. %ﬂnﬂt:tcﬁ 1t0@4,tWé<GlQ31thPpsB%ﬁ -898. I n some enbodi nents,
stinmulus circuit 100 rrust apply a stinulation that exceeds a critical

vol tage agﬁ;?f leﬁ | Ca 'tH? 8£\9§‘e'aqeh‘8nﬁétﬁ1]£85'es%oﬂ>‘%/fs90ﬁ n tfPeoc?éﬁsuét ate. In

general , el ect I'on 'S Su to cause 2-TNS 10 to
swi t ch t oofananpber invied nanhiuhb eleesits tfaneangiq tie shaet rbsestars:e«bf then somne

enbodi nent s he state 80, PCl YUS2006! 018043

char acterP%&aIbW can Vaég §taa§ﬁcg%rv(glg|ﬁ%@§té 8tn?" e Jeyise PEROTITLUaYY Whlle

general , Ihepieleats e£BOdilea0 HREhEN RSisRESEF thonhRdfHiRiaséiewi zed by a
relatlvely hi gh i npedance. [0049] In sone enbodi ments, stipulus circuit 100

can chang®PPsRiRallyIbkPoIn sReme rahpdiaats therfesistance o8 henagefabec By appl ying a
rel ativel y,¥Qld 49 r¥R%i AL BB 1 ﬂfeqegéf&&cwsefouﬁa %%éat&ﬁhapd 20. In some

enbr: : di nents, avo%yaeo or a 1-3 V or |l ess, switches
2-TNS to anpeoﬂlmmbelskﬁttamalﬁmcanabnanbfabsemelep@ssteé withteedegbigctufiicernt

stlrrulatl emac e O% 10 to a "closed" state depends in part"
e S, ?8 TH

on the was used to switch 2-TNS 10 to an "open
state. For exarrpl e, if arelatively high voltage bias was used to "open”
t he swi t ci®048]hen S&muhﬁlc&b]@liv 20Oyappliednppaiptiageldotraal stayullonteadiedstt o " cl ose”
the swt ane ol%%gn 9(? elements 1? and 20 to switch 2-TNS 10 between the low resistance

and high resistance states. In general, the appropriate electrical stinmulation to 2-TNS

10 depends on the particular embodiment of the switch. For example, in some

embodiments, stimulus circuit 100 can change switch 10 to the high resistance “open”

state by applying a relatively high voltage bias across conductive elements 15 and 20

with unrestricted current. In some embodiments, this voltage is about 8-10 V, or

about 5-8 V, or 3-5 V, or less. Sometimes, the electrical stimulation is a voltage

pulse, and sometimes a series of pulses is used to switch 2-TNS 10 to the “open”

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 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 swtch, If 3-5 V pulse is used to "open"” the switch, then a
1-2 V pul se nay be needed to "close" the switch. In general, the
stinmulation used to "open” and "close" the switch can vary each tine,

al t hough t heo"wbseisosti nul ati on depends in part on thePClUPEAI6/EEMIUl at i on.
In other words, even though the switch is "opened" for exanple with an 8-10
V pul se, and then "closed" with a 3-5 V pulse, the switch can subsequently
be "opened" again with a 3-5 V pulse and "closed”" with a 1-2 V pul se.

G eater voltages used to open the switch lead to great er voltages to close

the swtch. chéﬂaaﬂaﬁk&ih;jﬂ%m%ﬁ&mhﬁ& od (B P& B GHSS md m@Reh ge\ﬁeﬂal gges that are

hi gher than the tages, I n sone e ments the "cl'ose" vol tages
may be hi ghestate Mmlsomwohm@@ndtoxmldla]gesuzed Wiastiarig¢ly bighbepusmoe.cl ose and
open operations relies nore on current control than on vol tage anplitude.

As an exanplg; 6V, er Ise i .hout .cur.r S an be used to
open t he svm[?f():%ﬁandlnsu seqwled ltn?e > Stﬂmgkl)s Cﬁ?cglgtrlggntcan %a;léé &51%%’1&%03}%%,[ cap of
1uA can be usededigtarck Oslesefdh@tat’evbytdpblyn{gQﬂ‘éthﬁyWﬁl&agﬁ&ﬁas abfb@s ﬁirﬂﬁ&tf\decm

stlrrulatlonlsavo % %glse and sonetines a _ seri é segls used to
switch 2- TNSeReFnisH! 3 46 20¢ Ly sume erabrghiments, 3rvoliggerRs|a80Yt 3 Vl?@’é 08?1 ne or nore

pul ses bet weghesd - s%tYhes-a?@N@% ﬁfe'l&@ r&ﬁst&'&@st‘&{e 'EPE&né’&Hs@seﬁle@éét@éaﬁo be vari ed
to cause 2-TNS 10 to switch to t "cl osed"” state. In sone enbodi nents, the

same vol tagétm@l@élpncmnb@tqm@ht%m&|1@>se«"f“<é¢sdd’“ wéd\’:petnldensmﬂmﬁhe but the
wavef or ms Ofelécp' ta W)mlﬁa othét WisQ cg t%fs;%gtelp '.1‘1{%1’0 t%)%%rrehen’” S ' es of pulses

at a given ge cou e use open SWitc a $Single pul se
at the sane e&ammesif mraaﬁvelgmgm&aowua@ma@amew@&ﬁdvﬂﬂcapmanavo| tage could
be used to "clos r exanple, a ul se gi ven

0 on
vol tage coul Igla B @Evpﬁagedﬁwaxwe&%dﬂe hClo%dheaS‘@FF@?tF%bﬁ)Faé@?eaffaat“he sanme or
a sinilar \vpld V%ls%?yﬁs‘édl?@“cgféﬁ”dth%@wn&l fafeﬁ 10 SRy bddsdegs bhese sorts of

wavef or s ma% esi NS 10 because multiple voltages may
not need to @Saptbf:rswch t163t5h\épsmtschedtlon09wtthfz:wmh,@ﬁwdr pukseof t he

| vent i on. Bk PRRTERan OGN B e 0 GHI RO Buiifol (A Lea B P ogram

and unrestrict uring erase. N sone cases
that [imti ritg,ldsdsiéthe switéndantviast eabh om althbughudh “ctlbﬁ”smnmmluon depeedhiance its
ability to Spvf-\in-ﬂto%h operq’estll'n%lllgt?o%d In ot %} v%ords erven though the switch is “opened”

for example with an 8-10 V pulse, and then “closed” with a 3-5 V pulse, the switch

can subsequently be “opened” again with a 3-5 V pulse and “closed” with a 1-2 V

pulse. Greater voltages used to open the switch lead to greater voltages to close the

switch. Although the examples listed here use “open” voltages that are higher than

the “close” voltages, in some embodiments the “close” voltages may be higher than

the “open” voltages. A distinction between close and open operations relies more on

current control than on voltage amplitude. As an example: a 6V erase pulse without

current restriction can be used to open the switch and subsequently, an 8V program

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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exanple, adding a 1 M2 inline resistor between stimulus circuit 100 and one
of conductive element 15 or 20, to limt the current in the switch to | ess
than 1000 nA, can enhance the ability of 2-TNS 10 to switch to the "cl osed"
state by about 40% Another exanple is active circuitry that would limt
the curreWO2UWUSHF0t he program cycle. In general, anyPEl/esod/msdd3
stinmulation that is sufficient to cause 2-TNS 1.0 to switch to a relatively
| ow-resi stance state can be used. In sone enbodinents, the state is
characterized by a resi stance Rmv on the order of about 100 kG or less. In
sonme preferred enbodi ments, the resistance of the relatively high resistance

state is valtagd @aklbeaedito ‘Lhs’l theswitdlg h@x; fdrlkamplbe beg pslkameegiodn t he
relatively |low resistance state. In general, the state can also be
consi der e8t8 WBlddsaret oeioPse dhhgvikehy @lda SHOEIPYISE shihe srpeabhEBilal n sone

pr ef err ed,fRRQdL IR Red LNe1dsEPREMNEE. WsildBedeGbAL bf/@é%f&i?%gnar}i mpedance state

is at |east about 10 tines higher than the inpedance of elatively |ow
i npedanceimpley ¢he degigh 21 2-TINS tGnoecatsammstiple soltagnywkpndl reed to e apphiey do not

change unti,). sti us._circui 100 appli.es_anot her. appropriate el ectrical
sti nul us% gjeés’?v 1?%‘21%@%%@% m&g%@&&sio@gw 1%Ye§ﬁ%rr"itﬂ%ls f%elg’ﬁ}?n °Affd they retain
st at e evevhehfuf@weireiligmitet @oMegplopAM dndanedstrittdtdurin@etagdll us circuit 100 can
al so determ ne the state of 2-TNS 10 with a non-destructive read-out

operatio !}SRO) For exanple, .stimulus circui.t 100 applies a | ow

measur er‘r@?é ol tréb%q %@rewgg?%ﬂa%mwse@%Wgnaééaﬂﬁgrgé}at?Jﬁ&smeasur es the
resi st anggough MEEWRANcARELSROAN GhiliMGo BWRIERIBe “clbled” §i881 $HhaNce can be
measured by ~neasuring the current fl ow bet ween conductive el enments 15 and

20 and f resamplhaddingal IcMKainlingresistor betsiest simmdudRirciitd O8 androeus i s sufficiently
weak that_ i oes not .cha the state, of ,the. device, faor exanple is a
vort age- sPhteefre et 1558205 ahiEg 95T wh b5 dE 168 mseTiorFE3006: 015043
enbodi merkSenhlafcedBOeBiaty dft2-TISS PO &f viahlte tHehatosdt st by atfut k@@st ten tines
greater than RLOWso that stimulus circuit 100 can nore easily detect the

state. [GOSHFr FHEMGPSRE s Aropiny teaevoukblimittherrupiset Qe dhe RREHBes states, the
conduct 1 ¥gete. P JWBMI, by bbGrieHsimbLANPEAI RRGERICRNNARI 2 eR3NGes that mod Ty

its ability to carry ‘current. In other words, the inventors i eve that
t he el ectswitehato arelativélp heshirgsistanamgiels cabbe waedn Inospenegmbmgiedsiishuct ors al ong

the condygtly %haprgctteg\&%x b9 YGesiParle %Q&,P g thie Deded Gt about 100 kQ or less. In

some preferred embodiments, the resistance of the relatively high resistance state is at
least about 10 times higher than the resistance of the relatively low resistance state. In
general, the state can also be considered to be characterized by a relatively low
impedance. In some preferred embodiments, the impedance of the relatively high
impedance state is at least about 10 times higher than the impedance of the relatively

low impedance state.

[0052] The two states are nonvolatile, i.e. they do not change until stimulus circuit
100 applies another appropriate electrical stimulus to at least one of conductive
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 (NDRQ). 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 inventors believe that an el ectrical
separation, or discontinuity, exists between a sufficient nunber of

conductors R)Po%fog/@%sfléoca”t ly limt the pathway's ability pt@S@fobyisedar rent .
This may arise tfroma physical gap form ng between those elenents in

response to electrical stimulation by stinmulus circuit 100. In the state
where the resistance of 2-TNS 10 is low, the inventors believe that an

el ectrical contact or continuity exists between a sufficient nunber of
conductors to aI |ow the pathway to carry current relatively well, This may
ari se from t Febedipsntagnogengragiis prafsrahicdhatdiresudp ahleast leaSMRI EFBHE haw r esponse

to electricak ?%EME?%’HR&SQ%GC&}]'156’!:&1’1%8%8'6559 id gteg:totﬂe sthQ054] The different

conductors in e pathway o e swt i nc e one or nore individual

nanot ubes or nanot ube segnents in nanotube el enent 25, and two termnals 15
and 20. Becaﬂlﬂé3bne The imeniorstehovathatswien tht’néevm?ambmg@est@ﬂeg,rtbmonpu@wede t he
pat hway bet rmnal s 0SSi ange in the

hyor ol - erarrbnDbe Seld SRR arweR Bk RaCond® fuiliangtryy) o

bet ween the panot. umaﬁher waudl, aie 1MdetUr$’lbeIfevéi)ﬁ}1EaN\lﬁeBle&t@@ﬂ&ﬂlhﬁor@hlp&ﬂ@:ﬁgeb ndi vi dual
nanot ube itself, causes the change in the swtch state. For examp

nanot ubes naYCEEF SRELOT FPRIC BPRGRBIOE aéqngtth%conpgqtﬁﬁe,pgqhgvay UE b2 FhERES ’é@hf‘st ance

state, and ”Bblysk&ﬁﬁlﬂ@ﬂﬁl‘l{?@étwgéfﬂh@%n&%&)ﬁ Qx'i‘%e%faté@ﬁ&e tﬂéfreélé‘tgncfe%w‘ nal's in
the high resistance state. O, for exanple, an electrical network of

nanot ubes wi ThiSH Gtikhbighatheinybetors tehrevet thatay eteotiichl sepohtian, hedis¢omtitbity, | ow

Ctate. o, 1 SPOR R BPLe THRR ORLR PP e B0 DR BER3Y Tonc nuous

in the | ow resiigttaraey siradne, TiEBehafayise Mar @ pﬁy@@yga;ﬁﬁhmg@p)et%ehhmm ddl e of
the nanotube in the high resistance state. The two resulti ng nanot ube
%

pi eces or se@RERRE ILLAPWT 1P Peetihiadainn ttycﬁtlﬁéﬂ‘& Igpib A P& r I e sfpfst ube. In

general , thewﬁ@ﬂé%&@kmﬂaﬁ‘dea&f'zoﬁﬁﬁ'w DB WERE M RnRARiBREL NG AReiQf nore 23 WO
2007/ 053150 PCT/ US2006/ 018043 conductors 1 n the two-term nal nanot ube

switch may chenigor aneniifvenstobgwoel 4 axlcient mambdleqf@nddm?g)r@w Etl]h)e/ tharticul ar
embodi ment, ﬂﬁ\gg)?‘?o caprxo Frei\'%rﬁ r%latnfezx Pa. ;Thlgll Al ah nfggm t (gshﬁ/ rl%apwor K

rel ati onshl p, nanot
nanot ube, or bétneemerRait@idib eondidlyrsin @ebpoiss ab electtﬁéalsmtlmhbmgy bt&hﬂm; or of the
swi tch.

circuit 100.

[0054] The different conductors in the pathway of the switch include one or more
individual nanotubes or nanotube segments in nanotube element 25, and two terminals
15 and 20. Because one or more nanotubes in the nanotube element provide the
pathway between the two terminals, it is possible that a change in the physical
relationship between the nanotubes and the terminals, and/or between the nanotubes,
and/or within or between segments of each individual nanotube itself, causes the
change in the switch state. For example, nanotubes may contact one or more of thev
terminals in the low resistance state, and may lose physical contact with one or more
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 nanotube 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 phenonena may vary.

[ 0055] The inventors believe that physical changes to the conductive pat hway
in 2-TNS 10 during an "open" stinmulation by stimulus circuit 100 nay arise
from thermal effects in the conductors. Mre specifically, the inventors
bel i eve tWaroo7osdstheati ng caused by the presence of a RAAVERHBINEBNDI t age
and/or current density in at |east a portion of the nanotubes of nanotube
el enent 25 may cause the nanotubes in the elenent to physically separate
fromone or nore conductors in the pathway to forma gap. For exanple, it
has been observed that a threshold current of about 20 m croanps can

physi cal | ¥ok,&8k iR fhd (L t&'nqﬁalnaﬂ&ﬁwmﬁhlnmy%m 4ing idvRGlorSRGERAL S, whi ch

are separated by a gap. In sone enbodinents the gap is about 1-2 am and in
ot her enbtul depanding bethgaprticylag nmb¢@memth@tmnad§ombnd_01nnpmrpatta;u@ekmtdhan about 2
nm This revent s current f om. f|.ow n t rou h t he nanot ube,
yi el di ng anlg%(sjlﬁ%lﬁﬁlag%rgsp s ERa P e re’lt%gémgla élewoé]ﬁn?%ogfbg QRO le nanot ube
el ement 2pariosuba, drakid- ﬁa@fubenﬁ@ppﬂébﬁmnaﬁehl@dls\ﬁﬂbﬁln(glﬂeh&%r dfiheagikehi ndi vi dual
nanot ube pay %enerally be a function of the total current and the nunber or

density of°ifd %f?’ﬂﬂzf@é’smﬁéjéﬁﬁﬁﬂl‘?ﬁg‘)ffﬂéﬁs"flﬁé thg phenomgag May vagne cases many
nanot ubes may join together to forman electrical pathway. The inventors

believe t[ybsj N gAAReABAMICIBR Bat ﬂ%@aﬂ@h%{g@gm%é S Rbc FaBREaySHT f 1 Ci ent
t hat the current in one or nore i ndi vi dual "nanot ubes exceeds about 20

m cr oanps2-TNShsduringriot ‘opens shawlaaoebhétaﬂulamrqwtel@ra maecigedent hose nanot ubes
no | Ongerth‘éﬁﬁ;f%ffec‘%é’{n tﬁ@{:%ndwt%rscam?@% Sitalid Qﬁé’fﬁ@@nt{ﬁ%% fi{R&R,MBY_I ncrease,

causi ng one or es to’’overhea break. Thus in rapid
sequenc e mmheaﬂmg @dulsecbtfy thi @resetice ®f b threshpidyvioltggenand@ir clheant maysigvenheat and

br eak, atin en" th or ed" ate in 2-TNS characteri zed
by a rel ]t%FS\Fél rt’r?lnéﬂﬁﬁ% @E < n a’fi‘?te?ﬁ er@@t? may gpused tuJE’B?ma nanof abri c
switch that e@ﬁféﬁ%%h&ﬁcaﬁ}%‘ébﬁbtle fkn SR n®re EdHRINEORAH eel pﬁ@m@n@t ubes

pat hvvays broken (for exanple, see arrow [0056] Simlarly, 'the inventors

bel i eve t foam aiapr FeneNangles e beanypbaery st thaitighmshald pursané o&ﬁ@pb% current
dono) 2Bty S G TIPS PP sl 2, 1O,
el ect ri cawhicktwoeparaitd hya(gaplbbmssonw&ﬂbedianenrsahet gapub about hrBelsthpdmd iwol t age
and/or cu lEleernetmb% thgntel the ggpu{srs?n%llérc%hasnei%%{ltaf nm or arge?%)atnua out 2 nm. This

physical gap prevents current from flowing through the nanotube, yielding an “open”

path characterized by a high resistance. If nanotube element 235 is a fabric of

nanotubes, then the current in each individual nanotube may generally be a function

of the total current and the number or density of nanotubes, accounting for the fact

that in some cases many nanotubes may join together to form an electrical pathway.

The inventors believe that in some embodiments, by applying a total current sufficient

that the current in one or more individual nanotubes exceeds about 20 microamps,

those nanotubes may overheat and break. Because those nanotubes no longer carry

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 within 2-TNS 10 is not currently identified, it is possible
that the voltage and/or current density is conparable to or | ower than that
required to break an individual nanotube, Al so, overheating caused by a

threshol d «ghbagfsapA/ or current density may physical | ypchfigakesmoisact
bet ween one or nore nanotubes in nanotube elenent 25 and one or nore of

conductive elenents 15 and 20. [0057] The inventors believe that in general,
2-TNS 10 nay experience physical breaks at |ocations susceptible to
overheating, e.g., weak thermal |inks or thermal bottlenecks along the

pat hway that nanotube el enent 25 provi des between conductjve_ el enments 15
and 20. The DPiHEameeT & B nayaiulos stithiry anglectripat pRla gk aaraubas. IVijlosen

| ocation, t CUL T i j - ; ) ' of the
pat vy, e A ] A o el PRI i
in rapi d sedwenmeh otimswithin 22TNS db ig dve camentlgidentified, i isgopdtihihaythe may over heat
and break, creati ng.an _"ogenf‘ Path or "erased" state in .2-TN$ %@

char act er i z &5y AV PRFUFgE AIIth SgRmPRIgRIe Lp Grjower ‘?%g@j regipiged RPEHESPs bel i eve
that a "cl osfivighdl AAiIeOMIRY, o$éheRtnd Sakbd 61k thrddBld oRHSEMIAR cBir@Rt rostatic
attraction that may cause the creation of a conductive pathway in 2-TNS 10.

Thi s att r acHpusiy mey phiisirallyrbreascentapicbetvanss b esmarsdiageibesdn 6pROtHISt 0 cont act

with each o i . CLEI stinulation that is
needed to tg%ﬁ{e%ﬁgarﬁ@%%ﬁ}%% %t&%}é chté%&e@%@%téﬁ hrg@%een observed to be in
part a function of the electrical stinulation that was previously used to

swi t ch 2- TNE0BG] t o Twe il gpens belsvathet inBareraln-dNSorGsmbetipeviendelphysicdhi s ef f ect

b I d ' - th i cul ! !
ot it at 1 on s 4O ABe RbRe-Rlinb { TR afte canatiet SR PECRE KB ey For

exanpl e, a bettlatidckehlyng de padiveR tha ehitcage cladyent28ip@vides Bétive@l gonguaive
over heat i ng, . whi cqér;aépcreate relatively small agaps bet ween nanot ubes and
f

conduct or s. CFRERL Gt heinyentony bekiqvsdhat iffbe pAREaHRIGASEt R &HGRred to

sufficientl Yoca@dd HaClurk , [ i¥els gRvsmal | gaps,
and may bri nogcat hém |Irllltn O@e@%@?@?@ glmélteﬁ%ce{g%ﬁgg}tﬁhg%r&&%@?ﬁt}%)r?aarrplaz: a

rel atively Hihifh mgpedicevyethagtingray besabis# othreg lappiions| Yhhsningepidvequierest i ng,

whi ch may cr e

e rel.atively |arge s._bet ween, nan uggs and conduct ors.
Then. a1 el Aocy oA A ot el AR S Ry SE o A 0P PieRE 508 0 20077 053180
PCTI US2006/ 045804 Bath or “erased” state in 2-TNS 10, characterized by a relatively high

resistance.

[0058] The inventors believe that a “close” stimulation by stimulus circuit 100
causes an electrostatic attraction that may cause the creation of a conductive pathway
in 2-TNS 10. This attraction may pull or move the nanotubes and conductors into
contact with each other. As discussed above, the electrical stimulation that is needed
to switch 2-TNS 10 to a “closed” state has been observed to be in part a function of
the electrical 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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sufficiently attract the nanotubes and conductors across those | arge gaps,
to bring theminto contact wwth each other. An insufficiently high "close"
voltage nmay not attract the nanotubes and conductors with sufficient
strength to draw theminto contact. [0059] The inventors believe that an
undesi r ak{y 20ob@83180Ccl 0se” vol tage, for exanple of abowcT85i@6Nis0m sonme
enbodi nents, may be high enough to attract a nanotube to a conductor.
However, once the nanotube and conductor touch, the <current that begins to
fl ow t hrough the connection nay cause a |ocal tenperature junp at the
connection. This may overheat the connection, and may cause the nanotube

o oo e, A SRR AL I B ERS Re BPRLERAIAE  is case.

the sw tmenmm d‘oatabt WRE dathothelr. SanBaificRatphigr e tvdiags 6la9aed. " However,
the switch be cl osed by a sonewhat | ower "cl ose” volta e. An

undesi r abPyragt éfhnaﬂ@ PR and qondugies withsuldicierpitength ta BEW thi@J&f@ V in some
enbodi neng%tactgay cause overheating that may cause a very | arge gap between
t he nanot ubes and conductors, for exanple of 30-40 nm This gap nay be so
| arge that no "close" voltage will be high enough to sufficiently attract
t he nanot (1988] andhe dmgniorol 6what§nntlmdtﬂlnahlqmgibf¢iQSﬁ’f wltgatfact with each

ot her. %%apﬂp%e %tﬂaso%ut é lti'@ Vsl\ﬁ‘s&%% & nggdlrenpfét ar%%}@bagé%ée%o&gg éon gttragcn g er

programa I use no stinmulus is
suf fi ci enhadoubatd 1 acidutfoe Howewd wnes thamandaocdindticonductdittouchpmeact . [ 0060] The
i nventors believe that Lt ernative nmechanismthat can cl ose the

el ectri ca?urfﬂfﬁ\% SeE t%?]f)‘r‘ﬁ} 1948l the copneciIomARsAUsR2 Hgal 1?’611’%'1&18’6? rical arcing

t hat woul ﬂlmp%@wcoﬁﬁéc%ﬁ trhg nl Qﬁrﬁwéﬁﬁe&l%& cfo%é@i@n%d%a%&%‘dé@ﬂﬂ@ ‘open”
operation.) The el ectrons resul ting high temperature nmay draw

mat eri al Qﬂ@@@@@ﬂdﬂwdvhfefm&gamsﬁpﬁr@iﬁ ifhleprc@aqs)ofmmr@cw&argiap to re-establish
a conti guggcsonelcc%%t %76} e%?unvﬁﬁée : [%Qﬁlglt ﬁre gvee tg%ﬁllp goserved that if

2-TNS 10 i§ SOV S Phett gas t hen the
strength Qﬁ1tc$1tmawﬂaaﬁoemscfﬁqmrfoebh progr ﬁﬂn&ﬂe)"r “ctlb&d ”sﬂbtveber; thereitet ed to the
stinul ation Esed to "open" the sw rﬁﬁffh In other words, Ee size of the gap

may be rePaY BHClOEpdhyer sogpegdiat lower hlgsst Yines nARydssEpbly OPRE i nvent ors
have al sov&taggrfy@&ahﬂeéoﬂabo& 15NS ¢ & dome@iboRassty ale@GauRlcinBatiiel Mul ated in

a vacuum
that may cause a very large gap between the nanotubes and conductors, for example

of 30-40 nm. This gap may be so large that no “close” voltage will be high enough to
sufficiently attract the nanotubes and conductors so as to bring them into contact with
each other. In this case, the switch may fail because it is no longer programmable.
The switch may be irreparably damaged because no stimulus is sufficient to attract the

nanotubes and conductors into contact.

[0060] The inventors believe that an alternative mechanism that can close the
electrical pathway by stimulus circuit 100 may be due to electrical arcing that would
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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WD 20071053180 PCTI U52006/ 015043 that the strength of the stinulation
required to "close" the switch stays approximately constant, w thin about
10% regardless of the stinulation used to "open"” the switch. |n other

wor ds, the siemoonisstdoe gap may be unrel ated, or weakly retBUSm6/d18048 he
stimulation in a vacuum The inventors believe that a vacuum may al | ow heat
to build wup nore rapidly in the nanotube elenent than it would in a gas,
possi bly because heat my |eak fromthe nanotube el enent into the gas.

[ 0062] The inventors believe that over heating caused by the presence of a

threshold v Otlhgﬂggg?éﬁgﬁlg{f él?el'gtl o'nri'ecﬁur-gﬁ‘lﬁ) 2Ic(l.’os V‘@fe%@z t@?ﬁaﬁf@?ﬁqﬁﬁ% ct

between a nanotu con I'S possi Iy R e presence of
t her mal | y- i ndustedk, withintabog 1\@%)&c@ardbm of e spinohados useidno t'éyenhdratvible. | n

particular, the inventors, believe tha rheatin e one or nore
particul ar hhdﬁﬁﬁ“ﬁﬁ eistre Oh the gan gy gungﬁﬁxiphg? %1¥H%§5h i mode may
break cont acitishgiwagn aa«aaﬁﬁptmqn@daa)r@b&@wmﬁt Hhacub mBLIRHHeat da%nd excites
a spectrum of acoustic and optical phonons in a material, e.g

nanot ube. Act@eiedapiflorib thermadetsbeelpment drsgbweult éme gaswn@ssévlﬁochhésalhe@ihonon
nodes gene“ﬂ%%%m@ﬁoﬂﬂ% ﬁ?oﬁbe%ﬁ% ﬁttﬂg Jansport of heat. Some optica

phonon nodes 0 acsustic p ngn nodes, allow ng heat to flow
from opti cal m)des into acoustic nodes, which t hen transport heat. However,
i f heat does[0f62] flaiheimsmtbgs beﬁmrrhamtvérhedtingmissd bptle frésenaodust i ¢ nodes,

e.g., cannot_be t ort thro of ube a rapid buil dup of
heat, or a ttﬂbeﬁ}ﬁ%lﬁ Vn@%ﬁa@ 85%116%@@0@@3#01‘?1{} ]nglayﬁé‘?‘?g T)%Ctb?’gﬁ'g Lfay cause
over heat i ng fdastubsayd Deorlubibi, 6 RRbibEQelc8 dKthe PRdsade of BREMBBNIndA&@dnanot ube
and a conduct or, [bggGB] The |nvent ors have obtajned Ranan spectra for

di fferent spédicesibestionsonpheiaas i femaneivee. Ja@articalss, éhy injergoryReierg thadnd have
observed th LSigntly

exhi bi t theaésvv?nﬂ{egﬂ%ﬁﬁg ngl% g‘% H@E?‘?Pﬁﬁ%&*” ergl}llrlil ti/%ﬁt}ggp%&ﬂf?avgg%a
pronounced oqbtmtblalphpllmrmvderm@ebrbddatonmtb@\spmmdtsanbmbaamchdc(aiductbr.eIat hi ng node
of the nanot ube. het i nyent or d.eve tk\&& t hi lE_Qﬂl?reat.hi nrg rm%e maé be
related to tES@PHSHH Sfi‘éﬂ &FO'?“‘I‘ RJCaHFOnERH S B e Frolle

behave as a 4 heobmmk. la@bashe@ﬁ@ﬂm rﬁdcﬁl?@ahﬂ@nbﬁtﬁt hdansiidie ophieal paAILRles The mode
may allow the nanotube or a contact between the nanotube and a conductor,

to be nore asilly daanegeaime ta thafrasprst of heal tSoms heAhopeir edss fdnsi t y
than other spffie&s aQustic phonon modes, allowing heat to flow from optical modes into

acoustic modes, which then transport heat. However, if heat does not flow easily
from optical modes into the acoustic modes, e.g., cannot be transported through the
nanotube, then a rapid buildup of heat, or a thermal bottleneck, may occur in the
nanotube. This may cause overheating that may be sufficient to break contact

between the nanotube and a conductor,

[0063] The inventors have obtained Raman spectra for different species of
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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nanot ubes that do not exhibit the ne,de. This breathing node may al so couple
to a 27 WD 2007/ 053180 PCT/ US2006/ 018043 node that is related to the
breaki ng of a nanotube, or of contact between the nanotube and a conductor.
In other words, the breathing node itself may not be directly related to

t he possig WoT@gsati on of gaps in the switch, but nmayPBEUREIHMEN3t 0 a
phenonmenon that may formgaps in the switch. [0064] Preferred nanotubes may
al so have in cormmon other phonon nodes that relate to their ability to
break contact with conductors. For exanple, in certain nanotubes one or
nmore defect nodes nmay exist, or one or nore nodes that may couple strongly

to the rmﬁllsd@&lﬁ spémgd a%%egﬁhgswm m@,eor%@gorﬂ g@begﬁ e ngh&u general , one

or nore optica acousti c on nodes may cont rea ing the
pat hway i mnd&c‘bhlﬁxc:t@ Ie other wialpahe higithingensiaiitselli nmymobl& fiteotipreiatadiuced.

Different i of nanotubes, for. e | e not upes fabricated by
differenttﬁ@¥ ﬁgﬁﬂanFPH°%§Wﬁﬂ%}@ﬁﬁmﬁﬁgggggyB ﬁ%ﬁ??@ﬁg?eQW@WHP nanot ubes
with diff@aeniy Puibkessindhe watchs, may have different phonon spectra. Sone
speci es may possess phonon nodes or other features that nmay cause or

enhance th breakablllty of contact between a nanotube and a conductor. For
exanpl e, M9%Ing Risiaredmanotabrs may Alsorkiye ErieaHee ¢the nheaakmadssithaty of cont act

bet wveen a..Rangtibe. ?9 t@b&%@&ﬂﬁﬁc?(ﬁﬂhk Qﬁ% orgl Nor e qulginl?ﬁh' eve that the

swi t chi ng behavior o O may res ron1a y ationshi p between
t he t her nednotahes fellee)@:mmcééfeat mdafctney Esibti arsonefor trivee modars;ibatteM)s of the switch.

Th | t hat, t | t f bl
orovi de- X CRReTETARITYS ARgs L8PSR AR BTG HBE AR SSMR AR Obbe. el ment
and at t hensalyensreymatel pyica os Bédubted gHdho@MBEE mef conadutd © okl i i n the

nanot ube el enent _s to break contact bet ween one or nore nanotubes and
conduct orRthvpsydp r%ﬁi Ctthi SPEHRSKNS eWikshanay kephogan-iiseed. Diglgrenbe

re- progr f#ea@& & nafid@6&for @Xmﬁ@@ﬁﬂioﬂﬂ)eé ﬂ'bﬁce&ew}tangefem et ea&&%g fupd

enbodi ne havi ng enhanced ~performance can esi and abri cat ed.
These goadlgemtyprb@semmm,ghé/@r mntowbeewehtirffeeait namu¢1e|oftvhe$ medy engi neeri ng,
manag The rOVIg uff|C|ent

ol ear T A9HIND burreding PRSI, Skl kTt e TnoBE o dET Gt L S
t echni queBsatkrRe Wt Ay thge af énhahde thabilehleallay of Edigact between a nanotube and

a conductor. For example, having more than one wall may enhance the breakability

of contact between a nanotube and a conductor.

[0065]  The inventors believe that the switching behavior of 2-TNS 10 may result
from a key relationship between the thermal and electrical characteristics of the
components of the switch. The inventors believe that two-terminal nanotube switches
preferably may provide a sufficiently high voltage and/or current to a nanotube
element, and at the same may allow a sufficient amount of heat to build up in the
nanotube element so as to break contact between one or more 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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conductive el enents preferably provide rel atively good conduction of current
into the nanotube elenent. The conductive elenents are preferably
relatively good el ectrical 08 WD 2007/053180 PCT/ US2006/ 018043 conductors.
For exanpl e, Wh¥0e¢gathdct i ve el ements can be netal or sonerot/isnodiiresof
conductive material. Preferably, the conductive elenments can be fabricated
with processed and materials that are easily integrated into, or already
used in, existing fabrication methods. In at |east the "closed" state, one
or both of the conductive elenents is preferably in near-ohmc contact with

t he nanot ubecglRBBRL FoMBtdaads t8f confiadiivh eRHeRY cREBE meRN:CosRMYURE kidayre known.
[0067] The goal of potentlally allow ng a sufficient anount of heat to build

up in the n@ﬁ@ﬁ@@@Iéﬂ@wﬁnfﬁﬁﬁﬂdﬁJbQC%K@dh@éﬁﬁW%w&WMé@ﬁé@ﬁa@dM@ﬁotube and a
conductor, i goc%sﬁgcf?r{zﬁﬁatg al?@nat %Q?%ﬁlg%ﬁt%:%wa to, 6% aff &%?&S mrr&&&&hal | engi ng.

Many mat eri a can be Use AR é €.9.7 that
conduct el eCfa‘blllCihtt(M i&@hdds. arh Stha(SOthduclbsedhetate v dr.bofost tbaafmh@werret aI S
general |y conduct eleﬁ% and are_ conven

d
fabrication SFORFEAYS & ﬁ‘te%1 ‘?J“fml? Cqptpgs with fhe %%»,Slr@aﬁ{eymnﬁé%the uct heat

wel | . Nhterl@&@C&n%%egqagmggoggggw@@hbwne g., good thermal conductors, may
draw enough heat away ron1the nanotube el enrent that the elenent my not

overheat in response to an "open" stinulation. Alternately, the nanotube
el enent may 3 1 ovdihpaad! of poteadgbyrmlewing aswiligiens simoam of hpajitebuiidypein”

stinul ation. tﬂer}lan&ﬁgeeéleﬁl&t fs3Bg foG[ﬂ’é Bty mgeg%tnfgét%lgég%}dme@oégﬁscﬁ?lgg{ Id up in

t he nanot ube el enent resp onse t o Sur |C|ent y | arge)

"open” stlnuhapmmaﬁ)8&&@em1anmanmmnﬁmWhmoﬁmacmﬂbnghgnhkmyﬁd&n@ﬁ@ﬁﬂ] In sone
preferred enbo t he, nanot.ubes t hengel ve gi neered
by sel ecting“th HPF%?EECP%hW W%dﬁggﬁﬂﬁﬁ%qﬁ%ﬁPmi?gq%ﬁ?PPHKQEFFBCO%H?EeptibIe

to breaking héut WREPEBSE bl metdPMeraly condudt di@icifyorelgXadite, as described
above, some nanot ubes may be selected to have certain nodes that build up

heat or coupF@“@%ﬁ%@%@ﬁdHb@é§d¥W&@mbﬁé§Wy@8WP@§Fn§étKé@ﬂ tONEtYREABY ube and a
conductor. Thg, QMEHQQNHPVMQQHQIS%QMCM%%V&[% ca3bl helihgken by

overheating. I'n sone enbodi nment's e nanot ubes a e pre-treated before
deposi ti on i pomiucters, may driiuewugldbéat ewsy from the nanotube element that the element

may not overheat in response to an “open” stimulation. Alternately, the nanotube
element may only overheat in response to an undesirably large “open” stimulation. In
order to fabricate a 2-TNS that allows heat to build up in the nanotube element in
response to sufficient (but not undesirably large) “open” stimulation, several

embodiments of are contemplated.

[0068] In some preferred embodiments, the nanotubes themselves may be
thermally engineered by selecting them to as to have features that are particularly
susceptible to breaking in response to an “open” stimulation. For example, as
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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[0069] In sone preferred enbodi nents, the conductive el enents may be

thermal |y engi neered by fabricating themfroma material (or materials) that
conduct electricity relatively well, but conduct heat relatively poorly.

For exanple, the 29 WD 20071053180 PCT/1JS2006/ 018043 nmaterial may have a
rel ati vewo toomossksdr mal conductivity, a relatively hi gRCR&&R006/68pHcCi ty,

and/or a relatively low thermal diffusion constant. For exanple, in sone
enbodi ments, doped sem conductors nay be able to provide a sufficiently high
"open” stinmulation to the nanotube el enent, and withdraw a relatively | ow
anount of heat fromthe nanotube el ement. QO her kinds of materials having

Lhi S char AGAET Ak} oo kBl AR RAPhANATeol Al YIRS A1,RRCHEL Ve Pol yrer

Preferably the ¢ uctive enents supp nt~el ectrical stimulus
to "open" caph@t}smd/mmxehmdelaﬂow ﬁermdrdmcfusﬁanr@nstantn@or sxag[plé um:annéy i npede the

bui | dup of heat in the nanot b ele nt.. [0070 I.on in some
preferred® I&?&%@’B?%ﬁitoged fe‘ﬁgc m@) é?lpf Cd%ﬂ‘i@ %l}f ve elenents is
rel ati vel Yopsredtlmulften t@ﬂ%’ﬂ%\b@tub@aém&baﬁdaﬂﬂwfravz5%1§tmely oW d:edigs ohavi ng
conductive el enents sg@ced relatively far apart, and therefore have a

rel ati vel §eat ey thearrsotibe clement fotheidartsiof gnatgialsdiasingribie chasasieiasiict hem  have
b b

otimul i o o AP R By L e L o . PRl BEDP hos W th o
rel ati vel gethertgsipphaciufficiciiefosernl dimheaodoeh e sliehentdst tesdmto have a

hi gher regi stance.be we n.the ct ele nts t herefore have a
IIO\g/]ver curtfli%?\%lo gerigican YHB%‘?ﬁlelﬂ??g’“ﬂa I étm ’i’f’é]ﬁ{UbFS menhi ven eras\é

voltage. [0071] In general, the nanotube el enent may al so be in physical

contact wi0070] ot AdditisRiley, irfdosnd prefehed enddNEmbes ithtedistafie wonsuahor s, for
exanpl e an undgwlyl n}g i nsul tor and_an overlyi ngt passi vation Iayer These
mat eri al stMPERPIGHALINE P Weﬂféé%re aFlP"E)lWFlﬁ]é fRpsigmpleles Bieiout 230 WBne preferred

enbodi mendgiccHeBaviig éﬂhﬁﬁctf%tef‘e&ﬁeﬁ S aéeh%mmmﬁpspa&%me@wpﬁa@ £nents may
be selected to he re atively poor thermal conductors, for exanple having a

suf fi ci ertelagivély éﬂngh@a@tUbaplamﬁWpammgdhe éls@uctefbectwmtthgm, hagevbedrer mal

conduct | deéngﬁ(!l {2 ha]ve ‘tahe terrd’ep%y to 1eq1uhre gelatlve }bIsdl &% %¥ ¢ LA 1tn orr] tto poorly, —and

may be goo ermal "1 nsu can BCaUSE he® nanot ube
el enent dmaygeotie devdad tormr epentadid. \WSwifchesmb @l b adliviely laggetspatingv t h t he el enent
wthdraw |ittle

between the conductive elements tend to have a higher resistance between the

conductive elements, and therefore have a lower current density through the nanotube

element for a given erase voltage.

[0071] In general, the nanotube element may also be in physical contact with
other materials in the 2-TNS besides the conductors, for example an underlying
insulator and an overlying passivation layer. These materials may withdraw heat
from the nanotube element. In some preferred embodiments, one or more materials
that contact the nanotube elements may be selected to be relatively poor thermal
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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heat fromthe el ement. For exanple, the inventors have found that including
a preferred passivation | ayer over the nanotube el enment can significantly
reduce the level of stinulation required to "open"” the 2-TNS, in addition

to providi ngygbhehssifenefits. By including a preferred pagsjvsasosorsoiayer
over the switch, in one enbodinent, the stinmulation required to "open"” the

switch was reduced by a factor of 30 WO 2007/ 053180 PCT/ US2006, 1018043 two.
In general, the inventors believe that it may be preferable that one or nore
materials that contact the nanotube el ement preferably conduct heat

rel atively poorl ch ma he t to build_up t he nanot ube el enent.
[0072] The |g‘(‘/%n¥bve§erﬁialﬁ}ee0 nfcﬁ%\{’ P’%&’@W@Hy S\Qqu‘?féllegﬁt P&Er8€an al so be
useful  for ips@laldhs cemqwl%%meé cleRRngndiBblyeeodduct hBR rolanRipRR8! ement
and/ or conductive elenents, fromthe environmént. For exanpl €, water in the

air, or that V‘é@n@errl@shqlbhqah@buﬂéru@tlmﬁe@n@mlem@ran etch the el enent at high
terrperatures If an "open" stinulation is applied to a bare 2-TNS,

overheal ing. igviafie, MARGHNAR: L STROL T8 G Ao ALl OBy SHGHAN L ETPer at ur e

t hat any wat er at the el enment may su Iclren e el ement so that
it no | onger fmamiatutgs:oumoncem ofwikd I—TN‘Bhe.g. ‘tkmpxanst‘hbet éiemaat a8y cdndtictiviee swi t ch

cannot be sub uen cl osed’ ause the conductive path rOV|ded by
Che. nanot ube BT BHEn b ¢1 BUBPETOF o AFMe ol £ el aaie: pitos

passi vat ed vvnntnlfbt@aemleﬁ&ﬁ re@fl cRASR! HAhdr Bt HiRY RfnpefaRREs, tIPgn SWehch may be
i sol ated from danmaging water and may be fepeatedly "opened" and "cl osed."

It is prefer&bmalatipmis applisd taatbere 228Ner egtheatinia e TNGLE slepenovald bef or e
deposi tion of, {:?\t Pﬁ‘x%ﬁ ig&fgllh%hl}ge%[tﬁ ethat%fgrgﬁgt?tgth% E\g?ﬂel?t%{ﬁéey s)@f'fﬂc!wn%k”pl y trap

water next to tThe Sw SO preé passivation | ayer
does not out gasagwthe elemandsoitsat iato lpegereatiuiets byrradtweil. This ‘opemal’ €@ 2-pr ef er abl e

uhi ch can' darRge PGS EHGr b BF SHERE g vﬁwé’sbeﬂwe&@%?ed Jeselide trom

any appropr ipadved g&ﬁé @dnokiBe WiRnet it ReeveVBE, armmstéual thdionoys kut  not
limted to: PVDF (Pol yV| nyl i dene Fl uori de Phosph05| | icate gl ass)

oxide, Orion Pé@@w@@d wifliTaprefsriash AR RHRY larsks %‘*eﬁrﬁ’é SELteh mapRe ielatehirore
sput t er ed ox'{xgﬁe%ﬁ%aaﬁ hflfmal b wgéaltécuy Siflefify AELIbRIONKGs pRKELARROST L1 On)

oxi des. vapor itio nitri e materials may be

used in conj angweenadietdd te &@W—"@N Rés :emovei befare Iavmltlon of the passivation layer;
otherwise the layer will simply trap water next to the switch. It is also preferable that
the passivation layer does not outgas water, and is not permeable by water. It is also
preferable that the passivation layer is not fabricated using a high power plasma,
which can damage the nanotube element. Passivation layers may be made from any
appropriate material known in the CMOS industry, including, but not limited to:
PVDF (Polyvinylidene Fluoride), PSG (Phosphosilicate glass) oxide, Orion oxide,
LTO (planarizing low temperature oxide) oxide, sputtered oxide or nitride, flowfill
oxide, ALD (atomic layer deposition) oxides. CVD (chemical vapor deposition) ‘
nitride also these materials may be used in conjunction with each other, i.e., a PVDF
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,Os 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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| ayer or m xture of PVDF and ot her copolynmers nmay be placed on top of CNTs
and this conplex may be capped with an ALD Al 20, | ayer, however any

non- oxygen containing high tenp polyners could be used as passivation

| ayers. In sone preferred enbodinents passivation materials such as PVDF
may be niw@zhouesitadr mul ated with ot her organic or di ePEEUSIO/HEPEri al s as
copol yners such as PC7 to generate specific passivation properties such as
to inpart extended lifetinme and reliability. 31 WD 2007/ 053180

PCT/ US2006/ 018043 [0073] Passivati on of NRAM devices may be used to
facilitate device operation in air, at roomtenperature, and as a

prot ecti ngobgyer phfdivaQbh BMGRASDAWideR nil 3¢ kigdh (o GlithRldelRY 8pa®ih hoP on the
NRAM devi ce. Operation of ~unpassivated NRAM devices are typically performed
i n an i nefit, ahroineianiperdiveh ang ase porecting lyade aonjenctionalithustacket an el evat ed

(greater bhARAZRGR oPRNMh Syd QRS ALALE GR-IENDY S, Ada0Ibedy Rt er from the

exposed nano ore, requi remen a pass on film are

t ypi cal | ydaviwe§ ededypiEdliysierfotrhel ipas sieyvtadnideht sduohhdarf e, Aittsgefdrect i ve noi sture
barrier, reventing exposure of the nanotubes to water. Second, the

passi vat i B PhiHeed (EreeT (4R dETar e & (AP HAUVESOERP Yigpdse®R@ni sm of t he

NRAM devi Gger f'rm{l%kgzboga%a Bh Q2GR D ARSI Rldn Rt d}\éﬂ%lyﬁﬁtﬁﬁ\filﬂli es, which

have been fabricate around the NRAM devicés to provide a seal ed switching
regi on. Gaviypicedy buofeldarfiishdhe pasdvatiod shduldérincasiiedidne meistue/sriggassi vat i on)

and around_an..entire die.of 2 evice ie-level . siMat i,an), have been
denonst raéjl 8%@“%\%@\?&{6 0? ﬁhg nﬁlrlctg)[gges‘?sto %"Iaf)é\r/\’/ é%og(fi’atﬁ? P ac,ssa‘tl? gt?qnsﬁl%sr}rlﬁﬁdc ated, with
at | east mtadelifdre ondlthd dwittbicapthatiepstheaNRABEdevizast 2  addi tional et ching

steps required. [0075] Another approach to passivation involves depositing a
suitable diel.ectric 1ayer over the NRAM deyi ces.. .An exa .0f this

appr oach DUFne' Hog oot B ea N e dRiet UG PETE B | n di r ect
contact Wwirbihd heNNRAWIeaYésas providia £M%swi_tan@%aﬂeg@hne;dvﬂtie§ BoBiatdi@ di e-1evel
(over an entire die active region) or device-]evel (gatches (1 ndi vi dual

pat ches ci8¢&iduakfevicas (Aeigerdlevgbraseisaiion) abaoundsay qugiEs de ebebiiaiey di el ectric
passi vatiqn it : 1 jql 1 I. QX1 i to seal off the
BVor and (rrou o Bty b U Bl BRI ks B S S, S hought ¢ ha
NRAI vi opebiidateoin complicatdd. witt etloagp Bsdditivh lichogrdphiy sigpPeiFat lash2e a secondary

additional etching steps required.

[0075] Another approach to passivation involves depositing a suitable dielectric
layer over the NRAM devices. An example of this approach is the use of spin-coated
polyvinyledenefluoride (PVDF) in direct contact with the NRAM devices. The PVDF
is patterned into either die-level (over an entire die active region) or device-level
patches (individual patches covering individual devices). Then a suitable secondary
dielectric passivation film, such an alumina or silicon dioxide is used to seal off the
PVDF and provide a passivation robust to NRAM operation. It is thought that
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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passivation filmis required to seal off the devices. Since the die |evel
passivations are typically -100m cron square patches, this |ocal
deconposition can lead to ruptures of the secondary passivation, exposure
of NRAM dewyg8§)7109::8 ', and their subsequent failure, Tmaim@0seeN
failures of the secondary passivation film the die-level passivated
devices are "burned-in" electrically by pulsing the devices typically with
500ns pul ses from4V to 8V in O SV steps. This is thought to controllably
deconpose the PVDF and prevent a rupture of the overlying secondary
passivation film After the burn-in procedure the die-I|evel,K passivated NRAM
devi ces opepftv’ée%ﬁarsﬁé{?tlaﬂ}mtgﬂ C@\BC?&?(Y?J/%‘ﬁéﬁgﬁat@ﬁp@ﬁmwzﬁigfﬁ WPy ces
passi vat ed wihRlodotRYhiEscR U BhrRNBroLoat laﬁwnﬁﬁge BpSREONNAT % HAaSi vati on
filmdo not require such a burn in procedure and may be operated in air at
room tenpereeRpraugiditeettyl 3 operabpydiaRerg Wish ﬂ%tvg@sler\l\rptaﬁl‘@m tbePVBVds

passi vat on i r t abric,
typically Otpgt% e&lﬁ)cdjgrtlllle exag%tn ecpr}‘iﬁjezbﬂ’f fgb% @%ﬁ%@%%oﬁm w%ugﬁ”i hat such
smal | pat chmcmamlodgcmmmeghmtﬁahawh sﬁiaIl@StShe’s@an ﬂ@t&)nﬁﬁ@@ﬁﬂﬁﬂﬂy s@asiagvat i on

filmto failure. S possib for . a i, fect densi in the
secondary pél?sgie%’tdf‘ﬁ’npastﬂl’fétﬂ@ ‘JélFth:}B‘E‘H%fgést E)‘ﬁ %g%fgfjeg% e ?Cﬁée“ssﬁiél | er
footprint ofy ﬂlﬁ%eé&%&rg%aisﬁ&éﬁbn Ry M&@&td&%@@%b&qﬂe tRaltehe | arger,
di e-l evel patches The inventors believe that in some preferred
embodi ment sfoqtmltOéﬁ@niBV1cgﬂqanP\ﬁ§F@pq@h¢sed coyparisen &1 thenldree, dikdevgl t may be
engi neer ed lrpgtlﬂ der to enhance the Dbuildup of heat in the nanotube el enent.
Applying a |ver | arge voltage to the switch is one exanple of
engi neering the "open"” stinmulus in one enbodinent, In other enbodi nents, a
series of pl0dyés nai@hebeveapm baditve that heosmiptaftrredamtbotiheenpitiweé®pentay be spaced
by a timng that is f than the tine cale of t.he ort f heat out
of the nanotg{"l%l ltué %ﬁt% %‘W%Ve%‘i%‘rtglaﬁ &%}8‘3‘?%{&? 415 ?ch?l WHsE® the pul ses
thenmsel ves daild@tofhesas gRMmahytubhaMemtR, D@)‘gﬁ@l@d@[&lﬁ@d@@%& voldge «out the total
anount of heat deposited in the nanotube el enent b e puI ses may be
suf ficient SHLlgViscRestanyesal gegrrizgde ePR?ﬁeﬁtﬂmUIP@WFCFFP@ inpRenilor s bel i eve
that in somguprehg6dis 8] SWyisehes may be
h E!nt@ﬁabaSI gs!n'&*ll Ptu %}nﬁ? e gcl g\@/gﬂg{,%{?@t Wsed

thermal |y engi neere
may be spaced by a timing that is fastel than the t1mescale of the transport of heat out

of the nanotube element. The inventors believe that in this case, the pulses
themselves do not necessarily have to have a large amplitude, but the total amount of
heat deposited in the nanotube element by the pulses may be sufficient to overheat

and break the element.

[0077] The inventors believe that in some preferred embodiments, two-terminal
nanotube switches may be thermally engineered by designing them so as to have a
“hot spot,” or thermal bottleneck, where one or more nanotubes may be particularly
susceptible to overheating. 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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"hot spot," or thermal bottl eneck, where one or nore nanotubes may he
particularly susceptible to overheating. For exanple, as described in
greater detail below, the nanotube elenent can be nmade to partially overlap
at | east one conductor with a controlled geonetrical relationship, e.g.,
with a coysebdaekooverl ap ength. For exanple, by comtrekiiosngistde | ength of
overlap to a length that is less than 100 nm or |ess than 50 nm the
amount of heat that the conductor can withdraw fromthe nanotube el enent
may be sufficiently | essened so as to possibly allow rapid overheating of

t he nanotube clenment in one or nore |locations. In contrast, an increased
overlap | h i nhibit .overheatin | 1 heat t .of the nanotube
el ement . @@9% g%é%‘?’%ﬁ‘g%? B %&%@%E&dgéﬁﬁgm[1@%’7@]’1%%%5551]?& e, it has
been obsegwigded fimtbeabpdiRasby ﬁ&%ﬂgﬂh@o@ﬂa%mgéhqau&gthaﬁvybtnﬁb% can be "opened"
by limting the overlap length to |less than 50 nm as conpared with nore

than 100 ¢fRAPAdswith mRee thy Haqdisoeidie tiges mgniied ohepei the pwikgheate
significagtl. j I of | ess
hon Lo SE ARt Rl R ADSLTE A W NS RRENELPRA SO o)

over heat wbick implpascr yuggasts thas tho mseotile ¢layman inag bvemtatoe rapkdy irexanpl e,

“open" tines for as-fabricated_switches, with less than 50 nm qverlap

| engt hs. WESPUEE B OB QPAGEOG FROUCTI AR WIERS G SS( P cTEhARAS0 i over | ap
| engt hs n@h REs @An 50 ansWBEp Rhgths Hal bt §£8RMEIRLf I ONEEhad WwhAGHARS! | N may
provi de faster switching speeds, for exanple as fast as 1 nanosecond or

faster. |thagdP{brmaoyerdarlapgihngay breomtinotdgbel bmdhisgsondadlongss. or nore

conducti vg, i J: ifie tr ' ' y be useful
For managhiey TEADE MR el AuPRRAlcin S TR ekile ATl PRENRARY, P2
conduct i va fedtemdmgeneral arsmngiog thaoidnetubacleangenes ohs or meake conéatigea t her mal

bottl eneck, or "hot spof,” in the 2-TNS, 6 that, may enhance, the operation of
Che. sw t CREMPOYSR &Rt et GO iR RO ORI EnErS: et and or

el ectri cahen@NSIARBENIP Getwbn IRIBIKARIWemdid BudEonds 8 el-0orRhia NGfs, ohe
performance of a two- term nal nanotube switch. Mdire than one of the

descri bedothei@Eigpgemangs Bay sreatetd thersal beteicaloer i hef spelchiflitleued NPe 8@ i bed her ei n
may be us : L | N:fhe design and fabrication of a preferred
I‘ﬁg;{ @&han&eﬁﬁ% gﬁés}%l(%dc(iﬁhé& A

two-termn nanot u or exanple, a switch

[0079] In summary, in one or more embodiments, thermal and/or electrical
engineering, or management, can be used to enhance the performance of a two-
terminal nanotube switch. More than one of the described thermal and/or electrical
engineering techniques described herein may be used at the same time in the design
and fabrication of a preferred two-terminal nanotube switch. For example, a switch
can be fabricated having a controlled overlap length to reduce the amount of heat that
the conductive element can withdraw from the nanotube element, and the switch can
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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can be fabricated having a controlled overlap length to reduce the anount of
heat that the conductive el enent can w thdraw fromthe nanotube el enent,
and the switch can further be passivated with a preferred passivation |ayer
whi ch in sogw® pes@sisory i nclude a m xture of copol ynmer spcf/088@j018t43 shoul d
be noted that while changes in the resistance of the switch due to

el ectrical stinulation have been repeatedly observed, that the causes of
these resistance changes are still being considered fromboth a theoretical
and experinmental standpoint. At the tinme of filing, it is the inventors'

bel i of that JoeiT™! EBLSE BuaRyceaet eIt ELA Y, SAHRSaAIooNtr1 bute to

t he observe avi o se or contribute the
observed behannhioal. naﬁ@tuN@vﬂQﬁK@MSO’ B(Whlbﬁﬂ%ﬁél&ﬂﬁﬁéé}nex{tﬁm&] Figure 113
illustrates a cr ? | onal resentation of nonvol t erm nal

nanot ube swi FEHRE 1%‘?@} ipging q“ho R ReWYReh MARP e ALe g afl Corﬁlﬂfﬁtb‘f?pl i shed by
| i mting the augkben rpaLWRERIARACIHREL GBS sudRtrat@Bs . GRRAYUEIIEa €l ement
20' . Nanotube el ement 25' is disposed on substrate 35", which includes a

| ayer of i nsayawbinsglator 3aldangibe eleawriRS’ ESaIraﬁsechtprOaﬁ@f@byt&) overlap by a
predet erm ”ﬁe&%@r “rfed%&te Fﬁi%asfa‘ alg {1%&% o at eo?ﬁ% ter nr?aéso% (gts,pg dl%é pnals,

e.g., conductrve enent ar e bo |rectly
ont 0 nanot ubseradmenENtan@ 30°, whidh@82oth ﬂe;ﬁol@mteil cemb@ydomemanotwmmﬁwl ement 25'
is patterned within a region that can be defined before or after deposition

of conductiv ement s, 15'. and/ or 20 Conduct.ive el enent. 15'  over| aps one
entire end- r@%@é tﬁ’zir‘?B’tbﬁ uncat appgfpbessement gg lﬁpﬁt&r%edn‘@%fmﬁﬁ?ﬁl%n gt gct

t he opposi t e:agnd d@fﬁneﬂ&i@ﬂirélbﬁaf%'r aomRtioR B comdlictiv\eRithadl: TR ah@Br AP, . conduct i ve
el ement 20" overl aps nanotube el enent 25' by controlled overlap I ength 40

Control | ed &%ﬁp%ﬁele&ﬁ@%lﬁmveﬁw OB entiye epdTaginigE ngrotgbe ¢lema®@Snm or in the
range of 15-5 thz> controlled
overlap | engtﬁmggld niggs}r% A{Ect'n#?th%%gp%\%gfec Biﬁgmtgﬁgggje gt%asn’ electrically
managed to mhdmegioheﬁbwphdiwpivc)élemaatZOi «Wdr]laps manobublemehetiéwy by |inmting

the overlap nanotube el t 25 af:(],fg onduct.i v b) 3 so that heat
flows poorly On&&ger% Otvﬁléa%ﬁﬂ%tgége SPRAI OiV‘f*f'kJ lp hg nlf‘? VSRl with a
suffici entl ytolis0@m, beinghdiragfe OIS FCAm L BAExa61pld. ERloné bR¥&redeRhibolimem,t he
conductive elenment into the

controlled overlap length 40’ is about 45 nm. The switch is thermally and electrically

managed to enhance the buildup of heat in the nanotube element by limiting the

overlap nanotube element 25° and conductive element 20’ so that heat flows poorly

from the nanotube element into the conductive element, with a sufficiently long

length of contact that current flows well from the conductive element into the

nanotube element.

[0083] In one or more embodiments, one or more electrical characteristics of
switch 10° are a function of controlled overlap length 40°. For example, as described
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 2I 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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nanot ube el enent, [0083] In one or nore enbodi nents, one or nore el ectrical
characteristics of switch 10' are a function of controlled overlap |ength
40' . For exanple, as described in greater detail below, the tine required
to erase and/or programswitch 10' is a function of controlled overlap

| engt h 40V0 2000084380 Fi gures 2D through 21 show t op-vi ewC3EM2000mg@ss of a few
different enbodinments of functional two-term nal nanotube sw tches,
fabricated using the materials, nanotube el enents, and nethods according to
some enbodi nents described herein. In the enbodi ment shown in figure 2D,
2-TNS 60D is fabricated on a layer of insulator 62D, disposed on a silicon
substr at end 18D, Whish bbieeshhd ibicenduefive/dl@ndnts 1 1%l 2D OfespRBRRL) $n BRGHt 20 nm of

Si 2, used as a_bottom Ebaek ate. Conductive elenments 70D 35 WO

2007/ 053180 apenladigrsnsd isknesh af goop 1QHIRe hCerductespelpaents 7éBnduct i ve

el ement s f r | Jradi um and have a

t hi cknessaégsgggcﬁ%ﬁ(%%ﬁ%ﬁ%&yﬁhﬁoq{1}3%a glﬁgenaée%%%gﬁggg $5D each have a

wi dt h of appomimadY 150 mp. and have a separation 85D of approximately 150 nm
[0085] In the image nanot ube el enent 65D i ncI udes r-everal nanotubes, which

appear ri half o [ es 0 he grey
backgr oum(c)pggf 1% Ei s n@%ﬁwec% ffg%PB “‘% géﬂmtueersl 3 lgha subst anti al
portion Qf)pdaﬁhﬁhblﬁght lelfemetingpdas Hgﬂisglﬂe'ylhﬂgs cbmthe@fecjruﬁt:ltdteurml &@ment 70D havi ng

a rel ativeléfr'or%ﬁh texture in the inmage as conpared to the texture of
conduct i VSUR{YS Conyctivgieterreal €1 %‘6%13%9 awbﬁﬁam&a P%W.Oéﬁawukwanot ube

el ement Ghfeasesls %@s‘iﬂt&%qn oA e%méh%?@]b halifh Q‘I‘élau&%{] ft4erelement 70D

has striations such that inclicated by area are areas of the
el enment thedmage as Qompété‘d tel u@ texjuterod C@trdelstevmféemnt AADuntish Imycnffg)S Aanot ube. |

Nanot ube ek Bl 65P: Al GeChREs Re R 0t el exandpLibg, peri phery of

conduct i enent ure 0es no e performance of the

devi ce, kbhductioeelemertitODyhalstratisnd swelghnifatandicaed bhareassPr wiigh iaen of an
exposed ment  65D. of the nanotubes in

orti of ot ube. el 6
ot tbe Mt e Ao risBL it § s RepHoo! T OSEEE BEIS TS anon
conduct i x@n&hBEBhEnt 43D Adftak DPsecHIDEXERd NS oRd BIFBREpHERPof conductive

element 70D. This feature does not affect the performance of the device, but

conveniently allows imaging and/or characterization of an exposed portion of

nanotube element 65D.

[0086] Some of the nanotubes in nanotube element 65D can be seen to span the
distance 85D between conductive elements 70D and 75D. Conductive element 75D
overlaps nanotube element 65D in region 80D by a controlled overlap length of about
17.4 nm, which corresponds to controlled overlap length 40’ in figure 1B.
Conductive elements 70D and 75D 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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overl aps nanotube el enent 65D in region 80D by a controlled overlap |length
of about 17.4 nm which corresponds to controlled overlap length 40" in
figure 1B. Conductive elenments 70D and 75D can be seen to have white
borders, whived24080%18kcharging artifact of the inmaging pr8EEES200TRIBES,r ¢ f act
obscures controlled overlap region SOD, which has a length that is
substantially smaller than the length of the artifact. However, as
illustrated further bel ow, sone enbodi nents have overlap regions that are

| arge enough to be observed in an SEM mi crograph. [0087] The embodi nment
shown in figgoe BEsphashcrubbtntladhif@ldnbsstisfveech AistdiGes SMAM JOBNEnOd5T3 | gure 2D,
wi th conductive elenments 70E and 75E having sinmlar dinensions as the

el enents in PRGGHIS tErpmisdimenteshonstivfiguisepld rad 86 opgraig camperablve TBBE  of about

250 Th L~ Her e,
condzcr:r; i veee:e@rrgcﬁ{d @%8%321?&%&%( Zﬁ gsn oﬁg%r eee?rrllébﬁlb%ihé%é %@9 wgglg Elgm%gz% mr1€i n
regi on 36 V\Daﬁd)ﬂEJlﬂB@ﬂtB@orEﬁMtéSa&ﬁ@{tﬂl(&%ﬂ 758@Epa1ﬂed;by b distahe: sulbstitant 1 al

di ff erences 2% di st oD angﬁg and D and t he @{Eodl ment s
shown in figare8™2 eh‘f‘nélo HE@ MBS B‘"PV‘“ & elemifben fndhibodt

figure 2F ispgi ”I'He%ﬁlbb@in{eﬁ?sh%%(?ﬁihg@t@tﬁ} 8 Qi%’ﬂ&r tcﬂthfa bﬂl@B&ﬁqeR@sh@manE but

w th conductive el enents 70F and

separ at ed 7y di stance of about 250

rim Here, cHgdgeePws, b‘l‘féwﬁh‘tOHﬁWIV@\?@meaﬁgoﬁaﬁﬁdt desscpiratiag Ay a @50y obout
84.9 T di t
chown i n 1 oo EI0RD R, SARME I Ch it o Sl BN ek G BE° 00 aF at e

by a di stancebatft 904amout 150 nin. Here, conductive el enment 75G overl aps
nanot ube el ement 65G by about 90.5 nm [0088] The enbodi rrent shown in

figure 20 is Si.@i! ar.to the enpodi nent.s 2G . but with
Conduct v ofsE]: o Rl e an hitwd 2B s o B TR ad RS o "
Her e, conducti ﬂgu@d e buiSdith enahdtiap slcirRLt70Hane I76Ha;epar@t5dﬁbjay dlsﬁih&ilt 104
nm In this f| conducti ve el ement 75H can be seen to have

significantl ¢t % @h’%ma Heses eandustivercisgionnh - 8b pysases émﬂ&?@iﬁm@%@{ BYer| aps
ol oment 70k R o O e R R B bR B sient 65, - but
regi on 80H i sighifimmtb’ctou@em@ﬂtexmﬁ inTeedore AF0 dihemerelengdmo Wt iomerfapg nawtube has a
simlar str uclteu Hefit 65?{ t"ﬂle texture i omparazolé to that of conductive element 70H, which

overlaps a large portion of nanotube element 65H, but region 80H is limited to 104

nm. The embodiment shown in figure 21 has a similar structure to that in figure 2H,

but conductive element 751 overlaps nanotube element 651 in region 80I by about 136

nm. Here conductive element 751 can again be seen to have a significantly roughened

texture in region 801 as compared with the rest of the element, which does not overlap

nanotube element 651. This roughened texture results from nanotubes underlying the

material of element 751,

[0089] All of the embodiments illustrated in 2D-21 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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but conductive el enent 751 overl aps nanotube el enent 651 in region 801 by
about 136 nm Here conductive el enent 751 can again be seen to have a
significantly roughened texture in region 801 as conpared with the rest of
the el enment, which does not overlap nanotube el ement 65L This roughened

t ext ure R@E$MWobBssigoom nanot ubes underlying the nateri actafk2@bement 751
[0089] Al of the enbodinents illustrated in 2D-21 are functional sw tches,
wherein thermal managenent is acconplished by arrangi ng the nanotube el enent
and a conductive element with a specified geonetrical relationship, e.g., a
controlled overlap length. In sone of the enbodinents it was found that the

controlled over] a I t f i he ri ted wor ki ng
swi t ches, “BURj*C ‘f'ﬁé%@ﬂg‘éﬂ? ?S 0 gg%p&%qqn&sqp%tdm \Rﬁr 5?]? 03 Particul ar
enbodi menthaf bahmf Mahb@r&%sﬂﬁgmqm/are HeNcrib@XianRd or dbttall\b@ﬁmf ound that about
10-20% f ewer as-fabricated swtches of enbodinents that had overlap | engths

of greate 0 nm functi oned e s 37 WD 2007/053180
PCT/ uszoo@/"g 804%86(‘56]%8? SHITGH: ﬁn‘ége %BF?Sd%éfegdl%eval? BR¥Y (3P enbodi ment s t hat
had over | gRnlpfRk QﬁplQlf)nzit@§§uestf99@pa§gcﬂﬁ16n%ﬁﬂ%§ Bt vAReLmINS are

appro

described in greater detail below. [0090] The vol ?gg s, currents, and

resi st ancesdifferepelgr hes e mere othsapmbedimpeis. exanpl es of appropriate val ues for
a particul ar enbodi nent; approprl ate values may be different for one or

ore ot hefong P00k TERL S o A0 EL. LnSeLI ALRAPR LGAL BRSO desi rabl e

to overlap t e nanot Ube "8I ement con in geonetries that
are di f f ewghtortduativet diemenmdbincieometiiss thahamﬂiffanmftiﬂgurtl%erﬂb‘bdiﬁem 2D- 21 in order

to thermall i nee b esirable to
posi tion ﬁhr?}é/’nr’l’é S't“t%iAellqgeWe%\{ﬁ> Eﬁ‘é‘d\?g’r t‘b@e 3berng8’\?%‘r1tgaé‘ﬁlt§’e Fcal sides of
t he cont agtan®leBiMySe debir w@rp@bmaﬂmec;@mthw@fhaﬁ%weabemoyﬂ des a
specified geonetry sufficient to allow the described sw t chi ng behavior in

t he devi c@n vestagal pidesepfihogaadact elampntp.t Incaenesel anyrrongigyraiien lih@TePféYI #feht s shoul d
be arr ang%@gh@d g%l%\ﬂgr%ﬂff?cw%lﬂg él{bl\xﬁtﬂg dgsjcﬂﬁécf §iﬁ?c Vx&?b‘eﬂ!{”lﬁllhﬁ% 4191 tBhe nanot ube

el ement, swtch as a ave sufficient
t her mal ntamé:gemhiyed ohapdrmlarahe coredat i vegeldrhatts zthoehl!d;& acangeaidd bet ween a
gsmn? Eﬁpe Irgwde a suf 1@%}# e ecmca(:f stlmula‘ggndtoahe g&ggu% f%gnelmg a;[lcp gt tl?g E£I¥G\By of the

time the switch as a whole should have sufficient thermal management to allow

overheating that breaks contact between a nanotube in the nanotube element and a

conductor in the pathway of the switch.

[0092] Tt should be understood that the rest of the embodiments described herein
include a stimulus circuit in contact with the conductive elements, e.g., stimulus
circuit 100 of figures 1A and 1B, although it is not illustrated. It should also be
understood that although many of the described embodiments illustrate two-terminal
nanotube switches wherein thermal managenent is accomplished by limiting the
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

020, forming a near-ohmic contact, and also fills via hole 910 in insulator 915. This
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[0092] It should be understood that the rest of the enbodi nents descri bed
herein include a stimulus circuit in contact with the conductive el enents,
e.g., stimulus <circuit 100 of figures | A and 1B, although it is not

il lustrated.whbosshesbed al so be understood that although prarys2@b/otshe

descri bed enbodi ments illustrate two-term nal nanotube sw tches wherein

t hermal nmanagenent is acconplished by limting the overlap between a

nanot ube el ement and a conductive elenent, e.g., a termnal, other nethods
of thermal managenent can be used. For exanple, in sone enbodi nents the
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el enent. [0093] Figure BAillustrates switch 900A, which is a variation of

2-TNS 10' i CPRiEdledorglapdengtiy?ftle 113 and is fabricated using preferred
nmethods. In this enbodi nent, conductive el enent 905 overl aps the top and

sides of nanefusae elrgaRELE iBdbatel OFRTENOB, RRRK 1OMBIHer CRNMBRLr 28k A so fills
via hole 910 in insulator 915. This 38 WD 2007/ 053180 PCI/ US2006/ 018043

connect s nandiusietcirefigime 1820d isdalriras@sing prederfedonetbetswin thiel ow i nsul at or

915. Conductjve,.e| nt, 970 overl the t nd sjde nanot el ement
020 over eosbSuRcEIEHustlis iRl BBEa e B0 ARE, B Shoflne BRASLLR, SLOToM
900B, whi ch ifenamoi her-okmid @htaor) and fils VilNBol 040 id inkulstbr @t drhincdnnegss € 1B and
is fabricated using prefgrred methods, In this enbgdinent, conducti ve

el enent 935 SPRAYREFICRINE Fhyiorag Rlesodemet e nbbelonk fsulsias 915+ GPRfUGHYS

near - ohm ¢ cerbRft 9752l thSto¥iaRd Biak 6 ShBubelRsit BHFeddbnRoldi S connect s
nanot ube el enent 945 to an el ectrode (not shown) below i nsul ator 915.

Conductive evahpdengdy¥verl aps the top and side of nanotube el enent 920
over controlled overlap length 903. [0095] Figure 3Cillustrates switch

900C, which i ot her, iat 2= Lo [ . Ry d &y ,
fabricated ugﬁﬁgppre %ﬁ?%ﬁlﬁ%%ﬁ%&%@ﬂ ﬁipﬁfgﬁgﬁﬁgg@%%%?%%ﬁﬁggﬁQﬁgg%gbctive
el enent 950 anfigirewBrand onfdbiidatedersalgenefaredb&hods. clnrthiaectmbudlintengapperot her ,

d I t he, top, bott d sid f t ube .el 965
forming a  nEdiuBHIR CiBHpaLed Pkronddiitacienbin cosactiiih &hphenore o6

in insul ator a@d8verlap the top, bottom, and side surfaces of nanotube element 965 forming a
near-ohmic contact. Lower contact element 955 fills via hole 960 in insulator 915.
This connects nanotube element 965 to an electrode (not shown) below insulator 915.
Conductive element 980 overlaps the top and side of nanotube element 965 by

controlled overlap length 907.

[0096] Upper and lower conductive elements 950 and 955 are illustrated as
extending beyond an end of nanotube element 965. Upper and lower conductive
elements 950 and 955 are in contact with each other, as well as in near-ohmic contact
with nanotube element 9635, 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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Thi s connects nanotube el enent 965 to an el ectrode (not shown) bel ow

i nsul ator 915. Conductive el enent 980 overl aps the top and side of nanotube
el enent 965 by controlled overlap length 907. [0096] Upper and | ower
conductive elements 950 and 955 are illustrated as extending beyond an end
of nanotyBe.fl@fgnt 965. Upper and | ower conductive ge0e0ic18a0 and 955
are in contact wmth each other, as well as in near-ohmc contact wth

nanot ube el enment 965, in the regi on of nanotube el enent 965 because nanot ube
el enent 965 is porous, typically nore than 90% porous. Upper and | ower
conductive elenents 950 and 955 fill at |east some of the pores in nanotube
el enrent 965. Thereforge, an .alternative enbodi nen pper and | owner
conducti\)a@g&"% ]]éestogé@ttoghan ggeﬂlg‘éaesﬁépa@[ﬁgﬁie gﬁ% AP of nanot ube
el ement 95 4ifik BoREAEE ol &gfhwaémeﬂ@@aphupem%fermtm%ﬁélaaﬁ@wach ot her.
[0097] Figure 3D illustrates switch 900D, which is another variation of

2- TNS 10'Thi§ ¢pnfigaiupaaotube glsthentsO4p pi elacteade (satshoypmdfetry indulpor BdZs. In this

- cont act?Rs tE Gy BARF b a5 b Rt BB e M BRI TS and over  ap
the top, diekt;adovalxg the e, Sattohgasssidd sunfanatdfhenehienaahe®85 bor m ng a
near - ohni c tact contact elenent 955 fills via hole 960 in

i nsul atorco@ti‘g ed OYpHlap 8%];:89?5 nanot ube el enent 965 to an el ectrode (not
shown) bel ow i nsul ator 915. Upper conductive el enent 980 and | ower

conduct i ye0u8l ememu88E iilikuaRRbREth YI0ENwaRA s 2 Pdeibn oD NIV AT inap the top,
bottom and side surfaces of nanotube el ement 965 by controlled overlap

| engt h 9dtzure] Idoasl is fatyigrted 3eing prefpsted atedodswile dHs ggb@mmm ePPeEs a variation
of 2-TNS cénQdchve éléxﬁé‘ﬁt@ b'ﬁ‘n@f%@ve& Fonﬁ@nNe%gegféﬁt 9§ff D%oRfEf §lif 64nRipods. In this

enbodi nent er con ucti ve el enent ower conductive el ement 955
in cont a@nd vwdr]ap dlzcthp,atind dottomandacey ef daaptub elemepm 966rfdrnhmg tomarsur f aces of

oot e e 293 ST R Ry R SO i M SR ! ot ©9°

cont act ah@ﬂwel&ﬁ&t D641 Bowdradoh@biel et D55 filswh abR60 1binsuldtok S15£0nnect s
nanot ube el enent 965 to an el ectrode (not shown) bel ow insulator 915. Upper

conduct i Vaisgoamastitnaggiibe plameh@d t@ aheleettode énq skaventbelmeinpHatepftact with each

Upper conductive element 951 and lower conductive element 956 in contact with each
other, and overlap the top and bottom surfaces of nanotube element 965 by controlled
overlap length 907. Material in elements 951 and 956 fill at least some of the pores in
nanotube element 965. In this embodiment, thermal management is accomplished not
by having a controlled overlap length between the nanotube element and a conductive

element, but by one or more other thermal management techniques described herein.

[0099] Figure 4 illustrates a cross sectional representation of another embodiment
of a nonvolatile two 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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ot her, and overlap the top and bottom surfaces of nanotube el ement 965 by
controlled overlap length 907, Material in elenents 951 and 956 fill at

| east some of the pores in nanotube elenment 965. In this enbodi nent,

t her mal nmanagemeetossmsoacconpl i shed not by having a cont rettesoawesdiap

| engt h between the nanotube el enent and a conductive elenment, but by one or
nore ot her thernmal managenent techni ques described herein. [0099] Figure 4
illustrates a cross sectional representation of another enbodi nent of a
nonvol atile two term nal nanotube switch (2-TNS) 2500. In this enbodinent,
conductive e nts 0 Y L ] , t he
surface of yﬁgﬁhatggggéggmgﬁﬁéﬁg?§%532§&5f%§8$§F%§gSg%g%%%F?@gﬁgﬁwégions
bet ween pat t efraredivoletlie @uetniiva neh@nintvatcAF2-A N @205 2, thiapobpdimsh@nar i zed.

Nanot ube el epent 2525 is fo .1y d sited over conductiyve enent s

2515 and 2520 BYRPCRBEARGIN ALaRD el Eb At ST G Es o

conduct ors 2HdHa@ne230940 padgndel dondctivielchRRt 30TAE diick@bssi TS Whath@iay2522, al |

of which are supported by substrate 2535. At one end, nanotube elenent 2525
T

over | aps t hetp&pindlickneseirem o 700 am; s cirepte nNapsyls clgmeni2Add & near- ohnic
contact. At I : p surface
of contact eloanad %E%%Sﬁibd%vgﬂ?é‘@%’é eﬁé&%ﬁ‘ﬁ?&lﬁ 2%%%%&2&%@"?‘%2%“%5@007/ 053180
PCT/ US2006/ O04G4® suff6d0 0f theictpnreatsts inlellus theabe surface pbmsulstoc 223 avhich is
representati on of anot her emhadient f a ol atile 2-term nal nanot ube
switch (2- TNSPPY .Y_SPESW&'H gﬁgrrhgg?tﬁ%ﬁ?me ?’rﬁ%@ttﬁ%mgtt? ft'88 2215 and 2220
are both depasivébndll ghellitnoophR ddhBiqasy dsaleser®bd in gieatbadedil A3H saand
patterned. Conductive el enent 2220 has thickness , Which may range in

thi ckness f ri8aiboteslappie aafrefer angsideptals oeprobeibe e AL % S Bins _
conformal |y &%Pegx'g%%%n gt‘?rNa‘ﬁBf&@H%hl\éﬁ ﬁb@%@%}fa@gg ; c@%deléﬁ&{?gzw&t acting the

top and side sur es of the elenents as we e top surface of
i nsul at or 2280, vabiootaci sgios ARl yiebtingy cauvdied ateelap 288ppriveimatelsblenghenment 2225

is then patt d in c i onal tolithographic te I gues as

descri bed i nfgﬁgqogl?bec?g%%?%%nﬂgw OVSHE&QE? tr‘?BtO% F?I%Eil@g‘?el e;‘fige %?Zé fre top and
side walls odona@n@ﬂwe'ﬂupleﬁ}gt@m%, wAddibmay§ B HarHed ﬁthogﬁgnic@lm@ega%&m .

Nanot ube el ement 2225 overl aps conductive el enment 2220 at sid ;wall contact

regi on 2240, 83te] ¢iHAGPA ohbe gl eentiolied p%@@la@ﬂena\@p?(?&iiﬁ@péwmﬁ@hgt h Ti.
Nanot ube el exgfity 2¢4R BnS? 1RVERIRRS of BBed APcRtacFRBUCLLY EnflRIBHt 2220 by a

length 2245.

[0101] Figure 6 illustrates a cross sectional view of one embodiment of the
present invention. The structure shown in figure 6 is analogous to the structure in the
micrograph shown in figure 2C and has the same elements; a silicon substrate 63C, an
insulator 62C, a nanofabric element 65, first and second conductive elements 70C and
75C, respectively, an overlap region 80D and shown in figure 6, but absent from
figure 2C is a passivation layer 64, The insulator 62C is disposed above the silicon
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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controlled overlap | ength 2245, which nmay be defined Iithographically as
described in greater detail below The total controlled overlap | ength 2250
is approximtely defined by the sumof the length Ti of sidewall contact
region 2240 and overlap |ength 2245. [0101] Figure 6 illustrates a cross
sect i onalwor@wosfisone enbodi ment of the present i nverPArars2005/0¢80$3 r uct ur e
shown in figure 6 is analogous to the structure in the mcrograph shown in
figure 2C and has the sane el enents; a silicon substrate 63C, an insul ator
62C, a nanofabric elenment 65, first and second conductive elenments 70C and
75C, respectively, an overlap region 80D and shown in figure 6, but absent
from fig 'gfe%teg Gethi$ b@xo‘Qa%@‘véfﬁta'd&ﬁohzﬁléﬁibo&ﬁlen{ghﬁld' rﬁétHJ)cﬁtd? e thémdi sposed
above the“silicon substrate 63C and bel ow nanot ube el enent 65. First and
second comnoideectibeéhelnvs 70C and 75C respectively sit partially atop

i nsul ator |ayer 62C and nanot ube el enment 65. First conductive elenent 70C
over | aps ub t I ivation |ayer 64
is dispos@g%gt §ﬂ§¢&§Fﬁkﬁﬁ§§g1@ﬁ§%@%&@%&h§§39@g§f dap%gﬁ%'ube el enent 65.
[0102] Th ﬁaxdmﬂxerswﬁxelmbsevﬂwdn therthdl nvmy gdngent Bbibl:@ﬁﬁilﬁded,lby ogriapsingdicer i al s and
met hods as desc bed rther details of

é ﬁ@ A- 1B and 2A- f %
fabricati APY kT HA P CREFHSH YR e RaRt DY 4 g ALY JaRgihdevi ces i ncl udi ng
sanme are @E%Vérbﬁghdum Heluﬁ%}s%gzﬁé?ﬁiéje%ﬂaoﬁ’ﬁﬂ_én&sjcﬁg&ﬂﬁﬁ@l&%%a gkgajer detail

bel ow. Several additional enbodiments, and met hods of mak |ng them are also
descri bedakrsnasely. feohes)allymmpagsid brywéheé tasbeiidnesn(lhe gabedintsats desarided i | | ustrat e

two-term pal, h’é\@%&%%gﬁnﬁ) f z&&% S o iRt UB% %ﬂ%fe%bg%@??%@%@?haﬂoﬁb%cCO”p' | shed

by overl appi ng nano a con enen
cont r ol | ethabiserhagedltengdriap at HﬁMﬁ\pemonldf eadhauflteto bsenmmmbersahmqﬂeibhad t he

enbodi nment s. descr.i bed herein al so, or alternatel hermal | y managed
by ot hor " ERRAT e &t treged gl S St Gt MR HA G fe comron
features @ﬁhaﬁcer@ﬁ%me@beﬁlegeoﬂﬁys\mhamok @fasﬁpwra@sdlﬁ@ fpRd that is
arranged to overlap at Teast a portion of each of erm nal s. Sone

pr ef er r edembedioditathstnaneitbe @W@Jﬁmneyeramﬂldpr@né@memc@m comipeigad, or
engi neer egver 5’1{0%%5 Feﬁx%ma?ﬂ??@&rﬁro‘i’l@r? oGP BRENE L&Serdq the sw tech. For

exanple, I'n
embod1ments one or more materials in the switch, for example the nanotubes,

conductive elements, insulator layers, and/or passivation layers which in many
preferred embodiments may include copolymers or a mixture of layers, are selected in

order to enhance the buildup of heat in the nanotube element.

[0104] A stimulus circuit in electrical communication with at least one of the
terminals of embodiments of the two-terminal nanotube switch can be used to change
the switch from a relatively high resistance “erased” or “open” state to a relatively
low resistance “programmed” 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

10105} 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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enbodi nents the nanotube overlaps one termnal, form ng a near-ohmc
contact, and overlaps another termnal by a controlled overlap length. In
sonme preferred enbodinments, one or nore materials in the switch, for

exanpl e the‘,vpg%qhyﬁgﬁ, conductive el enents, insulator 'P%%ﬁfs%om@l‘bgbor
ich ude

passi vation layers in many preferred enbodi nents may i1 ncl

copolyners or a mxture of layers, are selected in order to enhance the

bui |l dup of heat in the nanotube elenment. [0104] A stinmulus circuit in

el ectrical conmunication with at |east one of the termnals of enbodi ments
of the two-term nal nanotube switch can be used to change the switch froma
rel ativel y RingHor.agiong gheethings aefdhe capirolighaisriagleagd, foo cxamme seiapedldy | ow

resistance pLOQGHATIBIL O [k asedls SLALE e, G Gubichal @) S0 be used to

neasure the resistance ermnal s, an m ne the state of
t he sw t chfahricatingnontrdiésit avedip deagtheaith patifi¢dNeIDetigp Seadralaadditioaldr i cat i ng

2- Term nal Nanot.ube Switches Wth Controll ed erl a ons [0105] In
enbodi ment s eﬁlgo‘%%mrse?lﬁi%%woqﬁé’ﬁ&i’c% t@ﬂ?’tvﬁﬁégc%ﬁé?séﬁpﬁgﬁﬁﬁfmgrranagenent is
acconpl i shednBydiafch@n@k B&xtﬁﬂl@QB%rMB%n%hﬁ%@lm@iﬂ%n%f SRNIUELANE eleBleiTENt Wi th
a specified geonetrical relationship, e.g., a controlled overlap | ength,

accurat el y égrexppplei thg widthtor fhi¢kacssod gisi qonéustive elhmaae In genepdsr dvsrlamnce of t he
switch. So r ri.shics _of nenvol at i 2-1 er.m.nal ube swi tches
(2-TNS) may T%‘é&g%ﬁ%?%%gé?ﬁb% %‘6{%!‘%%/ ?J‘gé%g%‘/ W%%b&taﬁﬁgﬁ%%n anong ot her
t hi ngs, of tdekniqostdesdribed hererry | ap | ength, for exanple region 40° of swtch
10" illustrated in figure 1B. Several nethods will be described for

fabricating rolled overlap |l engths of a,specified geonetry. Several
it onat * (EMBhar skt s reolBteredes lubes G e e gt lendis et
described. kéohd®efi® ci&ibRHRM&hodsh8e fofde® FAvedananétBduslwngih is a

di mensi on of the conductive elenent, ~for exanple, the width or thickness of

t he conduct hoezeafadkypiented gagpsphercdgmendgust 4 Giped ¢telhyith veeppgipdrichs0 nm  and
preferably L omepadi o ROt LRAH Sk IR lOE Gl Ped herein.
[0106] To f a%r ieca&t1 e aacon{n?gﬁ# ed %vgh aSHI eé;%%%é epj\%}een ag nanoteube el enent
apd a conduoendivte edneentnthicts camebervmtiguied witk appeduetiveeehalsr Thatlemgth net hods
wth a corresponds to controlled overlap 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.

[0107] Other methods use preferred fabrication methods with a horizontally
oriented nanotube element and a sidewall spacer having a well controlled film layer
thickness, which is removed after defining the nanotube element to expose a
controlled length of the element, which can be overlapped with a conductive element.
This length corresponds to controlled overlap 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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hori zontally oriented nanotube elenent and a tined etch with well controlled
etch concentrations and tenperature. This nmethod exposes a controlled

| ength of the nanotube elenent, which can be overl apped with a conductive
elenment. This length corresponds to controlled overlap length 40" in figure
1B, al t hovgboovbssigparti cul ar enbodi nent or enbodi nent PCHAP2WANE0E di f f er ent
geonetrical relationship between the nanotube el enent and conductive

el enent than is shown in figure 1B. [0107] O her nethods use preferred
fabrication nmethods with a horizontally oriented nanotube el enent and a
sidewal | spacer having a well controlled filmlayer thickness, which is

removed AEtaheel kal sﬁ1ﬁ%1ﬂﬂmédﬂpﬁct%3m5htlﬂ HRAAErAhe ﬁa{mb%' | ed Length

of the el €nent be ove a con ive elenent.
| engt h coe]eesptoaddmohailycmmifwrnisIt@dvemeerltfa:plrbeﬁgtdmdﬁemvei dlerhérguhe 1B, alt hough

the particul i ment or enbodi a different geonetrical
rel ations H?%’tuabﬁéf ﬂmﬁﬁéorﬁéﬁ&%‘ﬁgm&{%ﬁt@mO%C‘E‘SH‘H{Y&C:IW%PWM than is
shown in idngﬂiro%ﬁhedaoy the @508k ssArhes ramalhods n&é§%o%@cftﬁ‘é E&shohabfdag@l i on et hods
based on otol i thography with nanot ube el efrents that conformto horizontal

f eat ures, O‘aﬁﬁé length theivs lighwseaphisaldy ddfimndl The vesigadend hayizpatat leogths f eat ures, of
one or No{&e atﬁ&? YeL 'a‘égntr(fﬂﬁ:ﬁ Wé}ﬁ z) leﬂrﬁ% ﬁﬁtsceo?rgg‘@%rd?t 31%1%5 UREi &l ST S conf or m

to horizon ures ose lgtuiglographl cally
patter nedaltlrmuglw&relmiaolmmmb@tﬂjnmhu orembedhemamtmatMaae adﬁfamitlge@inaviezﬂl ap | ength.
This length corresponds to | ength 40 ure 1B, though in this

embodi mentelt REHE ROFETR e PEAEHE e&%ﬂﬂﬁwﬂc bitive Elesisint e YshoBB 71 053180

PCT/ US20064@48813 geonetrical relationship with the conductive elenment. In
cases where the nanotube elenment additionally conforns to a vertical
feature of a conductive elenent, the nanotube el enent may contact the
vertical EAPL o The senceal pansadise ford atuicatome-ToPe Anchdeigsn §essd @8 ned by t he

t hi ckness n L ure qver a

| engt h thgﬁglémﬁsﬁgéﬁgﬁ |r82| 3}5 e?%%gﬁdgﬁ'lgﬁ&eﬁ\;ﬁ)gffﬁ?% l ﬂg &o?cf zontal |engths
t oget her metﬂlpduQO(éotfahncrammg@cbf@velrdnﬁqodinmgtdf theiaventionr 8siPdhdan teo | engt h 40
in figure

L9 e B WSS BRH S8 SRR L5 RS SRGR e o v have

conduct i vélegtgmaa podshayn coriusthe@wienhdhts Willgueebd fBrmed. In a simple
embodiment, the initial structure is a substrate on which all elements of the 2-TNS
will later be formed. In some embodiments, the initial structure is a partially
fabricated, planarized, semiconductor structure with device level definition, with
metal filled via holes (studs) providing conductive paths between transistor terminals
and the planarized surface of the resulting partially fabricated semiconductor
structure. In some embodiments, the initial structure includes both conductive
elements. In some embodiments, the initial structure even includes a nanofabric that
has not yet been formed into a nanotube element. In general, structures that do not yet
have a defined nanotube 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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[0109] The general procedure for fabricating 2-TNS, and devi ces based on a

2- TNS, is illustrated in figure 7. Figure 7 is a high-level flow diagram of
the basic nmethod 800 of fabricating preferred enbodi ments of the invention.
2-TNS can bewd abriossadoed by first providing an initial stpgﬁhgﬁ@mﬁghgp 802),

on whi ch a nanotube el enent and possibly conductive elenents wll |ater be
formed. In a sinple enbodinent, the initial structure is a substrate on
which all elenents of the 2-'TIS will later be formed. In sonic

enbodi ments, the initial structure is a partially fabricated, planarized,

sem conduct 05\/6?15%}\5}?%5‘5&1&%&\% éﬂ&f{én@gﬁhgﬁrﬁ{oﬂg@tﬂ/&labq h.%ﬁiplen?% filled via

hol es (studs) pr I ng conductive bet ween"transi st or rnlnals and
t he pl anari ziedesamflade infhetriraenés ud 1 30wgn ganteinaddiage ftatonirgas adt isemiaonduct or

Conduct i ve  BIZAIRRERE R On Erbaarhant e e rior e ST e even

i ncl udes a nanofabric that has not yet been formed into a nanotube el enent.

I n general, MLlctupeNg mtbed@mmted)b@mexthﬁmdmgdeﬂ‘namﬁlctmwgtexpts%)ellﬁnent can
be conS|dered initial structures. "Initial structure" is not .intended to be

a limting tHfBeRodiments theflighstpictuss 13@@8}13&%&@ RCat2-TNbr T e o of
2- TNS. [Olloclou%ﬂg\‘%e@ﬁf'wﬁé'd A FR01ERLEHRY adA8K md Y b rs%s%ﬂow%ﬂh@ied' ate

structure (step 04). An internediate structure aracter|zed in sone
enbodi nment s WO\MaSomgeJabO@mfentaeﬂflmdmtnuqmes mlaemhtdecmna)rs arrfneepisdh t he
initial strulkﬁQg %PFOVIde rated.further, below, in

802
S pERPRAIARS oty SR TOF oo Rading SR RN Gl b

sone enbodlnentS'

over | appi ng @og ﬂaaaulraeamd DB Abrie unoed n&dshdswmraetﬁe@mud@%llmow@hﬁmm I n sonme
i nt er medi at e structure has a nanotubc el enent 44 WO :

enbodi nent s i K:
20071053180 é%ﬂ%@? OIS G StEATEIE Hp BPigeaddn b adinyiEng feaRdHt A &

control l ed 0&ﬁﬁh§9ﬂ£ﬁﬁ&§BihgﬂmﬁuﬁEHQF@Tﬁﬁy for exanple, be in the range of
1 to 150 nrn. "Internediate structure” is not intended to be alimting

termbut rather a point of reference in the fabrication of 2-TNS. [0111]
2-TNS can be fabri cMewdpyhaidittlizpadantioties Bick ikubricatat-dé (step 806). In
sone enbodi nents; the final structure is a conpletely fabricated 2-TNS. This

2-TNS _coul dighgzusedy By 190N ALA L b 3BAOHY RGBS IRIMnET T 2YS s

shown further below Sone e Iments o i nal “structures y 1 nclude
menory arr aytu@pd plich otethods illustrated in figures 8A-8F. Referring to figure 8A, preferred

methods deposit a layer of insulator 1000 on an underlying structure (not shown).
Conductive element 1005, in via hole 1010, forms a conductive path between
nanofabric 1015 and a conductor (not shown) below insulator 1000, Insulator 1000
and conductive element 1005 correspond to insulator 915 and conductive element
935, respectively, in figure 3B. Insulator 1000 may be Si Ny, Al2Os, or other suitable
insulating material, for example, having a thickness in the range of 5 to 200 nm, for
example, deposited using well known industry techniques on a planar 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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circuits, peripheral and other circuit wiring, chip passivation, input and
out put pads; these features and their fabrication are not shown, as they
use well known industry fabrication nmethods, "Final structure"” is not
intended to be a limting termbut rather a point of reference in the
fabri cat ivom2of/0248NS. Met hods That Utilize a Control | @dTHSeWwsvoRabri cate a
2-TNS [0112] The enbodinment illustrated in figure 3B may be fabricated
using the timed-etch nethods illustrated in figures 8A-8F. Referring to
figure 8A, preferred nethods deposit a |layer of insulator 1000 on an

under | yi ng structure (not shomn) Conductive el enent 1005, in via hole

1010, for erfl 878§ 6{1%81838&1}3 Arcte %@ by %{;‘8&1@?%& etr]:ﬁ) ﬁ?nl?ﬂg% i?hsﬁﬁﬂ)q uctor (not

shown) below i nsul ator tor con enment 1005
corr espongegian i()ﬁeulrhis@edlﬁaﬁnaﬂatonmmmmnsmnebe,rfBﬂexanﬁinS 1to e§(p)emt1nvel y, in

figure 3B, . l.nsul ator e Six 2 ot her suita insulatin
ma'? erial, ]flglrre(i%‘?ﬁ?rﬁls%ﬁn H‘ﬁ\ﬂnr‘%e e(':lﬁl\{?‘:césoé ]}feﬁ%ékhgm%‘?@@s%fmgot{l 200 nm for °

exanpl e, erer%ﬁﬂ foes itizbig 1080 by menea RASLI0YS BEHALBUES (RaBigPb@nar surface
(not shovvn Next, pref erred met hods de]%#sirt and pattern |nsul ator 1020,

Si2 for rﬂmevnltﬁomemoerdmesesuetqrd%@o uged dirasasinns @s Blysiratedigt rat ed in
figure 8Af #%w ator 1020 is patterned using well known industry
technrques he ' resulting assenbly can be considered an initial structure.
[0113] Next, preferred nethods formand pattern nanofabric 1015, using

i nsul at or [0110]20 a&xg prdigked hahodsnigpositrrohdipgordlOéfrentl ludtbi?&d mdigukd &St rat ed i n

figure 8B. fornling and patternjn npf abri c oformnanotube
ol St o i EBERr 15 inrrore Wit G e e BB R P e sleen Nt

pr ef errediomt h@@rﬁiu@@f i may l§é)lliﬁv€(a|tl|u@1€hesd 2Qh¢ f&ﬁg&ofeﬂ ®I5098Ine Gh ¥Ayt O
insulator 1020 as illustrated in figure 8C. Insulator 1020 45 V\D 2007/ 053180

PCT/ US2008% orarsag! of mgtalsaiph asniiuids €4 dal AwiPeelsWrish.e 4edudedbby this
control | e, et Gy & Srﬁg}’w@bre ?eilt'élé‘taﬁfl cor{lﬁg%t %@{il@se E{Ik%rl DRJYSES dsnsul at or

1020 di mensions by exa nmi A ctions, depending
on t he chartag e, §’uﬁ’d:;§’bln‘, amctﬁél\?&éicrthﬁr sTtebée @mg@etels, me]mdmglﬁB\ITsel ement 1025 in

region 1050 by controlled.l engt 035 £xa in the.range of 1 to 150
nm with @‘S?IF%E?%HBEIﬁ@"aﬁﬁg’d‘ﬂ‘gﬁgglgﬁoﬁ%ﬂ %ffd%PB dgf) (gei%s Tas illustrated
in  figure&mnmdlktive nitrides, oxides, or silicides such as RuN, RuO, TiN, TaN, CoSi, and TiSiy

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

used.

[0115]  Then, preferred methods use well known industry techniques to pattern
conductor 1045 to provide conductive element 1055 as illustrated in figure 8F.
Conductive element 1055 overlaps nanotube element 1025 in exposed region 1050.
Controlled overlap length 1035 illustrated in figure 8F is in the range of 1 to 150 nm,
for example, and corresponds to controlled overlap length 40 illustrated in figure 1
although in this embodiment the nanotube element 1025 and conductive element 1055
have a different geometrical 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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[0114] Next, preferred nethods deposit conductor 1045 as illustrated in
figure 8E wth conductor 1045 in contact with the exposed regi on 1050 of
nanot ube el ement 1025. Conductor 1045 may be have a thickness in the range

of 5 to 500 wyhochig@y be conposed of nmetal such as Ru,pctiusadeboisids An,
Pd, NN, W Cu, Mo, Ag, In, H, Pb, Sn, as well as other suitable netals,

and conbi nati ons of these, Metal alloys such as TiAu, TiCu, TiPd, Pbin, and
Ti W other suitable conductors, including CNTs thenselves (single walled,
mul tiwal | ed, and/or double wal | ed, for exanple), or conductive nitrides,

oxi des, or SI|ICI su as RuN, O . L N, TaN, Slx and Ti Six may be
used. Q her ﬁ?%@%(%FX ﬁﬂb BFmgﬁﬂg¥§EW$éﬁhd%%$%F <@PP§W§*&%ﬁ al so be
used. [0115] cdied ardised BEREE iMRUAOASUER i thickROWr ORISR MchifGhaNi ques to
pattern conductor 1045 to provide conductive el ement 1055 as illustrated in

figure 8F. drUlLERi Wil dsteaminta co0BY led\waeilapdengilb howaties airordatelen@asardn
eXposed regi %Qo&&égv? el%%?lgt ?gSE%e%%ﬁ;Af%u}eW{ﬁb]e gsﬂiéng&‘gﬁ ur dinfigure

8F is in the range o exanple, corresponds to
control | ed ovendtap. | ength 40 illustrated in figure 1 although in this
enbodi ment the nanotube el enent 1025 and conductive el ement 1055 have a

different ge ical relationsh he .s re sho i F can be
consi der ed a?¢ﬁkgl 3??%6? Fec ¢ﬁ®8§%$-8?ﬂpg %H08W§Bn%gwﬁﬁb %g' 2ot her

devices as  deiagwehadohh @SR} Slthaes fich aDRIFDV: e&@ﬂa%)@] ledvidt kitewant route to
the internmediate structure illustrated in figure S be taken using the

directional &&@onsndd®anidlupratedsindigredB. nNWguefége@mﬁ@@ds Fatigin rangfgbric

illustrates t i r

nanof abri c 11?g5§%héh%ufgﬁlﬂg§%% mﬁ{ng &%gn BBhgﬁﬁgécrl?hC|éﬁg%§§%% 1122
such as sili @@mvttﬁhmrelfena]WIl%S asuusngtedvie Fipurk @Bwn Matishds tof gepositinpiagdies. The

t hi ckness of er 112 II-con%%oIIed ?LFS+cluaw, . fa
9dn3t WU3Lt ' rlﬂ Wi DAOTRRY Ofmf nanotu eelemeﬁts are des‘i)\%e%‘bg}‘ P HESIRGHC
PCTIUSZOOGlO%&Qﬂﬁeﬁﬁame@e for exanple in the range of 1 to 150 nm Preferred
met hods of thickness control are used because in a later step, the film

t hi ckness of OBLornal sacrifici | ayer 1122 wi || deternlﬁe a controlled

overlap | engt t WaSTF P HEHER T6 O@ﬁ%ﬂ%ﬁ@m@ﬁ%ﬂwée@éﬁﬂﬁﬁW#W@'éP%ﬁﬁnt. The
assenbly of fii gyhEn OReIl RALWPLInARNS idahRfke@RxpdRide @hotube element 1125 in

region 1150 as illustrated in figure 9C. At this point in the process, the intermediate
structure illustrated in figure 9C corresponds to the intermediate structure illustrated
in figure 8D. Insulators 1000 and 1100, conductive elements 1005 and 1105,
nanotube elements 1025 and 1125, insulators 1040 and 1120, and controlled overlap
lengths 1035 and 1135 correspond to each other respectively. The method continues
as described above with respect to figures 8E and 8F to form nonvolatile 2-terminal

nanotube switch (2-TNS) 1070 illustrated 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-101. 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
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structure. [0117] Next, preferred nethods directionally etch confornal
sacrificial layer 1122 wusing well known industry nethods such as R E, for
exanpl e, leaving sidewall regions 1130 as illustrated in figure 9B. Next,
preferred nmethods pattern nanofabric 1115, using insulator 1120 and

si dewal | wpa@ens3140130 t oget her as a mask. This forns REEHGRUAIEEMTENt 1125
as illustrated in figure 9B. Methods of depositing and patterning

nanof abri ¢ to form nanotube el enents are described in the incorporated
patent references, [0118] Next, preferred nethods etch (renove) the
remai ni ng sidewal | spacers 1130 using well known industry techniques,

exposi ng @%‘OM%dﬁE&g?@éﬂe%?@h&m Q81 &%d%tde'ibébﬁéderét}e?ﬂa&& figure 9C

At this point I1nt e Internediate struct ustrated in
figure 9Crdoenespohudl 1@ beldescrih¢dkharethir #iessakd ofitmevitye il lustrated in figure
8D. Insulators 1000 and 1100, conductive elenments 1005 and 1105, nanotube

| 1125 _insylators, 1040 and 1120, and |l ed overl
engths 10930hna Qrpdeituey PR KIRAE S B TBEHARC hmn R BOE Blkfe Techod

cont i nues 10BSodgiag inth@ddabntecind 1v16espgat 100. A BLikeDaBE18ndafPTctio form
nonvol atil e 2-termnal nanotube switch (2-TNS) 1070 illustrated in figure

8F. [ 011910 ARFPHERC SHEIHEHEH ndptd-racdrdeaying iBimedite saHatwg 1020 85ing a ti med
etch  progedikigd f%idupd TR Rggl&ﬁs%h@gfe %Fa!bﬁl? 165 raxpcg&wamqu anotube
clement and a conductive clenent, is 1llustrated in ftigures -10L Initial
st ruct ur e 180 (hies igerazdiatt stoctusaulfRPiieckpasedghawny etoh piogeduee fOrdmoliavi ng a

substrate 1602, t hat .may be silicon.or a ropriate material (or
conbinati%ﬂxﬁﬁiWﬁ?§¢Fﬁ%¥¥¥mﬁhg%&%P3?gH%BQ¥6aEBBBQQ%%o§%ﬁ% Bstrate 1602, may
be nmade f reainidhg teeBNis Mérhéved SfoBhingiitedpAla@Psthaiuge MEE2&hbwh in Agurget al pl ug 1608
IS disposEd m%%b a_portion of substrate 1602 and insul ator 1604, so that
its top stfi-aboiermedigte sirucinieeka? {8 GFPassd o deheiFthRIgredust IoTemave $¢%of abri ¢ 1610

is appligehli® Bidruei iR APy HQLARGS f'nfﬂé?l%é*ﬁ@g%%iﬁ«t fe&k%ﬁﬁiﬁgo;h@él as
illustrated in figure 47 WD 2007/ 053180 PCT/ TJS2006/ 018043 10B. Met hods for
appl yi ng heMaindisxpesed 8adteheelaeentreglvad 620 Region helirqaohavedlepathefor

ref erence n LL1.<pot ke described. he or. the. sake brevity. [0120]
i de Iay%?%ggig&#QSQBSTB%ﬁn?%ﬁ¥%gnFHF%E§%gFé?@N%gﬁﬂ%¥%ﬁg31612 of figure

[0121] As shown in figure 10G, conductive material 1630 is then deposited over
intermediate structure 1628. Photoresist 1632 is deposited over conductive material
1630 and patterned to leave a region of resist 1632 above exposed nanotube element
region 1626, thus forming intermediate structure 1634. Conductive material 1630 and
resist 1632 are exposed to appropriate etch procedures, leaving remaining conductive
element 1636. Conductive element 1636 overlaps nanotube element 1650 at region

1638, to form intermediate structure 1640, as illustrated in figure 10H.

[0122] 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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10B, formng internediate structure 1616 in figure 10C. A resist coat 1618
is applied to internediate structure 1616 and patterned, | eaving
internediate structure 1620 as illustrated in figure 10D. Regions 1619 of
nanof abri c 194Qo@ls;gxposed in structure 1620. Then i nt aigvadhels@1id uct ure
1620 is exposed to a dry etch procedure to renove exposed nanofabric
regions 1619, form ng nanotube el enent 1650. Then the renmaining resist is
renoved, formng internediate structure 1622 shown in figure 10E
Internediate structure 1622 is exposed to a wet etch procedure to renove

sonme of oxide la own by dotted lines_in fi 10E), |eaving
remai ni ng oxik em%ﬁ‘?ﬁtﬁﬁﬁ#odé b@g@aﬁ%rﬂa?feﬁ&éum TR ?‘@5 H%gtg%“ Regi on 1626
can have a | engduhie Z60D. sﬁ‘@%ﬁ%'z%oo ﬁi‘ay%ncmg s&tlicohdHcah é@éi'l&%%&}%ﬂi&%ure 1628 is

shown in figure 10F. [O shown in figure 1 conductive materia
1630 is then sdeposd tnémcmethm rmneéadhemrmgéam&Wtsmd@ fargpgtactiortairesi st 1632
is deposited i t Ra Kl regi on
of resist 16&%%?{30(?/%@%({%856%%16%%% p 5 nd2 re“%eg)ln %@éﬁtdq?]ﬁﬁ%\é 1(l)rm ng

internEdiateth&mmgdmﬂiﬁoﬁ@@ﬁnlEﬂﬂﬁuﬁb&Mﬁnﬁﬁﬁ&ﬁﬂﬁﬁﬁﬂi@&%zaﬁdlTté&]ﬁLA&ﬁBZ are
exposed to a tc cedur es aV|n |n|n ductive
el enent 1636%%@8@&*15 ‘%‘Nﬁ R %be%lsaw P%l?ﬁé Bty 8fbnt 1650 at

region 1638,coﬁpaﬁa%ﬁgdf@ﬁ£é npﬂtaﬁaﬁoy%ﬁdﬁ%qﬁ&u h@é@ TI@a mhh Usiltiredvedmbn figure
10H. [0122] A layer 1642, which in certai n enbodi ments nay be conposed of a

copol ymer or sBitidg condnetoms einclofing&iNalsithenssel ves (sénpdd Weldeds awitidledesdil/at e
structure 165&%111316%518&] fga%kaglsleho%% %E)ﬁ&?\ra mfm%l e%&fdeg ‘or fsﬁ)lcﬁ'i%%ﬁfl apﬁbNSt ructure

1644 as shown 1'n fig I'nsu atln Irayer nmay act as a
passi vation Haybﬂhmrﬁséakﬁhwhﬁhmﬁ§nﬁhaéukﬁlKnmﬁkHMBhﬁqmmphyrwndFabrlcate a

2-TNS [ 0123 od t hat .does reI ontr d etch, but rather
uses {lthogﬁﬁﬁﬁpﬁ JOLE PRI Cqngt ?%QQHS é%'Ppﬁﬁ gﬁﬂ BTy | ap r egi on,

i's illustrategnddtivé biBMERS 2405mbibe10 Aafatdwoe Iafto“frﬁlm (Qﬁﬁdg'f' nide embodi nment
u

of figure 4, using |Ilithographic techniques, is il strate in figures 11A-i
1C. Ref erri ngeahaiquipgyandéor WER knagn wioh2gechogB8 81chEY fusP 00N 0rBB8 IR IHr ef er r ed
nmet hods deposit and pattern conductive el enents 2605 and 2610 on substrate

2600. Substrghpy %600Nésaystmr}gﬂeﬂﬂ%t§% £AAIGEIAG AR EE AepRRLAIbIhG0R  gal es

and |nterconnect|ons aye S an r contacting ot her
insulator 2622 using known fabncauon techniques. Insulator 2622 fills regions

between conductive elements 2605 and 2610. Next, still referring to figure 114,
preferred methods conformally deposit nanofabric 2615 over contact elements 2605
and 2610, and insulator 2622. Methods for applying nanofabric 2615 are described in
the incorporated patent references and will not be described here for the sake of

brevity. The assembly in figure 11A can be considered an initial structure.

[0125]  Next, preferred methods deposit, pattern, and align photolithographic layer
2620 on nanofabric 2615, using known semiconductor industry fabrication methods,
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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| ayers. Conductive el enments 2605 and 2610 nmay have a well-controll ed
thickness in the range of 5 to 500 nm and nay be conposed of netals such
as Ru, Ti, &, A, An, Pd, N, W Cu, Me, Ag, In, It, Pb, Sn, as well as
ot her suitable netals, and conbinations of these. Metal alloys such as

Ti Au, Ti GVQ2007PEB180Pbl n, and Ti W other suitable cond®&TBIS300610HE+Udi ng CNTs
t hensel ves (single walled, multiwalled, and/or double walled, for exanple),
or conductive nitrides, oxides, or silicides such as RuN, -RuQ Ti N, TaNT,
CoSi x and Ti Six may be used. O her kinds of conductor, and sem conductor,
materials can al so be used. Preferred nethods of patterning conductive

el ements ?ﬁﬁ&tia@msaﬁtl& AR (HG&h¥eh) uskidovel 18Behahdul MGG k@Ps G105, echni ques
and/or wel| known etching techniques, such as reactive ion etching (RE).

[0124] NextNy.shlp®3, apdeibei welbknawnripgilaiers n3ed insprmicendustp! hikrisaden deposit and
pl anarize insulator 2622 using known fabrication techniques. Insulator 2622

fills regi[ms}. b%tmgaawaemeg ﬁéﬂotﬁb@&@xﬂ&g 2%@9@1?@%\,'@,]@23}@511&\%?% still

referring to Tigure 11A, preferred nmethods conforna eposit nanofabric
2615 over cowhttactelahat@ns f@60g a sradoR8idontnd Nanstibaelemea62825 Met hods f or

| yi fabric 261 | bed.i t he i t tent
"ol of once S anat wrhe B Rl ERF bt led bifehBSGERA R, ) e

assenbly tangé iglefigh IrbA LN shent dnsdxanprd CaBrlaplehital2680 fsultedinted H9125] Next,
preferred nethods deposit, pattern, and align photolithographic [ayer 2620
- on nanof aBiakignigans of a%tr%@dmhemth@éw@sﬁ%m&%&o WiHFsRaSl or RBAYEINE i on et hods,
as illustgatefdeiofigure 11B. The rel ative alignnent of patterned

phot ol i t hographic |ayer 2620 and conductive el ement 2610 determ nes the
controll ed overl %p | ength between a nanotube el ement and the conductive

el ement, HY28kscrlihpembpdirenest figaroinay b fbrieated, uging dithageapbisnsi dered an

i nt ermedi St re. . h pag t nof abric
s615 st RGPS A5Shroiid Bflo i dem i 3 RS AT BRI R RGBT BT S
nanot ube 26Zuras2A,prefeirédinethodndept sigandepaftdrn Condirndve ikt 303 &rel f abri cati on
of two-termnal switch 2670, whigch corresponds tq switch 2500 illustrated
'n 11 gur o210 ResbiLaps oD, SiriHA SO0 PO e OB 06 T 85310
PCTI US2006d1988h3atcR04 Bfdrtded by | Adihing \diﬁ’ﬁ/gelﬁ%érﬁ aitd SRAV) cotsdcgg wel | known
insulators such as Si®2, Si, Ny, A1203, and other well known insul ators used
in sem cof@eiderss exilpsteaiad fgriher below. Elements 2305 and 2310 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 CNT's 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 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 124, 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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[0127] 2-TNS 2670 incl udes nanot ube el enent 2625 which overlaps the top of
conductive el ement 2605, form ng a near-ohm c contact. Nanotube el ement 2625
overl aps conductive el enent 26 0 over a controlled overlap |ength 2640 t hat
may range iwo b@ngistisof rom 1 to 150 nm for exanple. Over papuke0gi19s8640 is
determ ned by the alignnment of patterned photolithographic |ayer 2620 with
respect to conductive elenent 2610. [0128] The enbodi nent of figure 5 may
be fabricated, using lithographic techniques and a confornml nanotube

el enent, as shown in figures 12A-13. Referring to figure 12A, preferred

et hods dopoRith, andeRakkRLD, GANAHEK.S: SHAIENS 2305 Ao, APasUDS T at e

2300. Substrate 230 |nc e sem con uctlng con gates
and i ntercori3é¢bn oat&,fabmt?&llﬁ umngvkmowrgsehagoadsctamddrsstmd&brfcatlorcmmham asng ot her

| il, t b | t 2305 d 10 h Il -
control fed ChIERrE e RE® Mo Gt e e aon frmed Ao A OB R B ed of
metal s such 23as ar'f%lleon-ﬁhetw@relen@nt 2340, deReminbh theW)ntQSlled MRerldengdtR betlveen Pb, SN,

as well as other suitable netals, and conbinations of these. Metal alloys
such as Ti A nappighe elwmrzer,anespmﬂucﬁmlenr@w3 b ssetesaibied Abther bdaduckhsr s,

i ncl udi ng (. I B andd doubl e

wal | ed, fo?%%gngf g@?&%gélgg%p@i@v%ﬁrﬁet% rgll'l e[}‘étfén }Q%Hlfécﬁ%tle srt‘&lébi des such as
RuN, RuQ, TiN, TaN, CoSix and Ti Six may be used Q her kinds of conductor,
and seni cond0tildr, Nettepriefalrsd omthod$ patehethe sewfatPreBés rsthepatttroes of

patterning ¢ t|ve el.eme 2305

photollthogrgﬁgﬁ OgF@Eﬁﬁ%@hzé atid e quﬁg “HF%ﬂWﬁ%dF@@ﬁﬁgzgg% such as
reactive IOHHﬁtﬁfwﬂQh?\BbE)B and[QdnpBkesMextabrigdibh bf A@fvelatile@otterniingur e 12A,
preferred nmethods confornuml |y deposit nanofabric 2315 over conductive

el ements 230BNAHRE 991 2340 shichsrawops sl 280 dlustsaied dyrot Benment s 2305
and 2310, as;¥elilg ﬁ’l@thgd A biieg r%{ecﬁtt?in% @ n%%}fe?grﬁ)é AowdWRRk rvﬁetﬂ (ﬁé‘%go

Met hods of fornlng an tern ng nano ri-c ar escri'be
|ncorporatednﬁéﬂ@nswmeﬁéh@ﬂééﬁAAH®eaa$@hﬂbW@lMKWummméﬂem1mﬂimr ure 12A can
be consrdergd an.initi.al ﬁtructure. 50 WD 2007/053180 PCT/U82006/018043

[ 0130] Next ,* BF@PQFWEJ‘%&F Shs deposit, pattern, and align photolithographic
| ayer 2320 on nanofabric 2315 using known sem conductor industry

fabri cati on [fE3d)odsAadiscussed above regarding corresponding figure 5, nanotube element

2325 overlaps conductive element 2310 in region 2350, which is defined by sidewall
overlap region 2340 (having a length approximately the same as thickness T1 of
conductive element 2310) and controlled overlap length 2345, for example 1-150 nm.

[0133] In the embodiment illustrated in figures 12A-13, the total length by which
nanotube element 2325 overlaps two surfaces of conductive element 2310 defines a
conirolled overlap region. However, in other embodiments, nanotube element 2325
could feasibly contact more than two surfaces of a conductive element 2310 to define
a controlled 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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illustrated in figure 12B. The relative alignnment of patterned

phot ol i t hographi c | ayer 2320 and conductive el enent 2310 determ nes the
controlled overlap | ength between a nanotube el emrent and conductive el enent
2310 as described further below The assenbly illustrated in figure 12B can
be consi deped7assignt er medi ate structure. [0131] Next pCrisR@coOed4net hods
pattern the nanofabric 2315, using patterned photolithographic |ayer 2320
as a mask. This fornms nanotube el enent 2325 as illustrated in figure 13,
and conpl etes the fabrication of nonvolatile two-term nal nanotube swtch
2370 which corresponds switch 2200 illustrated:in figure 5. Next, preferred

met hods depRsHel u@ RERHEE FbYiBat SHRIds '&Qfabﬁ&’a%af)ﬁﬁﬁe £HRURkuSENT Wel | known
insul ators such as Si 02, SiN, A1203, and ot her well known insulators used in

seni condustish prestiddsdat dapse 2-[HN§32§¢ CAB al@lusdulsmenhnampplecanemr di ng correspondi ng
figure 5, nanotube el ement 2325 overl aps conductive el enent 2310 in region

2350, y\/ni - d%th&%s&%e?h ﬂ}( nL JFor f%ﬁ‘l%git#n%pdgg n%’ ths?’lﬁg éeggr\{e!ffpg a length

approxi matel'y t he same as ess I've e 2310) and
controlIedmﬁvanmamﬁh@hgmh1@ﬁ@ﬁnybﬂanaM@mpmeeébﬁﬁ@wnnimckﬂﬁaﬁhgln t he

enbodi nmen iIIu trated.in figures n whi ch

nanot ube BFEREHEC seBECVRSPY Spﬁﬁngﬁkégﬁééaﬂﬁlfgﬁﬁﬂ Fg Ogbgnent 2310
defines ap h&@mhasg}l%% 6 RN Ima tﬁ1%e%f alioMBYA8lo (ot Ehcﬁhl?ﬁf) rRANOdidamat S,

nanot ube el enent could feasibly contact nore than two surfaces of a

conduct i véeféle@r?@ntroliz@imeﬂ@ ]@egth etwegn wﬁtmajlyr@wntﬁdemn@tpbfr elginonf,anghe | engt h
of whi ch E@%na%{yf Cetlenq ‘% R’i §§ iElEdegsa+ 8@&%%@\,\”@ { ggf the resul ting
no

2-TNS swi rlca ermna h&s wth Controll ed
Overl ap Rﬂqhmmsc@ﬁ&ﬁ%ﬁOthmémuﬁﬁ above-descri bed enbodi nents are 2-TNS t hat
are relatively dense (i.e. nany can be fabricated in a snmall area), even

Some: ot hode. T or Mol ak Fapr Raked oar Krsqiieiantly pC 1 US2008) 018045
sw tches use preferred fabrication nmethods to fabricate a picture franme
struptureﬂn3ﬁhiCMmamﬂxﬁdﬂﬁuﬂﬁmpﬂﬁnﬁeﬂﬁrawﬁidyﬁﬁmdﬂaﬁNanea@&ﬁhamahm nany
322 Ip(r:g]E Ie& A? ;:I)l%tSure gngg Eies?gnsl(l:ag Isgl?n%et?%tfga?grgs ‘Ih(a)ltr an%%rslcaﬁg& {nng dense swi tches

proportion to the metal ground rules that define each technology generation. Picture

frame design techniques for nanotube three terminal structures are described in U.S.

Patent Application No. 10/864,186, entitled “Non-volatile Electromechanical Field

Effect Devices and Circuits using Same and Methods of Manufacturing Same” and

filed June 9, 2004, and in U.S. Patent Application No. 10/936,119, entitled “Patterned

Nanoscopic Articles and Methods of Making the Same” and filed September 8, 2004,

A picture frame design example for nonvolatile nanotube two terminal switches is |

described further below with respect to figures 14A-147J.

[0137] Referring to figure 14A, preferred methods deposit insulator1800 on an
underlying structure (not shown). Conductive element 1805, 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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fabrication nmethods with vertically oriented nanotube el enents. In these,
spaci ng between the conductive elenents is controlled by a filmthickness

i nstead of by photolithographic nmeans. The thickness of a renovable (or
sacrifici al )wd edomnisssoused to define a controlled overl apcheRgbofRReizween a
vertically-oriented nanotube el ement and a conductive elenment. Alternately,
the thickness of a conductive elenent itself defines a controlled overlap

| engt h. Methods That Fabricate a Picture Frane Design 2-TNS [0136] An

enbodi ment that provides for relatively dense 2-TNS is a picture frane

design. A pidghdiies LGAIReAR30GRAI SUHIERE & | AR ERud1Ak: pAnbempcal ed i

proportion to t ground ru def1 he each technol ogy generati on.
Pi cture fr asemdbsibgmwntie figmieqddscah be comaiiotedbe itikinlesrut®wrayi nal structures are
described in U S. Patent Application No. 10/864, 186, entitled "Non-volatile

El ectromechap cal Fi.el d ffect vices, and Circui.ts usinpg,.Sa and Met hods
of “Nanut act S save bpliired Fer e o at Sy {1l
Appl i cati on 1807 aslilh&a6sdlih FiguentdB. | @sionRaldn@mp €807 HNapesSeePd geafbhingd €s and

Met hods of Making the Sanme” and filed Septenber 8, 2004. A picture frame
desi gn examsPREGIGHIHGRR e Bancs Repaerenangediie d 1 hand ORftneslepsnt descri bed
further bel Quyy B t [ 7 rul 9L epfinggwt o figure
14A, preferred me 1%%§&§§%§sll%p 5?%2@?31}[%3? fucég%Rgh@éna]ﬁﬁ%ngF@’ibﬂg\%tructure
(not shown) .CuCohddt Inv &, Bb.dime at walB@bqthdrnuiibde ietaks, aiglld@mbimtinss ef thesonduct i ve

Pa00. A BO T Tk o fid ACu L BBl ra SR e CFooan of t hat

shown in fiigiidEnSENTEGien8X¥ReP{stgld vidlel ah@tiwlBE) addrdr entiucilicdefoel ement 1805
in figure 14A correspond. to insulator 915 and conductive el enent 935,

respectivel _;‘F,XaliﬂPlle}’ PHERdugye nigdaie gaides, qr %ih‘?igffséﬁﬁlb%ﬁ Iﬁ@ﬂ’tl,{u%ﬁﬁvuqéf‘mve el enent
1805 i's desiged haie ol bk heed fMh& kindfor SorRluEbH aRd SR RWot Giat@Sals
illustrated further below, as opposed to at the end of a nanotube el enent.

| nsul at or 1880algepe bewdSi N, A1203, or other suitable insulating material,

for exanple, having a thickness in the range of 5 to 200 nm for exanple, 52

WO 2007/ 053 CT/ 0] I | industry
t echni ques iﬁﬁgﬁ)pl alﬁjéé’ @-g{re?%(g%%%ﬁgggﬁﬁ%%@%#gﬂgqg%ﬁgﬂ%ﬁégO%YI%\';\(/% in figure
14A can be camspldesfebichmess fid S@hmsior escimpieeas illustrated in figure 14C. Insulator

1820 is patterned using well known industry techniques.

[0140] Next, preferred methods deposit and pattern a conformal sacrificial layer
1822, such as silicon for example, as illustrated in figure 14D. Layer 1822 has a well-
controlled thickness, for example in the range of 1 to 150 nm, controlled using well
known industry techniques. Preferred methods of thickness control are used because
the thickness of conformal sacrificial layer 1822 will determine the controlled overlap

length between a nanotube element and conductive element, later in the process.

[0141] Next, preferred methods directionally etch conformal sacrificial layer 1822
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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[0138] Next, preferred nethods deposit and pattern optional conductive

el ement 1807 as illustrated in figure 14B. Optional elenent 1807 can

provi de a near-ohmic contact with inproved resistance between nano fabric
1815 and conductive elenent 1805. Optional elenent 1807 naybe netal such as
Ru, Ti, Gvo2ossAk, Pd, Ni, W Cu, M, Ag, In, Ir, PlrCT8$200651881 | as ot her
suitable netals, and conbinations of these. Metal alloys such as Ti Au,

Ti Cu, TiPd, Pbln, and Ti W other suitable conductors, including CNTs

t hensel ves (single walled, nultiwalled, and/or double walled, for exanple),
or conductive nitrides, oxides, or silicides such as RuN, RuO Ti N, TaN,

CoSi x and [(H4 X Wt,ﬁ)gefgﬁ&pme%%j%g@e?ﬁmg%ggﬁﬁ%%{devﬁﬁ ggﬁgm conductor,

materials  can also used. pr rred metho eposit and
pattern i A83( iy wdlBRywiSn@Btfydechnenemypimsinghatdtiiokelenentd 82Hin60 nm  f or

exanple as il rated in.figure 14C Insulator 1820 is patterned using
wel | knomﬁegllcﬁ’dt@%@ﬂ uégﬁtﬁﬁlﬂh@g}‘.le% ‘40] Next, preferred nethods deposit and
pattern a conformal sacrificial layer 1822, such as silicon for exanple, as

i1l ustrat ¢eiduh fingake,rdfélld hegieds dbBest ddasuctoriBil as TRBtated irﬁﬁ%ﬁ'&i ckness, for
exanple in the range of 1 to 150 am controlled using well nown i ndustry
t echni qued4Hpferaitad S pralins Giroselegineskidc ohnaptubgrden@ib d8he®ause t he

thi ckness iRkuGOR ARG LHRCELAELRY s HEY b A2 JthickndehhOtdge bhe controlled

overl ap engt n a nanot ube el enment and conductive enent, later in
t he proce#s300 1, lasd maydretcomposefl @f methlssatih adRu,diir €c tAl ofval Rdy NetWhCeonf or nal

sacrifici l.ayer .1 usi | kn i ndustr t hods ch as RIB, for
oxamnl o Mool Bovan oW Gher B me AR Rl br RS o R 6”198 [ 0242]
Next, prehsitd edoysaubiogsTipal TRTW) TIRINPHIAPANACTi %S bther bisitaB® dongedt@tor 1820 and
sidewal | spacers 1830 as a nask, i nanot ube el enent 1825 as

formn
i |1 ust r at 8§ludipg GG themselpes (Npgls owded mitvellsdnaniorsonble atled ot o form

nanot ube t i hed. i : d: G erences, 53
00 20071 0O R A PR Gb SRR S ROL G HR I TN ST o

(renove) €h8ixred@diSi mgy bé dedaOthes pmderscond@30r, arsl segrigwidictknovateriaksdust ry

techni ques,, SRRl08 FRYRLUASISLAIR AR 141 tPE R HffRa 111 ustrated in
intermediate structures.

[0145] Then, preferred methods use well known industry techniques to pattern
conductor 1845 to form conductive element 1855 as illustrated in figure 141.
Conductive element 1855 overlaps nanotube element 1825 in exposed region 1835 by
a controlled overlap length 1860. Overlap length 1860 is in the range, for example, of
1 to 150 nm. Although this embodiment has a different geometrical relationship
between the conductive element and nanotube switch, controlled overlap length 1860

corresponds length 40’ illustrated in figure 1B.

[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 141. 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.



[0144] Next, preferred nethods deposit conductor 1845 as illustrated in
figure 14H Conductor 1845 overl aps exposed regions 1835 of nanotube
el enent 1825 as illustrated in figure 14H Conductor 1845 may be have a

t hi ckness i g e ss3n9ge of 5 to 500 rim and may be conppsedsBieieisal s such
as Ru, Ti, &, A, An, Pd, NN, W Cu, M, Ag, In, It, Pb, Sn, as well as
ot her suitable rret al s, and conbi nations of these. Metal alloys such as

Ti Au, TiCu, TIPd, Pbln, and Ti W other suitable conductors, including CNTs
thensel ves (single walled, mltiwalled, and/or double walled, for exanple),

or conductiv tr| X r silicides such as i TaN,
CoSi x and T @tlg"lmay Jing B SN R HERLG TEBRbE POE AP SR Ruct or
materials canmal §&1si@>e sb@@cﬁht The s TesdSMawd polknfiligyées: AhdBodAH can be
considered internediate structures [0145] Then, "preferred nmet hods use well

known i ndust o8- theetieliiéasandps a5eass EleMOr0 AR pictIre frams npwyvolasieiveconduct i ve

el ement 1855ARull LYSLEAL S uL] BULRALE hogr NI R BLEIRAINABSS over | aps

nanot ube elene I'n exposed’ reglon a con overlap | ength
1860. Over | afust/entigtde shdiEhesitetwarn tneeal ﬂz@ﬁgeandf@rfma)eaﬂsnﬂgerabtefwm]1g,tf0r 150 nm

Al t hough this enbodi nent, has a di ffF nt geonetrical relationship between
the conduct i PTBl%ALHSCHRY 1R A6t dsd Wch, controlled overlap | ength 1860
corresponds length 40" illustrated in figure I B. [0146] Figure 141

iIlustrates picturepdim® r8a NGt G780 mIPSecHHRGabI BFdbRehd Dens ATNSUPPOrti Ng
i nsul ator 1800 on an underl y| ng substrate (not shown) and conductive

el enrent 1805 in via_hole gure 141 illustrates a plan view of switch

1870 t hat ctﬂlﬂ@spoﬁt%lrﬁtséStAhleﬁN:rlt%tgat%@etfrhsrramqq fxnag f gestigaliy-gpigéedi a1,

Conductive epgigntg, tFagh outer edges
of nanot ube el errente%%gg anép?%%ﬁﬁgg{r?dvgxg)%rrer?%élﬁmggﬁﬂggr}g %1gg%n to

overl ap the giéhtferdxameplyi Omalolﬁnd@dmguwturel(mmwrﬂ)smndq'dﬁlefe elbedisment shown
in figures 1 nd n be si_der I 54 WO
20071053180 LI USI06TS B ETOR P i PN SR ot Ui es have

nuner ous potential applications due to their density, scalability, and
symretry. | n{0adeli t i dext, prefotedmdtindds dspsitfimmulaneridl ¥y as {lestepted indipusd A | e

random accesg Fhith may%)e SCIS\Il Alsog,%lr %t err s?i\utfa lgrlrrFsu agrrllc\r/ r%a%trlla{ ?or example, having a
thickness in the range of 2 to 200 nm, for example, deposited using well known
industry techniques on the surface of insulator 1200. The thickness of insulator 1212
is used to define the separation between, for example, conductive element 1205A and
a conductive element that is deposited in a later process step. Defining separation
between the conductive elements by using a controlled deposited layer thickness can

be more accurate than using photolithography.

[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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term nal nanotube switches nmay be used as programrabl e and reprogranmabl e
fuse/antifuse switches between netal |ayers, and/or for reconfigurable
wiring, for exanple, as described in nore detail bel ow. Mthods That
Utilize Thin Film Techniques to Fabricate Dense 2-TNS [0148] Figures

15A- 15N iwbustinaiieo t he fabrication of a. pair of vertiraliewrngat ed 2- TNS.
Referring to figure 15A, preferred nethods deposit insulating |ayer 1200,
Si 2 for exanple, on an underlying structure (not shown). Conductive

el ements 1205A and 1205B are provided in respective via holes 1210A and
1210B. [0149] Next, preferred nmethods deposit insulator 1212 as illustrated

in Tigure gy whigh BB Sh b 22080t G SHIRABLE hgsul at | g

mat eri al , for exanp havi n i ckness In ange o 2 to 200 nm for
exanpl e, cp@wszettedmbscﬂ sugnﬁeﬂal mkuidmanZonnl irstilaior i 82hms qhnetsatwmﬁmlrs urface of

i nsul at or 0 The kne nsul .a used. t o. define the
separatioé%é ?V%éﬁon @%ﬁ P%hygﬁﬁﬁdﬁF%W8mé%§ﬂ%ﬁ h%%ﬁ%ﬁ U§R8 a conductive
el ement t fatctiohalde@sd fuekl ad RIF Wikl (RS sARfiNEIEBiRs 841601 2208 hiN@tiseRadmat | on

bet ween the conducti ve el enents by using a controlled deposited | ayer

t hi ckness ¢Earitoppor gganeplec Ehg r@@létmmmfae%nwg nghent By RbgREIBIder[@150] Next,
prefeffedngﬁhﬁﬂq<x9ﬁ89§hﬁkﬁﬁﬁﬁédﬁﬁa&%$l . 1215 illustrated in figure 15A,

such as silicon exanpl e, usi ng we nown i ndustry techniques, in the
t hi ckness range of 1 to 150 nm for exanple. Preferred nethods of thickness
control &0883lis edﬁdxecm@fsmd methpdd prikewsed direg monlly ¢tch aacnﬁalyzbjmsmztbﬁ wil

det erm ne 15%?&15 s%ﬁ\%\fﬂ (|1Dr|1 { 1gure |19]$er1“lhes% Fﬂ;e%hcg-::llts I?om?.%_la\{:vﬁﬁ mg@ n%lﬁé}oxis Il%u 2 CF ment and

conductive ht he 0Ccess Yated in figure

i 5A can bd1r€@i’(bﬁalﬂ,edft€1d1n§1ﬂaﬂoﬂlllﬂSalselaﬁtﬂVletstd)ppmg af hd SufachleX insulpteefledd.ed net hods
pattern sacrificja er 1215 using I nown _industry techni ques,
for mi ng ¥ ?%efmeélil%f{s xRS GP%%IFU&@Z@Q@H?W%A@F%HQ&QP?P ARG APSBINZS S WO

2007/ 053104 PHLHRAORIAIEM R ELOLGRL (Dideriy PRSARIGSATBLODS deposi

addi tional insulating material and d@ an arizeto enbed sacrificial insulator
1220 i n i aeidugtiverelapas 12@%may beksed aoeekampld.i gure  15C. A nonconf or mal
insulating | ayer may be deposited and etched back using directional etching

such as Rifisa)i ¢ el SARA Gk 19l 20 Bl aGg, ABNG as an et

stop, for exa he resu g surface need not anar in order
to nanofabric 1235 using methods described in the incorporated patent references.

[0155] Next, preferred methods deposit conformal protective insulator 1240 on
nanofabric 1235as illustrated in figure 15F. Protective insulator 1240 may use SiN,

Al,03, or other suitable insulating material.

[0156] Next, preferred methods deposit insulator 1250 using TEOS, for example,
as illustrated in figure 15G. TEOS is deposited using well known industry techniques
and fills opening 1245. SiO; is another example of an insulator that can be used for
this purpose. Next, preferred methods planarize insulator 1250 using 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 15L

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

1235 using ashing, for example, or other appropriate technique as described in the
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mai ntain sacrificial insulator 1220 thickness control. [0153] Next,
preferred nethods pattern and directionally etch sacrificial insulator 1220
as shown in figure 15D. These nethods formsacrificial insulators 1230 and
di recti onal | woeb@hssmeul at or 1225, selectively stopping atciisomoifoace of

i nsul ator 1200. These net hods expose conductive el enments 1205A and 1205B
and | eave opening 1245. Directional etch using RTE selective to underlying
i nsul ator 1200 and conductive el enent 1205 may be used, for exanple. [0154]
Next, as shown in figure 15E, preferred methods deposit a conformal

nanof abric 1 2130%1 %5?!1‘[9(9 N}éﬁ@ﬁt hodzndasaht Pé%ﬁ’luh% stniteurb RGANRAIAN $EripRLENt

ref erences. preferred netho deposit confornal protective
i nsul at or 124@n@hﬁiﬂan@ﬁé55$alﬂmﬁﬁaélmﬁﬂusﬂﬁhted in figure 15F. Protective
insul ator 1240 may use Si N, A1203, or other suitable insulating material.

01561 Next . (prsdher red RLARGS yISRASLL BSUEALAI 1350, ilohg TROR, for

exanpl e, stra i gure eposi u3|ng wel | known
i ndustry tec hiistpated in ﬁgldeflﬁKl Q‘hcsrmposegregmslz@ {D2hd @1danﬁﬂ1hezemex1@npl e of an

i nsul ator that, can be for %é? 0S Next , ferre
1 ft% 8 geé 868>
T annet o6 | ndtieSER pipatds ket 12y | The RSt ot monis R fae B I
illustrated kﬁlémggagmﬁﬁkhﬂIﬁhﬁuﬁ4gg§es regi ons of protectlve i nsul at or
1240. [0157] Next, preferred nethods selectively renove the exposed portion

of protectlve i nsul ator 1240. Directional etchlggésuch as R E may be used,
for exanpl e, [0}yl tNeig. rrafeprpd methode dgpeait pondpeiey B0 s ilistrplgdelignd . [ 0159

Next. Dr el or neg, ReLARAS 1965 olaR: R LATBY & HROSRehol BELAARPTaanof abr i ¢

1235 usi ng ashi ng or exanp propriate tec ue as descri bed
in the 56 VINZ@G@ﬁ@E@ES@uﬁcmMUSHQQ@b@mBﬁ&3m%wnédnpGﬁ@nemmphn@NM>references

1 ustrated eRepeb el i 5 o Mok Rl Fegondbrbuat, il sats i 11 o a

i nsul at or r egkaiiple1lR31BS otther lswelb[eatladlslaitdfcbgum@udrﬁlﬁf thebé. M@XIRses I egi ons
1260 at the ends _of the verticall ori ented nanotube elenent 12." 5. The

|l ength of t hiS&h BigivehiGus Teft ?H@dT% apf athers; {ok EAERPIe.gRY ReS¢ed sacri fi ci al

i nsul ator 1230.
[0161] Next, preferred methods use well known industry techniques to pattern

conductor 1265 to form conductive elements 1270A and 1270B as illustrated in figure
15M. Elements 1270A and 1270B overlap respective ends of nanotube element 1255
by respective controlled overlap lengths 1280A and 1280B. These lengths may be in
the range of 1 to 150 nm, for example. Controlled spacing 1285 between conductive
elements 1270A and 1205A is determined by insulator 1212 thickness as described
above with respect to figure 15A. The assemblies of figures 15B-15M can be

considered intermediate structures.

[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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[0160] Next, preferred nethods deposit conductor 1265 as illustrated in
figure 15L. Conductor 1265 overl aps the exposed regi ons of nanotube el enent
1255, Conductor 1265 nay have a thickness in the range of 5 to 500 nm and
may be conposed of netals such as Ti, C, A, An, Pd, Ni, W Cu, M, Ag,
In, i, PBO2&I05¥8r exanple, as well as other suitablPE€T/USaA®OAL8943 and

conbi nations of these. Metal alloys such TiAu, TiCu, TiPd, PUnN, TiN, and
ot hers, for exanple, may be used. [0161] Next, preferred nmethods use well
known i ndustry techniques to pattern conductor 1265 to form conductive

el ements 1270A and 1270B as illustrated in figure 15M El enents 1270A and

1270B ovetdmsts, Qﬁpﬁ)@&lcﬁﬁd&ﬂ%gﬁﬁs RARQUREs8hRARRKd d&PRpoRiind €spect i ve
controlled overlap | engt hs 1280A and 12803." These Ieng?hs may be in the

range of gontasts|Bot ahﬁwn) belowiasistas. 12¢% nthisforag nipercinmge mgmlaﬁ@ een

conductiv 1212

t hi ckness&mﬁ escr%lbeé%z% @%Nkfg%é‘s%gg'?b?%g% ﬂg‘gtrrggdlgﬁfg%f%%ﬁ\gssenbl i es of
figures 1%Be dssdvhldgnhdven inciuse tiEN esh herdoasidareld afigalstinctateur es. [ 0162] Next, as
illustrated in figure 15N, pr ef erred nethods use conductive elenments 1270A

and 1270B ayers the directio ch. of sul ator 1250
sel ecti ve_[(ﬁg3 5) &?C&h PHo%C H’('jn‘?rﬁglﬁgea?od’?' ]fﬁﬂ’%"teﬁ*mn@l I@flewgﬁﬁ‘éjé‘fh& openi ng
1290, vxh(zcthI 0395 Addndtings s ichaie @omfuctivesdltBdidd 12ACandTineo B; QmcUct i ve

el ements 1270A and 1270B are used again as_masking layers for the etch of

i nsul at or Oveplap cagtspendingnangtube glegient S@gmwséﬁaﬁm GogspoRding copolledThen
d | 7 f h
conducti vg,el, ﬁf@%g&ﬁ 13800 ﬁ’d‘ijzajo%. Gf%ogghethe ggﬁgcetﬁ}&gl @%E@%tbg@gggﬁﬂgh&yef s tor the

sel ective etc expose regi ons of° nan is etch
creates t mnmpmyaifl@m/mmt shoamliy figure @Bt bdgthahZﬂOAbmldeHZ«SﬁB rbrrespegdrent s 1255A

and 1255B tive t 05 5B overlap respective nanotube
el enent s%gﬁaﬂ%cﬁ fﬁ%%%néﬁg‘{b g%éate‘%r Fﬁ“ﬁ“‘g ear - ohni ¢ 57 WD 2007/ 053180
PCT/ T; 82006/ 018043 contacts, and form conductive paths between the segnents

and corr e@pé4idi ngnothiet methsd (nflfabnsdimgnd}nsbeLmS swBtheatigds pted®ed This forns

mrror e nonvol atile_ 2- m nal nanot ube sw tche 2 TNS 295A and
12958 as?gﬁl?féwél%eé*a?dﬁ r‘iVl‘fhnV@EHC&{M%FNE‘*FH’QO%E%@%‘FVS ShShis ar?o?‘il%ﬂ#ie 15N can be

consi der egveda ZIS 1cA8dh b%w}ééﬁtthhr RanofuBd 6B el la@BhAREtiO8 LiefkRds HitkfAbed MROE
nonvol atil e 2-term nal nanotube sw tches
by selectively masking sidewall regions of a trench (also may be referred to as a
concave surface). U.S. Patent No. 5,096,849 to Bertin, et al., teaches a fabrication
method of selectively masking sidewall regions of a trench, and this method has been
adapted here to control controlled overlap lengths. Vertically oriented nanotube
elements can be used to form potentially denser 2-TNS, and can be fabricated in pairs

as illustrated further below.

[0165] Referring to figure 16A, preferred methods deposit and pattern conductor
2805 on substrate 2800. Substrate 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, 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; CoSiy and TiSi, may be used. Other kinds of conductor, and

semiconductor, materials can also be used. Preferred methods of patterning conductor
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(2-TNS) 1295A and 1295B i ncl ude conductive el enents 1270A and 1270 B, which
overl ap correspondi ng nanot ube el enent segnents 1255 by correspondi ng
controlled overlap | engths 1280A and 1280B. Though the geonetry of this
enbodi ment Wphi@lssigh n many ways fromthat shown in fi gusEydBeoslopid@ hs 1280A
and 1280B correspond to controlled overlap length 40" illustrated in figure
113. [0164] Another nmethod of fabricating dense 2-TNS sw tches uses
preferred fabrication nmethods with vertically oriented nanotube elenents in
which a controlled overlap Iength bet ween the nanot ube el enent and a
conducti ve det er. el ectivel emall regi ons of
a trench (aﬁ%@ W%EI géﬁlcgmﬁgw amBBW@%%@X§§F®§@8%HG %2 patent No.

5, 096, 849 tQmﬁgk@bﬁSmﬁﬁma&mnvg@a@@ﬁﬁgaRﬁgbr|catlon net hod of sel ectively
maski ng sidewal | regions of a trench, and this nethod has been adapted her e

to control gﬂ%{olled overl a Iengths Vertically oriented nanotu
el ement s canVH¥!usddeitreisiad pethent deppsijangaiasrizoinpaiaior 43k sigh thl%thF abri cat ed

in pairs amfgdetatlﬁsafaaq zfsgwn Lo BEkQWs 05 gluctlélaﬁsfa‘g llﬁdsﬂgteaglﬁ%tgyﬁ@A 16A,

preferred nmethods deposit pattern con on subsirate 2800
Substrat e 2800 aiery &lﬂfﬂuapk@teﬁémsuhﬂmwpﬁgnddwvc edhickneed ynghd izognofdares and

f [ h
| ayers as i 100 SGRbley il R o Bl ol Ry SR B AR, 1T

wel | - cont r oldr ether {ditablenessting ndatgial ange of 5 to 500 nm and may be conposed
of nmetals such as Ru, Ti, C, A, Au, Pd, N\, W Cu, My, Ag, In, Ir, Pb,
bl ta s, and conbinati s of ese. N@tal

Sn, as well t her
al l oys such [§§67 i AuNe*h %ﬁt%m Pt 10%‘?9?0315%“15}*%@8]& %’I‘é}" Oé@ﬁéi’ﬁ‘%h%‘@ﬂduct ors,

i ncl udi ng Gﬂ%kﬂé@@ﬁﬁﬁﬁé M8ge &155 %08 ek @dampid! dsiiWedtla8e in ﬁ@ﬁifeqlﬁA Agubl e
wal | ed, for exanple), or conductive nitrides, oxides, or silicides such as

RUN, RuO, Tiay, beRaRpossSit Sian 8Ny, cra«)thwuméé@ms@@h@ mRierigls Tefulat@nduct or,

and sem co f
patterni ng. covauger oh B o bt B A st B 6 SBb e fea e
known photohh&hﬂgmaghﬁmeb@mﬂmmqhﬁﬁdmmﬁkhpmMBdbnﬁﬁﬂm@mﬁﬁﬁhnﬁg&ﬂﬁﬁnhnlques,
such as rea;@&ge I.on enfp E%téﬁ [0166] Next, preferred nmethods deposit
and pl anari Astiugaded By ¢h that the surface of insulator 2810 and
conductor 2805 are coplanar as illustrated in figure 16A.

[0168]  Next, still referring to figure 16A, preferred methods deposit conductor

layer 2820 on insulator 2815. Conductor layer 2820 may have a thickness T1 in the
range of 5 to 500 nm, for example, using a well controlled deposition thickness, 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, 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, RuQ, TiN, TaN, CoSi, and TiSiy
may be used. Other kinds of conductor, and semiconductor, materials can also be

used. Figure 28 A 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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| nsul at or 2310, supported by substrate 2800, may have a thickness in the
ra.ige of 5to 500 nm for exanple, and may use one or nore dielectric

| ayers of Si2, SIN, A 203, or other suitable insulating material, [0167]
Next, preferred nethods deposit insulator 2815. Insulator 2815 may have a

t hi cknesswonog7hvésisange of 5 to 500 nm for exanpl e, asPGUUr8t6/0as0ddl i n figure
16A and nay be conposed of Si2, SIN, Al 203, or other suitable insulating

material. Insulator 2815 thickncs;. controls the separation between the top
surface of conductor 28" +5 and the bottom surface of a second conduct or
deposited on the top surface of insulator 2815 as illustrated further

bel ow. [000186] Neéekt, pstfértdd mehatsnemgyet (otch) guredp@Ajonpoét@duedr met hods

deposit cpnd r ayer 2820 on . .nsul ator  2815. dyct or | ayer- 2820 may
have a th%ﬁé@ggmﬁdtﬁn 1 HE u?@n%ego&s ﬂgm{r?)te%%&w %(gr kﬂ%‘ﬁ%ﬁc ., using a well
contr ol | eghethopOSiich hORIE Hiag kB eSS, to Aéfhe BBRYucRE 288mposed of metal s such as Ru,
Ti, &, A, Au, Pd, Ni, W Cu, M, Ag, In, Ir, Pb, Sn, as well as other

sui tabl e | s, and caqnbi natj ons of these. Mtal alloys such as TiAu,
Ti Cu, Ti pﬂﬁ%ﬁm o Negharelr ‘Bﬁdh%f?s depRsitapf BlapyHEURTHIY, 2855 et henTs
themsel veg(sairRglog ilyyaiako%gamdtth»%:plsggaqe%gémucg@g@éacgm-%k}hﬁgmﬁ afor exanpl e),

or condup ive nitri des, oxi des, 1 cides such. O Ti N, TaN,
CoSi r andillWstSited indigyrepdlu slosilatox PR35 nkdyrigsoofpossdnd $i®o SiN.aNeOs eni conduct or,

materi al s_can al,so0. be ..used. .Fi e 28A can be nsider.e 0 _be an initial
structur e?tﬁfrcffgﬁiﬁe Rfé@tat,m%)?’%ﬁ‘eg?lr %g{err*%ﬁﬂ%&’sﬁagﬁﬁeg i(ﬁ?at éﬂ&Otplgﬁ? TR mask | ayer
2825 on cianduet 2835 foaylanar8@éh ashis btbpiil theb@dess ndyitguised. I8BveBsk | ayer 2825
may be a photolithographic |ayer, for exanple, and nmay be patterned using
met hods kﬂé%*ilZ?ﬁLPnt%gm%gtﬁP B3H drrelttele subsaansat Ppcess §eRfp 2007/ 053180

PCT/ US2006/ 018043 [01. 70] Next, preferred nethods renove (etch) exposed

portions @fi7ZondMekprefdrRYShctERE AepRfdhd pattrt MmagORsCISAD, @30 as illustrated
in figure 16C. Known etch nethods such as RLE may be used to define

conduct or oP283g 28f-pas7ilpstrgsse in figher I6F LpchripgREHS ceregspeids tahg Pesitinar i ze

i nsul at or ; t : the to
surface o?@%g[ﬁ: u%%fhg?eszt g % u%%ﬁign é%%&é?\claég sg%% f?ﬁf ﬁahﬂs?é:aﬁg?gg&f%q%ﬁ\éﬁ?%e 16D. P
| nsul at ornd8@He ray-telnminabsrpicchesifonfiedSbyOspoSiihk nabR0B, elaments directly

onto conductive elements.

[0173] Next, preferred methods directionally etch conductor 2830, directionally
etch insulator 2815, and directly etch conductor 2805, stopping at the surface of
substrate 2800 to form trench 2860 as illustrated in figure 16F. Any appropriate
directional etch methods of fabrication may be used to form trench 2860, for example
reactive ion etch (RIE) may be used. Methods of forming trench 2860 separate
conductor 2830 into two conductive elements 2850A and 2850B. Methods of forming
trench 2860 also 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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other suitable insulating material. Alternatively, structures that do not
i ntroduce insulator 2835 for planarization at this step in the process may
be used. However, planarization at this step may facilitate subsequent

process stepgo 2005iako Next, preferred nethods deposit and@atd:evsmgmmsk | ayer
2840, wth opening 2845 as illustrated in figure 16E. Openi ng 2845
corresponds to the position of vertical trenches to be used in |ater
process steps for fabricating vertical nonvolatile nanotube two-term nal
switches forned by depositing nanotube elenments directly onto conductive

el ements. [Ofj43k) Ne’f\_teixt,fﬁlfe@&?édrrﬁghé@tfﬁp%cﬁiizgﬁﬁxtvitl?ﬁﬁhlla%r@g’m?'lﬁ@gdf'é?t or 2830,

directionally etch insulator 2815, and directly etch conductor 2805,
st oppi ng at e¥xenpanfiticbe gfrface abiosulaive28/806at wpltmrized peillosir 2860 fyere

illustrated Lp.figure 16F. An ropriate, directio tch_net hods of
fabrication Ir1r61511[§/ Sll)lgh HES r’cfsom%%/em%% g "Hja%%béfs dfgfe%eé%ﬁgpé?orreég@g ve ion etch
(RIE) may be used. Methods of formng trench 2860 separate conductor 2830
into two confllGé]j ve Neke peitrsed2B8&0AIsand ApOMng MEtHiadssubforf287imie trench

2860 al so separate conductor 2805 int wo conductive el epents 2855A and
28555 Net noHEBFoHDH i 5P T eHBREHHa0 Ll &6 HGPM e BSTRGEROiing ¢ r ench

opening in  hiRHbdk 28628 enid PI874ldodexdt hatl 8T8 CEREtR RO ESndEERNSE, Mask | ayer
2840, which may be photoresist, for exanple, usin nown sem conducti ng

Kk
fabrication heEds: eprRasg ?NézﬁtSI}OUh#)H@feéP@Sédidﬁ’é’ﬁ]hm@DGglpﬁ@@‘i)rts) eorfnefaber
nanof abric 2 . S] | S . t . opn.the to
surface of ng@u?}??%gg%ﬁgﬁﬁéﬁﬁﬂg &ggﬁ}%h]ﬁ%ég%g ,S’ éﬁ%ﬁ%ﬁ@gagms’t%% surf a(F:)e of

i nsul at or 28B&ovasinithd sesticaidector imdfisugur e 16G. Met hods of depositing
nanof abri cs are described in the incorporated patent references. 60 WO

2007/ 053180 2006/ 01804 175] Ne f d hods fjill t h
2000w th iz o2 Y8 S Gt i s IR b s PR PTG | | i acor

2870 nearly phamardoioncthfasthi bbtish babehindne7E abihe ashlififorssahps! siughdar es may be
further planarized as desired, big%CIVP, for exanpl e, [0173; Next, preferred

met hods et ch R BENRHY IR PS dpseripedin iagasporaigd patpy refleencesy dhEr{orayi on as
il lTustrated LQf] BN T e 1 - Ranaf abri c
2865. Cpeni ngi‘z%d% S honchlel EERORE S80Iy ROTEIMLE RIIRTRE i REAS

[0178]  Next preferred methods fill opening 2875 with au insulator, TEOS for
example, and nearly planarize resulting in nearly planarized insulator 2880 as
illustrated in figure 16J, such structures may be further planarized as desired, by

CMP, for example.

[0179] At this point in the process, there is a need to define a conirolled overlap
length between vertically oriented nanofabric segments 2865A and 2865B 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 trehch having sidewalls that include insulators,
nanotube fabric, and conductors, preferred methods of fabrication cohtinue as

described further below.

61



however opening 2875 shoul d not expose sidewall regions (portions) of

nanof abric 2865. Preferred nethods of etching the insulator TEGS, or other
insulators, are known in the sem conductor industry, [0177] Next, preferred
nmet hods are used to selectively renove the exposed bt ttomregion of at the
bot t om of woperioags®875 usi ng aching, for:;;xantple, orp@vHec/apRESOPriate
techni que as described in incorporated patent references. This forns
vertically oriented nanofabric segnents 2865A and 2865B as is illustrated in
figure 161. [0178] Next preferred nmethods fill opening 2875 with an
insulator, TECS for exanple, and nearly planarize resulting in nearly

pl anari ze@18Ak ul &referr@BM6thads ditdclioslly atch qusing RiFgfor exdbiple) Mamhizst ri ct ures may

be further plangrized as desired, by . CWP, for exanple. [0179] At This point
"n the. pr oebelt i ot ROt i el e BT GTIERIvEPAal B4 engt h

bet ween veitdceabt dbnidi®0tRMABNOSADEAL2850B B NhiELrASO B ARG 1886TBisand |
correspondi ng conductive el emrents 2850A and 2850B. A nethod of selectively

maski ng sHefewathe tepgirrss of tre aemaining repdriiltinpdape2$&giRenjongiof h vertical |y
oriented j ' rt . f i cation
et hody  SHRLSHE aFerh @Rl desiiha ReME e s PdcRleiBinMATERE oL 7T (01
subst r at e methodegadeptheld],iforntinSnarfeatte rlemeis. 28500964 38WB. tloefBeDili n et al .

Adapti ng fabrigation, techni ques. described in prior ar U. S. t ent No.
5, 096, B30 57es T bR Ehgen QLT B e mpotpﬁwlalaentﬁ _ﬁé%ﬂf*aﬁleﬂ 28,%0%nanot ube
fabric, apgheaReties MeSop MrBLELT RAaREREBeEmeRE 2R80K hisPids@R continue as
described further below, 61 WD 2007/ 053180 PCI/ US2006/ 018043 [ 0180]

Pr ef er r edrespacHuels. b1 yosest dghregdimsnts R siwdtiarrpusly Borieoves dcanpilelyr pl anari ze

| nsul ator (2880 ANd. LEIOYELISHERLOL IR AL LR ARk B0 e il B5g, depth D

bel ow t he conductive ement’s as IlTustrated in
figure 16#at thhinsnofgtefci poetsoris aee. Hod pordpiefeaemoted tiethe RiBipricag, theench fil |
i nsul at or 2885.. Port.ions  of eé?anof abric sgggllleqr}ts, 2865A and 2865B, are al so

sel ect i vePEAgRrERpPds Siax de psek iarpiaeve FHRess Prigdising aAE£18F i ng nanot ube
el ements 83, aP6thdBFPEoprin@REdhnldke a§'@ésh@l§a§ éﬁ NRofPat&fgRentof covered (i.e.,

prot ect ed) nanotube el enents 2890A and 289
references.
[0181]  Nanotube elements 2890A and 2890B overlap conductive elements 2850A
and 2850B by a controlled overlap length defined by the difference T1-D1. T1 may
be in the range of 5 to 500 nm, for example, and overlap length T1-D1 may be in the
range of 1 nm to 150 nm, for example. The assemblies illustrated in figures 16B-16K

can be considered intermediate structures.

[0182] Then, preferred methods remove remaining insulator 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
2895 A 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
28958 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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W th respect to the top surface of conductive el enments 2850A and 28508,
respectively. I n sonic enbodi nents, RIE sinultaneously renoves the insulator
mat erial and portions of nanofabric segnents in the sanme step. However, in

t he event hahotdRgspanof abric portions are. not conpl et@yuse0pyed: by the
RI E process, then preferred nethods nmay be used to renove exposed

nanof abri ¢ using ashing, for exanple, or other appropriate technique as
described in incorporated patent references. [0181] Nanotube el ements 2890A
and 2890B overl ap conductive el enents 2850A and 2850B by a controlled

overl ap |en?éd?né@l%ffdfrt‘lﬁgeﬂﬁoélﬂl‘énmﬂfﬁ@ﬁﬁﬂ% V-Mys@om thht MW iReghiR 1B)e range of 5
to 500 nm exa , and overlap length TI-D1 may be in'the range of 1

nmto 150 nlﬁngth@%%%éam 892 Brerregpsrdrisl doaolidd aystlamlergth #A” filugiratessin1 6B- 16K
can be conskggr Eig internediate structures. [0182] Then, preferred nethods
renove remai Al ng insulator 2885 as illustrated in figure 16L.

Alternatively, additional insulator material may be added, and the

structure plHBA} i zetho{trotnegiodwhijabrifitmgasse?bIyS ubdsystiemtdetibiicatihgur e 16L can

be considere struct.ure. 5A. and 28 5B.are mrry i mge
o o ow ¢ ERtods RSP HEL e it R T R ISSGAT A EH HHSIShs t ha f ul |
hei ght of t BemShtdadAlconGRAGMEIEMYR iEHQERMcdFRickh Q80T 8 c8ndiRBYe Ohm C
contact. Nanotube el enent 2890A overlaps conductive el enent 2850A by

control | ed ep@aentagbisahefhed 289 pavk raimprenpd overtagpdenaih F@W@i g pregRsy to 150 nm

for exarrpl eBlg%V\ﬁCét d% Snfggfl(% lTJFE%]OP %\g:agcﬁ{zdugﬁg?gﬁgmgllﬂ A ?&u&g@l&fﬁJUbe

el emrent 289 overlaps conductive
el ement 2855m] set@rdndlegrical a@mluetﬁi‘srﬂm agointeRetricalNanmtu be fiedt eometutto? BB

overl a conduc e 285 control | ed overlap | th 2892B t hat
o e oo Ptk St e s AR BRot FLleRnoq by
T1-D . Thougterthetfidkn¥d AQRALRRRESHered 4 H%RQ;(P@A Q&e‘}%?feng@eomwond of this

enbodi nrent differs in many ways fromthat shown in ure 1B, |engths 2892A
and 2892B ceMdesipbivams 8 wiorg lagen tha lmré@mr@gtsmﬁ&ylhsw@ehem Vesicillted in figure

1B 10163] 8nghbet.BRLDo oh LAPLAALINRHANSE. 20 TNRSGS LS or od

fabrication contr overl a ween a
vertical | y fubrientdenh maanad illostrated further below.

[0184] Referring to figure 17A, preferred methods deposit and pattern conductor
3005 on substrate 3000. Substrate 3000 may include semiconducting devices,
polysilicon gates and interconnections, metallic wiring layers and studs for contacting
Aother layers as illustrated further below. Conductor 3005 may have a thickness in the
range of 5 to 500 nm using a well controlled deposition thickness, énd 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, 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, RuQ, TiN, TaN, CoSiy and TiSiy
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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el ement and a conductive elenment is determ ned by a.thickness of the
conductive elenent. This nethod may result in inproved overlap | ength
control and process sinplification. This fabrication nethod uses a
conductive element that includes first and second electrical conductors
that are Wo2@restsn cal contact. A first conductor has raT/TmMbMNGoked si dewal |
t hi ckness, and overlaps a vertically oriented nanotube el enent over this

t hi ckness. This thickness defines a controlled overlap |length. A second
conductor forns a wiring layer that interconnects nultiple swtches.
Vertically- oriented nanotube el enents can form potentially denser

st nl ot ur e@gulanUS(blé)nsupgortefdaw Jubsttaggl3G00, maj' haveaghickhass i the exhgkb of S heer bel ow.

[0184] Referri to figure 17A refer d pattern
conductor&ﬁ) gg R s??éh' d@ﬂ“§ﬁb ggéggdghﬁgggfngl seni conduct i ng
devi ces, m@g&yﬁghgﬁ@@n@@hgs and |nterconnect|ons metallic wiring |ayers and

studs for contacting other |ayers as |IIustrated further bel ow. Conduct or

3005 may aﬁ& a thickness in the range of 5 to 500 nmusing a well
control | posNexlopreiericd pirengs deppgit Hisylas S0bbApBvedated imkiu¢ s such as Ru,

Ti, G, Aja 'AMSI E’Qr 3d‘ﬂ'5, n%?{ha@éatﬂ‘{amefﬁn tdYangd of 5P9’50§Bm f@S:x H\ﬁbﬂe as_ot her

SU|tabIe net al s, nations of these,- Metal alloys suc Ti Au,
Ti Cu, Ti Rad rﬁ?bflh@ coamdseﬂmf\ﬁl@i, RaY, Psluﬁ)et, abbtbercoiizhic tnovlsting mefetidli. AgeCNTs

thenselv sin | ed an for exanple),
or - condanier Gt FrRa St sl Wise G A b Ken R BRS HBRTRue i N Tan,
CoSi a anc:ohilmitor 300ayncbtehe bsE6n stfirelof kndits cohduendegdsiéd o@id tgem conduct or,
mat eri al s ca so_be _used, Preferred nethods of patterning conductor 3005
usi ng welSUrg nsu%@t@ﬂﬁﬁﬁwﬁ%ﬂ@ﬂg@&ﬁﬂ"bues and wel | known et ching
techni ques, such as reactive ion etching (RIE). [0185] Next, preferred

met hods depggit mRed, ﬁlﬁ@ﬁ"rﬂn?geto' %gw ﬁﬁ@@r&&ﬂé& maBddstde sﬁté'(‘ﬁducsﬁw face of

i nsul ator 3010 and conduct or are coplanar as illustrated in figure 17A

63 WO 2007y0581Bon pawiator s;'zl@oél?mﬂgglmss ofpendustaslayzo 308 daigspvrera@d by substrate
3000, may, oﬁﬁéﬁ?edaav'e}? 1‘éH ﬁ%eﬂfx&gﬁ ggaﬂo@f‘t%eeleﬂeélg%ﬁd) fu'%P?% dilkof QF €exanple, and

may use ectric Suitabl e i nsul ating
mat eri al deE@ﬂa&ﬁIurtﬂexbelowr €oaducsd laet BOidsnaelposiatthickisass at the ra3@4 6 5 as
M Tustrat egOb nm, %og 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, PbIn, and others, for example, may be used.

[0188] Next, preferred methods deposit conductor layer 3020 in and electrical
contact with conductor layer 3018 as illustrated in figure 17A. Conductor layer 3020
may be used to interconnect nanotube two-terminal switches as described further
below. Conductor layer 3020 may have a thickness in the range of 5 to 500 nm, for
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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17A. Insu ator 3015 nmay have a thickness in the range of 5 to 500 run, for
., xanple and nay be conposed of Si02, SiN, A1203, or other suitable
insulating material. The thickness of insulator 3015 controls the

separ ati on beiweresstsoe top surface of conductor 3005 angct/osobndib@m surface
of another conductor deposited on the top surface of insulator 3015 as
illustrated further below [0187] Next, still referring to figure 17A
preferred nmethods deposit conductor [|ayer 3018 on i',tsulator 3015. The

t hi ckness of conductor |ayer 3018 determnes: a controlled overlap |length
bet ween a ndomilibe Ndxereeferredhhetodd depbsicandattmmashdayed®BRSronirdidtetr t her

bel ow. Cond %‘gr |l ayer 3018 ma]zy h?\%]/e a thickness in the angg‘, of 5 to 500
nm for exa#‘@ as JUStrpddn fighre IdEn M kIaE! d&pdamt PP EhosEddic l3Wd: may be
conposed of fgRLkaBleSMRds Bittethod g i¥thod®itnokl in i serfieofddctoMbdud,, 1 n. 1T,
Pb, Sn, for exanple, as well as Other suitable nmetals, and conbi nations of
these. Metal alloys such TiAu, TiCu, TIPd, Pbin, and others, for exanple,
may he used.[0393188]NewsxarefepedmethpduseipstirRoyEmiop s5pased portont Gringuyer 3020 in
and el ectri w.th duct, I r 1 [ t in figure
17 “conduct o 1 RhEG g SR EaRle. (SN P ARebs B ERERA. L P ha
S\If]\,i tﬁ hes as msdnybﬁéﬂs,ﬂﬁﬂdwattemedl m\ﬂulaﬁ]?m,tdahdﬂo[w@m@,()ﬁﬂ cﬁf&lacilmlave a ed
t hi ckness i e range 5 0 nm_for exanple, usin controlle
deposi ti on gﬂégw& I%ﬁaurﬁé§8b§%%%%@aewose lapoBITSOR, o AL, A,
Pd, N, W GyofelMl kidn cidh methodsPeh A RIE Ry BXRERtErenRSe p¥eibhs FInot her

sui table nmetal s, and conbi nations of these. Metal alloys such TiAu, TiCu,
Ti Pd, Phl n, diffegntdaigrsot hers, for exanple, may be used. [0189] Next,
preferred nmethods deposit insulator 3022 on the top surface of conductor

| ayer 3020. | at Nl | f to 500

nm for ex argr)a%?l asl@(%)(lt’ﬁﬁ%tg?ggty%ﬁgm?ﬁﬁ?e?%?%ﬁ@%%gﬁ%ﬁﬁggﬁ Bg@gﬁggst%% of Si02,
Si N, A1203nwiat@t3hdF insuliates bdogenshihe kapt sturfgcenaftcendwstor 3pBQer iBudt@eddan be

consi dered an inj.ti fructure. .64 2007/.053180 PCT/.1J52006/ 043
Co150]  noxt buteriold 2hne RSt b Bandl: M0s A B0 e B e e R g o
insul ator 3023 caticdl | dnd Sldvata@efrém 5findter H0haB folRakpleaVedulad8l o3 smuybe a

photolithographic layer, for exanple, and is patterned using nmethods known
in the sem C6KOUEPGSH Oof AdlsPiN Al2O;s, or other suitable insulating material.

[0193]  Next, preferred methods deposit and pattern mask layer 3040, with
opening 3045 as illustrated in figure 17E. Opening 3045 corresponds to the position
of vertical trenches to be used in fabricating vertical nonvolatile nanotube two-
terminal switches formed by vertically oriented nanotube elements deposited directly

on conductive elements,

[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 techiniques, 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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[0191] Next, preferred nethods sel ectively renove exposed portions of

i nsul ator 3022 and conductor |ayers 3020 and 3018. Next, preferred nethods
renove patterned nmask |ayer302S, |eaving patterned insulator 3022',
conductor 3030, and conductor 3032 as shown in figure 17C. These net hods
expose poMOa 2990581801 nsul at or 3015. Preferred known eteti/metoboadsossuch as RIE
may be used to renove portions of the different |layers. [0192] Next,
preferred nmethods deposit and pl anarl ze insulator 3035, such that insulator
3035 insulates (covers) the top su;'face of conductor 3030 as illustrated in
figure 30D. The thickness of insulator 3035 -above the top surface of

conduct or CB@@ﬂ)beqassertb@ Sfct;rlflﬂﬁb]ayef thipkneasiy notrsyd for defing theraontoB@D nm  f or

exanpl e. ultaté)kl% s%’scrtﬁe % d of - Si@2, SiN ‘Al203, or other

sui tabl e | AU &Y 3 L G 8 ‘élgf x‘fv pref erred met hods deposit and
pattern mask | ayer 3040, with opening 3045 as illustrated in figure 17E
Openi ng 308196 or mnqu&‘réd)méthedsph&mﬁcbmﬂy eeh cmﬁbﬁnalahcrifrcmmessmm be used in
fabricati n verm(cal nonvol atfépg%ﬁg not ube two- terpinal *switches forned by

verti cal | §518% FER€BV I8 DEC 8 Rip uicrumrlai dBideayes HAewdhduct i ve
el ements. a@ét@éb48§'?éﬁd BMrS%f&lrtB@QdéWﬂf&% Qbfrc%%spaﬂaﬂ b ¥ofidifelbrgonduct or 3030,
exposi ng t’he op | ayer conduct or 32, and form ng conduct ors 3050A and

3050B as 3@5%@@6&%@3 Th1sfa|lsgmxgos_wgpompgpéthpé@ $unfeomolatonfuatet ¥3ds such as
R E, sel e%@ggragedtlg(}%c 3032, may be used. This step separates

conduct or coniductors, conductor 3050A and conductor 3050B.
[ 0195] Next, preferred nethods deposit and pattern conformal sacrificial
| ayer 3020219%110 h Naest, @irﬂﬁxed&héﬂhodh]cﬁx@@ﬁomﬂy etchesndunieu Bedp diectfoanllexanpl e,

usi ng wel | s |II trated in fi 7F. Layer
3047 has ¢ H}S\A‘E‘Wéégfiqu éﬁ‘éec b}tc %)r“ ﬁ\i StoPPiLS aigff ﬁ#‘{c i ckness
control ofubs@as BOOE kdforhadath é’(%?as lilBushated nﬁégmmoi'(%@@ﬁ H88ctional

PC, T/ US20061018043 critical because the sacrificial |ayer thickness is not

used to detﬁln frethodeoicishtieasion asing easplivecon ek (RED Maghgtureds fawn &pidved f urt her
bel ow. rfo!}'% r%lg Effe‘?ﬁordggf fb‘?ﬁfn]th%qr%n&i B6eblsk u@a[}ﬁla 'cb!ncﬁfﬁfb?aéﬁ‘fn% mal
ayer 7

sacrifi CI a known |n ods such as R E, for
exanpl e, Wu ciedtlem ee;nckslct(bwvaéﬂductor 3052A and conductor 3052B Methods of

forming trench 3060 also separate conductor 3005 into two conductive elements,
3055A and 3055B. Methods of forming trench 3060 also form a corresponding trench

opening in insulator 3015.

[0198] Next, preferred methods deposit a conformal nanofabric 3065 on the
bottom and sidewalls of trench 3060, on the top surface of insulator 3035, and the top
surface of sidewall spacers 3048A and 3048B as illustrated in figure 171. Nanofabric

3065 may be deposited as described in the incorporated patent references.

[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 177.

[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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spacers 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 176. [0197] Next, preferred nethods

di recti onal WO awehs3esonduct or 3032, directionally etch i msuhgtosoidtts5, and
directionally etch conductor 3005, stopping at the surface of substrate
3000, to formtrench 3060 as illustrated in figure 17H. Known directi onal
etch nethods of fabrication using reactive ion etch (RIE) nay be used to
formtrench 3060, for exanple. Methods of form ng trench 3060 separate
conduct or 30820%]nt oNextworeksined trethodb reganvd (eitlo it exposeduegion oBOBARbER dt
conduct or - 30828, ML ROLS:9h07L 0 NGy £1EN. 3900, B30, SERALAEgRRduCt Or
3005 into two conduc TRYBIE8 RY'48 SUUGsBATERSE 305587 Mt Hods” 'of Fm ng
trench 3060 aldseribed MiacaporaRs panst B@rdntan dhe rapring BGudtireiwitiveatially 3015.
[0198] Next, preferred nmethods deposit a conformal nanofabric 3065 on the
bott om and s{'tfatkdmpROTRlTIG Seamens 30 Ay UONR it i pstetpdria digus s ul at or 3035,

and the top surface of sidewall spacers 3048A and 304SB as illustrated in
figure 171. dmmmf abykg, pr3fided mayhdasfidepeshd s sasidasiatii et TROS e
i ncorporated patent references. [0199] Next, preferred methods fill trenches

3060 with i rfamaleoand3erdy PIREQS cfrenultingyangicky, plagatiredtingnlgor 3088@s of i nsul at or

3070 appr oxi: Pl rize o rated in. fio . 00] Next,
oreferred miRoat P ERRR T et SuborEbtbe Rl i Bl Er el 8700 101
region as i|CM®tfoatednpler ThegassemillieKillwpod innipuidid 7Bol T ocan e gbmideadd

nanof abric ,3065. .Openi.-ng 3075 does not have to be centered in the trench
regi on, hovvel{?@Fr}de%étﬁ‘i‘% ®8075 shoul d not expose sidewall regions (portions)
of nanofabric 3065. Preferred nmethods of etching the insulator TECS, or

ot her i nsul 0205, aNextk%t@mea thekH¥Es ré@@IVe COE Ugduitor 3080 8id Ypo&d WO
2007/ 053180 PCTI US2006/ 018043 [0201] Next, greferred nmet hods renove (etch)

the exposed Ho8grwal tep Perians efiiepefabiic segment dPehiust SA9pBniThen Jocfsresi ng

aching, for Gxaom!Emoy thQstefh%ﬁz@rR@rt&PPd)rﬁ&fs &sﬁ%*}@lﬁiﬂ Gor &%m%l?es 6rbdagd 1n

i ncorporated patent references. The resulting strUcture th vertically

ori ent ed narepbaiprinie tedgippaasdB06iEA inHe iB8QEEBted patbituefercatasdtoifprnf | gure 17K
nanotube elernents 3090A and 3090B. The resulting structure with vertically oriented
nanotube elements 3090A and 3090B is illustrated in figure 17M. The assembly

illustrated in figure 17M can be considered a final structure.

[0204]  Switches 3095A and 3095B are a mirror image pair as illustrated in figure
17M. Switch 3095A includes nanotube element 3090A, which overlaps the full
height of conductive element 3055A forming a near-ohmic contact. Nanotube
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 30558
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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[ 0202] Next, preferred n?:,thods fill opening 3075 with an insulator, TECS
for exanple, and nearly planarize resulting in nearly planarized insul ator
3080 as illustrated in figure 17L, such structures may be further

pl anari zed as desired, by CMP, for exanple. The assenblies illustrated in
figures 1WMR2V1058HA be considered internmedi ate struct BEBES20DOREBE Next ,
preferred nethods renove (etch) insulator 3080 and expose horizontal top
portions of nanofabric segnments 3065A and. 3065B, Then, preferred nethods
remove these horizontal top portions using ashing, for exanple, or other
appropriate technique as described in the incor&&hgted patent references, to

form nand®¥5é elmiial syodwa capptagaot Si ket ve ye@f SPmorefure with

vertical | d )1 : IS 4.k rated in
{Tour o 17 eFREIREs 4 BROPLIRRI SraPRhas KiPHa-00%, SRRl B elibtB 42 d &
final struaobtypo60 ¢i6 2@43uribyi 7t minegud@ 9Bk wafdr 83Qa5BeaeEwah oh bXyPeni Mage pair as
illTustrated in_figure ,17M _Swtc 095A i ncl udes nanat ube el enent 3090A,
whi o ove P8 RATI I HPRREoT0P TR GRS BOF AL G0 S BR ng o

near - ohm enfQMYy BEMWNIR OkbE thel FTBNHnd VBT, QMRIudRRs tiReediild hei ght of the
si dewal I of conductor 3052A. The height of conductor 3052A defines

cont r ol | edispsed agfoltemeptide BPYDAa Sivvrich frdgbricaganotpbeslierplind Visra exanpl e from
1 to 150 : SW bnal. nt 30908,

ani oh overt asa R AR e G o e e oo R PR g &

near - ohm evatwid lzekbd oiNahotplateatdl56 feafter 88 Botowespimgmt,taneé tedhkethei ght of  t he
sidewal | of . conductor 3052B. The. hei ght of conduct or 92B defines

cont 1 of | odPSITAPEY PGS FSHORR SR K REEH ey BHYPrP0e-| HRGEHOEm 1 to 150

nm for exgmelten procde@ue s fepeutaamieine ¥hak rdsRiafcEsmps haRpdbdiif b&6® ai N Many
ways fromthat shown in fll gure 113, |engths 3092A and 3092B correspond to

cont r ol | espesified|vakye|oé ety 1402 The wafer istbeked an 4 hajplete at B30 ©bapdee Fabri cati on

Procedur e L CT/ US2006/ 018043 [0205] An initial structure
consi sts %éétexﬂeé%géggggﬁgmg? tS‘a | ayer of 30 nni “of thermal Si02. A set of

gol'd alignment marks is patterned on the wafer to define an array of 60 die
measur i ng[020aLin si§0ameof PMM Avekist is spunprver the eaafebriv @nld bakedoonygen

hotplate at 180C for 5 min. An area of the resist is exposed using electron beam
lithography (EBL) and developed in a solution of MIBK:IPA. This opens a window
of controlled length over the nanofabric that will become an overlap region of
controlled length between the nanofabric and a conductive element. A bi-layer of e-
beam evaporated germanium on alumina (100nm/10nm respectively) is deposited and
lifted off. The lift off is done in NMP at 70 C. This hardmask pattern is transferred
to the nanofabric using plasma reactive ion etching (RIE) such that the nanofabric is

removed 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 us»ed 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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plasma for 2 min using an 02 asher. 3 ml of aqueous nanotube sol ution
containing a mgjority of MANTs (greater than.50% and SWNTs, (and bundl es
thereof), is dispensed onto the oxide |ayer of a Si wafer. A fabric of na
not ubes i s appkie@suB@ a spin coating process which is rramastekhygotescri bed
in incorporated references. The wafer is baked on a hotplate at 150 C after
t he nanot ube spin coat, and the sheet resistance of the resulting

nanof abric is nmeasured by 4-point probe. This nanotube deposition procedure
is repeated until the sheet resistance of the nanofabric is below a

speci fied valgesiodd @bani 2dm 3f fGor Atesivalbeheisu toakeskidy). diffdt pldeheinat 150 C
between and_after_ the nanotube spin coats. [0206] 400 nm of PMVA resist is
spun over t h&™YRAoH4bri ¢ and baked on a hot pl ate, at 180C for 5 nun. An
area of the resist is exposed using electron beam |ithography (EBL) and

devel oped i nygosp! utipQft Qe Me&'ﬁbélﬁﬁest%@,iaﬁd QPRASyi8ldW R AWsured rk aBdiEQl | ed

| ength over the nanofabric that w econe an overlap region of controlled

| engt h bet we&ithoelapangibatofivervamglength beigigen the@ardtebregiementapd a| ayer of e-

beam evapor a 2r Mani um on . al um n 100nnt m . ectively) is deposited
and lifted tg }19%%1%’ r%%ngr”?% %g%gﬁé)(’?rgap&ﬂ/lgb@mfﬁgﬁgp'%Z}C}s{%ﬁa@'drmsk pattern
i s transf err eshtaihotvid@noaniot alefiests USH teigniples Mhig teatigiveg doanatetaidrilagl ( Rl E)
such that the nanofabric i renoved everywhere except, for this active

regi on. Thisuﬂﬁg?H@geﬁmﬂéﬁaﬁﬂﬁ%“ﬁﬁ¥¥%ﬁémdPF@@@#V”TH@”NTgﬁ5¢&Wﬁ§Pn1§gstripped

(using 10:1 B, ReIAXITAR &tp 15_&925%3? eRESeIcHE Fereli@edstgt DEQokBIRKR T he Ge and
a solution of TMAH (M croposit 321 devel oper, roomtenperature for 10 m n)

to strip theaed Riisiee aPiRR fuegiostzeneraigey/gyiseedttagabreratopatliioapalihe gate
conduct i ve el eqenLaoane WEILLEN, | Dot LR ntis Rt Ellrandadr g devel oped

as before. 1 nm o [ poSi usin am evaporation. (2nm of
Ti is used heersuadhdsighor inéihiversistahe: Careanids tehoXipde’” ytateiahd edldtively done in

NMP at 70C. _ Shipley 1805 phqgtoresjst is spun onto the wafer. A contact
aligner is ugﬁﬁmgﬁméﬁvF@Fﬁ%ng%?ﬁg?‘i%?%l“@'ﬂtacts conpri sing pads and traces

that connect to the conductive elements. Photoresist is developed in
M croposit 3RR0dEVelpRElly, 206knnRiafd ek BibRe MNesidQRE RB31 82 (HETHMEIGRS/ 018043

deposited (having 2nm of Ti for adhesion of the An to the oxide). Liftoff is
done in NwvPelgmer othe order of a G, while “closed” states exhibited a resistance on the

order of 10 k€ to several MQ. The states were switched between the two states with
voltage pulses. The desired state of the device can be set by imposing a current limit
during the PROGRAM pulse (which switches the device to low-resistance state), or
by imposing no current restriction during the ERASE pulse (which switches the
device to a high-resistance state.) The current limit (compliance) of the PROGRAM
pulse is set to 800nA while the amplitude of this pulse is set to SV. The ERASE pulse
amplitude is set to 8V. The PROGRAM and ERASE pulse widths were set to 6 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
MQ. 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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[0208] 10 die were electrically tested, and device yield was neasured for
devices wth overlap regions of varying | ength between the nanotube el enent
and a conductive ::iement, ranging fromno overlap to 500 nm overlap. Each
devio: contains two conductive elenents (or termnals). This testing was
done at wabedo7losmed using a probe-card and sone wer e MiTcedo@mmdopackaged by
nmounting and wire-bonding to a ceramic DIN chip package. The devices were
tested using a DC source-neter and by using arbitrary function generators /
pul se-pattern generators. To read the state -of the-device, a 1 volt pulse
was applied and the corresponding current flow was neasured. Hi gh or
infinite resistarixeriois-Esptiacsl Twy Tdein ad)Neﬂomlset&q‘zz&:haﬂd relati veI y | ow

resi stance corresponds to the "closed" state. [0209] Typically, "open"

states ex ed a he two. conducti ve | ements on the
order of 36@ V\:f?a $‘Ee asfg Eatré’ﬁll&traé’%%?st]é‘&nf glir%etnéﬂ B IBRAY he  order of
10 kQ to ﬂ@\\d@d@derd\zﬁﬂy t&hm@twseﬁ)mie@ses\tnet@a&@ob@fMse@an&zﬁ&izwsstat es with
vol t age pul ses, desired state of the device can be set by inposing a

current | idgyiges, ﬂlﬁh ﬁﬁ@leteﬁ@omwAM%@teéélel(%l%ﬁt dgideiregnddidesievi ce to

| ow-resis g ) t ing the
ERASE pul Sa L o SUrE ares AR TR R 26 i BRer IERLEMELENPAL Y The
currentIiMﬂ%iﬁnﬁMpHDUﬁeREADmwmmﬁﬁmmﬁmmONRWp@dbgﬁﬁMn&dbﬁ00nA\Mule t he
anpl i tude of thls S s,set to 5V. The ERASE pul se litude is set to
8V, The PECEYRRRIRTE p@iééoaa@@% 10 e BLo B 4P IO 3% COLGHEAYE s

respect i veleyenit B He@SIBR0GE:. Montiingive evhess 18uhd DOid fAgié 1A0n@R" and "cl osed"
states were recorded through hundreds of iterations d? swi tching the device
bet ween £t ﬂgwhloaamtheéwe§@@uc§Y%ﬁl@§entm araneiupe plsmanie saget-Bned as
closed” giakgs efb%’énpgsﬁlﬁgxﬁé% @%ﬁs %%Bmte'é BoditheMR2histftenqpen” states
havi ng a resistance greate plca ercentage of error for
devi ces h@xpncra@yirethsmnlgaheﬂz»@ﬁn ﬂ]@ﬂMaméﬂ@}qumemps wésmhouncthet 0 be | ess than

5% 69 WO 20 7/0 8 S2006/ 0 80 3 .. Test F brlcat d Two Term na
Nanot ube §§W? fﬁ@gﬁ Egﬁag$ﬁ° W]H%V?F %é@@l EFPH ?ng steps in an
embodi ”EnHet@ifmlﬁéH ITHi inathrn AWk @R eResahE hédise thesidedBfined eBl gchBi@l, assesses t he
operatlon of as-fabricated 2-TNS devices, such as the enbodlnents

i |1 ust r at 8§ imeedanee betweas the et ard sesend foadyctive slements of the device is a

function of the state of the device, and can also be determined by measuring electrical

characteristics of the switch.

[0211] In general it is preferable that an as-fabricated DUT is fabricated in a state
with a relatively low resistance path, Riow, between the first and second conductive
elements. As discussed above, a relatively low resistance pathway corresponds to a
“closed” or “programmed” device state where current flows relatively easily between
the first and second conductive elements through a nanotube element. A relatively
high resistance path, Ryon, corresponds to an “open” or “erased” device state where
current flows relatively poorly between the first and second conductive elements
through the nanotube element. In a preferred embodiment, Ryya is at least ten times
higher than Ryow. In a preferred embodiment, Rigy is greater than 1 MQ. Both the
Ruicy 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 = Rygp, then the
DUT is rejected. If READ operation (step 200) measures a resistance R = Ry ow, then
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(DUT), a 2-TNS, receives READ operation (step 200) in order to neasure the
state of the as-fabricated DUT. READ operation (step 200) is typically
performed by applying a voltage of 1 to 3 volts, for exanple, across two
appropri at e Wondweisigte el enents of the DUT, see, e.g., eondsohsvsosl enents
15 and 20 in figure 1A. The current flow through the two conductive

el ements and a nanot ube el enent, see, e.g., nanotube elenent 25 in figure
I A, is nmeasured. In sone enbodinents, this current is typically in the
range between 100 nA and 100 uA. Fromthis information, the resistance

bet ween t he tfid DO iaihdn segerie 1© BRUBHE iy¢R (ekpnBo); whieh id desciilRdiic grea@n be
determned. This in turn allows the state of the device to be determ ned. In
general , tﬂ@ai&ﬁgﬂhnce between the first and second conductive el enments of
t he device is a function of the state of the device, and can al so be

det erm ned hy,1#as uniHRAS SRid Qs&ﬁlﬂrOO)C BRIACE BT rStbiabR Hitchlerdwalied:. [0211] In

general it is preferable that an as- fabricated DUTis fabricated in a state
with a rel atrgsissinge plotw, Wik |R$b\a,rt@ehpgi1trh§15tRLC®ﬁiateb@ubh€emnm Hethe IHEY isametl second

conductive sl RORILR: AR iNI8ET ARONE ity LSLALLV Sl Birist st ance

pat hway corresponds 'device “state where
current fl owsﬂmhmd/te&rmltﬁ)astd tite Rﬁk;weteﬁ theﬂﬂﬁhefDIU”Sis Rbchtsadndoedtuct i ve

el enents thr ube reI tlvely hi.gh resi stance path,
RHI GH, corregggﬂﬁgwf SRBS ngw higdesardy 1%%@?@% deddibbelotihere current
flows relatively poorly between the first and second conductive el enments

t hrough t he [ozapt ubg PFREGRAM C}Jc[b (@tcP'6@(5)e!h6@ﬁjﬁf§q9§bﬂ§@tsw1m&bﬂl$heat | east

ten tinmes higher than RLow. preferred enbodi ment, Rul Gx is greater

than 1 MO Botdy stdieto tRHRGH %rﬁfa ﬁrth®WU§t1&ﬂ@sPRéP@RﬁMM5Da?@ﬁIf@naltlfh@tt 0§ s, the
t at D
states rem'%&%‘g%@%%%& DRSSt 1f & s%fﬁ_ﬁ%MﬂIﬁ%%%%ﬂ#gﬂmﬁ -

operation (st 0) neasures a“resi stance
rej ected. |fo Mo@pmteﬁtheomhe(BU@pwa@&)d alsmmspn*rasonal msﬁs{&tam@@o)Rm:arRLQN t hen

70 WO 200710 318% PCT/ USZg(i)G/ 018043 ¢ t he D:I_IJT sn glg %&Cmt 0 ERASE -
cycle (step SO0 RPEHGHE AP Bt e 4ih Vigdwares f5913] I
ERASE cycl e béstseﬁleé@@be arf S\erdddhall sSviteh et ) ¥s-Swhit AdteshdfthOsmar dépwin
resi stance state, with RL to a high resistance state, with RMHIGH. If the
DU ' is not operational test 100 are skipped.

[0215] Figure 19 is a flow chart illustrating steps of ERASE cycle (step 400).

ERASE cycle (step 400) preferably switches the DUT from a relatively low resistance

state to a relatively high resistance state. Figure 5 shows corresponding ERASE

Waveforms 410. ERASE cycle (step 400) begins with READ operation (step 210). If

READ operation (step 210) measures a device resistance R=Ryan, then the device is

already in a relatively high resistance state. In this case, ERASE cycle (Step 400)

terminates. If READ operation (step 210) measures a device resistance R=Ryow, 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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ERASED and remains in the RLOw state, the DUT is rejected. If the DUT is
ERASED and transitions to the RHIGH state, then the DUT is accepted and
proceeds to PROGRAM cycle (step 600), which is described in greater detail
bel ow. [0214] In PROGRAM cycle (step 600), the DUT is preferably swtched
fromthe WMRHVUGASBAte to the RLUWstate. |f the DUT i sPenuSHBRAGRAMVED and
remains in the RH GH state, then the DUT is rejected. If the DUT is
PROGRAMVED and transitions ,n the RLONstate,.'then the DUT accepted as an
operational switch (step 700). In an alter nate enbodi ment, for exanple in
the case of a high yield process, the be assuned to be an

oper at | on&MeHirediops e VaitREy palarify-Ae |dé‘9<ft@@ oéiﬁ@u@rﬁ dlogtindigus Apsay n
t 19 fl har t
PP ust rat P ERba TR B ey R P BR RS B Bk © nse eyl e (st ep. 400)

preferably switches the DUT froma relatively | ow resistance state to a
rel ati vel YOH7Hh desomse anb@dimbm,enaﬂhglmrm&mmesma ireghp oargie of 8 ERASE

T RenD. Jff e e FUFS w) Vi ad B bR Y Tt aPe PO BHEERLRA Gty & hen ¢ he

devi ce i sdephd 0a€e delsity Ifeladdtheshy thRinghothigsdiehanesd/s @beomkdneahl S case,
ERASE cycl e fSt ep 400) termnates, |If READ operation stefp 210) neasures a

devi ce re§}"’é 2RI IRIRE B T WidlhS tERNEROMRG b PIReTICME UK DY are applied to

the DUT. emﬁﬁﬁrﬁﬁéﬁe RISEREL B e tg%%riancmed%d GRBLAR hQW T esi stance
state to t resistance st ate. maxi num’vol t age,
appr oxi rrabeiryth@rasmm o561 i3 lonk, oemthmybwesmgn,lﬁmtly highers forakeplen Ifngur e 20, i s

appl i ed bet n.t.he con ive el e nts t he. conductive
ol brent s S6UTERIE TR PG R Wit AT G s tie P R eb L3 et MEssRal ng
current fhaive beshisa tige dBRidentdRsay tHieNdliagh Bt RALsIDMIQHE SR, m@fing appr oxi nmat el y
15 uA, whjch indicates a successf ul ERASE operation. The result of the

ERASE cycKePvlsdgspf sivoystanancopepiaridarentshiiemhtrokiaing afaéval&}gaﬁ ty and/ or ERASE
71 WO 2004(Qng1 f@%y%@w@s@%e (GHp mﬂtdo%f %‘r& %\'f/hﬁcm Yo tage polarity

and direction of current flow in figure 20 may ersed with no change
t o ERASE Byctien ¢fsheponi@0inetallogy/for Bxanslkréxle%a“dlf’rdent s, naxi num ERASE
voltages are in the range of 8 to 10 volts. ERASE current may vary over a

relativel M)Z%]de ﬁ-ﬁ)@%@c&r, %%oggé%@,rc%lucﬁfts, and time required for the ERASE cycle

(step 400), do vary with the controlled overlap length between the nanotube element
and a conductive element. See, e.g., length 40’ in figure 1B. For waveforms 410
shown in figure 20, ERASE time is approximately 300 ns for an exemplary overlap
size between 50 - 100nm. In general, shorter controlled overlap lengths typically
result in shorter ERASE times. Forexample, controlled overlap lengths greater than
about 100 nm, for example, may result in ERASE times in the millisecond range,
while lengths less than about 50 nm or less may result in ERASE times in the
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,



depend on the density , f nanotubes in the nanotube el ement and/or the
controlled overlap length. For DUTs with 5 to 10 nanotubes (or electrical
networ ks of nanotubes) spanning ‘the distance between the conductive

el enents, tlke soresnd may be in the range of 1 to 30 uApcowsioneemyssbe
significantly higher, for exanple. It may be difficult to know what the
operational erase current will be at the onset of the erase pul se because
the device reacts to this voltage at very short. tinme scal es, making

know edge of the instantaneous erase current difficult to obtain. The

vol tages, @LicESmlctils,and paitieEesSEmidihéie, HRASE, By Gk & dostRcKRA®) exdeedrot vary
S|gn|f|cantléfas a function of the contact netallurgy for exanple, A, W

Ti, Pd [02 WESr, the vol tages, currents, and tine required for the
ERASE cycle (step 400), do vary with the controlled overlap | ength between

the nanot Ub?ﬁﬁb?”erﬁl%uré‘@glsaaf@&@gl 1!lh\f§raﬁh€5€§¢’§ m%c%c}éﬁﬁﬁgm)llo in

figure 113. For waveforns omn In
appr oxi mat eIPR(IgHDAMs:ybbr(stamG@i); engitably swueltels #p DETZenbetaginly3lgh 100nm In

general , short contro .overlap.len thv i C resul t shorter
ZRASE ¢ ngotsBliet SRR et BTl R PPt oS EiodiaR " about
100 rim f oPR&ERNEW ateyrmiseq PRUGI@B&%I%K&@&G@O) befias with REpgeond range,
while lengths |ess than about 50 rimor less may result in ERASE tines in

the nanoselBHaIEEER 23N dbRESPAcEHoR Litan 508 a@ﬁswad%ﬁgefst%%n aps
typi cal | 410 i
ypically reag @rsat?g{tg@%%zr &Eaﬁ&dﬁﬂt@%@&%wyﬂsmtLQ%QzS%LRAS ms in

figure 20 illus using a single pul se.
However, i ncydestapd®Pbicaninbes.afREAdavpaatenn (stab L8 recaBRASEdeyicd ses nay be

used to suc ful by, ERA 420) in. figu is used
o Count "t ndhTims FEBrorrRat 0GR KBHh R 8 ol e LR, o

cycl es reacrrasseawamaf@rmmeﬁ@&mylexdn@unbemIOffrorﬁyn‘dlﬁ h rdiViXce dthefo thBeowUT i s
rejected The maxi num al | owed val ue of NMAX depends on the appllcatlon

requi r ement ESISEICEBRAL007/ 053180 PCL7LS2006/ 018043 process details, and
particul ar enbodi nent, however, NNIAx is not expected to exceed 10 to 12

cycles. [ 02%@211:' gug ﬁla?ﬂ]fmlﬁ v@ltagle%d"ag%‘l%ﬂma'télif Ysbhidhl dﬁg eﬁﬁb@cﬂﬁleﬁﬂc 2PROGRAM cycl e
(step 600). PROGRAM cycle (step 6 preferably switches the DUT froma
relatively hl,hgﬁated in figure 22A, is applied between the conductive elements of the DUT.

See, e.g., conductive elements 15 and 20 of figure 1A. This voltage causes a
corresponding current flow during PROGRAMMING, with a maximum current, in
one embodiment, of approximately 30 uA. This indicates a successful PROGRAM
operation. The result of PROGRAM cycle (step 600) is independent of PROGRAM
voltage polarity and/or PROGRAM current direction. The voltage polarity and
direction of current flow in figure 22A may be reversed with no change to
PROGRAM cycle 600.

[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.
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resistance state to a relatively |l ow resistance stat.;. Figure 22A shows
correspondi ng PROGRAM Waveforns 710. PROGRAM cycle (step 600) begins with
READ operation (step 230). If READ operation (step 230) neasures a device
resistance R=RLOW then the device is already in a |ow resistance state. In
this caseWORROGRAM) cycle (step 600) term nates. |f RBEAD/Op@r@iB@OAR (Step
230) neasures a device resistance R=RH GH, then PROGRAM waveforns (step
610) are applied to the DUT. These waveforns preferably switch the DUT from
the high resistance state to the low resistance state. [0221] A maxi num

vol tage, of approximately 5 volts in one enbodinment, as illustrated in

figure 2202285 appeitiednbel the BROGRAMsticla étionved0 Hespenof sagpignificamlr.  See,
€. 9. . CONUENAY BB LAIFIcRad RaFAY cAfheR el ot B Libne Mo vBhRAG, CauSeS a
correspondi ng current 110 uring Wi ??1, a maximumcurrent, in

one enbodekerht Sot, cappeosth ABtialfigu@0IBIA. This indicates a successful PROGRAM
operation. The result of PROGRAM cycle (step 600) is independent of PROGRAM

voltage p rity .and/or_ | rrent direction, The |t age polarity and
directi on?@‘dcur rS@ﬁ%eSSr?%%WW&Y@%A%@@W@%%#E@Mh no change to
PROGRAM c¥dr&i 0Q8tep DAB2A clienBAGR of AREHiABRES7.5 EROFAMMOLRgRs are
preferably in the range of 3 to 5 volts. For DUTs with 5 to 20 nanot ubes
(or el ect EPrecaponsis tavbe kelatdrelnigioesiarce stash {AnTanginthe ofisticafitingtiet ween t he
conductiv I 2 L he. may be in the range of 1 to 60 uA, for
exanpl e. F‘%"‘gﬁg‘iﬁ‘g&eﬁa’ﬁ ?iéléﬁﬁ%f)%c@)&%}ggw what the operational erase current

wll be at the onset of the erase pul se because the device reacts to this
vol t age at0228}y SMowrtortnis M0 schgues 224kistrgte kAW duyis RROGRAMMEDant aneous

erase curr.ent .dilff' btg&n. The vol t ages, .]%u,rr niés111 and success of
Lhe PROGRANTE 8508 e =Ty S 21 BT PP UERE% f Uncti on of ¢ he
contact neualpldPREGRIAM guﬁm{’fﬁ& B ushll to ikcekbfullP@R OGR AW tRODTHO53180
PCT1US20061018043 £022 ] The timng of the PROGRAM cycle (step 600) does

not vary SPyHeTGEaALyn fgiter?ltinpsed dhequat thedusber ofHR P CH&sween the

ﬁ‘gm ube gl @uRN 2 PO dr HRAAHDE! HyclE! RIERE a me&finuf ddfined HBHNAO" 1N Tigure

cycles, Mmax, then the DUT is rejected. The maximum allowed value of Mmax
depends on the application requirements, process details, and particular embodiment,

however, Mpax is not expected to exceed 10 to 12 cycles.

[0226] The maximum number of cycles between high resistance “open” states and
low resistance “closed” states that a DUT can tolerate before failing is an important
parameter. The waveforms 710 of figure 22A illustrate voltages and currents for a
DUT that is subjected to the following steps: 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 Ryow
values in the range of approximately 10 kQ to 40 kQ, and RHIGH values exceeding 10
GQ. The scatter in the values reflects the resolution of the measurement equipment.
The ratio between the values of Ryer 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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[ 0224] Success of the PROCGRAM cycle can be confirned with a READ operatic.a

(step 240). A current flow of approximately 7.5 uA, in one enbodi nent,

corresponds to the relatively low resistance state. Current in the off state

during a rewnd2@pesiasi on nay be in the pA range. [0225] \RaTafSerms18F4H0 i n

figure 22A illustrate a DUT that is PROGRAMVED using a single PROGRAM

pul se. However, in many nonvolatile applications, multiple PROGRAM pul ses
may be used to successfully PROGRAM t he DUT. Counter (step- 620) in figure

21 is used to count the nunmber of PROGRAM cycles applied to a DUT. If the
nunber of cycles reﬁamseafowMAmﬂMeﬂbefvm@srmwme@elbfhav inyg reradddor, then the
DUT is rejected. The ”’ ,

application requi r e ' G ;

however, M\rAx is not expect ed to exceed 10 to 12 cycl es [0226] The maxi mum
number of CY02783 betweedniiiANadtfe SRS caPheiked 3§ plo8Sccaidvolb@W I esi st ance
"closed" states that a DUT can tolerate before failing is an inportant

par amet er . TRRRIORRAFEEE ARENTY ®NBﬁM)| agiavethadave [epy deseblefeatitageerand currents

for a DUT t READ,
ERASE. Fi gu@%g%ﬁ Jn%;e tsaﬁancgscg% %gl\ém #aﬁﬁﬁ BL#%B&‘EWWI ed

wi th these chep’EBAD,@ntmqmranmtﬁaiaysEBEmIglNalnbmhe apgried Withs before failing.

Fi gure 22B shows RL al.ues in.the ran I tely 10 kS2 to 40 kU,
ond R o vl pEere e Ky e, Gl S SR PSR e Dol (OmrPict o he
resol ution qksifde aEBRTHERABAVeROH] PORREmple TREmMbALdeQicBEEMeAMNE BRapsRIrues Of

RHI OH and RL rati o exceeds five orders of magnitude, nakiAg the

cor r espondi gy speachieyey reneisdersity af ]éeittlﬂb@ﬁ%%lﬁﬂ WempOZRHs in itgener al , 2- TNS
havi ng two I Latile r andom
access mm%ﬁ%m&ﬁﬂﬁg &t&%%%ﬁ%e%g lpie eg&g‘ﬂéﬁgﬁ@%&ﬁy&% A i nf or mati onal
states of a mevoletde ddtd raMENtRMOVHEAPSEBDis RESTHUISR00E], AIBO4Gran®im aakssr es for NRAM
Menmory Arrays Using Cells having One Transistor and One Two- Term nal

Nanot ube Swit%%; and Methods of Making Same [0228] Two-terninal nanotube

swi tches can be used to produce nonvolatile random access nenory (NRAM
arrays that [bzpse nmanydeesbddabnoré eahill in8.SOP&Ent Application No. (TBA), entitled

“Non-Volatile Shadow Latch Using A Nanotube Switch,” filed on an even date

herewith and having a common assignee as the present invention, minimization of
NRAM cell area is desirable because NRAM arrays composed of multiple cells use
less silicon area, have higher performance, and dissipate less power. Memory
performance is increased and power dissipation is decreased because shorter array
lines have less capacitive loading. Also, less NRAM array area results in smaller chip
size for the NRAM function, resulting in more chips per wafer and corresponding
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.

75



menory arrays in the prior art, as;iscussed in nore detail in U S. Patent
Application No. (TBA), entitled "Menory Arrays Using Nanotube Articles Wth
Reprogramabl e Resistance,” filed on an even date herewith and having a
common assignee as the present invention. For exanple, nenory devices

cont ai ni ngp 207/e3p8300f  2- TNS can achi eve a nmenory densiPCy/Uaeo0b/ees843 as dense
as nenory cells in current generation technol ogy, offer a non-destructive
read out (NDRO) operation, nonvolatile data retention when power is |ost or
removed, and fast random access tinmes. [0229] As described in nore detail
in US. Patent Application No. (TBA), entitled "Non-Volatile Shadow Latch
Using A Na236] ubercBfaltrichjny frefemed anbaimenteof atmyentier, ewifdrtedanehdBvi ng a

common assi gnee as thepeset vent i o n zatiqn NRAM cel | area is
desi r abl é“%‘gc@a?&gel NRAN RS %E‘ﬁ%@é@i que%ﬁ IJPF]% aém&%@-_u?’é‘lelﬂ&ss silicon

area, ha\d@scﬁb&hﬁ%th@@é’ ﬁs@r?,mgﬁ)at Aithe Ao Sk RRHR vhRSSH RIVEI = n¥BRBEY  per f or mance
is increased and power dissipation is decreased because shorter array |Iines

have | es slegpbanidta eppdiasid elegentih suder t(etbsrmmrehantsiyh@ma:hb%mj’ ts in smaller
chip r.t N fun uIt| in nore chips per wafer and
correspon H%éca?gmggﬁAN#§Pn%§’§%gwm‘ ?P“&Wg% may be calculated in terns of
mnimum feature size F as is well known in the industry. In general, for
sonme enb@@i3dent dn gbnddRAMbog it 5 noudiumgatédmir-sheuldbaahdaistoed thhe switches with

one select transistor,. the cel.l densi.t mlar_ to those for DRAM
col | 5 suelmsates LEBrbad SebrmetRAR L SR SC g rE NP Pilien o 26 of about

8F2 may lﬁfénﬁ% 619érﬁﬂm Mae @hkehiiSsitolier fi s{ﬁﬁiﬂhﬁseéicuft%es?dm%@d fveam gi ven
t echnol o ot her enbodi ments whi ch i nclude two-term nal nanot ube

swi t chedt erfmcr@@éNMM@ﬁravsedleafb@wmp@rewmlrwrtamaeéétcmcalthe densi ty depends

in part Q&nmhﬁﬁat%}#”@fﬁ{ %Bft Hiy &&éﬂh@%ﬁgé‘ﬁt@?ﬁ%&@ éd‘hﬁ@ P taCke‘j 1-lere

a cell area size 4°to expecte and ce denS|t|es
sim | ar tlhowhibs eirafit tolsalstt anelot moreenells ethaewwgnaldits kieahge whdl/oh - ar e nore dense

br of or 1 ot BB Ghe (416 % RUBHET BRI<DACFOr Y HErhEIE™ TaBktide one or
nore of th&itret hods descri bed above for fabricating 2-TNS. Wiile the
descri bed nethods use 2-TNS that utilize a controlled overlap between a
nanot ube [0232] One method of producing an NRAM array is illustrated in figures 23A-

23E. Figure 23A illustrates initial structure 1300 with planarized top surface 1355.

Cell select transistor 1335 includes source 1315, drain 1310, and channel region 1330

formed in silicon substrate 1305. Gate 1320, fabricated with sidewall spacers 1325

and part of an array word line illustrated further below in an array plan view, controls

channel region 1330 ON and OFF states using well known MOSFET device operating

methods. Stud 1340 embedded in dielectric 1350 provides a conductive path from

source 1315 to planarized surface 1355 of initial structure 1300. Stud 1345 embedded

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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el ement and a conductive element in order to thermally engineer the
switches, any nethod can be used to thermally engineer the switches. [0231]
In general, though it is not illustrated, it should be understood that

el ements i n Woe0d#sss) bed enbodi nents are in electrical ceomusbheatsan with a
menory operation circuit which is simlar to the stimulus circuit described
above. In the described NRAM arrays, the nenory operation circuit is in
electrical comunication with a bit Iine, a word line, and a

program erase/read line, which allows the circuit to select one or nore

cel I's in thepah belyeamdartogubetetemepat H07d/and sowtet BylFiof eranhigost3@beenebliighe cells in

a simlar ma for@ cribed abave.for the.sti Cilr-Eul 232] One
met hod of prgg%gi}ithémr\ﬁ ((F ‘Aﬁ%OPﬁrf‘tff&S ?%%"gﬁwl ﬁﬁpﬁg&r@géggﬁBolﬁSE Fi gure
23A il ustrat@siettdd to @dimSba WSt trige bARQ bk trindtaraildw e st@RcesiBrf ace 1355.

Cell select transistor 1335 includes source 1.315, drain 1310, and channel
regi on 1330 SHFH2A3®h silicon substrate 1305. Gate 1320, fabricated with
sidewal | spacers 1325 and part of an array word line illustrated further

bel ow in an gnnsgy Phaf: Vi I - LLGLAN Niped.OFF states
osing wel | koo NDS%T%%%%@H%%%? F%Sg%ﬁﬁfaﬁgé%%%{"ﬁé@%% A Th

di el ectric 135ieye 833G .desilaociGt ustyibed DO, Forfexamplesonanothed ®gHaton pl anari zed

surface 1355.0f initi.al Structure 00. Stud 134 edded in.,dielectric
1950 o ov: aodflosidl distha Bl R iR S ai o PG RG meliBey Thee 1555

of initial structure 1300. [0233] Next, preferred nethods described further
above form i iR8shedNatxe prefeiradohethed eldhA0Aa Aold inl i@l or 1B (cdndansla?erTNS devi ces

in electrical, conmmunication w.th underlying transistors, as illustrated in
figure 23B. 9 _ PRI B e e %&@ﬁ%ﬁ%ﬁ?@%@e OBSHRA swi t ch
1070 shown i pf dth WS BhilusBhiel &t 6@ LQiAB3DS offigdt RBOI | Mage of structure
1070A with corresponding wiring and interconnections. Conductive el enent

1005 of 2-TNS 1070A, for exanple, overlaps and is in_near- ohm c contact
wi th' nanot ub®28fknerfthen.prgemsrmethads depomy andiprbern ppdustias HAGTorpes76 Wo

2007/ 013180 EG:HLMB2006 Pj%%ébitﬂ%g& }PBE'%%%%E“ &%9&&%9&%)3}129?@ urt@3p Afd source

1315 of transistor 1335, enablin a D operations in
2-TNS 1070A. b2 i3 750 729 Boma in corresponding plan view 1395 in figure 23E. A

conducting path is formed between bit line 1375 (1375”) and drain 1310 through studs
1370 and 1345. I transistor 1335 is in the OFF state, then channel region 1330 is not
formed, and bit line 1375 (1375”) is electrically isolated from nanotube element 1023,
If, however, transistor 1335 is in the ON state, then a conductive channel is formed,
which connects drain 1310 and source 1315. This forms a conductive path between
bit line 1375 (1375) and nanotube element 1025 through studs 1370 and 1345, drain
1310, channel 1330, source 1315, stud 1340, and conductive element 1005.

[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
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connected in a simlar. way to the source of a transistor below the surface
1355 of structure 1300. [0234] Next; preferred nethods deposit and

pl anari ze insulator 1360 as illustrated in figure 23C. Insulator 1360 nay
be TECS, for exanple, or another insulator deposited-and planarized using

wel | knowg 18@missienduct or fabrication nethods. [ 0235]pMNesr00d@ng@hgr r ed
nmet hods etch a via hole in insulator 1360 and insulator 1000 using well

known sem conductor fabrication nmethods, exposing the top surface of stud
1345 as illustrated in cross section 1395 of figure 23D. [0236] Then,
preferred nethods deposit md pattern a conducting |ayer form ng conducting

stud 137Q.a Is j 75..aS . i ) i1 figure 23D and |
bit Ii ne@rfg@@‘ Smé%h yf‘?’gg\}sﬁa?&nﬁéﬁ? #@gs%é\ﬂ%%d%g%Bﬁ%gnA\&/(?gé&#gbﬂéég%n ‘figure 23E. A
conduct i methpds ¢f completingrédbribsionead phistvatiomef th8 R AM 3nEtipn éed drai n 1310
t hr ough sj]tQUdz 13 and 1345. |f trgams%gtorh 1335 is in the OFF state, then
channel $Q§PoHseT onsgpicopdycier JebIcRUCHPPhYqUSY 1375 (1375') s |
electrically isolated from nanotube el enent 1025. Tf, however, transistor

1335 is jop3gihe ONnshptals 1BHEA akd CONBUELI 3B 2BREIpoh&ng @ Med,  whi ch
connects drain 1310 and source 1315. Thi's forms a conductive path between

|
bit |inenopyyitieteyderminghgwiankit7ipkoves wrfvre 425 HIHFERHNSIUREY 1370 and 1345, i
dr ai , : ti | t |
Toos, [ o35 rEs Ssh 1353hd AALERGHY Hemodt Y FEA a3 A CRRNE Vo o o

1335, whietlhudasf 1052d to sel ect (or not select) cell 1390A using gate 1320,
which is also part of word Iline 1320'. O her cells such as cell 1390B maybe

sel ect edJynst ead b ctivating other. wor. in Suc s 1 . Conductive
el ement d[%%g og‘esre%loélgisme %%?@%beﬂcg{%%l}rgrclitescn%‘é?cﬁﬂuscﬁe#ﬁfﬁfg%r y a controlled
overl ap thengiyred@sQhe @iekersiebys 13903QndMB9eER 8y approtihates@d®% biyme over | aps
ot her nanot ube, el enents _jn ot her storage cells bé?%ﬁl&%r oxi mately the sane

cont r ol | &HFERRRY OTefiE WIS @DriafviEched hefrét §9¢d 24 frated HEBLUIE nt er connect s

a plural iStl\VtocéfrlaIQ@Ho§er_s§{&‘ée-_wl%u‘?ée%‘§§&ﬁ bwhSedhijdehd R8s ERAREbedPROGRAM  and/ or
READ operations explained in detail a%ove, Nohvol atil e storage cells 1390A

and 1390Brteeyelivhi ng one sel ect transistor and one nonvol atile two 77 WO
2007/ 053180 PCT/ 152006/ 018043 termnal switch |ayouts are mrror inages of

each ot k[3540] Ad deghl%%lA RLEFRL Bl structure 1400 with planarized top structure

1455. Structure 1400 reduces the separation between source 1415 diffusions relative
to the separation of source 1315 diffusions illustrated in figure 23A. Closer
separation of sourée diffusions requires a different approach to nonvolatile two
terminal intermediate structure fabrication as illustrated further below. Cell select
transistor 1435 includes source 1415, drain 1410, and channel region 1430 formed in
silicon substrate 1405. Gate 1420, fabricated with sidewall spacers 1425 and part of
an array word line illustrated further below in an array plan view, controls channel
region 1430 ON and OFT states using well known MOSFET device operating
methods. Stud 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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met hods of conpl eting fabrication and passivation of the NRAM function (not
shown) use well known sem conductor. fabrication techni ques. [0238] Menory
cells 1390A and 1390B (figure 23E), corresponding to nonvolatile two

term nal swwe@mo10s@sshown in figure 8F, are illustrated pich/ydBiehkoszal r ay
cross section 1395 and correspondi ng nenory plan view 1395 and result in a
cell area of 10x2. [0239] A second nethod of fabrication is described and
illustrated in figure 24 that nay reduce the cell area of cells 1390A and
1390B by approximately 30% by wusing vertically oriented SWNT fabric

swi t ches 129BMicamd] 202958 thel dastas adrelatite thiogemenal 25Nch srenabl 2054 oser

sour ce-to-source, spaci ng bet ween Lacent cell- as descriped, further bel ow
[0240] Fi gurlP Ik FR LN a GO RSl baPy Ot @MU ARt ERMALT E8d ¢ op
structure k#4b&ureStOUBHG®n KHdbhré eXNICSSuchie | 3eakalid Airehweeast source 1415
diffusions relative to the separation of source 1315 diffusions illustrated

in figure 23Ructared28pAdpugoatchranding woug el idiefqonaicsiass. Cogdyatiae elamgnt f er ent
approach to pRgayalat : i.pal r | ate,s e fabrication as
TP ustr at ed POrsRLE DA 1493 irEhEapR ol R ien SO LA R B O ce
1415, drai n nbddiObe dadercianfve land egd d4v01 A3 Hone coridactivei datlctmwembst r at e 1405.

Gate 1420, fabricated w i dewal | spacers 142 d part n array word
e 1| ust PRPULOS G R 28E8 60 TN s PLGs R 100 e B channe
region 1 43QrOGRAN, QhlfoSRRAESoPE:BEs el TN noyen MIPNST JeBiicenapaEat i ng

met hods. Stud 1440 enbedded in dielectric 1450 provides a conductive path
from sour cen 28mEla §aptakaspeeed osuiiiaiser basy the suskiee L4131 of stragiieddfed

sem conductor structure 1400.. Stud 1445 enbedded in dielectric 1450

provides a ggp@ucti P{g}@ hdhosi ﬁgqu i L rif 4455 of
initial st rg‘ct ulr}Ie 11‘;{%%%%%121%% )E}?Hébf))?% er lé%llgrée?ﬁglgg&gg%%%%g%ﬁ% urt her
above for m iinfignnegd{Catneulatr A 46 maese TROS Aonerdinipd) SBamfthdrwmutagrmi nal nanot ube

t devi .nt d w ti oy i st
| Tustr at od SROVFDURLD AR o hog BFD R R el R o etiRiai e~

structures 1295A and 1295B are used to position adjacent nonvolatile two
term nal deydZB3 onNeheproferred aledsed yicls panediesiatnsamt i b0 andmsuiddds5. 78 WO
2007/ 053180 .PCT/ 1; 5208%018043, . .

1200 using well known semiconductor fabrication methods, exposing the top surface

of stud 1445 as illustrated in cross section view 1495 of figure 24D.

[0244] Then, preferred methods deposit and pattern a conducting layer forming
conducting stud 1470 and bit line cross section 1475 as shown in figure 24D and bit
line plan view 1475 as shown in corresponding plan view 1495’ in figure 24E. A
conducting path is formed between bit line 1475 (1475") and drain 1410 through studs
1470 and 1445, If transistor 1435 is in the OFF state, then channel region 1430 is not
formed, and bit line 1475 (1475’) is electrically isolated from nanotube element
1255A. If, however, transistor 14335 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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Structure 1295A is the sane as nonvolatile two termnal switch structure
1295A shown in figure 15N. Structure 1295B is the sane as nonvolatile two
termnal switch structure 1295B shown in figure 15N. Structure 1295B is the
mrror image of structure 1295A with corresponding w ring and

I nt er conpgahirMEssgy Conducti ve el ement  1205A of 2- TNS g9ehoosfoagosexanpl e,
overlaps and is in near-ohm c contact with nanotube el enent 1255A and stud

1440. This forms a conductive path between nanotube el emrent 1255A and
source 1415 of transistor 1435, enabling ERASE, - PROGRAM and/or READ
operations in 2-TNS 1070A. 2-TNS 1270B is connected in a simlar way to the

source Ofy ﬁaﬁs néltﬁxlﬁl&%bé%g&ﬂé’ﬂtst RSIRY EtB @cé'if’sgog a‘i&hro%fzﬁét&wfi@%aé‘%oo [ 0242]

Next , pre erre osit and narl as illustrated
in fi gurce)nﬁrdl@d dvesen Etgh. Thﬁ@cqmdgcthe eIEEm; 1Z70A mbewmph@;ts oplusdigt her i nsul at or

[00a3]  NEseE b PRFIaf s R iE e AT PR AT REYRLERAPE T 1360 ana

i Nsul at ofperalidNepSding Bkl KRAWN NoRISISHED JUE keﬂ@mg%uqagmt hods, exposing
the top surface of stud 1445 as illustrated in cross section view 1495 of

figure malqlwmsefpﬁ@#ﬁﬂsﬁ%ﬁ@i erechoprielpida sWel tapodial switeh lp¥atssn a conducti ng
| f 1475 h
VST U O AT O o 08 BESS SEEBLGR 1470 a5 shoun

vi ew 149md passivatiguobth2 NRAM fumlod(mt singv ) akdweld khowmsahibeddveteon bit |ine 1475
(1475 )élﬁd@{qr atenhl410 t hrough studs 1470 and 1445. |f transistor 1435 is
in the gt ECYUAS- channel region 1430 is not formed, and bit |ine 1475
(1475") is electrically isolated fromnanotube el enent 1255A. |f, however,

t ransi st[02461435Mesotcdllia 460 SﬁcEIZQOBt(hgncazlEpmu(tﬁd denecdaBAR@lofi s formed in
regi on 1430, . which gonnects drain 1410 a source 1415, This fornms a
conduct |W@r%g?ﬁelsgfv@’@ﬁdbwbwtﬁ@%lsw@er(@@w1)% 1300 Anch &1 05e(figrement  1255A

t hr ough 2384 Ugldnd 44 abdAddrxidi@k o410, channel 1430, source 1415, stud
1440, and t)cond%cti ve e?é‘%é XllZO? [0245] Figures 24D and 24E illustrate

different view of transistor 1435, whi ch is wused to select not sel ect)

cel | 14d0M7isi ndnefheremathothof fapricarion is dasosibedand illgstrajigst ia flgui%@gMO'
Conduct TR JAUALIZION beP SRIIILIBR NGB 008 by
79 approximately 30% ThlS can be done by 1ntelchang1ng cells 1070A and 1070B of

figure 23D such that conductive elements are adjacent to studs connecting bit line and

drain. This enables closer source-to-source spacing between adjacent cells as

described further below. An additional insulating step is required at an upper portion

of the studs contacting bit lines to prevent shorting between bit line and conductive

elements due to via hole misregistration as described further below.

[0248] Figure 25A illustrates initial structure 1500 with planarized top structure
1555. Cell select transistor 1535 includes source 1515, drain 1510, and channel region
1530 formed in silicon substrate 1505. Gate 1520, fabricated with sidewall spacers
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. Stod 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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WO 2007/ 053180 PCT/ US20061018043 overl aps ot her nanotube el enents in other
storage cells by approximately the sane controlled overlap | ength. Thus
conductive elenment 1270A interconnects a plurality of cells, and the el enent
i s used dur WORIERASEB) PROGRAM andl or READ operations eR@ElI/BRAed 18043 det ai |
above. Nonvol atile storage cells 1490A and 1490B contai ning one sel ect
transi stor and one nonvolatile two termnal switch |layouts are mrror

i mges of each other. Additional preferred nmethods of conpleting fabrication
and passivation of the NRAAI function (not shown) use well known

sem conduct digurd 213.i Statctwe 10Ezhenrcpepsids E@M@@laﬁbmwoyermMaﬂ switelO@AOand 149013

(figure 24E)  have L& a of . approxi te whi ch i s about
8006 onal | er $HAR bep ShagnRtian i 08008 mirr phEe: hae e R Whel| area o
appr oxi mat el drd&&fodding @2 arﬂﬂﬁfef&hné@fﬁbﬁkod&s(tfonfpaﬁﬁlvﬁﬂiﬂlgme bsBdgscri bed and

illustrated in figures 25A-E that may reduce the cell area of cells 1390A

and 1390B i |RosiéippaefedTNA 1\07%|aad 1%81©Byye inggsehapsidhtlefoppgd e respgrévecan be done
o) ermnt & oo 880, B8l hAL U BALAA8s CLond kB BeRER 1BHE By SR Sonduct ) Ve

el enents are a s connec drarn. This enabl es
cl oser sour Clﬁleﬂq}bsmdlllsf;lﬂ nsqradhintig cdsmﬁotve&nh namkptalmﬁiémﬁellbgs asl staesel0i bed furt her

bel ow. An a onal uI ati |s required n, upper ion of the
studs cont agﬂ]l% ”B??C?ri 8tévet r]%'? na%t&}g‘? %ﬁ‘&elﬁéﬁ%\% &l 5 Cel%sﬁg g
conductive aheiRAl $350uaiblie Emsnopﬁommgdnam KA ofFatclRs 6 280 furt her

bel ow. [0248 F| gure 25A i I%ustrates initial structure 1500 with planarized

top structur 70A555. Cel|l select transistor 1535 includes source 1515, drain
1510, and channel region 1530 formed in silicon substrate 1505. Gate 1520,

fabricated wpsdpsi deual brefPR8 &lethodd a s@Qﬁh ﬁl%a‘hz@ins@l@to@rﬁ@(y as"iﬁﬁgl atdqne

illustrated further below in an array plan view, controls channel region
1530 ON and lmﬁEuEtQQCesInamtmrng\@@lmaylbn&\E@Wlé@npﬂewrcaaoth@plesmtmng met hods.
Stud 1540 e ee(()jde acp di el eﬁtrlc ﬁg—%@’? es a gp gtlvet ath from
source 1515 TBOPLAANT PLAH7EY HiAL ¥° Ib?e“fl?ﬁn[ PAPTEPRCRC PE S0, stud 1545
enbedded in di eI ectric 1550 provides a conductive path fromdrain 1510 to
pl anari zed [8281]aceNd&bprefeired ﬂrietlioak etsh b wrintholecin Idditor] 1624 Q) d Mexdttor pr ef err ed
met hods descri Bed further above f TNS, 1070 nd 1070B which are

i nt er connect P40 {FiPR Vel LpawR seralc 8§0F§221bﬁ§at’t°|“é’i’% OPOHEE PR3 i n

of stud 1545 as illustrated in cross section 1595 of figure 25D.

[0252] Next, preferred methods deposit a conformal insulating film and coat via
opening sidewalls with insulator 1580. If via holes are not properly registered and
expose conductive element 1055, insulator 1580 will insulate exposed portions of
conductive element 1055 and prevent electrical shorting to stud 1570. Insulator 1580

may be SiO,, for example.

[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, howevelf, 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 1515, stud 1540, and conductive element 1005.
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80 WD 2007/ 1)53180 PCT/ 1JS2006/ 018043 figure 25B. Structure 1070A
corresponds to nonvolatile two termnal switch.1070 shown in figure 8F.
Structure 1070B is a mrror inage of structure 1070A with correspondi ng

Wi ring and interconnections, As conpared with figure 23B, the positions of
2- TNS 10%semnok3i€ /0B are i nterchanged wth respect tecrasp@ebisve
underlying transistors, e,g, transistor 1535. Conductive el enent 1005 of
2-TNS overlaps and is in near-ohmc contact w.th nanotube el enent 1025 and
stud 1540, This forms a conductive path between nanotube el enrent 1025 and
source 1515 of transistor 1535, enabling ERASE, PROGRAM and/or READ

oper at i ongsan 2-FMNSes 457 O 24028 R 1N ren Vi Sh 6 1 RMHRE NS vwienasi t and
planarize insulator 1560 as illustrated in figure 25C. Insulator 1560 may
be TEGCS, upasrtosxlegiipianot sglecihestiSPOM e gated 5S2Q i ig algo and opWarsar i zed usi ng
wel | kno »C r ' [ : X1 erred

net hods e %Eﬁz;ﬂ 'v?ga}%ﬁg%lfeg Sﬁéﬁ%\dsegﬁtg? %Em%g%gg%%%eq lhgéf?d;%}bér\&&%gb%&ﬁ%i ng wel |
known semiocdhthsctich asf 1805, dddndoctiveridn@as] 058X peE nigrihbend apremnéace of stud

1545 as il|luystrated_in cross section 1595 figure 25D. [0252] Next,
or of er r ec it KBS b Bt R ST R AR OIEcF O | SRR 1080k via openi ng
si dewal | grighird Bsmynauliaded ddSOER ASEVPIROGRIES, 186/Rr RBIATPE PRIy T egi stered and
expose conductive el enent 1055, insulator 1580 w Il insul ate exposed

por t i ons exflainebindigtali apeve | NerswtatilotBagaugllp d #Pénande) S86B coptaininghenet i ng to st ud
1570. In . J for. ; 3]. Then; preferred

nmet hods églﬁ)%tstrl SI%%%%SQE(? é?%%zliﬁéegﬁvc?u% |H§§m%y?%$%%ndgnogglﬁ%%§to ?ng stud 1570
and bit kidetlerodddsiendlippsfert&limethsdssifovmpleting fabticeiodzhd aadivatibn | i ne pl an

view 1575 as_sho in correspandin | an view 1595' in fjgure 25E. A
conduct i Hﬁthﬁiﬁw u?%%oﬁé’éptﬁg?‘ﬁé GB%HE)(P‘P‘H%S%?@@?L@?@WC%{W drain 1510
through gfHMgues1570 and 1545. If transistor 1535 is in the OFF state, then

channel region 1530 is not formed, and bit line 1575 (1575') is
eIectricanghisolated from nanot ube el enent 1025. |f, however, transistor

1535 is [H5Phe Galsd QA anchi90R (Eavradek) hase Bigpamecell arcf 6f med  connecti ng
drain 15 e j IV en bit line
1575 ( 15%r@aﬁ§%%b?%§%éﬁa{e£% nf g%%%ﬁfﬁ%%ﬁ%ﬁﬁ%ﬁ?ﬁ%?%t?ﬁ%%@ 1545, drain
24F), and 30% smaller than cells 1390A and 1390B (figure 23E) having a cell area of
approximately 10F?.

[0256]  Another method of fabricating an NRAM array with 2-TNS is described »
and illustrated in figure 26. Nonvolatile two-terminal nanotube switch 2370A .
corresponds to nonvolatile two-terminal nanotube switch 2370 shown in figure 13.
As illustrated in memory array structure 2400 illustrated in cross section in figure 26,
nonvolatile memory cell structure 2490A includes nonvolatile 2-TNS 2370A
interconnected with transistor 2435, and interconnected with one bit line, 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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1510, channel 1530, source 1515, stud 1540, and conductive el ement 1005. 81
WD 20071053180 PCT11JS20 0 610 1 8 0 43 [0254] Figures 25D and 25E
illustrate different views of transistor. 1535, which is wused to select (or
not sel ect) W@PWABIPA usi ng gate 1520, which is al so paPCTEP2EPH043] | ne
1520'. OQther cells such as cell 1590E may be selected instead by activating
other word lines such as 1525'. Conductive elenent 1055 (1055') forns and
interconnects switch region 1050 in multiple nonvolatile storage cells such
as 1590A and 1590B (figure 25E) and is used during ERASE, PROGRAM and/or
READ oper at il#49] exPieai preferied mgdiods toraiere dabrigainaoiiahe m@vgkaaleagen@él | s 1590A

and 1590B C%Béoa()nnthg glthgl%dla&:eskr%gture tgf) gxgllgﬁ%%lﬁlgld mglﬂglgl gngﬁ ﬁlee245(yvo t erm nal

switch [ ayou are mrror rnmages o preferred
nmet hods of ebmmmemﬁg@enabrlcatlon and passivation of the NRAM f unction (not
shown) use well known sem conductor fabrication techniques [0255] Cells

1590A and 1 (f| ure 25E) haye the sa area .o mately 7F2,

appr oxi mat e?&)@ﬂr (FRCRHey aggﬂ%t@{lpgp@fﬁg%ﬁﬂg@#ﬁi 1t(1fr}eg%5§ an Ql " and 30%

smal | er t han4e@thsush3A0A 2805 3008 i dibaekie 2465) 1t RaNdife: 21368 in (B¢ eapof

approxi mately 10F2." [0256] Another method of fabrlcatln? an NRAM array with
v/

2-TNS i s destid, Bed chamgl jeglonsdp@isewt fonmed, gud bit 2ige 2By eleatrichldy isgleted er mi nal
nanot ube S“%Eﬁpnﬁéﬁgéfkﬁ%mfE§§0Q9§§&8mP?ﬁ¥ §t2k81§W955§ﬁﬁ&9§Hh89Q0tUbe

switch 2370 'shown 1n array structure
2400 rIIustmamhduvmdnmﬂaSSBﬁnmd@ﬂudﬂxﬁh@ﬂﬁhmﬂ@Alomﬂhmmkaunﬂ& ﬁmﬂnry cel

structure 2490A i ncl udes vol at 370A _interc ted, with

transi st or @§§z“§ﬁﬁmiWF@P gﬁ %H?WF@%%%ﬂélﬁP@ana@naﬁﬁggfﬁrgWﬁlmord l'i ne,
and one secQpds WTddi M85 aFal S0, Icﬁﬁﬁherzmb%mceeh@svstdumwgl@HI |l e menmory

cel | structure 2490Bis a mrror image of 2490A, and 2-TNS 2370B is a mrror

i mage of 2-cONBICHBTIANPURSPFAPr ef erred nmethods fabricate NRAM array cel
structure 2400 illustrated in figure 26. First, preferred nmet hods fabricate

initial strygigye 2402;88ving 1?&3@8%§e¥e§g§r i sfel%EQ tcglf'94]9015[ r?&%%aéé\'ex'[ ,

preferred nethods fabricate an Interne te structure inclu
2420, which is also part of a common word line shared with other cells in the

corresponding row. Other cells, such as cell 2490B may be selected instead by
activating other word lines. In NRAM memory array structure 2400, conductive
element 2310A overlaps nanotube element 2325 in region 2350 of a controlled
overlap length, and at the same time overlaps other nanotube elements in other cells
by the same controlled overlap length. Thus conductive element 2310A
interconnects a corresponding row of cells similar to 2490A, forming a common
electrical connection used during ERASE, PROGRAM, and/or READ operations as
described above. Nonvolatile storage cells 2490A and 2490B contain one select
transistor and one nonvolatiie 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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mrror-imge 2-TNS 2370A and 2370B on surface 2404 of initial structure 2402
using preferred nmethods described further above with respect to figures
12A-13. 82 WD 2007/053180 PCT/ 1352006/ 018043 [0259] Then, preferred,

met hods conpl ete fabrication of the nonvolatile nmenory chip on the

i nter rre&éazg@/(g{%(gcture t'o conpl ete NRAM nenory arr aypStiishebiti1§42400 shown
in figu . 60] In operation, a conducting path i's fornmed between bit
line 2475 and drain 2410 through stutl> 2445 and 2470 in dielectric 2460.

If transistor 2435 is in the OFF state, then channel regi on2430 is not
Formed, and bit line 2475 is electrically isolated from nanotube el enment
2325. |If wev ANS : IS d g qd:pen a conductive
channel [P%@orngg?vo\%@%ﬁéoz%ﬁ%g%@ﬁ%gﬁ érYH %&?@7%‘8&2%3%% t§415. This forms a
conduct inoevgatilh the tenial frinbtube seit@42ZEy Oahavmaniiguub 1@ Noenilatd825 t hr ough
studs 2470 and 2445, draln, 2410, channel. 2430, ' , stud 2440, and
conducti@@%éﬂi%%@éﬁé&[’6?6’1‘?%%9&%@%&%@8&&?%%@@&IB.aseI ect (or not
sel ect) Bl imARQAuNNgs@mat e 2420, which is also part of a common word
line shared with other cells in the corresponding row. OGther cells, such as
cell 2490B nmay be sel ected instead by activati ntg ot her. word |ines. I n NRAM

menory aPPy stiriglid @ctipdp fabeiswa iy i aras rehmcios 1 6K ydriens nanot ube
element agoy] N ELagh QM2 A ?ab%@ﬁﬂ:lirﬁhél%ghctﬁ?ﬁéeﬁbé‘Ha\hgggfaﬁmz%ﬂd at the same
time overlaps ot her” nanotube elenents 1 n other cells the same controlled |
over | ap shdagt2Y04.Thus conductive el ement 2310A interconnects a corresponding
row of cells simlar to 2490A, formng a common electrical connection used

during , PW, r 5%9 ' Gl bove,

Nonvol ati T e~ st or age %%F?@%ﬁ’é’t% anﬁa(%g%g%%r%g%?%i%ﬁm%ﬁ%lééelp@g 2 transi stor and
one nonVilNSa2670a dndd~TNE 26T os wirfach 220 fhaiviel toctuesPoRdising | ayouts that are
mrror | es, of each other. Addjtional preferred ho of conpleting
fabri cath%g“%@etﬁa‘§%$e§§fqe§ﬁulgfergwemﬁ&l\‘??ﬂ?ﬁté?iﬁ@ﬂre@H‘i ~]sllc‘uLTSW\/n) use wel |l known
sem conductor fabrication techniques. [0262] Another method of fabricating

an NRAM[ezd6ay VItich, gefbl¥ed nfitdas e6ihpled famiaiidd bfibé hatvorhtildmbingtr € 27. As

illustrated in ,mem)rg, array structure 2700 illustrated
chip on the intermediate structure to complete NRAM memory array structure 2700

shown in figure 27.

[0267]  In operation, a conducting path is formed between bit line 2775 and drain
2710 through studs 2745 and 2770 in dielectric 2760. If transistor 2735 is in the OFF
state, then channel region 2730 is not formed, and bit line 2775 is electrically isolated
from nanotube element 2625. If, however, transistor 2735 is in the ON state, then a
conductive channel is formed, which connects drain 2710 and source 2715. This
forms a conductive path between bit line 2775 and nanotube element 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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in cross section in figure 27, nonvolatile nmenory cell structure 2790A

i ncl udes 2- TNS 2670A interconnected with transistor 2735, and

i nterconnected with one bit line, one first word line, and one second word
l'i ne as desghhiedsFisy t her bel ow. 83 WO 20071053180 PCT/ @620880008B043 [ 0263]
Nonvol atil'e two term nal nanotube switch 2670A corresponds to nonvolatile
two term nal nanotube switch 2670 shown in figure 11 C. Nonvolatile menory
cell structure 2790B is a mnor image of 2790A, and 2-TNS 2670B is a mrror
i mge of 2-TNS 2670A. [0264] Preferred nethods fabricate NR "AM array cel |l

structure 22960A Id @&Irfe@%&ﬁldgr}owf fodMn@2 commdnSectraet S @ B @gmgf abri cate
initial structure 2702 havin [anarized surface 2704. [ 0265] Next

preferred mERAods PRASIRAME en @rRME@E@@EI%@S%&CU@@W@@M@% ng 2- TNS 2670A

and 2-TNS 2@?09@018@11¢§{6 %%@CC@H%Z%@AO%?'Z%&B 8len$h t%ﬂﬁta%‘éeﬁc?t%ﬁ%&& fhd G%Ef erred

met hods descri be respect o fi 266]
Then, pref empedblatidd tadermmapdvdicd aﬁcabameccarrespnnmﬁgudyeumdmwaﬂeahmﬂoe menory chip

on the internedi ate structure to_conplete M. nenory array structure 2700
Shown i n 11 RS obeach g9tn AN M PRI b GEET eGP HCAOn BB 1o bt veen

it 11 ne 27 gassadlofls@h NRBH QuidioR R aiwg 924 Laeh A ridtoidh € ectri ¢
2760. If transistor 2735 is in the OFF state, then channel region 2730 is

not formed, febigatnte¢tinigue775 is el ectrically isolated from nanotuhe
el ement 2625. If, however, transistor 2735 is in the ON state, then a

conduct i ve_ghagnel il orThit QbiicRacaNAGk RFLALN,A7A0NAN ssalpee 2715.

This forns a conductl ve pat et ween i nanotu e el enent
2625 t hr oughnd glustseRiATRuan2B. 2¥dibolatiteaino t@7is] nemamreedwi®Z 20955 0ur ce 2715,

stud 2740, d _conducti el e 2605A. [ 0268], Transi.s 2735 is used to
select (or ABPTREr BN £F pSsBoms  rrgetadienay s6h IRIERT 6AERd, part ot
comon wor d nhidigheSRaicBds98 A bhthiarigar! 168.. iATIRegoT0IsiesRONGHCRE wigv. Ot her

cells, such as cell 279DB, nmay be selected instead by activating other word

lines. In NRAMIHRMSY aaiiusiaied infeemes 2peucisndded alkvétrat%q BIFEE 2610A
overlaps nanoiidhe, £L&EBRI VALY dlichRILONcREAR RbighNorRhlEde XM ap

cell size (area),

[0270] It is desirable to simplify methods of fabrication while reducing cell area,
and corresponding NRAM array area, because NRAM arrays composed of multiple
cells use less silicon area, have higher performance, and dissipate less power.

Vertically oriented switches are designed to minimize NRAM cell size (area).

[0271] Nonvolatile memory cell structure 2990A includes 2-TNS 2895A
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 29908 is a mirror image of 2990A, and 2-TNS 28958 is a mirror image
of 2895A. Insulator 2925 corresponds to insulator 2815 in figure 16L.

[0272] Preferred methods fabricate NRAM array cell structore 2900 illustrated in

figure 28. ’

[0273]  First, preferred methods fabricate initial structure 2902 having planarized
surface 2904.
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| ength, for examples 1-150 nm and at the sane tine overlaps other nanotube
el ements in other cells by approximately the sane controlled overl ap | ength.
Thus conductive el enent 2610A interconnects in parallel with other cells
simlar to cell 84 WD 2007/ 053180 PCTI US2006/ 018043 2790A in a
correspondlng row, formng a common el ectrical connegdy,pdostagsh.gluri ng

ERASE M %nd/or READ operations as described in detail above.

Nonvol atil e storage cells 2790A and 2790B each contai n one sel ect transistor
and one nonvolatile two-term nal switch and have correspondi ng | ayouts that

are mrror imges of each other. Additional preferred nethods of conpleting \

fabri cat ass he NRAM functio not. wn), use well known
sem cono[bﬁlg dl?‘%l}b ?18 '% &@gﬁftﬁ% ﬁaet%an (?lat,&r?g}]ﬁ H@Pﬁfﬁg&of fabricating
an NRAMaYg as&m&fmzzwslawﬁs d@smfacbegm @nﬂmml dutasfureatgnd usthef i gure 28.

Nonvol atile two term nal nanotube swi tch 2895A |Ilustrated in figure 28
correspdﬁ?férr?%m\?@ﬁ’@ﬁ %?W‘%Fdéﬁiliﬁé’ﬁtaweﬁﬁﬁvﬁpéﬁftPélgthé 1pArilnal.  nanotube switch

2895A shown in figure 16L. 2-TNS 2895A is interconnected with transistor

2935 as | DM%}St r’Pﬁéﬁd feferidB 'ﬁ%%d@EBIﬁﬁlG@tfﬁMﬁﬁHérﬁontRQQod\Jo i ﬁl@i&)@é in cross
sectionin figure 2 Vertically oriented swtches are designed to mnimze

NRAM  ceship @i thelr(t@rmé)ate 0270 toicompstedeB AMamkwotyorsiysphethse 3%0hods of

fabri catm ﬁlu ﬁgdum ng cell area, and corresponding NRAM array area,
because M géys ‘conposed of nmultiple cells use less silicon area, have
~hi gher performance, and dissipate |less power. Vertically oriented swtches
are desi[02id t darpatatibz,e dNRAMtieg bhthds foemédbeaagen b1{mae72]9]75|\dndndmuati | e menory

2635, a0 HE A 2P B THO S BERe AL, I R ph AL i He PPRe. and one

second whikd tHehRBardS] AeRANOBEH fodfdrhed, 4ae bRWne DoTH/R Ieﬁet:tricﬁnmamda cell
structure 2990B is a mrror i mage of 2990A and 2-TNS 2895B is a mrror

i mage  drompgBAbe Plesenh2ER0A0 I Ropere clsasiTies 2035 is i e AN staEgisnian fi gure 16L.
[0272] R £ I r 00
' ust r aPEYEREEe Rl RORSnba Bon G818 HRAAoR0 LY ey ARG Tr | cat e
initial cetduscttvaipah B&O2embiv1ing2915and nzaube element 2890A through studs

2970 and 2945, drain 2910, channel 2930, source 2915, stud 2940, and conductive

element 2855A.

[0277]  Transistor 2935 is used to select (or not select) cell 2895A using gate
2920, which is also part of a common word line shared with other cells in the
corresponding row. Other cells, such as cell 2895B may be selected instead by
activating other word lines. In NRAM memory array structure 2900, conductive
element 2850A overlaps nanotube element 2890A by controlled overlap length
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 2895B 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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surface 2904. 85 WD 2007/053180 PCT/ US20001 018043 [0274] Next, preferred
met hods fabricate an internmedi ate structure including 2- TNS 2895A and 2-TNS
2895B on surface 2904 of "initial structure 2902 using preferred nethods
descri bed foYe bwioBbive with respect to figures 16A- 16L. PEOXBHPO/ AT,
preferred methods conplete fabrication of the nonvolatile nenory chip on
the intermediate strumlre to conplete NRAM nmenory array structure 2900
shown in figure 28. [0276] In operation, a conducting path is forned between

bit line 297 drain 2910 .t hrough, stu 945 and .2 i.n.dielectric
2060, 11 traRCre or ABgdsr FEHn of Feepte® S8 RN THAT ARSI PESTEN 2030 | 5
not formed, andibétatdd NSigdR/D. INorRbRELMYE Mrinyndl AR Gwitth 90952anot ube

el ement 2890A. | f, however, transistor 2935 is in the ON state, then a

conducti ve cHhsfepd indfiguse A eprrasponge &1 Yardeally aripntednonvakdils@igrteaipg15. Thi s

forms a con ' t Pt i 2890A
t hrough stud g%%;@%gwg[% Q%%%S%%é? ?11%%1]5 f BE/I g%ﬁﬁr% 23,{69%8 %ﬁ[e&’%ﬁp?&é&%@ , stud
2940, and comansitornsd3s e BetndteBShonorf @27 druttian31 00t itlnst2@85n csstised t o

sel ect (or not select Il 2895A using gate 2920, which, i.s part of a
common wor d FWH%“&@%‘%%I%%YWI I oriertgd ig‘glgci%ﬁs R desighsidta SHRmiF . Ot her
cell's, such ag] G&l (aredB95B may be sel ected instead by  activating other word
lines. In NRAM nenory array structure 2900, conductive elenent 2850A

over | aps nanotube el ement 2890A by controlled overl ap Ien%tph 2892A, for
exampl e 1- 1500288 aAtpnselatilsanesagr celi siaichyed 1 Bsinelufes 2-hNR0ADE el enents in

other cells g‘f(er@tﬂﬁéaé%ggkﬂaﬁiigt&% @%Féé}dqf?t@ltcggﬁelc?eq vﬁﬁle&le%?t ﬂn%n&#erfirstl-rhus

conductive enent erconnects a corresponding row of cells simlar
to 2895A, f omwpidigne, andcarrsocorglvegt dine ad desatire Ctrlen belsedNduvdlaige HRASE,

PROGRAM and/ D ratians as desgcrihed above .[0278] Nonvolatile
storage cel | ggg%@g r%lg)% §S§u88ﬁlf%gﬁf3€§198%eargj:'?oé]é(f’lau{ertﬁ'ﬁ %lglt‘%arl and one
nonvol ati | e hatitesWittahrrsnediCdrucfd BOPR I Mardrayapd §f OSAM rror i mages of
each other. Additional preferred nmethods of conpleting fabrication and

[ [ f _the NRAM f i h Il k '
passivation ?0285] © Preferredur?lgt Ic;gsnfagr?cc;ltte I%Rgvl\\fl’lgrrzglsc%llvg?mcture%ol% il Lgtrpat% ﬂ]d uctor

figure 31.

[0282] First, preferred methods fabricate initial structure 3102 having planarized
surface 3104.

[0283]  Next, preferred methods fabricate an intermediate structure including 2-
TNS 3095A and 2-TNS 3095B on surface 3104 of initial structure 3102 using
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 throu gh studs
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fabrication techniques. 86 WD 2007/053180 PCT/ 1j S2006/ 018043 [0279] Anot her
nmet hod of fabricating an NTRAM array with 2-TNS i s described and

illustrated in figure 29. Nonvolatile two term nal nanotube switch 3095A
illustrated in figure 29 corresponds to vertically ori-ented nonvolatile two

t er m nal WOPANOS3BR swit ch 3095A shown in figure 17M PRCTNS0SQOBA3| s
interconnected with transistor 3135 as illustrated in menory array

structure 3100 illustrated in cross section in figure 29, Vertically

oriented switches are designed to mnimze NRAM cell size (area). [0280]
Nonvol atile menory cell structure 3190A includes. 2- TNS 3095A interconnected
W th tradgoshdsi4d]dhin 30, ¢Hatest G030 ecdredl3 Wit iudBedNetd Edndgetivene first word
line, and one_second word |ine as described further .bel ow. Nonvolatile |
menory CengntdPPUrt ure 3190B is a mirror i mage of 3190A, and nonvol atile two |
term nal nanotube switch array cell structure 3095B is a nmirror inage of :

3095A. [[02¢6t] Prehgshes Izl hadso §él’&!€td%%€se[‘é‘36%ﬁ@'l%%ﬁﬁhé gbructure 3100
illustrated in fia_?ure 31. [0282] First, preferred nmethodS fabricate initial

st r uct urd 28, 10Rchpvlsegaplcdaaeinmed wosd tifagered moith oth92883 inNext , preferred

met hods i e. ihternediate str re_including 2-..TNS 3095A and 2- TNS
3095B ongo?l%% g@t@g?’i‘gﬂé t@%r e asscteﬁSgg(ﬁjér/lg\a%?f)gelfjcg?&n%s{efbdr‘@f erred net hods
descri begtitating deier aoalknesd ThNRAMD Beinolarfdygiuieareldfo looMdudtf284] Then,
preferred met hods conplete fabrjcatign of the nonvolatile nenory chip on

t he i nt 15Tt é&go‘%?\‘eﬁlék’m"émi”@e el AUGONRXIGOREMRSE P Vi & r uct ur e 3100

shown i mobh §UiEe2Bnpié P488 bl E!clcpﬂ%ﬁeastahl@@imeamﬁﬂﬁﬂ%ﬁérGEQn&ﬁE%I&ﬁex{t?r med between
bit line 3175 and (Pral n 3110 through studs 3145 and 3170 in dielectric

3160. | finpihanesils byrpagduatdy the sane carmlled pearkap lengdn Bhasaeductiegi on 3130 i s

not for i Li i |.ectrical - SQl: r nanot ube

el ement r%%%%igqué ﬁ‘ﬁ’éﬁ‘g’@%‘ggz ?nae%g(?nsd?ncﬁ'%g'laigglSssﬁlﬁgrtathgq??\'l&’sfgg%‘@g then a
conduct iaenaharsialtridad cérae o, usebhreQHRGSEIRROGRBAM) aad/dr RBAICe 3115. This
forans a conduct&eglc%bggth between bit |ine 3175 and nanot ube el enent 3090A

t hr ough og)fi@agns as above.

[0287] Nonvolatile storage cells 3095A and 3095B containing one select
transistor and one nonvolatile two-terminal switch and 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.

[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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87 WD 2007/ 053180 PCT/ US2006/ 018043 3170 and 3145, drain 3110, channe
3130, source 3115, stud 3140, and conductive - el enent 3055A. . [0286]
Transi stor 3135 is used to select (or not select) c611 3190A using gate
3120, which WQ22478831part of a conmon word |ine shared w tRCTatshens/ocwid s in
the corresponding -ow. Qther cells, such as cell 3190B may be sel ected
instead by activating other word lines. In NRAM nenory array structure
3100, conductive elenent 3050A overl aps nanot ube el ement 3090A by
controll ed overlap |l ength 092A, for exanple 1-150 nm and at the sane tine
over| aps ot Hérve/giigtl] e Nero! dicherrasddith DepyilyAnpesdidiniudl

controlled overlap I ength. Thus conductive elenent 3050A i nterconnects a

correspondi w | i.m Qe ] QR glectrical
connecti on lf}gzeg durqf*)ﬁéﬁgﬁ%égg%dm%tgéﬁgﬁ%?&%%%})uﬁgpgf| onsatglg descri bed
above. [ 028%pmNondwtatdedign,s¢sorbageing atd mcRQdtghecmodld@d eb@ceso mixaimplengf one

sel ect transistor and one nonvolatjle two-termnal. swtch d correspondi ng
| ayouts are P’ uﬁ‘i?rco?"?rr‘é‘b’é@ﬁg?' SERETABY §15eS: Iﬁ%ﬁ{l}%ﬂ}ﬂld %@%F?gﬂmﬁﬁsﬁhods of
conpl eting fraBbhg abmpiters2dsdk PSR NRIHoRE 208 sdrir@/MNRAMAdINElds@n (not shown) use
wel I known sem conductor fabrication techniques. [02881, Usi ng the nethods
and enbodi mepvdrCEsEE il chbY Einiatugadiogkparfos@angs, paveer. ighebikyududlifabri cat e an
nonvol atil e SpAT uti g izl i t of a

Foo- ter m nal aaaa AR T ROk Al i b A A oL TR 11 it e

i ncl udi ng nexposeth anhasheendirbfimeransuck mbbigh netidtionflevelso-Ih esme mgdlicatiangnoswi t ches.
[ 0289] For exan‘iEI e, gi ctéijrle frame nonvol attj le two termnal switch 1870

i |lustrated FA” xﬁeaﬁu S SHoP AP ATP R DR SRS RIS S ARSI S 1070A
and 1070B iaewehe NRAM cells illustrated in figures 23D and 23E, and in
figures 25D and 25E. Oher NRAM cells (not shown) may be designed to take
further adv%%gg?e of dense npicture frame nonvolatile two term nal nanotube

switch 1870 WO DBt 7P oHaesdngdesing KpcoBr¢ap pptotyping and production

ramp-up, has resulted in increasing usage of pre-wired reconfigurable logic, field

=%

programmable gate arrays (FPGAs) for example. For many applications, pre-wired
reconfi gurable‘ logic, such as FPGAs, are chosen instead of ASIC chips because the
complexity of ASIC logic chips has increased, with 15 to 20 (or more) conductor
levels, resulting in increased costs and longer time to market. The density of the pre-
wired reconfigurable logic chips are less than those of ASIC chips so that more are
required. Some ASIC designs are beginning to include embedded pre-wired

reconfigurable logic regions as well.

[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 programmed 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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Nonvol atile Two Term nal Nanotube Switches as H gh Density Cross Point

Swi tches  [0290] Data processing, communications, and consunmer solutions are
dictating sem conductor design, test, burn-in, and packagi ng technol ogy
choi ces. Exanples of products covered include: smart card/ ganes,

nobi | e/ hayativet/ebsmach as cell phones, personal conput eCcsUs2006/018043

deskt op/ wor kst ati ons, and server/mai nfranme. These requirenents are driven by
m ni aturization, performance, power, reliability; .quality, and tinme to

mar ket, For sone applications, such as aerospace, conponents are exposed to
har sh envi ronnents such as high radiation | evels. In sone. applications,

securi t yref@aiocdd @sweUsointdgesantigs file PO IF¢AYuid ¥_PROGRVIFRA NG neering is a
requi renent = as_ wel | an%" 91] Tinme to market, 1ncluding rag d hardware

2
pr ot ot ypFRGIandL BERARRE | Bay Dt fonpd eiittoddabs sxay| Thedrion ait diseleassi ng usage of
pre- W I egbebf0heiia blifl L BcBuiclb Rt ﬂetwe%momghge@at e arrays (FPGAs) for
IEOI’ %t wre recontrl

exanpl e. many appli cations, 6re- urable logic, such as
FPGAs, are chosen instead of ASIC chips because the conplexity of ASIC
| ogi ¢ chl0383has Figves 3 dlistrates priot Brttaotif2e [P0 imtrec)N GhOSEDdOr | evel s,

re- wi r BoePesBRRRiFlaE SRRl AitheSte B Rat o huesS B 088t nhs oo
that nor e ORF (OPBN) inbedondeiBy A&k ToUREii@Ns pﬁfgmnl&ﬂ%n W@ dn@fisecl ude enbedded

pre-wired reconfigurable |ogic regions as well. 292] The size and
el ect ri c&l00dhHyconfesting sagesi 9P, qomeugioe IniG wd 19GP prerplesiiically icamegteddet er ni ne

the recopf ) ARl 10915 IR C THHHE nBRdoRREEHY Ak, &H@M&@ﬁb?@% The
d swtc d atil

smal | est pre-wre presently used I's a ptior art nonvo e
one- t i meandpk944 mtemohbleetricgifR)onneuted; endvihp abpaaidrict addeddwithcimtifeteieen | ogi ¢
W res as iH*gst[atﬁg; in figures 30A and 30B. The nonvol atile OTP anti fuse
is the s &St BRI D& npds d4eXaRE, yse it is a crosspoint switch placed
bet ween pre-wired | ogic conductors that can be programmed to sel ectively
i nt er coni®@84] vadidousades gl prieanchncifine $9@Einthlieiddnsay edhidved b ingingas 30A and
30B. The use of grior ?rt.non olatile OTP %wo t@{ninal anti fuses to design
pre-wi r edOFROGHFIGeh SHILSUATGR- OV (ARACTHINE: PRIV I IFltanFe AL f ol | owi ng
r ef er encgsnvd RNy MAGR, husiefiEnae - ARERO besi fee Batis tAhde Thelobicl mpact on FPGA
Architecture, Pérformance, and Radi ation Hardness", Altera Corporation,
1995. Thia@ngion, which is very important in security applications. The switch is tolerant of

harsh environments such as high temperatures and high levels of radiation (radiation

hard switch).

[0295] Disadvantages of prior art antifuse 1900 include high voltage
programming (10 to 12 volts) at high currents (typically 10 mA per antifuse). Also,
because antifuses can only be programmed once (OTP), defective antifuses cannot be
completely eliminated from the pre-wired reconfigurable logic parts. Because of
these, and other limitations, programming is relatively complex and is usually carried

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 14 and 14J and other switches described further above, can eliminate or
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WD 20071053180 PCTI US2006/ 018043 referenced power point presentation file
"80JVI cCol l uim, _5 PROGRI MVABLE LOGLC ALTERA. ppt" may be found at
http:!/klabs.or. The prior art discloses formng an antifuse using a

di el ectric waypr/isetspeen. two netal |ayers. [0293] Fi gur BCBORPGYZEBr at es
prior art antifuse 1900 in the ON (CLOSED) or programed conducting state
1920. Figure 30A illustrates Prior art antifuse 1900 in the OFF (OPEN)
non- conducting state 1910 prior to programm ng. Wen antifuse 1900 is in
conducting state 1920, conductors 1930 and 1940 are electrically connected

by a resi st afigligitly sedice Higdimigoiophefprior art sWisches A2 bHgwatii figuiss 304,
duct 1 | i ed,
oot ohee TOOF BOOPES Bahol SRR L RAMRE SR B DB,

exanpl e. 9294J00AAVENS a8EEis ehsijyrinograt bemeti feedayOQ0s analalldeosdpoisi t y

achieved by using a cross point switch configuration, |ow capacitance,
rel atively I?)Wtclhe?}dsi’%rh%@,m H“P%H‘i}%lnéﬁyiheieﬁfgyﬂdsﬁ%liafm‘? TERREIRSt to

"reverse engidiegbed fAiEddiaBoded As Aeult gl%_wai Bcortighfble0Bgic WM Mal Be Very
inportant in security applications. The switch i's tolerant of " harsh

envi r onment sshipired vag ihiegtatedewg dulht tasteks2-ANG rhadytfor prpetammihgr adi at i on
(radiation hard switch). [0295] D sadvantages of prior art antifuse 1900

i ncl ude high t ag m . val t. i 4 S
(Typi cal Iy 102081 paf s hAEAG nofhoic & Bla BholbORHEL RED
programed oRBASEOPR)ges déB extld vatsaPROGR2GS valtappotf b 6 catyphretrelativedy i m nat ed

fromthe pre-w nfigyrable |ogic parts. Because of these, and other
limtations, loﬁr%‘gﬁgﬁﬁmﬁ Eﬂﬁgfgﬁff%?wpd%%ﬁ%? ﬂ%?ﬂci%ﬁé&u%ebémt&car ried out
in a socket Btasle thé xRy aRIrbQRlyk @ tabEL ahdrequifdslodM od 1&GbwMRtrehito needed

is a way of retaining the density and other "advant ages of rior art
antifuse 190BROGRAM cemppred & prify apranfilbien £900gpietyeired rgmlgmaégelggm chips
(limtations LN E!J.!Fq i f |V i.bches from
pre-w red re%ag%? ?‘Sgﬁgﬁa‘?hfﬁgp@g par dgﬁgﬁ eetﬁierrlrgﬁga fetﬁl{g @h@%}%ed to program
swi t ches i n enveoukertt tplefance dfnanst@ebésrand highysstueity (‘TO28¢jenfloparolgd s dearly wo

t i nal t ub i.tch h 2-TNS 1870 sh in fi 141 and 14J
and of ner e PERGEE BRI B peSel el dn o Rrmiltabe g T4 "

programumned in space, for example.

[0299] Figure 31 illustrates a cross section of nonvolatile nanotube cross point
switch 2000 resulting from the integration of 2-TNS 1870 shown in figures 141 and
14J with conductor layers 2060 and 2055. Conductor 2055 corresponds to conductive
element 1855 shown in figure 141, overlapping nanotube element 1825 in regions
1850 by a controlled overlap length of, for example, 1-150 nm, as described further
above. Insulator 2002 corresponds to insulator 1800 shown in figure 141. Conductor
2060 is in electrical contact with nanotube element 1825 of 2-TNS 1870 through stud
1803.

[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 1'epreéentation 2100 of

nonvolatile nanotube cross point switch 2000 illustrated in figure 31. Figures 32A and
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WD 2007/ 053180 PCT/LS2006/ 018043 significantly reduce the limtations of
prior art switches 1900 shown in figures 30A and 30B. 2-TNS 1870, for
exanpl e, may be used to replace prior art antifuse switch 1900. 2-TNS 1870
is easily integrated between netal layers, is a small cross point swtch,
and, perhgps&78340 | Nportantly, may be erased and progicaimeeehepeat edly as
descri bed further above. As a result, pre-wired reconfigurable |logic parts
may be shipped with integrated and fully tested 2-TNS ready for
progranm ng. [0298] In sone enbodi nents, nonvolatile two term nal nanotube
swi tches have ERASE voltages of 8 to 10 volts, PROGRAM voltages of 4 to 6

vol ts, rel atiyel | ow PROX and ERASE currents, ical]ly less than
100 uA g%%%wt{%%%eﬁ%éé%@%nﬁ@gw% @E&%segrcés P%EWWE@Q@%@?‘@ Mand require
about 10f@burdsBOR ArAVIBB Wit K@RblatiR nabGebAMGRIMaGAEh DR CoRducand antifuse
1900, pre-wired reconfigurable |logic chips based on 2-TNS nmay be programed

fi .
in a systiéheahol1bindignte S2imdraPsreson totadnetondPal art48f nanot ubes and
i gh seGutdcbitvely, LENEIBCs G AR | MPure sSANEAIA YanohiTRBRRL B ofiRANS that |ogic
can be used in @ritfcal aerospace applications, and progranmed i n space,
f or exarfl08 in {ho298dbrieatgdPBOBRAVMED Fdowes” staer2d $8 asdstiiled foftharonvol ati | e
nanot ube_.cr oss .poi nt, w tch 2000 resulting fromthe integration of 2-TNS
1870 sholi"s X Tg eéta%ﬂayal??oc%a%ﬁﬁ?flﬁ_ e QPV‘Q&%Y ESBH86° and 2055.
Conduct MetwW@a2 o @IctRSPIBOLS I ROAE PRHrGInb M ess ShANMBOI0LEESR 1s68ewa i n figure 141,
over | appi ng nanotube el enent 1825 in regions 1850 by a controlled overlap
| engt h OO0 @rmeipsapresmbedinpgtsn figuse 3 usiresnangiubpeioss pdislve. | nsul at or

n ol ectrenr ooy FRASER" Rher VR SEPU kit St o SHMEN otgh st na

1805, [ G3G8poi@oswitadt 2108, 20631200 dord3pehdatestate 1080 af pricelayt agtfude el ect ri cal

cont act nonvaol atil.e nay cro point switch 2 isin a

relati velﬁ@ﬁﬂmﬁ@ FEPSRUE! S“G{ég?igf stalsy %Qr%"c“a?f%o.“\éﬂéﬂfé%}%ggg%o 2055 and 2060

are in rloatit MedMsddB00. WhREibeicEsth p6@NévwiEth 2108 hayHePRUOGIRAMIBBNOt Ube cross
point switch 2000 is in the relatively high resistance "open" or ON state.

[0301] HPghanes fropysiaindl 20 stefrold Ogansd eEPdprawane aeiedi 29100 of
nonvol atl\'gg%od;ﬁ;g QARG 1! RAR HRAH Bseribl hEHksEON bt ShERL 98e bfbrdidgure 31.

Fi gures
of each switch may be verified prior to shipping products containing pre-wired

reconfigurable logic.

[0302] Because of the relatively low programming current of nonvolatile
nanotube cross point switches 2100, on-chip ERASE and PROGRAM functions are
possible in a system environment. The high voltage requirements described further
above may be generated on chip as described in Bertin et al., U.S. Patent No.
6,346,846. High voltages may be decoded on chips as described 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 reprdgrammable contacts betwéen a first conductive element on the top
surface of an insulator and one end of a stud (vertical fﬂled 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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91 WO 20071053180 1 CT1[i S2000/0180d3 32B illustrate the repl acenent of
prior art antifuse cross point switch 1900 shown in figures 30A and 30B

wi th nonvol atil e nanotube cross point switch 2100. Conductors 2130 and 2140
in figure 32A and 32B correspond to conductors 1930 and 1940, respectively,
in figures 3DA2MAESBEB. Fi gure 32A shows nanotube cross P&ASZEMIEE 2100
in the as-fabricatcd/ PROGRAMMED "cl osed" state 2110 as described further
above. A "closed" state may be characterized by having a relatively | ow

resi stance between conductors 2130 and 2140, for exanpl e | ess than 100 GChns
or less than 1,000 Chns in sone enbodi ments. ure 32B |IIustrates nanot ube
cross point swtch 72‘1@5€’|’7H’“EZH@”ERAS@W¢‘7@1E)éﬁngélt ngitpErgrggliyescri bed

further above. Nanoty P?ogn?lﬂﬂ 5le & %efgWa"[{é rconitions Baredn! 007 ;eesponds to

state 1910 of prior a antl use not ube cross poin ch 2100,
state 2110, correspdiidizgtiaystate 1920 of prior art antifuse 1900 Nanot ube
Cross point smﬁtch 2100 may be PROGRAMVED to change fromstate 2120 to
state 2110, SED to r ate 2120. ons of . such

cyol s have HEdA! opdurberrihe faes b datfefb o BugRun e HSERRER o each
switch may bewi\l@fels fulcelds@Ibe@belb®. BithBichBo@ARAICE Sardaibe dichieAgreplageswi I ed
reconfigurable | ogic. [0302] Because of the relatively | ow progranmm ng

current of n&HYSlaRiErONGEARRY tHhECheY BA LypisPIAY Ui BAive BBEPTiabRIcR S p  ERASE
and PROGRAM iy g&&ﬁ iRt 8, co@ggé ?m/& dilfer %o%aﬁ%{o?é“ ﬁﬁ\ﬂah&ﬂ&‘,ﬁa&mﬁ heohgh

vol tage requir ments descri her ve may be generated on chip as
descri bed i nelBetritilly Ieprogtammelblsconﬁem@m bereen leyeaslﬁslsglﬁonvbﬂagte nagbtubges may be
decoded on c Scrib d i.n Bertin No. 5, 818, 748.
10505 the SBPReRfELEH e PRl Mde. hese smpSumelisiBiacor: i bo two
term nal nasettibglysieploghesmase Wirgh ifleRshicttiel gedrchipahbricatiepsi@gr ammabl e
cross point switches that provide reprogranmabl e contacts between a first

conductive eP&¥#EEon the top surface of an insulator and one end of a stud
(vertical filled via). The opposite end of the stud contacts a second

conduct or i niE308} actNabtue Eiaﬁlel%p&ats@dmwﬁ&@%eﬁé orafinabRNBa intdd&dhhadiRhs The
above sections describe applications of eleéectrically reprogranmable cross
poi nt swi t chaw tolerant of harsh environments such as high temperature operation (in excess of

200 degrees centigrade, for example), and tolerant of high radiation levels. High

temperature tolerance and radiation tolerance result from certain characteristics of

nanotube elements.

[0306] Nanotube element-based electrically reprogrammable interconnections
provide a high level of security. In the event of a security concern, switch
connections may be electrically reprogrammed (opened, for example, a switch ON
state erased) in nanoseconds, or at most, microseconds. Even with reverse

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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92 WD 2007/ 053180 PCT/ US2006/ 018043 Tw o Terni nal Nanotube Switches as High
Density Eleclricolly Reprogram nabl e Nanotube Via. |nterconnections Between
Two or More Wring Layers [0304] Further enbodinents for electrically
-reprogranmabl e via interconnecting .switches are described below In these
enbodi itk ®97/@318anot ube el enent replaces stud via i ACEUSHNAEBO430NS, whi ch
woul d typically use a conductive material such as tungsten, alum num
copper, and/or other conductors, The nanotube el ement .provides electrically
reprogranmmabl e connections between | ayers using nonvol atil e nanot ube

- two-term nal switches described further above. These enbodi ments enabl e

el ectri ¢edoigy r epicogétboaBlaBricstibg Heb-ichhRECNBRGE kONctRE behigh emkifyabri cati on
and packagi ng. LOSOS] Nanot ube el enent - based el ectrically reprogrammabl e

Vi a i nt EFRERHABERDISHANOtheViR HIIEENECNS RYMERN BYR/WEBEIRYESISsuch as hi gh

t enper at N | Ar@xcess of 200 degrees centigrade, for exanple),
and tolgﬁgﬁ?gg?{ﬂ%%%ﬂ$%%?§§ion | evel s. High tenperature tolerance and

radi ation tolerance result fromcertain characteristics of nanotube

el ement $0309D 304 irsharasendsemethedsaiepoditarmaduatdré20 ptednitplle@ihicdgeamyabl e

i ntercor L.ons.. proyjde a.hi vel L of security..ln the.event of a
securit ;I/Il ?u%%%tg %nnﬁlg@wg%’%h %Og%ur? lﬁgg {2 é)%’ﬁl%y Pr%v abtglcg‘?‘?é %/‘} 1ih8 é?qgf? Of ggf ogr ammed
(opened 500 afh @4 amyl e fonesWsingindtlik sehat RueTiaeeddl, AR, PANISRGORMS, or at nost,
m croseconds. _Even with reverse engineering of the hardware, the

i nt er conffect® HetinbPiom ahHEE aberherstidante medls: adeppiyinationgehi@est, though it is
not i1 ykiialibghsobf xS0 1P THALREA! RN alner ShEFRAdhaoLhe. descri bed

embodi nents are in electrical commnication wth stimulus circuit which
i s sim limuding €NEs thehaelvess(siogleovdlled ded i whlbeeld ardovdoublerwalled, fodescr i bed

reprogram le I nterconnections, the.stimul us ¢l RCW I~ Syl | ectrical
coﬁ’rmgi g)éf}'igl @?‘P’\% R %&%’8ﬁ l}%?sl’ ggd?sef*’lrﬁﬂzcéﬁllesgﬁﬁl %?f\%ul\gﬁi“}%r@l\]vﬁ '?I;\?’ng | ayer
conduct O¢8i, ah€ TiBin@he be WidC lOtiedr kOIS of fumdadtoG and sehdcdmepeegmandmd y form and
break interconnections between one or nore wiring layers in a simlar
manner S& Y¥ERGYS6Ed above for the stimulation circuit that changes switches
bet ween two states. :

[0310] Next, preferred methods deposit and pattern conductor 3210 defining

conductor length, width (not shown) and openings 3215 to accommodate vertical vias
as illustrated in figure 33A using known industry techniques. Opening 3215 in
conductor 3210 is formed using known RIFE etch selective to conductor 3205, with
opening 3215 shown in cross section in figure 33A. Conductor 3210 is of sufficient
width that hole 3215 leaves a sufficient border region around opening 3215 (not
shown) that conductor 3210 remains a continuous conductor. Conductor 3205 width
and length is patterned using the 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 CNTSs themselves (single walléd, multiwalled, and/or
double walled, for example), or conductive nitrides, oxides, or silicides such as RuN,
RuOQ, TiN, TaN, CoSiy and TiSix may be used. Other kinds of conductor, and

semiconductor, materials can also be used.
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93 WO 2007/ 053180 PCTI 1; s2006/ 018043 [0308] One nethod of fabricating
two-term nal nanotube switches as high density reprogranunabl e nanotube via
i nt erconnections between two wiring layers is illustrated in figures

33A-33G [ 0308booiokste preferred nmethods deposit conduct GicTaz0R 6018043
controlled thickness as illustrated in figure 33A. Conductor 3205 nmay have

a thickness in the range of 5 to 500 nmand may be formed using netals such
as Ru, Ti, G, A, An, Pd, NN\, W Cu, M, Ag, In, It, Pb, Sn, as well as
other suitable metals, and conbinations of these, Metal alloys such as

Ti Au, Ti Cu, [DBfd, PN'Gﬂ-g prfslredindhddk A8Joss Whd ?‘l@hzﬁlz@mw@&%&@ usih®RAdsgi ng CNTs

themsel ves (single walled, multiwalled, and double wal l ed, Tor exanple),
or conduct i viedwtyrmeleasts. Fsulaes 320 fillg ¢He@1naé§1%@ﬂéhplagldmwlam@p srface Tan,

CoSi x and Ti f ?999 conduct or,
2 ]

materi al s c?an g}c?é %g%}sheogqu %&1}0]}“ ‘lléle{af§2%rrg err yigj Ogl%\lh e{)%sm and

pat tern conddyionde32d ftheteshitableagsulaminatoal of @rigidess itk fangnat? t560n) and
openi ngs 3215to acco atevrtjcal v as |IIutrate in figure 33A
usi ng known TRIGEEHENGC ly @Bé‘Fﬁt?‘ffg‘niﬂs‘f 3 e cfﬁ&ilg?feé f or med
usi ng known $hEwugt ch sel ectl ve to conductor 3205, with opening 3215 shown
in cross section in figure 33A. Conductor 3210 is of sufficient wdth that

hol e 3215 | eaves a sufficient border region around openln 3215 (not shown)
t hat conductl8318210Neghnicfrsred needfinds Aernss aebpriget gmducendirotwsugaEs wi dt h

d | th &t f,
conduct or 32707 oIS 3% R IE b S SR A e e e O
conposi t e caledudisolaforii2had ilestratalin SignfeSCH. (ﬁondﬁlﬂdnﬁﬂ%rmz@%e and the bottom

surface of con uctor 3210 in_electrical a ani cal cont act cept in
open ng 321N ERG (LeaFge 26 g ke B oRed cir ek PHAGRRBTIS Lo 500

nm and may ber, mrm@dum rw OB %%Smmr 2B, S/ as %m as &ther sﬁﬁtabléﬁletzﬂjand\" W
Cu, Me, Ag, In as well as other suitable netals

conbi nat | onscoaffbnmﬁl@g%of’ tN’é‘iPaMf’&ffllaB?BéS sgelets HAUTTIAN, Tlcht:BbInTiirlﬂdfl%mthﬁ:r and Ti W
other suitabt t?%}?@&ﬁiﬁﬁtro cIddﬂﬁ%&ﬁf@@e&M@es%ﬁ@@aﬂ@é @91 &, Wabded,

mul tiwal | ed, doub exa con uctive nitrides,
oxi des, or sddubblwiébd,sfucmaawldfn,m comRm@ve flitdles, TexiMjes CaSiliciden duchi SiRuNyay be

used. Q her ll{(u(g dlsNO delST 0(90%{,? ;Ell%rTISIK may be used. Other kinds of conductor, and

semiconductor, materials can also be used.

[0313] Next, preferred methods deposit, expose, and form a mask layer 3230 with
opening 3235 as illustrated in figure 33B to define the location of electrically

reprogrammable vias described further below.

(0314] Next, preferred methods directionally etch conductor 3225, directionally

etch insulator 3220, and directionally etch conductor 3205, stopping at the surface 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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sem conductor, materials can also be used. 94 WD -2007/ 053180

PCT/ US2006/ 018043 [0311] Next, preferred nethods deposit and planarize

i nsul ator 3220 using known industry methods. ‘I nsulator 3220 fills opening
3215 and provides a planar top surface 3222 as illustrated in figure 33A

I nsul at ogyBA90sARY be Si G2, Si N, A1203, BeD, polyim sui tabl e
i nsul ati ng mat ebrl al of thickness in the range. of 2 toggs/é}QEOOHBR?or exanpl e.

The assenbly illustrated in figure 33A can be considered an initial
structure, [0312] Next, preferred nethods deposit and pattern conductor 3225
on surface 3222 of insulator 3220 using known industry techniques, and

Pl anar | 2u4ihe  Sutbachet e he APHLANISZRR AR Lusbratadghn T gure 338

Conduct o nay ‘have ness I'n the range nm and may be
f or ned usxangplaatflﬂi &esumfzkte@ﬁnﬁuﬂatoil'BZSO flanarigtd asﬂiﬂusti%d:d iNifigudd/336u, Me, Ag, In, ‘
Jr, Pb, Sn, %g we|l as other suitable netals, and conbinations of these."

Metal al IHB‘% Qi Industyy tePnigfeyy, Ti Pd, Pbin, and Ti W other suitable
conductors, including CNTs t hensel ves (si ngI e walled, multiwalled, and/or

doubl e \A@d):imi fN’éxt ?S%ﬁé@ﬁleth@& éfaﬂ%%tiletéﬁ il b 82350 ugmgqi@&wn or silicides
such as RuN, ix and TiSi,; may be uséd. O her kinds of

conduct o rlnduéfﬁjdff ﬁléﬁﬁ asoHuiatedrin figere SPF cxposiaga poréion benanoéd:icB8413] Next

preferre r wi th openi ng

5255 a0 A A oo B 38 orB bh e sl S rte 1 cal 1y

r epr ogr add adhe by bl pdeiatly rdneded,wt hbieembeddavall] H?&Hék}tcmax;b of preferred nethods

di recti onal conductor 3225, directionally etch insulator 3220, and
frés

di rect i oHaMA" conduct or 3205, stopping at the surface of insulator
3200 to formvia holes 3240 as illustrated in figure 33C. Known directional

etch met pgais] of If adtofabaiti30M5 4Silonéhtit@Redmoed itin ppéfefted MethBls Maybde used to
formtrench 3240, for exanple. [0315] Next, preferred nmethods deposit a
conf or maPsaddy &meye cKBARSE Aasiens OB panoiabiic USIRG RS G0% SABIDY BEOESN s of . trench

3240, B, and on the
top surfaléﬁ}g%ﬁzgl tr?g gt oér% d§§2 %%angﬁ‘fd (g?tr%g?%&téfe %gﬁsfgf&g%ﬁ)@ ﬁllgnof abric 3245

deposi t i omatebe cheenaho Be6 Adstilustreeh m fges 338 descri bed in the

[0319]  Then, preferred methods deposit and planarize insulator 3260 completing
the nonvolatile nanotube element-based electronically reprogrammable via

interconnect structure 3280 as illustrated in figure 33G.

[0320] Structure 3280 includes conductive element 3225A, which ovetlaps and
forms a near-ohmic contact with nanotube element 3267 at sidewall and top surface of
conductor 3225A. Structure 3280 also includes conductive. element 3225B, which
overlaps and forms a near-ohmic contact with nanotube element 3267 at sidewall and
top surface of conductor 3225B. Sidewalls 3275 of nanotube element 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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i ncorporated patent references. 95 WD 2007/053180 PCl 7US2006/ 078013 [0316]
Next, preferred nmethods fill trench 3240 with insulator 3250, TECS for
exanpl e, with the surface of insulator 3250 planarized as illustrated in
figure 33E using known industry techniques. [0317] Next, preferred nethods
pattern and ¥OHTHIEP at or 3250 using known industry m , PREHS006018043
illustrated in figure 33F, exposing a portion of nanofab ic 3245. Etching
using RIE may renove the exposed portion of nanofabric 3245. Nanof abric
3245 may be only partially renoved, or not renoved at all by the etch step

of insulator 3250. [0318] If nanof abric 3245 is not entirely renoved then
preferred ne@h@d%ﬁl' THe 32184 dandsondurbve clexpuisRd R ayinoinbe elemariidhabr i ¢ usi ng

ashing, for ot h e as described in
|ncorporated§%§ ﬁxw8F§~gH€%§ﬁ%$ﬁn88 %%%&?s |n§%ﬂ)hotube el enent. 3267 as
illustrated in flgure 33F. [0319] Then, preferred nethods deposit and

pl anari ze i n§i82a} or I32pdawiplgedd @g., rtlhgvaiplovotesitiahe) nlrowicailvenedcaoent - based

el ect roni cal rapmabl e vi i nt t str e Q as ”
il lustrated }3%‘ ‘gfﬂﬂgu%*%epmﬁ 2%@5@%&2&@ @@@ﬂﬁﬁfﬁﬁ@é% dittd ve el ement
3225A, whi ch-gyght ape. %Qlesfs%ﬁ@b@\ BEAdIROM $25AMACH0IA Tih spanot ube el ement
3267 at sidewal |l and top surface of conductor 3225A. Structure 3280 al so

i ncl udes condmb@&v@nmehgmbﬂmt@?@EBHﬁWWHQH006&éﬁta yslosedld sfatey, frg esamplar - ohmi ¢
contact w th.,nanot ube el .enment 3267 wal | a d op, surface of conductor
Soo5n. S dewd e R BESIE i e bt S e AL B o comtucti e
el ement 3225BctaBeh eadetbicickencatseITe A and 2005 if QNN 8L TEIE n arC WpdnrCititee el enment
3225B and conductive el ement 3205B. Conductors 3210A and_  3210B, in

el ectrical an8e FRSEHARR RAVCAGHBRES W20 0d PreyhdnavRgembriterts veidiedhent s
3205A and 32 o f ‘ 1 t ube el enent
3267 overlapﬁéqﬁggggﬂgag:ﬁsﬂllﬁﬁkgpﬂg%ggﬂgggﬁggﬂﬁa &g%ﬁt%%P$ overl ap

| engt h t hat esantet.e$witeiei270B htammiwspcbndmgedt@mﬂ cBaa&Géridths.cKinegseral Nanot ube
el enent 3267 also o 5m§ L gs t he s%n ma%- ondgﬁtor 205B g% a controlled
overl ap | engPRCTEHRR A ShYATETHCH &R0 BW&WB??QB“ PRIRNHC SYB6EE Ahi ckness.

Thus explained herein.

Two Terminal Nanotube Swirches as High Density Electrically
Reprogrammable Nanotube Via Interconnections Between Greater Than

Two Wiring Layers

[0323] In some applications it is desirable to have nonvolatile electrically
reprogrammable nanotube via interconnections between more than two wiring layers.
In the example described further below, nonvolatile electrically 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, pre_ferréd 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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conductive el ement 3225A, nanotube el enent 3267, and conductive el enent
3205A 96 WD 2007/053180 PCTI LI S2006/ 018043 forma first 2-TNS 3270A, and
conductive el ement 3225B, nanotube el ement 3267, ~and conductive el enent
3205B form a second 2-TNS 3270B. [0322] In operation, a good (e.g.,
relatively |l ow resistance) electrical connection. betvi;e&qq Ljve

el enent s %Q%W%ﬂgﬂ 3205A is fornmed if 2-TNS 3270A is in éﬁ&{éﬂg@% st at e.
The resi stance between el enents 3225A and 3205A, in sone enbodi nents, nay
be in the range of 10 to 1,000 Q for a "closed" state, for exanple. There
is arelatively poor (e.g., relatively high resi.stance) el ectrical

connection_ between conducti-ve el enents 3225A and 3205A if 2-TNS 3270 is in
an "open"l0336dt e Nextphprefesis stciiode clol tiprabrd 380 andlusisatgbmdigusmd 82888, in some
enbodi nment. L% R8 i f . . _greater than 1 GQ
for a "clr}%sg%l' sfb g‘t %é gfftgeﬁlgﬁgéfglr@r%ﬁe&s%@m{etg C ra%ﬁ%‘g@%ﬁ%%hl\gso{?e?{e?pondi ng states
and char dotreatiostoff osnchi¥?d0 gbrsentad in figyes 33C.on and characteristics of

nonvol atil e two-term nal nanotube switches are explained herein. Two

" Term nal tube Switches as H.gh.. Density  Electrically Reprograininable :
Nanot ube [@?iﬁl n?@?’%ﬂﬁ%&??&ﬁ?%@?&{?@éﬂﬁ@@ﬁ éE‘@ﬁ%‘rllluStWi&/W}%uEf’g aner s |
[0323] | B4BQikteaereire@tnk@B8s ddschitied ABSTe ablietHeqr JoayRatB@pMehtati | e el ectrically

reprograni mabl e nanotube via interconnections between nore than two wring !
| ayers. I$I§7%0f%. exanpl e described further bel ow, nonvolatile electrically ‘t

reprogramebl e interconnections between four wiring layers are illustrated.
Four | ayqomggr € N&&UnbREred kilettdal LAk IMRILINBARESInANAYy 3550 MaOr e | evels are
possi ble. [0324] Figure 34A illustrates is a simlar structure to that

i 1| ust r atpdamaiize thi gunfase 3@ sulaton 83 Bxuséngduwefetred inpibbdgidestdhad hdher vi a
i ntercon ions, Prefer odls d to - ricate the initial structure
shown fi %ﬁ?‘é@ ‘%l}krers?%%f%g lgéuq%(%y%}ss@dﬁi‘%sggégg}{l%ué?égﬁul tiple wring layers with

conducti ve el enents 3305A-C and 3310A-C one above the other as illustrated
in figurd0BAA [0825)relaxrd meprodf patteadinpditho3BS0dap oahdveangosedt t ern conducti ve

O S oA a0 ST20% eI HELOR: el Ask el 0BG I500S used i
using preferred methods described further above with respect to fabricating nanotube

element 3267 illustrated in figure 33F.

[0330]  Next, preferred methods deposit and planarize insulator 3360 as illustrated
in figure 34E using preferred methods described further above with respect to
insulator 3260 illustrated in figure 33G, resulting in multilevel nonvolatile nanotube

element-based electrically reprogrammable via interconnection structure 3380.

[0331] Structure 3380 includes conductive 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, 33058, and 3305C, by a controlled overlap length that is determined by the
thicknesses of elements 33054, 3305B, and 3305C. Thus conductive elenient 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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as shown in figure 33B. 97 WD 2007/ 053180 PCT/ US200610t 8043 [0326] Next,
preferred nethods etch trench 3330 as illustrated in figure 34A using
preferred nmethods of trench formation described further above with respect
to formation of trench 3240 illustrated in figure 33C. [0327] Next,
preferred meYQHWIIPeWosit nanof abric 3340 as il ustrat ed PCA/USRYGPI804334B
using preferred nethods descri bed above and in the ircorporated patent

references. [0328] Next, preferred methods fill via hole 3330 with insulator
3350 and planarize the surface of insulator 3350 using preferred nethods
described further above with respect to insulator 3250 illustrated in

figure 33E. [f3829] Keoperatipr.afeleriedy eadHods rgaliteli v msisiratcorledssd and renove
exposed regi . r G el.e t ..as illustrated

in figure 3%88’%8@% Rg%g%e%%@ ?ég%%ﬁrﬁé%@sﬁsggégl e I]T({fr?]?%%ogﬁg ua’\%e wi th respect
to fabri cat ielgnenayBROGAE3305Be AROPC i3 2arhed ifl watsphéidg RATNS BT, 3370B,[ 0330]

Next, preferr et hods deposi.t and _planarize insulator 3360 as illustrated
infigure 3@E§%§?’%P}&Izb‘ﬁé‘? %sra"rl%%‘]’dnﬁtﬁtﬁoage FES PR DREGVERAHBSUS A SR t h r espect

to insulal opo3R6Q bk Ushbalits! faf b ARG oM BWId0® [ oMlkdd-evel
e ased el ectrica

nonvol ati | e nanot ube enent - 'y reprogranunable via
i nt er connectsiatm fatexampler £h8380a2 rdl@B8lY|post feur trelagvadBBRhirestdtardes conduct i ve

el ement 3325, which overl and fornms a nearsohm c contact wth nanotube
ol ement 336 7Kl RGO AR ED WP RO TCRHMCEY Vo LPEMEnt 3326,
Si dewal | s 33éhdwtivoaentus3el £me0sB,3363C iftbbffbéﬁoﬁéin%b_em@mmmgm,i ve
el emrent 3325 and conductors 3305A, 3305B, and 3305C [ 0332] Nanot ube el enent

3367 over | ap@dond3 ) diewnain ©pse” goadike fesistaptedhesrren e@@@@ﬁ}ﬁé@s@, and 3305C,
by a control4 | r i t he.. i esses of
e?/errents 33(;3@\%%8@%%&%3&%@%@@%%@%@@% rg’?/gér?ggieaf?g?%m ?lzmztube

el ement 336 MQandgregadiat 1 GE fr erfeloted3 3@fA The btheasWitdhes inZtrTibiErSIBROA,

conductive el enent 3325, nanot ube el ement 3367, and conductive el ement 3305B
forma secord@corNePas ISty d chyacietstige Bieatrasiel apesafioniadot ube el ement

3367, and cARdueliing ofh&BRLie3R8ErnliRl Wit olicResTNSe 33AR% herein.

[0334] All combinations of single or multiple connections may be activated
between conductors 3325 and any other of conductors 3305 A, B, and C. Also,
connections between any combination or multiple combinations of conductors 3305

A, B, and C are allowed.

[0335] By way of example, referring to nonvolatile nanotube element-based
electrically reprogrammable via interconnection 3380 structure illustrated in figure
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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98 WO 200 7/053180 PCTI US20061018043 [0333] In operation, a relatively good
(e.g., relatively low resistance) electrical connection between conductive
el enent 3325 and any or all -of the conductive el enments 3305A, 3305B, 3305C
is.fornmed if correspondi ng 2-TNS 3370A, 3370B, - and/or 3370Cis in a
"cl osed" w0 200e/053Tse r esi st ance between el enents 3325 aird/us3@Rafiosd N Sonme
enbodi nents, may be in the range of 10 to 1,000 S2 for a "closed" state,
for exanple. There is a relatively poor (e.g., relatively high resistance)
el ectrical connection between conductive el ement :3325 and any or all of the
conductive el enents 3305A, 3305B, 3305C if correspondi ng 2- TNS 3370A, 33708,
and/ or 3308%6]i S The @bss '@ ilfisahted inrdseSi Mt 33ead dedcywpentuethenent s 3325 and
3305A, for exanple, in some enbodiments, may be in the range of greater than
1 MQ orabgveassamethai via kgly isfsyprogpnded pp segluciinslagers moandtlisentispwi t ches in \
structur . : di - ] eri stics, The general |
operatio eaﬁ%%lgﬂgl}égéafﬁl%g I'c '%g%%%%ggqhew&g@%?ﬁ%%é'nanotube switches !
are expl acqednirersdomsuffidi@®88didudior badeadregiats omsuoding ivieglodesplandmpt i pl e }
connecti ons rr.aé bed ctiv%t d1 et\/\fae€1 conduct ors 3325 a&nd any ot her of

RYGBR1deg ongagh {evelaSueh landige padsieqiie PRl ST onmbi nat i on or

conduct or®¥

mul tipl e weapdehrahdweiss Of c£8NMCiAINEduRS WrinddenBity. aUth donAécioad meyved. [ 0335] By
way of example, referring to nonvol atil e nanotube el enent - based

el ect ri callfoeiised gdiasanh o raetel lipes witbpw semviiéts lerdingpulssthesdyure i1l ustrat ed

in figur j e LS | LSan- mec@Nd switch Cis
"cl osed" ?mg(r %%gsﬁoﬁg%%rcvglﬁagg%%\%%gﬁezﬁnglﬁg t%gfé%gég%tgﬁﬁ%c@ggcwst h near-ohm c
contact to nanot u‘be sidewal | s 3375, conductive el enent 3325 is al so

connect ed03¥] el ehfgnesS53B0B:@eanplan33r0800nfdodBOEAs 34D 31 @AlevEhi s al so
connects nduct i v | enent.s.3305C an 5A 1o _each oth ecause switch C
PO oCt b B G 15 SRRl RSt 3R VG 335t for Qo8RG RhBTI4aRRC T 0

Ter mi nal iMafudrBac0 Dwlhidehastirgspads g4moDRe iktighsERed viaGalek yre fRejed oFhamanabl e

Nanot ube Vi a | nterconnections Between Two or More  Wring Layers Wth Still
G eat er [BEHa14 hetweagigronductors on all wiring levels 1s increased 1n order to meet

minimum spacing requirements 3420. One or more wiring layers 3450 are
interconnected, and also connected with conductor 3430 by via holes 3445. Via holes
3445 contain nanotube elements. Top view 3400 correspond to cross sections
illustrated in figures 33 and 34 described further above, with via hole 3445
corresponding to nonvolatile nanotube element-based electrically reprogrammable via

interconnections 3280 illustrated in figure 33G and 3380 illustrated in figure 34E.

[0338] Figufe 36 illustrates a plan view 3500 of conductors 3530 on a top level
and one or more lower conductor wiring levels 3550. Lénding pads have been
eliminated so that spacing between conductors has been reduced and wiring density
has been increased. Via holes 3545 are located at a corner 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 portioﬁ 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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WO 20071053180 PCTI US2006/ 018043 [0336] The cross sections illustrated in
figures 33 and 34 and described further above, assune that a via hole is
surrounded by conducting |ayer's around the entire perineter of the via

hol e openi n§0 Bewerndss® of al i gnnment considerations; and PEGUSIeMEISeS f or
sufficient conductor border regions surrounding via holes, |anding pads,
are provided on each level. Such |Ianding pads require an increased spacing
bet ween conductors on each | evel and reduce wiring density. Via connections
may al so be placed adjacent,to netal lines without requiring | andi ng pads,

t her eby i naleasidgrieanmsgt or wiring density by reducing the spaci ng between
conductors. [0337] Figure 35 illustrates a pl an vi ew 3400 of conductors
3430 on a t%) fvel and one or nore |lLower conductor W ri ngﬁ/l evel s 3450. Top
conduct or 913438 spme eillﬁ%‘ﬂimﬁf“éf“@&?ma]il‘?ﬁic‘l B TRRQHP S R eI aUes: at

| ocations whgd & Mhé eﬂ%‘oéﬁmé\fsenﬁltﬁ@%d @l dopREGNd) ReHIESMARAUEL 0T S on al
wiring levels is increased In order to meet m ni mim spaci ng requirements
3420. One ome qurm rAlscgnanay@ﬁSmsﬂaﬁuwdm cqnnm@mtownb@timuean Naadwigesconnect ed
Wi th COﬂdUCt li 1€'c§n% 3% 1I1 nl% dl n 16 IIO 11es, a a?es nt ai.n nanot ube

el enent s. To Vi ewg & ldlnf'eélspfﬂ}? ?Slé S V%éctl%T§ PETUSE P8 in fi gures
33 and 34 dasmwltteplnafnuﬂhhars oW Bes @Mtetngle\alvathhmhetuBéls%mp@@rngas ponding to
nonvol atil e na otube elenent based el ectrically reprogrammable via

i nt er connec AT BG!EY FISRPHESCEn figure 33G and 3380 illustrated in
figure 34E. [0338] Figure 36 illustrates a plan view 3500 of conductors
3530 on a t gg4opvel As ARERAKLEVe, IR BretcOMRICt FRRZUGEPIH iMleFdoRfkct @el s 3550.
Landi ng pads have been elimnated so that spacing between conductors has
been reducedaraigbagericaderadridi myy baepnvensional wieing ssdicis e WoPelst 3548 ar e

| ocat ed at f: of;.a | ower

| evel conductlgl?arp D ﬁ%ﬁgtgf%s{ﬁl %HEY %1%? ld hnésg é%’eﬁ dseégtC Tflg%t%r?%rﬁﬁe?t%ﬂl

repr ogr anunalsb éewingler ntmuhewniknztnom’mss sdedifdraviring. 3280 in figure 326 and 3380
in figure 34E nay be fabricated using nethods described further above with
respect to f' res .33 .and. .34, exce .hat the nanot ube

el enent s an :Q@J)ndu ed?‘éen\%o'ilpaﬁﬁ gﬁé?‘%‘%‘fmi%he&s ?C %’%ﬁgh lﬁQF%aén%cause
only a portitem of spifi€ovdssentiDodhgrRRFikes tiRficdfl The pRBdndeihbedakngarduct or | evel .
Conductors 3530. are_patterned on the top surface of insulator 3510.

Conduct or s é@%@owt@béﬁoqsﬁbf%ﬁ T%Sﬂ?qt%%séubﬂ‘tfa&"? Bietot IssHistiVat or  (not shown) and
are in contact with the bottom surface of insulator 3510.

Related Applications

[0342] This application is related to the following references, which are assigned
to the assignee of this application and are hereby incorporated by reference herein in

their entireties:

Electromechanical Memory Array Using Nanotube Ribbons and Method 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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100 W 2001/ 053180 PCT/ US2006/ 018043 Alternate enbodi nents [0339] In sone
enbodi ments, single walled carbon nanotubes may be preferred; and in other
enbodi ments, multi-walled (e.g" double walled) carbon nanotubes nmay be
preferred. A so nanotubes may be used in conjunction with nanow res.

Nanowi r esw@soihssishat i oned herein is nmeant to nean si NgER uRANOWNSH.8S .
aggregates c non-woven nanow res, nanoclusters, nanowres entangled with

nanot ubes conprising a nanofabric, mattes of nanowires, etc. [0340] As
descri bed above, the interconnect wiring used to. i nterconnect the nanotube
device terminals may be conventional wring such as A.Cu,” W or. Cu wiring

wi th appropri aE%cirBﬁHékﬁhicQﬂTlh@é@fa%e mﬁoﬁﬁevﬁb&% Sf’?ﬂ'aVénf‘Agﬁhcaﬁgﬁ%The

i nterconnect may also be single- or nanat ubes™ use r Wiring.
[ 0341] Thd0{03%.8R3,inow IﬂrﬁyPaienté‘hbécﬁléﬂSi)nflbﬂIwerDesgabmﬂiScZ@Qir ms Wit hout
departing fromt he spirit or-essential characteristics thereof. The present

enbodi nent s arﬁ ggf t]ﬁe m%%%} g_gg‘g?e#ﬂacw Ipcc%ct $HRE. “L?‘g;st rative and

nonrestrictive. ate I|c i ons 'S applcatl related to
the foll O\Bairegt Agﬂea@mrclés 10!@33;032&1{@1 HSSs PaeetdNo. t6078t4t028ﬁ$ﬂ¢dmee of this

applicati nléeg%% % Eir eby incorporated by reference herein in their
entiretie hani cal Menmory Array Using Nanotube Ri bbons and Met hod

for Maki ng Same (U.S. Patent Application No. 09/915,093, now U S. Patent

No. 6 919, 592NandrirbERIaNIantiihiiciS (U B0PHen: HLipE41RRGNa0 08! LARIERT Y Havi ng
Cell Selection G rcwtrgi Constructed Wth Technol ogy (U . Pat ent

Appl i cat i &45-N@tenbypa 800408, iedowAgrl 33280k No. 6, 643,165), filed on. July
25, 2001; Hybrid G rcuit Having NT El ectronechani cal Menory (U.S. Patent

l i cation Nopg filed on Jul
égp 2001; 101 V\%%gé%g%g‘i% %hcél'%}n%éqzrgg%?@lgo “r@%@%%%%@ ani cal d

Thr ee- Tr ad@/1381htt, now WDEvPaters NoJ6.835.Pab)efifed Appll £8.2002n No.

Methods of Making Carbon Nanotube Films, Layers, Fabrics, Ribbons,
Elements and Articles (U.S. Patent Apphcatmn No. 10/341,005), filed on January 13,
2003;

Methods of Using Thin Metal Layers to Make Carbon Nanotube Films,
Layers, Fabrics, Ribbons, Elements and Articles (U.S. Patent Application No.
10/341,055), filed January 13, 2003;

Methods of Using Pre-formed Nanotubes to Make Carbon Nanotube Films,
Layers, Fabrics, Ribbons, Elements and Articles (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 N 0. 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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10/ 033, 323, now U. S. Patent No. 6,911,682), filed on Decenber 28, 2001,

Met hods of Making El ectronechani cal Three-Trace Junction Devices (U.S.

Pat ent Application No. 10/033,032, now U.S. Patent No. 6,784,028), filed on
Decenber 28W020005318anot ube Filnms and Articles (U S PatRiwUsapplongat i on No.
10/ 128, 118, now U.S. Patent No. 6, 706,402), filed on April 23, 2002,

Met hods of Nanotube Filns and Articles (U.S. Patent Application No,

10/ 128,117, now U. S. Patent No. 6,835,591), filed April 23, 2002; Methods of
Maki ng Car bon Nanot ube Fil nms, Layers, Fabrics, Ribbons, Elenents and
Articles (U S. Pateads PP&WMgIVﬁtld':aD]Jy [N@posérDNBﬂdlfaTﬁﬂﬁé\mcfdsla@(ﬂthhoﬂlanﬂary 13,
2003; Methods of Using Thin Metal %ers to 5e Ngﬁotub Fil s,
Layers, FabMaQg W%@Séfaéﬁ%ﬁpgh an et 1T & 7(2UUSg @P HOLARHAY cation No.

10/ 341, 055)NondO@Q)lf?%%?rfMedlﬁebn?aQQ?l WA Qggs of Using Pre-fornmed Nanot ubes
to Make Carbon Nanotube Filns, Layers, rics, R bbons, Elenents and

Articles (U S. Patent Application No. 1.0/341, 054) fil ed January 13, 2003;
Car bon Nanot ube ?aﬁlemﬁd Neapenogic /Etbles o5 Mehpbordalih g the Seme 4H. Rafedic| es

(U S. Paten 1 1 . 2003;

Non-vol at i I}é‘ ?Irggtﬁeﬁﬂ%#’loygl’ Blgﬁﬁﬁlép@g%%mﬁ g@&@f’% rcuits using Sane
and Met hods of Form ng Sane (U.S. Patent Application No. 10/864, 186), filed
June 9, 20@543]Devmhemvldammga3}-@erézﬁlﬁmﬁﬁlhhy)tth spoife doiNanoftiadnt depadirtgi cl es and
Met hods of El ﬁ’ é %F Ilcatl on No. 10/776,059, U. S.
Pat ot Publ RGNS 08l ‘ifé‘it%fe%lf“ fepbaTieabrsar JRROAImSRHAC 102 WO
2007/ 053180¢hBfefdrCR2R0GINHBRA S 1 ‘éts%@ﬁhf'@b(tﬁ%@hn&'%& JeS@ibliye. D sposed Nanof abri ¢
Articles and Methods of Making t Same (U. S, Patent Application No.

10/ 776,572, U.S. Patent Publicati on No. 2004/0175856), filed February 11,
2004; and Patterned Nanoscopic Articles and Methods of Making the Sanme (U. S.
Pat ent
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Application No. 10/936, 119, U. S. Patent Publicatioi, No. 2005/0128788).

[ 0343] The invention nay be enbodied in other specific fornms w thout
departing fromthe spirit or essential characteristics thereof. The present
enbodi ments are therefore to be considered in respects as illustrative and
not restrictive. 103 What is clained is 1. Atw termnal swtching device,
conprising: a first conductive termnal; a second conductive termnal in
spaced relation to the first conductive term nal; a nanotube article having
a plurality of nanotubes, said nanotube article being arranged such that

t he nanotube article is in permanent and direct physical contact with both
the first wandisseeaadlis :conductive termnals; and stinmulus circuitry in

el ectrical conmunication with at |east one of the first and second

conduct i ve, hekwditeraligal seatising tévizd, usmpiidieyi try configured to create a first
vol tage difference between the first conductive termnal and the second
conducti ve ter#fiFhrondugtivedgiiigala change in the resistance of the nanotube
article bet veen,ddBf [draaby @ SRACH oo YPuk ShicOAbR1i¢ Rifal el At i vely
| ow resistance to a relatively high resistance, sard stinmulus circuitry
configured to eneatweartieebninyopliede o fahetuber eaidetnutwe artivde bding sranged such
conductive term nal, and the second conductive .term nal,. to induce a change
'n the r daf e ZARBies g SiaRerUBENEIHIAUrY st aRrestarify bk Ml iTaBd siane
conduct i veodEienainsindis.omya relatively high resistance to a relatively |ow
resi stance, wherein the relatively high resistance of the nanotube article
bet ween the fi ﬁt;cmulashdrcufstaci@rﬁébcvmaﬁ@mmv@cat@ﬂrwiﬁaatéea@bcrmég desridrst ang seconlr st
state of tag tm01£anHnal switching device, and wherein the relatively |ow
resi st ancé é¥wTﬁ% NAanot’ube article between the first and second conductive

term nal s correspongsd §tin@useeoney cindigeredfo tbge b\ilsttvetidenhlfersidet tlebivgeg the first
devi ce, wherein the first and second states of the two term nal sw tchjing
devi ce are nofWugive terminal and ghesgepndgppilustiye Sntnehilh pddes drngs indiagenisipice

wherein one or omégaﬁorﬁ%e[}géiclg B@t(\/@ B ISl 6P s ?(f &ﬁ]du%tW% tgﬁ{immﬁb?ﬁa‘t’\jﬁfgﬁml?g

device are sel ect to substantially reduce a flow of heat out o
nanot ube arti tiwetesistance to a relatively high resistance,

said stimulus circuitry configured to create a second voltage difference between the
first conductive terminal and the second conductive terminal, to induce a change in the
resistance of the nanotube article between the first and second conductive terminals from a

relatively high resistance to a relatively low resistance,

wherein the relatively high resistance of the nanotube article between the first and
second conductive terminals corresponds to a first state of the two terminal switching device, and
wherein the relatively low resistance of the nanotube article between the first and second conductive

terminals corresponds to a second state of the two terminal switching device,

wherein the first and second states of the two terminal switching device are

nonvolatile.

2. The two terminal switching device of claim | wherein one or more thermal characteristics of the
two terminal switching device are selected to substantially reduce a flow of heat out of the nanotube

article.

104



104 3. The two termnal switching device of claim1, wherein the nanotuhe
article permanently overlaps at |least a portion of the first conductive
terminal with a controlled geonetrical relationship. 4. The two term nal

swi tching device of claim3, wherein the controlled geonetri cal

rel ati onship-is selected to allow electrical current to flow relatively
wel | between the first conductive terminal to the nanotube article, and to
allow heat to flow relatively poorly between the First conductive term nal
and the nanotube article. 5. The two termnal sw tching device of claimS3,
wherein the controlled geonetrical relationship is a predeterm ned extent

of overlap, nhd Mdleltlﬁﬂalrsmﬁmgfdedicé 6f ddth NRAhefoin R ahMMIbE tible PatmSehil ChieAdps
device of claim3, whereint control | ed geonetrical relationshipis a

pr edet er mitreast ererénn obthe dvscpadiclive wrmm@h\éltlﬁ afguraied geprpgrigy relpsionzhipThe t wo
term nal switching device of claim3, wherein the controlled geonetri cal

e 8LE onshl Pl Suo P ACSHERALREHCEHE Al STy RYEE LARoAE A RV Ra LARARMAN, Of
the First conductive er m na termnal swtc devi ce | 'ai m
1, wher ei selddnel thiallew e zondulcduirneet tbdlom rikivelpmetlitsescea thmﬁrlsewanahcttwaaﬂnmmhmjct S
electr|0|ty rel ative || and condycts heat rel ativel oorly. 9.. The two
termnal YRiNFRHH Hg%’la\é\@ t%fll?(bw heahiq HO‘VU‘?I?W@ﬁy wﬁl,yrhegmé “ge %ﬁ%gq ngutiven | ayer
di sposed QhnishhédNAORibBearidicl e, 10. The two term nal sw tching device of
claim9, wherein the passivation |ayer conprises a material that conducts
heat relatively poorly. 1 1 . The two term nal sw tching device of claim 10,
wher ei n t he Thatwer eaninplsvwishisgtdevice of Jubsi.arheren thy contrelidrasametrisak miatiprehBt itibe
article. aiml , wherein the

resi stanceg%?fjJttl'e.zlﬁnelh%rﬁP %ﬁr&g?&@ hgrb hgg% %%ggg%?got@h times larger than the
resi stance of the second state. 105 13. The two term nal sw tching device of
clairn 1, 6whbe svnteaninalrgpegamgelcoike bhdaifi 3,sthesdimtte costralied geasktricalbrelatiodsgip is
tinmes |ar thana i npedance of th secon e. 14. The two term nal

swi t chi ng? BBYPERNER crdha QU< AR aYitim e ke o F3 & Cim'Ts characteri yod by a
resi stance above about |I negaohm 15. The two term nal sw tching device of
claiml, wheneih khginseGaRAingl@l e bScIsAs aplcdih 2R oRYolRed deBRibRicANERLIOEh Vs
about 100 kil aohm 16. The two term nal switching device of claim 1, whérein
t he firstapodetageined ¢ttt oheeertipmetingiesy a dimension of the first conductive terminal.

8. The two terminal switching device of claim 1, wherein the first conductive terminal comprises a

material that conducts electricity relatively well and conducts heat relatively poorly.

9. The two terminal switching device of claim I, further comprising a passivation layer disposed on

the nanotube article.

10. The two terminal switching device of claim 9, wherein the passivation layer comprises a

material that conducts heat relatively poorly.

11. The two terminal switching device of claim 10, wherein the material is selected to substantially

trap heat in the nanotube article.

12. The two terminal switching 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.
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el ectrical stinulus selected to provide an erase operation. 17. The two
termnal switching device of 'claim16, wherein the erase operation
conprises the stimulus circuitry applying a relatively high voltage across
the first and second termnals. 13. The two term nal sw tching device of
claim 17, wherein the relatively high voltage is within the range of 3 to
10 V. 19. The two termnal swi tching device of claim 16, wherein the erase
operation conprises the stimulus circuitry applying one or nore voltage
pul ses across the first and second termnals, wherein an anplitude of the
pul ses, a waveform of the pulses, and a nunber of the pulses together are
suffi ci ent3 tmheahanamitdiewttvRng svidenstclami It bR Hheipe@arcd of the firitisgite is belesst
20. The two terminal sw tching device of claim1, wherein the second vol t age
di f f er encebosbigpiimsedirees|teastaniimardases pithesecend daced to provide a program
operation. 21. The two termnal sw tching device of claim20, wherein the
program Oplprﬂe {4 t@rﬂ‘[mﬁgl s@ﬁ?hih?gewéetdf{&gnﬂsl WhEI%Hf trhEl)ﬁrs@QtQ ik Bk Qctér?)eé'by\!iel y

| ow vol t age an& are ive oW current across the first é second
conduct|v&sﬁﬂnammﬁbswxﬁﬂlnﬁ@aﬁtmo term nal switching deV|ce of claim 21,
wherein the relatively low voltage is within the range of | to 5 V and the
relativel I w current i.thin.the range of 100 nA to 100 uA. 106 The
tvo ter i Aot abo e up e GeltBo: fsreis Sonb? ssgs draddbafPun
conprlsesmg@@nugkmﬂugyﬁn¢oggmx%ﬁy appl yi ng one or nore vol tage pul ses across
the first and second conductive termnals, wherein an anplitude of the

pul ses, a waveform of the pul ses, and a nunb er of the pul ses  together, are
suf fi ci ento- tHﬂedwaﬁ@r@lwéWﬂ%ng éewmcl%w It heied taé\ﬁif%éoftt%getdh%erg@éc?ﬁalpgﬁeét e.

24. The t 9o tieh Uifiahs KGN o 8YL LG QoEhAbM 1 wherein the sti ml us

circuit inc es a circultry  con |gure create a third vol tage
di fference between the first and second conductlve termnals, exclusively,
t he thirdlmaﬂﬁﬂmmnmhdnﬂmgmemmgdaﬁte@mmﬂmdweﬂbﬂﬁkdhamaai@mﬂ@km®03@ﬁ83ﬂ@ﬁ to
det er mi ne e state of iq rm.nal. swtchi

ctdr

t er mi nal %tWi“E ght' F‘r‘altafe%ﬂ%yé“%? ' Bgh Voliage &y tﬁgﬂfsﬁ?r}%eﬁg{ﬁ%? H‘?el(siorrpr i ses

electrical stinulus selected to provide a non-destructive read-out operation
wherein the Bid gl tetsningisthvirbhihg dpatd eclamvigl, hageinabe asgivehehith vatagandvigae ared
conductive termnals and senses the resistance between the first and second
t er mi nal sfanghel 61 a%e being sufficiently lowthat it does not change the
state of the device. 26. The two term nal sw tching device of claim?25,

wherein the ygQl t%qgrlﬂiﬁa]%mlcllliﬁfg dE\h@é"'oiactPQHltl@zw}{erein the erase operation comprises the

stimulus circuitry 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 two terminal switching device to the first state.

20. The two terminal switching device of claim 1, wherein the second voltage difference comprises

electrical stimulus selected to provide a program operation.

21. The two terminal switching device of claim 20, wherein the program operation comprises the
stimulus circuitry applying a relatively low voltage and a relatively low current across the first and

second conductive terminals.

22. The two terminal switching device of claim 21, 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 nA to 100 uA.
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27. The two termnal swtching device of claiml, wherein at |east one of
the first and second conductive termnals permanently overl aps an edge of

t he nanotube article. 28. The two term nal swi tching device of claiml1,
wher ei n opposi ng ends of the nanotube article respectively permanently
overlap at |east a portion of each of the first and second conductive
termnals. 29, The two termnal switching device of claiml, wherein one of
the first and second conductive termnals is a picture frame structure that
permanent|ly overl aps a periphery of the nanotube article, and does not
overlap a central region of the nanotube article. 30. The two term nal

swi t chi ng) deyhLR oQtmfhaisWitd@n Yi@\ﬁié@d)frb 4iRe 0 tREkinthe En%%rdcn'l b Sdrat®IntoRpEi9The
conductive term nals pernanen% 'y overlaps the central region of the nanotube
article. dtbfulgdcircniiey apptyingoms Qrailorswplttﬁtgh|pn§e$j@w&§éh@oﬁrst¢l‘dl savand oghducdver t he

first conductive term nal has surface rein n ube
article s%ﬁgpﬁﬁtw T?Wa@&ﬁ?&ﬁﬁﬁofg%éW&eﬁgﬁ%ﬁﬁ(ﬁngﬂw EFFapsaéPnﬁgﬁg?ﬁgpﬁg
portion ofogpmeérart Aaficioneo @harfgdehddwartadnihyl sofitcisibg iadesio tB2secdiestitao ter mi nal
swi t chi ng gevice of claim1, wherein at |east one of the first and second

conductive termnals has a vertlcaly%¥or|ented f&ﬁture and mhebgin t.he,
nanot ube &ft Tq @odemmypalspilghing devenelaiai® b ovhatein bastmylussreyibiehyfies dgreuitry

vertical l y,, hf%'att@gregtg%tth'lr@vol e d%eﬁc%eﬁx%éml{@irstsﬂhg%hﬁ'go%\éil@@te%mglls aim

1, wherein the nanotube article conprises a patterned region of nanotube
fabric hawiangive!yd éfei thied wer¢femb havionatdeat odef wanetbroi derisiconis: seB4ied Thdetemnone
termnal swtchi device of c m1l,. wherein the nanotube article conprises
doubl e mgpﬁgﬁiﬂgﬁ% ggnm§§W“$ﬁ@gfﬁ5 “ernminal switching device of claimi,
wherein the nanotube article conprises single walled nanotubes. 36. The two

term nal gy TiehiwdGeslanaIGeithingldavitr df clmhereivhedehehd anet whe faht doglpeis&onpr i ses
mul tiwal |l ed nanotubes. 37. The two term nal switching device of claim1,

wher ei n t HECtHEHSHTBRS aplested © REOYIPR P 8@ desimell wsreadspulipRAE b ag cregpthe T ho
termnal S £l @FP& LR ac%ssgnk %Lelnd s\éé‘&h%'oﬂd&'a@e fé“rmmarseana%&%%Hﬁs%sﬁs&nwe

nanot ube article are s ec e ave a particularly strong radi al
breathingbﬂndemmSQHRImmyﬂmmdkmmnmha%eymhayhmmgsdﬁkkmdymﬁwdhan@naﬂunmhmgeﬂm

the particul arl trong radi al breathing node behaves as a thernal
bot t | eneckat ate of the device. ’,

26. The two terminal switching device of claim 25, wherein the voltage is smaller than about 2 V.

27. The two terminal switching device of claim |, wherein at least one of the first and second

conductive terminals permanently overlaps an edge of the nanotube article.

28. The two terminal switching device of claim |, wherein opposing ends of the nanotube article
respectively permanently overlap at least a portion of each of the first and second conductive

terminals.

29. The two terminal switching device of claim 1, wherein one of the first and second conductive
terminals is a picture frame structure that permanently overlaps a periphery of the nanotube article,

and does not overlap a central region of the nanotube article.

30. The two terminal switching device of claim 29, wherein the other of the first and second

conductive terminals permanently overlaps the central region of the nanotube article.



40. The two term nal sw tching device of claim38, wherein the particularly
strong radial breathing nobde couples to a node that causes a connection

bet ween a nanotube and a conductor in the two termnal switching device to
break, wherein a conductor in the two term nal sw tching device 108
conprises one or nore of the first conductive termnal, the second
conductive termnal, a nanotube, and a nanotube segnent. 41. The two
terminal switching device of claiml1l, wherein the first and conductive
second termnals are netal. 42. The two term nal sw tching device of claim
41, wherein the nmetal conprises at |east one of Ru, Ti, C, A, Au, Pd, N,
W Cu, Ms; Ag,e tlvla’terr\tl al E)Qltcl'%rl devTée[\éfc-lrn‘ﬁ‘q w-llﬂer@h'l tthP@cor%th@ve L@Mng'h\é\éa 4,. A
sel ect abl @ neror T S|n selection transistor 1 ncluding a
gate, a spuratig, ofautfac&sdwlmmn tlwl Italnotlubealglateesubsﬂarellaﬁgtonfoaﬂls toodpactanwithh a
word | i ne, qnd a drain jin electr bcal ggﬁ q gfafblt line; a two-term nal
swi t chi ng®\WE9PLE [@sARriphel ROrjthaongg d%?@gwt Mi'#4F, a second conductive
term nal, and a nanotube article having a plurality of nanotubes t he

nanot ube o tTHel t@oitérniiedl FRREMhg danet diciest], Wﬂyt‘élrﬁa'i|lea@ﬁﬂ{e&}flthe\/\ﬁﬁsﬁhnla@t:ébnti he
first and second conductive terninals, wherein the first conductive
termnal $ondpgiivelesarndlchis acsHicably oupried teR@re g whergm thiaanpisaytiesybstantially
sel ection fermnal is in electrica
cont act mﬁ%ﬁﬂ§ﬁ5§%Q&wﬁgggn%n%f 38ﬂ%aﬁ?8ﬁ&ﬁ&g%%%nnr operation circuit in

el ectrical communication with the word |ine, bit I|ne and
progran1e3h§§knwadmhﬁmﬂswﬁdhdgdehmw@kmﬂmﬂaMMGmhmheomanKHnﬁddbm@pm%sauitry
configured to enerat and. a . t Si t rd line to sel ect
The. manor B TG O N GURE PR HG BBA OF Bt BT ST AT BF LSt Bl Con t he
program erase/read line, the erase signal creating a voltage difference

bet ween the Thdwb eanICHhiviang 8Eitd @l cland , WiereFeHO ABhE@RMLGIE VEmbrakeitifdle and
selected to induce a change in the resi stance of the nanotube article

bet ween t Wallgdinagetubgsd second conductive ternminals froma relatively |ow
resistance to a relatively high resistance, said nenory operation circuit

| nel udi ngs e figlblumBRnthadnegaly ﬁgm@mt]em@glmpwno@ubesa@ﬂlaskmﬁ%@%@ g the
word |ine to select e menor and for generating and plying a
progran1swgmﬁhwomubﬁe progranierase/read line, the programsignal creating a
voltage difference betmeen the first conductive termnal and the second
conduct | V?6.t1ehre two%ermmaq swutchmg device of claim 1, wherein the nanotube article comprises

multiwalled nanotubes.

37. The two terminal switching device of claim 1, wherein the nanotube article comprises bundles

of nanotubes.

38. The two terminal switching device of claim 1, wherein one or more nanotubes in the nanotube

article are selected to have a particularly strong radial breathing mode.

39. The two terminal switching device of claim 38, wherein the particularly strong radial breathing

mode behaves as a thermal bottleneck.

40. The two terminal switching device of claim 38, wherein the particularly strong radial breathing
mode couples to a mode that causes a connection between a nanotube and a conductor in the two

terminal switching device to break, wherein a conductor in the two terminal switching device
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selected to induce a change in the resistance of the nanotuhe article
between the first and second conductive termnals froma relatively high
resistance to a relatively |low resistance, wherein the relatively high

resi stance of the nanotuhe article between the first and second conductive
termnals corresponds to a first informational state of the nmenory cell, and
wherein the relatively high resistance of the nanotube article between the
first and second conductive termnals corresponds to a second infornmational
state of the nenory cell, wherein the first and second i nfornmational states
are nonvol atile. 44. The selectable nenory cell of claim43, wherein said
memory Op‘éérﬁé]ﬁs%‘or‘?é diGhHb o&“(l]q%'ﬂ%&%%nd&'t&ﬂé'rﬁlmé R se ecrogéédi‘ige afhidaPla RRALYL, ng
a select signal on the word line to select t e ce an generating and
for appl yemba sanoedhd seinggmél on t he program erase/read |line, wherein the read
signal has at |east one maveforn1characteristic selected to determne the

i nformati st ate The s cel | of

ol m aa. ThnOhehi Gty BB EERYCs fr ol rons uF Sed Sbf R G e |
does not ¢handl dd@eianf ormati onal state ofthe nenory cell. 46. The

sel ectable nenory cell of claim43, further conprising a plurality of

sel ectable nenory <cells connected to the program erase/read |ine. 47. The
sel ect abl &2-nepoipip teapinalemitchige devise ofmaret In WHRE e mstad comar segft least one of Ru,
character o f) e t [ y d fl ow
of heat ogfkgfﬁ{ e’ Egﬁgfgﬁg!értlc% ﬁlggﬁBﬁﬁ%%géﬁggﬁ F% ﬁgﬁnygﬁcﬂﬁeng% claim
43, wherein the nanotube article permanently overlaps at |east a portion of
t he secondocemdwmmbweumﬁnmtﬂahommﬁﬁng controlled geonetrical relationship

49. Th | t abl h
Coometri oal Cr et TP taf o S g Brigor sohner i iy FOR hesat R slseyicql |

bet ween t henS@GIMK waadinetdnde drghm fatisdodthe WigNobiuhge, article, and allows
heat to flow relatively poorly bet ween t he second conductive termnal and

the nanotube atwé-grwinafpoitdhing devisesempdtiaph drsrepmsiugticetermingl, & segiond g@iductive
wherein the 60 rtalﬁé" h otgoeoegﬁélrh%\il%n ‘u?atllt)ggﬁ?ahgtulbl Sl rr{aﬁg?ibg%t%u%dﬁ%)grm%&%d

extent of over I ne a I on conductl ve erm nal

51. The S@lh(ﬁ@l'te%bbl&ysnﬁnwmlacﬁe/ﬁth both thé AisoatBsecovtiesoaduntivh erednily, olhk@th the first
geonetri cal relatlonshlp conprises a predeterm ned extent of overlap within
the rangecotduptivegernynalrit i clegricatpentach paidibbiceraretdioymereny st S%lﬁati%tr&gswtor

wherei n oggy @t sLdRd EhARLANSRg00¢th QORGUF Lo MEt 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 including circuitry configured to generate and apply a
select signal on the word line to select the memory cell and for generating and for applying
an erase signal on the program/erase/read line, the erase signal creating a voltage difference
between the first conductive terminal and the second conductive terminal and selected to
induce a change in the resistance of the nanotube article between the first and second
conductive terminals from a relatively low resistance to a relatively high resistance,

sald memory operation circuit including circuitry configured to generate and apply a
select signal on the word line to select the memory cell and for generating and for applying a
program signal on the program/erase/read line, the program signal creating a voltage

difference between the first conductive terminal and the second conductive terminal and
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termnals is a picture frane structure that permanently overlaps a periphery
of the nanotube article, and does not overlap the central region of the
nanot ube article, and wherein the other of the first and second conductive
term nals permanently overlaps a central region of the nanotube article. 53.
The sel ectable nenory cell of claim43, wherein the second conductive
termnal has a plurality of surfaces, and wherein the nanotube article
substantially confornms to and permanently overlaps at |east a portion of
nore than one surface. 54. The sel ectable nenory cell of claim43, wherein

t he second conductive termnal. has a vertically oriented feature, and

wherein the nanptihe, %5&&1 &aﬁ r@ttﬁme's@ ahde mﬁ@‘&r gEleQrtR‘:qe g&@één tﬁe ﬁﬁ?éﬁd on

of the vertically oriented e selectable nmenory cel claim
43, wherein t mecmﬂmonmbmatetrmmabs fcomprél ste\sl}ahlgkatttsetamedto arlegam@eiychcﬁw mrmnuebe
fabric having a defi ned rientati gn and d

sel ectabl e menory c“énefe'%f cdFa Y ‘gh\}{f‘?éﬁl%ﬂcﬁ Opﬁ"ﬁ ”ﬁ%‘%lfeuad@ Slbf W&F%t@gﬁﬂrai”ges
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wherein the first and second informational states are nonvolatile.

44. The selectable memory cell of claim 43, wherein said memory operation circuit includes
circuitry for generating and for applying a select signal on the word line to select the cell and for
generating and for applying a read signal on the program/erase/read line, wherein the read signal has
at least one waveform characteristic selected to determine the informational state of the memory

cell.

45. The selectable memory cell of claim 44, wherein determining the informational state of the

memory cell does not change the informational state of the memory cell.

46. The selectable memory cell of claim 43, further comprising a plurality of selectable memory

cells connected to the program/erase/read line.

47. The selectable memory cell of claim 43, wherein one or more thermal characteristics of the

device are selected to substantially reduce a flow of heat out of the nanotube article.

48. The selectable memory cell of claim 43, wherein the nanotube article permanently overlaps at

least a portion of the second conductive terminal with a controlled geometrical relationship.

49. The selectable memory cell of claim 48, wherein the controlled geometrical relationship allows
electrical current to flow relatively well between the second conductive terminal and the nanotube
article, and allows heat to flow relatively poorly between the second conductive terminal and the

nanotube article.
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50. The selectable memory cell of claim 48, wherein the controlled geometrical relationship
comprises a predetermined extent of overlap defined by a dimension of the first conductive

terminal.

51. The selectable memory cell of claim 48, wherein the controlled geometrical relationship

comprises a predetermined extent of overlap within the range of 1 to 150 nm.

52. The selectable memory cell of claim 43, wherein one of the first and second conductive
terminals is a picture frame structure that permanently overlaps a periphery of the nanotube article,
and does not overlap the central region of the nanotube article, and wherein the other of the first and

second conductive terminals permanently overlaps a central region of the nanotube article.

53. The selectable memory cell of claim 43, wherein the second conductive terminal has a plurality
of surfaces, and wherein the nanotube article substantially conforms to and permanently overlaps at

least a portion of more than one surface.

54. The selectable memory cell of claim 43, wherein the second conductive terminal has a
vertically oriented feature, and wherein the nanotube article substantiaily conforms to at least a

portion of the vertically oriented figure.

55. The selectable memory cell of claim 43, wherein the nanotube article comprises a patterned

region of nanotube fabric having a defined orientation and defined dimensions.

56. The selectable memory cell of claim 43, wherein the nanotube article comprises double walled

nanotubes.

57. The selectable memory cell of claim 43, wherein the nanotube article comprises multiwalled

nanotubes.

58. The selectable memory cell of claim 43, wherein the nanotube article comprises bundles of

nanotubes.
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59. The selectable memory cell of claim 43, wherein the first and second conductive terminals are

metal.
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