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ResearchtAMHaTEBRErAR HTRAY SEHR PQHENR YH TERENNSHEELD OF
THE INVENTION The present invention relates to nanotubes and, more
particularly, to the use of nanotubes to carry currents and voltages at high
frequencies. 10 BACKGR GOSN ENE SEERMATEN ommonly made from

carbop and comprise graphiieshrstsseamiessly wiapreddnia.cxligmersos-1-

Nanotubes can be single-walled or multi-walled. Single-walled nanotubes _ .
3P PO O GiRgyRE STAUBPSCERE e SONTHESA RS Bifnents i this

iglisensional electronic structures. Multi-walled nanotubes (MWNTS)
comprise multiple cylinders arranged 15 concentrically. Typical
dimensions are 1-3 nm for M%Wm for MWNTSs.
Nanotyhes.can hepihsemalalicRrsemisonduetingdaney dingeasetbeir
structure. Metallic nanotubes are non-gateable, meaning that their

B RS R U S e S S T B PREEYA% voltages, while

semiconducting nanotubes are gateabieulie electrically properties of
nanotubes make them promising candidates for the realization of

nanostauEaTorERoeRESISM ATRPHTRS CaPPpE. EMBIsHi CuSHY
JithographiciachnioNeseaneit be LRSI araduediated Kike-walled

extremel especially if the nanotubes can be used.as the .. .
R AR SRS R T B R b G o gmensonal
Memmmmmwb]ﬁmm@mnbmbse fviEONdelctimpneerovliils afigders arranged
DAPQIDAR, are ImRQHARLIN:IgN SReed - SREBUANF 20NS LIS RAINTS.

predicted advantages of nanotuhe and nanowire devices in general. 25
Nanofiesihrayaalsodibvargtedie twsplriyoadusigls flagodneyiibercomnbets
Rthe Fend arm hehvesnactive. Rap AMheFR0ISIS-06 MRS Shob:tein

between conventional fransistors. because of their cafacity f%’r Iar%ﬁ: ] :
B RES, B SR OTE AP WO BRea R St ARt Ireg e ncy oPeries
sependencsair themnaboeikibe cayihamidal ibepedantenint theabdeRlcetofic
§&?§%§Q&%ﬁ”€xa‘}a"cﬂ%”§é 58%!:%%3%%& ReQUAID LS, 20 predicted
requency gependaence IS In the collective mation of the electrons, which

can be;thougbtefBsaNe-dimensianak Riasmengaf wERadiMalent siitibes can
description shows that the ngnotu e forms a %H?ntum tran issi%gnlli&ghigh
IC

Btk it R IAPEE MERREARLE ARE HBtREha Rt S geo et
capacitafitadin toeiahsente; ofaarnpingd stantirg wairesomthis high speed
operations, one of the main predicted advantages of nanotube and nanowire devices in general.
Nanotubes may also have a role to play as high frequency interconnects in the long term

between active nanotube transistors or in the short term between conventional transistors

because of their capacity for large current densities.

Barly theoretical work predicted significant frequency dependence in the nanotube
dynamical impedance in the absence of scattering and contact resistance. The origin of this
predicted frequency dependence is in the collective motion of the electrons, which can be
thought of as one dimensional plasmons. Our equivalent circuit description shows that the
nanotube forms a quantum transmission line, with distributed kinetic inductance and both

quantum and geometric capacitance. In the absence of damping, standing waves on this
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-1 transmission line can give rise to resonant frequencies in the

microwave range (1-10 GHz) for nanotube lengths between 10 and 100
transmmm] \ite alsogivopasead anadshdedamnpingniedelicretatingdhe: dampdigy) for

| nammbee%n uremer%%a{} tﬁ]qurrn{ljjc%g{}lveﬁv% reT%(g%%aé%ﬁg uciﬁ%@%ﬁ%‘%ﬂﬁm“g the

dampligwwlwwfeﬂntamcomdanme withiha Tiestasphetcohihe presentinventiomes of the
microw: ) ergelc?u I{QVégggugaQ&hoffg%%ﬁ?cy circuit comprising: first and second

electronic devices; and a hanotube interconnect connecting the first and

second devices, wherein the nanotube interconnect is capable of carrying

current at high frequencies of atjeast 1. Mhz. In accordance with a second

aspect of the present invention, ere is provided a computer program

storeetoraastoriyee niedligardor sinthdapirgeathigieftequéry dirquitvkiavirg high
freaue%ngmcdwggg nf:ﬁ% %8@9&3%'&1 %Ie%ﬂdnétr&]e%lc%@ f%ﬁi Iaal’}tljr{]L%e interconnect

dynamical impedances of the nanotube interconnécts by setting the

conreqipnitiat ARp eekaTcedey eeichviinbtiiseindrberinettosnbst ity lecofualying
current @ AigeFEsISIRRES CfiRgsrashgctive nanotube interconnect; and an

instruction for simulating current through the nanotube interconnects at

hifyRRYEERTFCIES BassangrIpeCsRTfapERPLirBBIGAD. ifRIe dhapiorigasf atremputer
prograRASOP 8 IntesPanediss FMRAAMERts O e Rrasem jAyentian r%@ﬁ’édr%notu be

nanotube interconnects capable of carrying current and voltage at high

intercofpeatie ARTEE B USE HSHIGIRS PR MHEres eIt HippefresaR iy tsrcansiube
intercolri&cg8heweethal the dynamisahg-Adncondustance alsinglenvalied substantiany

nanotubes equal their DC conductance up to at least 10 GHz,

equal 1B ASHRR tHath SrEEGRUAEARY Ty L EF AR b PAABHEuction for simulating

currenﬂﬂi&f@@ﬂﬂﬂ@%@%@@ﬁ@%@ﬂﬂ@@ Hﬂ@@hﬁé&'@h&@gHﬂé@yom%@%bé@d dynamical
regime without degradation. Thus, nanotube interconnects can be used

'mmd%?‘?l%ﬂ?p%aé‘&tm%%ﬁﬁ%fgfﬁw high frequency circuits. e.g., RF and
nigiewaveciccuits pndnhighdresupnoyn anascalatircuitrcln apedesredrying

men he nanotube interconnects omprlse metallic single-walled
e R R Py T D S DRI Ry e Crevts
ubedsiegn, muthewmlaﬁh@am@r(:rmnmxubﬁs NN E-s)aitapesaliall Bd;&&&ﬁi@lr DC
con dﬁcrtlma}gg%m hLel\\_{ld ropes. rlsin af[nlxt r?%hof semlconductln talllc,; o
ottibes” The nano e in é’?@onﬁ} LI ARt aGE TS & ﬁg%ﬁﬁeé’ram uhe

mtercomt@mmam eets:curdentiyiesied ighintegraked( i I‘ﬁlﬂﬂs&vé\}aﬁ@ﬁub@vﬁhmt degradation.
thS natgg{g}oquf%%& heaC\{ecgll? g:ehuh ggsel:ﬂ Pndu ll}{‘l[t th%gc S er I f;t’,ercl'locnnergg?ts C.g.
: 6 not sutter from sur?ace sc%{teprlng which can fﬁer rdduce the ’
RF an@ondu@tawwnﬂutsopp@hlgiteﬁrcqnmect&msadimensmnﬁaae:&éme@seﬁdﬂem the
z’;anotu&é) %@ﬁbnﬁ&%@ ?HFE'\QEY ]9 WErlll?%ODtElfli% ulnnte W?t i Pogq [EOH rﬁ/)pes of

their demonstrat requer?cy current carrying capacity m
nanotubghvantadeos lcwér fcgp pettinteticd madets fordighs SPEEY applicationsl metaliic

nanotuﬂ%g,l E{g{iqut@@gmprising mixtures of semiconducting and metallic nanotubes.

The nanotube interconnects are advantageous over copper interconmects currently used in
integrated circutts. Nanotube interconnects have much higher conductivity than copper
mterconnects, and do not suffer from surface scattering, which can further reduce the conductivity of
copper interconnects as dimensions are decreased below 100 nm. The higher conductivity of
nanotube interconnects in addition to their demonstrated high frequency current carrying capacity
make them advantageous over copper interconnects for high-speed applications, including high

frequency nanoscale circuits.
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frequency nanoscale circuits. 2 The above and other advantages of
embodiments of this invention will be apparent from the following more
d&tailbdve escrigtiondahendake aincdangunctiahinithethieracgo mp@mim from the
f0110w1910 moregcﬁiai eg Intenged ! gﬁ% & a?}%\cl)g 1%9 %Qta eﬁdcan be achlev I
R DarStely by ditarbnt nhacis gt the ventloﬁN AR LR S Ings- T s

intendEddhanmg@s\@f Etcﬁnsnmag&rnanrbwdd:hwe&/®wte bisbeatiffsrationscof the:abovation

' ndent.advanta such that synergistic benefits may be obtajned '
o oS R NS B B TR S GO RS avove
indepeRigural vastagragh @hmmwg?@uwm@ﬁmltagéoehataeﬁelrfsmmscﬁomwdzémmes.
a single-wall nanotube (SWNT) with a | m electrode spacing. 2a WO
2006/116059 PCT/USZOO6/015055 Flgure L is a graph snowing the
conductance versus StirCE igefariderite A at frequenues of
DG 6, GHz. a0l 10.Glz- CE&H{%& Al cggﬁa%%&%mg SUIENIYONAgE 1o
characteristics for a device B, a SW han a 25 un electro e spaciﬁg
“aﬂOfuBeFﬁﬁﬁFéTh‘Yéﬁaag}aﬁheWﬁﬂﬁ@Dﬁ‘féléonductance versus source-drain
voltage for device B at frequencies of DC, 0.3 GHz, 1 GHz, and 10 GHz.
DETAILED DESCRIPTION The present invention provides nanotube
interconnects capable of carrying current and voltage at high frequencies
for use as high-speed interconnects in high frequency circuits. The 10
current and voltage carrying capacity of nanotube interconnects at high
frequencies is demonstrated by the measurements below. The first
measurements of the high frequency conductance of a single-walled
nanotube (S\' YNT) are presented. We find experimentally that the ac
conductance is equal to the do conductance up to at least 10 GHz. This
clearly demonstrates for the first time that the current 15 carrying capacity
of carbon nanotubes can be extended without degradation into the high
frequency (microwave) regime. In our experimental results, no clear
signatures of Tomonaga-Luttinger liquid behavior are observed (in the
form of non-trivial frequency dependence) and no specifically quantum
effects (reflecting quantum versus classical conductance of nanotubes)
are reported, in 20 contradiction to theoretical predictions for ac
conductance in 1d systems that neglect scattering10. In order to explain
this discrepancy between theory (which neglects scattering) and
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experiment (which includes realistic scattering), we present a
phenomenological model for the finite frequency conductance of a carbon

Wa%ﬁg}i?&%%hich treats scattering as a distributed resistancg&ﬂj&mg@%ass
exp '

ains why our results at ac frequencies do not display frequency
depeRHRcE 53R Pt ekt AR Y ITAS FRECS U tie plragndedevice A ai
ffsecieneyidepensereeanindiidual SWNTs13 were synthesized via
chemical vapor deposition14'15 on oxidized, high-resistivity p-doped Si
waferEigpre3 19kDuinikovithea GO 500gaTISIO2ckyres. Metdd vieleBrofa T
Weng formed gn.the. S Ls using electron-beam lithography and metal
evaporation of 20-nm Cr/I00 nm All bilayer. The devices were not
anne&lgaeManotuybsiwithng betrottie Athspasing vk {dediceRpanst 2bie B at
| tudied. ical, resistances were - Mn; some nanotubes
adg#%%ggg\#?éz)ég%v%i§gi E’é?‘lllnﬁt’f}(j%%tudy we focus on metallic SWNTs
(defined by absence of a gatggespansed-with:pesistance below 200 kO2.
Measurements were performed at room temperature in air. -3 WO
2006/1i168&eP BT 1 tbA006/84 bbbt igidcshmws thexsborhctenipg ratitie and
walghameteraliceldanse/s. AaWi WAL SeEIRIE AN i e

Since this'length is comparable to the mean-free-path for electrons, this
CHEGAE RS A% HEREISFANRSIY itnTHee BlveraRcrEsIs hipfe BegpeRideribvice
dasnBekivl Thhis: kesistanesdsdenest likely dominantly due to the contact; at

low fields, once electrons are injected 5 transport is quasi-ballistic from

sourcéebtofiiairsaTirandesictlinidaglyishowsysaturationd i heinglrreited hanotube
(@tound s&t@.lm&azg&m@ﬁtsﬁi%ﬂmogtmmc% (2006195 agRkied

volta%e) the absolute resistance (V/I) can be described by a simple

CRIMBHBRCR/TP oY Bsh 1 G g uEto piser A rarasRe s der the Sret Emdbantas augrent
caragngriginally doursbanshexplainab by atlits iramahe:stope intd of the.

' .of the R-V curve, we find 10 = 29 A for this device, in good
f}%%ﬁécr%?e%&ﬁ%%ﬁ%%ﬁhere, it was shown that the saturation behavior

is dud§va FRsEIRe s antfree ParTiorteRsidionahen thaledechdoifidtiiagior

astifliclentiionasealarate:Rletion$:ta a8y ag eneMel SREIGYIRIRAN 8ntum
e%g&%%[ e%ggglon. This effect was ,S'%l%dleg more quantitatively with similar
COnCILEICRT R TR ME YEHE BRAEr Y RS BT EF FrhsEdarite at

cpricrdwave frdeuenciassdictom mercialhiavaitatitel Migsewave probet
i er . ' i.81 | (X llabl !a ; lng) an
sésHiiable fp 9@%68% withsacommesially mkgg eRER %@%{yéeﬁ%y ¢) and

calibration standard) allowed for transition from c ographic
KRSHESH Ok plwiecoibs spisrmec e e tabhrbamrrsneiatig! aiadebior the
fatinaltegantachpadesnneraQxEd menanes e athes:2Q0%200; Rt Lfardeyice

ré%}s%'ﬁgeq)ﬁpsomrpazelg%lains why our results at ac frequencies do not display frequency

dependence. Smmply put, resistive damping washes out the predicted frequency dependence.

Individual SWNTs" were synthesized via chemical vapor deposition**®

on oxidized,
high-resistivity p-doped Si wafers (p > 10 kQ-cm) with a 406-500 nm S$i0; laver. Metal
electrodes were formed on the SWNTSs using electron-beam iithography and metal evaporation
of 20-nm Cr/100 mn Au bilayer. The devices were not annealed. Nanotubes with electrode
spacing of'1 (device A) and 25 um (device B) were studied. Typical resistances were ~ M2,
some nanotubes had resistances below 250 k). In this study we focus on metallic SWNTs
{defined by absence of a gate response) with resistance below 200 kQ. Measurements were

performed af room temperature in air,
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20 device B). A microwave network analyzer is used to measure the
calibrated (complex) reflection coefficient S i 1(w) Vreneeted/Vinadent
wv(\ér}z%?/%/mg dent is the amplitude of the incident mlcrowave SI nal {(})0% 1Suss
coax, an S|m|IarIy for Vreeeeted. This is related to the load’i &}%2 .
Z(w) b’ygth@imsahﬂeﬂ%ttemﬁwmw&V&hw[sze(m)lﬁofsa]ﬁﬁz&vﬁmma 1 um
eﬁ@&ggy\?EJﬁ\éel§1ffc%etgls§§n\£Q REHAESHIR AR densade ttx%oﬁhe%e&mftm

used. 25 The statistical error in the measurement of bo the Re(S

daiiteqrA @S e esiebrdlisin diath ﬁbﬁewﬁtwﬁmoéﬁawﬁswegwi@n This

Baktatitd 94nodt By SR M0ai. SOVAGE t@ftﬁe{liﬁhiﬂ;ﬁhﬁ 1ERERSH QM@ Sld8riPare injected
contact:to- co 1t va%atlon and n% eﬁfﬁ §s in the allbratlon standard
n

ERRE eSS RIS BY e IR ek Y

S'risets
dun(aﬁueﬂt)arawdaﬁsa%ﬁ&emothﬂms|th1q:ué®\anakusssﬂxdargmemm@afeﬁbmm tage)

d2uilinse RuotaWi Rempotantas e disgliss .30n more depth below.

We measure the valué of Sn as a function of frequency and source-drain
voltag¥foripdtl Gevice A and B. While the absolute vafggaps @1 is found

dadhe) m0 NardBbaverihe viaemagﬂasyyrﬂiﬁg@ Fe?wei@mﬂ&s@s M@:ﬁ*t@@&f@@ ope
0 contact-tQ- ct varia changes in,S11 with the

3“%? @%fgﬁ%t&éﬁaggerffg%ys%rﬁo&ﬁ %%&81 S SGYIP v BRRs St with

WO 20064111 6059 PE THt SROGEIESOBHawithin dhteﬂéstaﬁe;ﬁnﬁaﬁembn-ﬁee-path for

(;{BfOQOQQ ‘Q‘ﬁeg %G-E‘té%tﬁp ﬁQQQSIEhi%ClEM% %?;lee?%éi g@%é{i?gtl%%qdll%y 8{0%%1 sner

artifact, since control s?@c'% es do not exhibit this effect. Our measuremen
SNPRTMmEE- heivige Wﬁsﬂiﬂfh%fhw%ﬁ%@%l?ﬁéhmﬂbﬁna%aﬁﬁtﬂiamns in

ipedance, depends on the dc source-drain bias voltage, and that this
dependence is independent of fr y over the ra studied for 5 both
dewc%% f‘if %&ﬁ d‘g w@lg %’“ﬁm °§ wgef{: (@1013W3Y?§68ue&%ﬁ23
dprdteensirditstithderraioetoiie nmbe@améelfseﬁa@m@xm maiithcreahe®@iatly
Mﬁﬁﬂ@ﬁ@ﬁﬁ&ﬂ%@aﬁ%&@ﬁ%ﬁw& IR MAoIDARIMPEHARCRsmch

smaller, the real impedance, which is of order 100 kQ. For all

e gEm R HBH R ARt RSB PS | T Redrritn Bt Wftﬁ%sowfﬂ.fmaﬂ

meast@nsi;mbmmmwﬁammm‘&mmbmmeﬁhe@mAh@mKM(%ﬁm
shanges iepraduehy Wil s, Jndicating that the geal partof the
nanotu dynamlcal impe Ghed changes with Y. By meanzmg&t?\mpex)
reélertionshiffisewe e #Y anddNe condictaice:ds:, it thaprdiskdewitithatident
f0tsmak valuesahG 460 masrlﬁgﬁﬁy‘f@&)mgm Phis s ;le%séd AR 1&%%% nce

that after calibration, a control experiment with no nanotube gives 0

4B) WHEra T THERHAIRTY § aé4eVariat 6%&&1&%@%@5&%%%&%% used
thewprtactnadsdramncanaciinconkactiBased on this calculation, we

concl % st*gtaltstgga e?rrbo%cgzlluthee \r/naélaus%rgx];ggte o %hSH rege?é%g Jﬁ?t%%qﬁ/due to random
noise in the network analyzer is less than 1 part in 16°. A systematic source of error in the
measurement due to contact-to-contact variation and non-idealities in the calibration standard
gives Tise to an error of 2 parts in 10° in the measurement of Re(S;,) and Im(S1;). Because the
nanotube impedance is so large compared to 50 Q, these errors will be important, as we discuss
in more depth below,

We measure the value of S1; as a fanction of frequency and source-drain voltage for
both device A and B. While the absolute value of 8y is found 10 be 0= 6.02 dB over the

frequency range studied (the systematic error due to contact-to-contact variation), small

changes in Sy1 with the source-drain voltage are systematic, reproducible, and well-resolved
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conductance is found to be 0 with an error of 22 S, which is consistent
with the dc conductance. In order to analyze the data more quantitatively,

ate on the change in Si 20 with Vds. The mea t error.
W\c@)gr‘?i Eaﬁ%ﬂgﬁi%rgge in the ac conductance G with bias voltage d%%?r%%gﬂﬁ%{wﬁ

Wik ETstel Statiste Tﬂﬁiﬁeﬁ‘&iﬁi‘? nha@m,@wﬁicwi'm surexpeirimahgs is not an
2BAIes lowardnanhe systemalia eirmisinge e LOnRe AEaREshows that

remains fixed in ylalace while chang/igng the gate voltage, we can )
ThE PRORALRS By ARYERE IR RO AR & BPALP ARG SEPPAdHAth B o source-drain
IseyvoRag aindvibitate Jepindenal h mighetiienabs otuiensglve:oferaanr anlyebéor
m?%sured with an 25 uncertainty of 20 S, a change in G can be measured
boiE deVIces. ) o

Wwith an uncertainty of 1 S. These uncertainties are a general feature of

any bFsadbirity ieicowave wdasureimerT Syiiemm) fig. mirstingibat the nanotube

ieQRaMEianee (3 asnithasaicesiiaiieitans faLaeVicsofsalsd Qs albiZary
and 10 GHz. We anly know the change in G with Vds, so we add an offset

BResERcts BEEAFEE AraY e BAMAPEIRRTeS T 1h Fhars ddibi heldhz but at

ithesmamentitisiclddieth ahilie E@t act Shhehange ¥ withiiids¢usiiagdiidoes

at.de, We now i%c neoff + € Measured r Its. we, know
_tﬁ%gai)s Ia?e sgﬁue (})t??}&?s %gﬁvﬁeéer?a%ﬁégg?g]ﬁ@rg E}sfi'z‘egp((;%r({lr1 %?g& ZQ\}\E\ﬁeliﬁ’ow
INERAENEN s B PO of Tneiebchiaagis haedenrhdaagatariic dks
condugtaneer-is i ekabitpehnegaive @her isaarivsical ceasan fektbis that

to be the case), which allows the following argument to be made: Since
Baeyed NS mARioes ts e Bobeh 18058 P e T 8360 kp S5
¢afieasioned poand EgafiiaadiihmOrenpiyseal W, ﬁh&!ief!!heemcertainty is
GREIVES VA0S, 00 JORESUEMENS BN 85, BRNELIINE J0P HRBSL,
imit would be 20 S. Therefore, our measurements show for the first time

fHacaltriatirs 0o congisiibesheaat vars Witrovhy ecetvrsiisafienveneages

HstiRs6LHcianihnas e GUFRRISRNE OlBge Sy R B aCHHSRIEIR Gs Addn
the quasi-ballistic limit, but does not approach the theoretical lower limit of

ERES W erfect contacts, the metal-nanotube contact resistance
probafyerdiervinsdibsdlie totahresigtanietfel thissampieatnoordieciodocuss

m%r‘?f!;‘.elﬁ%i%e%&%&%eﬁ?él%}‘&?ﬁx%eéié}i Qﬁ?tﬁ@%&fcéﬂﬁuwﬁ‘c@_%%% fRVICa e

Fig. 3 plots the |-V curve of a longer SWNT (device B), with an electrode
HRFEF PETHOPT(PREBIRERRIIERHIR B s NaRBtibeVaSBTaE0e I fjmes
ibhig devige isalmant sertaibicnat nibepadistienlimit, /ave mfgkdewldiasianging
@%’\%%ﬁc%’tﬁ since e ”Qa‘%‘ia&'f{ eaei;grae‘fi‘aﬁe"f Qider &, ﬁ“ e H@nd 'tQ%

‘fenggﬁﬁ 1S 55 PR The Tow-bias resistance of this device i 1507¢08.
Praviousvelssre s iiiogh hb 15dnivain IRgc8VWNITS geamrad with an
ﬁ%@%@%f)ﬁf p&ﬂﬂ,"é L%Qigéplﬁf(} can be measured with an uncerfainty of 1 uS. These
uncertainties are a general feature of any broadband microwave measurement system.

Fig. 2 plots the conductance G vs. the source-drain voltage for device A at do, 0.6 GHz,
and 10 GHz. We only know the change in G with Vi, so we add an offset to Gy, to equal Gy, at
Vo=, We discuss this in more detail below, but at the moment it is clear that the G at ac
changes with Vg, just as it does at do. We now digouss the offset,

Based on the measured results we know the absohute value of G is between 0 and 22
uS; based on Fig, 2 we know that G changes by 10 uS when Vi changes by 4 V. The
dynamical conductance is probably not negative {there is no physical reason for this to be the

case), which allows the following argument to be made: Since Gao(Vae=0)Goo Vas=4V)=10 1S

5.
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6 kQ/m, indicating that the SWNT bulk resistance is about 150 kO for
device B, and that the 15 contact resistance is small compared to the

rintrinsilc nanotube resistance. The absolute resistance (V/I) and the
WEUHEELSAM 1-V curve for this device is well-described by ERuSiGA Y1 HsS

afRhdRxice:A Ve fingio I pirdhisdlevigeminases e ntmith dexceu.
Fig. 4 plots the conductance G vs. the source-drajn yoltage for device B at
SRR sy Rut ks ppA Iaier T 5. URECFOPHEVIRECGY® Gl SnIf RN HE"
nhaneadrsGhMith ek fee wesdtd anhROUHsettonGeacto egyahBuvard/ds
0. It is clear.from.thjs graph that t ical conductance
C%]ﬁ%“ﬁsgaé%‘?%?  Dia us\;o Sgg"*‘f&lﬁ? ggt&tﬁéﬁ ?égc%cj%@u%g%% does. Using similar
arguriemsadefredetide i parihrbginbime iy foeueisermashdl e
1RGN 0 GARSIHEANER Ah@-eQUAL WhiID QNN Re RANERJEaMABRY

range studied. We now turn to a discussign of gur results. At DC,![E%e b
demarissohetaRmRBrF S5t HaFSIRe I HEUE S BT ARS AN S 1% FRE e
i Eesistancadstgivabytchide #a0, Equation (2) Ret= 4ez where 1,n.f.p,

is the_mean-free- . ballisti is "

B AL L b s
nvhiGhdspessiitestnty i etacatobe Trieevod Hormthd Eelarisadsafgost certataly

Jefieationless. lsRauRNoN (2 Iue Akfinite feguendasiThe Jemnreids |
thlglq,yb,estlon |n‘%%neral is not known. For the simple case of an ohmlggi%‘

tEBNtactERFAENOIUBE BrEENSth Elotvd 108 BHatfetstn RS i FRESRAHC
MRildsessuiRaikagvenay Qivennny Moy 4EaYTwihere vEsisathe peermit length of

ity, L. the | th h tti liquid "g-factar t
AR L Y L B R P LESg P B o
srengmigribeieleeiionmgiect orinterdutionaPjic sistepe . Bhfaseluc2s
Myt di Fbrf £50R3N56I0. ihe, TRAURRCK dgRendgatiMPedanesy guithnation

occur at 24 GHz, beyond the range of frequencies studied here,
Howdvetedes fanbruised kot Hevic @By RARSRSFIHE A7 16 Ay,

After depasitinnef @lgairedescthe hanatdbaexiendsd adendha tvdr, 0.3 GHz,
electrodes f 5, distance of at least 150 m on one side, ; S0 man th
other, 4 ﬁgs%}%éé%gh%%?etﬁéwﬁgﬁs‘gtu e were int %E??v{?/%g%r“c’osﬂgsﬁongn
tiplasiiotoresehanced atfrégucneidoofiisaedd iGHE: Weoblendkpas ot

QRREIME AN SEANG EESNaH RENAVIQHRIINGSRQLABY RRET Rguenaies.

We believe this must be due to the damping of these plasmons, as we ductane
RREDELB R AR PR R RTTRCH O AGPO SN BB TS conducsane
e eatidnRndescote sha entire frequency range studied.

We now turn to a discussion of our results. At DC, the effects of scattering on

‘ , ~ . . 19
nanotubes have been well-studied''®, The de resistance is given by

hji_,i'nmmmbe . Equati()ﬂ (2)

i = 2
48 !m,f{p.

where 1y, 1p. is the mean-free-path. In ballistic systems, the sample contact resistance dominates
and the de resistance has  lower limit given by h/4e” = 6 k02, which is possible only if electron
injection from the electrodes is reflectionless. Is Equation (2} true at finite frequencies? The
answer to ihis question in general is not known.

For the simple case of an ohmically contacted nanotube of length L, we have predictec
the first resonance would occur at a frequency given by vi/(4Lg), where vr is the Fermi

velocity, L the length, and g the Luttinger liquid “g-factor”, a parameter which characterizes the

-6-



10

15

25

30

10 distributed resistance of the nanotube that is independent of frequency,
equal to the measured dc resistance per unit length of 6 k2/m of similar
“)fgg n/ap(’?{g bes grown in our lab 15. In our previous modelin&%%rzlgﬂﬁl/by\_/g_s
dana tha Iéunder such heavy damping conditions) the nanotube e

SHyRERRE RIS MPE QA TepritRsiEd 1d Bacaling 10 its 1o kesistanedhfofist
HeauRpaias asgiiRN addt2niRoskptatall wWheie CiptR d4%ihe telahd the range of

caeacilance of the nanotube (quantum and_electrostatic). 15 A|th0L§gh our
TRESBEIPA MRS Bres Bt et BEoBIR oY BFUBabHEs comiabmAgs Il
IplanafighiddpossistivityieSikandlthe:previotssmiad ekng wo teas-fae for a

2igh [ ubstrate, we cap.use the model S a qualitativ:
B e el e a e
e Egetdtoulkceneabd theldorasisrmoesfot fromeericies beldw
@b utve bikahlzad Risdssavalitatively consisteni il whalwe QBS&%?frequencies.

xperimentally. 20 At high bias voltages, the electrons have enough
it e e e el A

and nModifying Eqmdﬁ@ﬁ(&)ignﬁwlmwggm@bt EWmZOJ@esQWes a
RERSAMANIR A AN FAII G LGN HRIAS SR
theoretical explanation for this is lacking at this tim Calthough it is
dieRtFaRF Ry oG azatedt fS tie Thiswm preasoniutive Bittrormphidrionia our

recadieyingibiegueney indhauiidh:iasisedionHs:2p ARproximaenl Bz laombe
Therefgr.e, on the time-scale of the electric field period, the scaftering
&R Y RS PR S RS TS "B P e 5 S 0P 1T reatraies \era gy
1tKﬂs}pgihua;)MéaﬁLEamEm wpltcahigheictretiite ek sied @Fﬁﬁﬁﬂﬂ @nd electrostatic}.
Algsanaipnonsralielng [P0 Gz atlawalectic fieldsio) should.
allow more Information to be learned about electrony Phonon Seatterng

(Wahreipddiehpaddba sdispe rvering saguyanton tshigbly doatfosifo subores, we
caRusdgrmadinasvelSuehasihe mirirsicnanaiube impedanceatsom,: .,

asc;r%ttg | rateﬁI Ther for{s{ it has been verified experimentally that the
Gy RamicsT pedSmEe B Fh B Bt e N & FEH AR AR al Seeficifi golow about ~

1fﬁ7efli{lleﬁdy independentcimmac Wiavieast 10GEHz:deanaasift, the high
current ﬁ?gﬂmgMQQ&[%Q&Q&E@;W&%E%{&Q&\@/%‘% %g@%&! g&%&'&&,

high frequency (microwave) regime allowing SWN used as
FgRESPLEt HEBre SRR TP ey B0 TB0B D PeTI) SPbe B0 5955
Huigties e chapphieatianaitd tiedhespoeferienenmbedimeniithainapubes:. A
BRSNS SR I PORRERRY  come
Bidhe folising sersep d clnsimrisihen anirtatesnefisanivorid dotinighalies metaillic

appoeiubes: Metalic:SMINTs cambave axetr Hohcuiren fdenaily 4ofordsr.,
cmagﬁA 5 metallic SWNT of qrder 1-3 nm in diameter can carry

R tRIBIEEYEs DY 2R A RigHpeeded to clarify fhis poit
Measurements vp to higher frequencies of order the electron-phonon scattering rate (~
50 GHz at low electric fields') should aliow more information to be learned about electron-
phonon scattering in nanotubes; temperature dependent measurements would allow for more
information as well, such as the intrinsic nanotube impedance at low scattering rates.
Therefore, it has been verified experimentally that the dynamical impedance of metallic
SWNTs are dominantly real and frequency independent from dc to at least 10 GHz. Asa
result, the high current carrying capacity of metallic SWNTs does not degrade into the high

frequency (microwave) regime allowing SWNTs to be used as high-speed interconnects in
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Therefore, nanotube interconnects can be used as high-speed
interconnects in a variety of high frequency applications. For example,

w%%%}ﬁ?(? Lgterconnects can be used to provide high'Speedpi(?%f%‘)%%Ct;?}sq
in corhpu?‘er‘processors operating at hégh clock frequencies o H2° 106
f

RGBT NRRBEBES iHEHERTS exhodi et as i surromerisspaptse

rirteicSWRalS thsaghtofietpRay (RidadRICARWEY 86 GUItS\OWRradiRghad of
ies to 10,GHz or higher such as in cellul hones and. .

R R LR, S B e B 0 e

HteittshndeticiTd Havieushiseg teansigtss)cpasaiie (évides] Oridem®). A
HEERINEan of cREHVes 3RiPassIve dRYices IB.GHGY @ﬁ&%@t@@?&f * high uA or

Jr%%uencies in the GHz range. The 15 nanotube interconnects can also be
U8EY to interconnect nanoscale devices to realize high frequency all
nanotlipectire itsiofbe examplesthemaneidbe ieroprneatscanheitisedriety
denpeteanneaLpRnARe fisd alipe HABRISIGIR AR MG 1o provice
semiconducting nanotubes are used for the channels of the nanotube

B PRCof I BT HRSREYRTRRRS o ensting askighelomharaammastof | GHz
delgetescaleclrvices-Ramneapntionshiansistioisdarnigh-sneedonnects in
-applications g{lqi}oazzl interconnect a combination of nanoscale and ‘
Targer-scale devidas T Sreu R RARSIEE ThiSREARSTIR S SHHpRsaigher
seiigieimemiviaheiores endprisden ortrthriisiovernafintube airaigechimeparat ok
AR NidtRY-Wheis Ma@é&?&ﬁ,’ﬂ?&ﬁs‘?&@?ﬁ&’éﬂ@@ §eVT£§, g}\éec%%%r?n%%% of

provides a useful method for modeling nanotube interconnects in circuit
SRR RS BATHYG SIS GLEErvys oREGRAR] Hghttravmsiseynciie G g The
rembobdimentnac25eairalsit imuation:prograsnmedels HheidyRamisat high
A R n f nanotube interconnects. in high frequency circuits as being
%%u%% oaﬁ%ﬁm %%?égé%%éﬁbgj it e}%’\?lvlgrréaé%ﬁéeélrgﬁ? BiRStHSHORE FF8dPam
THEKOFES athe HelteSmidrosivian@BEncbbidhterobandctidp minatbss ate

usighoferauansiesand thatdhe synanical ieedancR dadaok SENHIVE: Red
Jma {}%ggyélm&%d%g es (inductances. and capacitances). 30 The nanotube
al

interconn AFta G80 RS I CB Mt clom skrsrett remtisatiertpr to
lipeiptegpdtechoipbuteon\Whenoscatea diyithe didameteteo trlaZ i thenanotube

Hesisiance. per unitle f g measure gives a resistivity .
conductivit ofo%{%lﬁ:m?%v%%hn%%ﬁgﬁﬁgﬁ%ﬁ%?r L%‘ﬁ< cgﬁlﬁaér??tﬁg alt Eﬁ'i}/l%eﬁi A
PEBHIFEF ersinaris s itsdhy et ricreatdsssurface scattering as the
dimersiohsaseteeseasad-be @%ﬂ@ﬂ:ﬁﬂ&} e ﬁﬁ@él@i@eﬁk}m%@—lﬂ??conﬂecm in
nductivity of copper is nat -8 WO 2006/116059 PCT/US2006/015055
SR Sl e R ey LGB

Cﬁalﬁbmwééﬁéx@w@nﬁ;a?@ﬁ Sephemiithlsypeeumitivigthipbaiveommscts in high
tRaRGkIRes Are.suBRHonMAtaHalI SARREL 2 Jalgreannesisininearated,
p(r:é}rgzqelllrgsdssumes that the de resistance of the nanotube interconnect dominates at high
frequencies and that the dynamical impedance is not sensitive to imaginary impedances
(inductances and capacitances).

The nanotube interconnects are advantageous over copper interconnects currently used
in integrated circuits, When scaled by the diameter of 1.5 nm, the resistance per unit length of
& nanotube we measure gives a resistivity conductivity of I 3Q-cm, which is lower than that of

bulk copper. In addifion, copper interconmects typically suffer increased surface scattering as

the dimensions are decreased below 100 nm, so that even the bulk conductivity of copper is not
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Our equivalent circuit description shows that the nanotube forms a
guantum 5 transmission line, with distributed kinetic inductance and both

quan nd geometric capacitance. The kinetic inductanc I
w%&alb\?éﬂ%q&f%?anotube is about 4 nH/m. Numerically this gives}(?rclts?éE?oﬂp gﬁmbgm

TR AT S A SRR AR AT LU SRR DR APREBOHSRRIYRSS Heseds that

JRsigianenRehaitiength, cuabonih iRy ae Thisrmeansrifiatdheppesistive
.impedance wille dgtggrgla’taeigpe inductive impedance at frequencies below
RRSOT65 GRS BT sﬁﬂg“le walled 10 nanotube. Therefore, when

considaringuitid ap plicatidessrotionsotibdsidba ntartormieuts aguancrowave
HIRghenGias.hareaiRRnes showdbethe daminant considaratonnemic

However, the conductivity of nanotubes is larger than copper. Arra)&ng .
ARisEIERe ST BRI IR iR ad iR ARABE S SR YEh BEHHR e umerically
{BRRPRE afdhe.sanectolaleragsceectionalaied, Haddiionnthekingtie:, the

inductance of an N-array of otubes.is N times lower. 15 than the kinetic
s A S e
ddnemh:omimaa_néwﬁw itrgedapone rﬁ:tegasr_xoiapbéedf thoin G,O@_ﬁfizé?; anddhiwgalied
JgRigiance i smaller hancoRRerwires aking sAme RNl unnects at

Therefore kinetic inductance is not a major “show-stopper" for the use of
THgHBtES A erCBRFEEE R i T HERE1aThEPERS Sk between

nanotgbesvel & krkiaetic indicianaeed Risisdncantiasi- 2040 magnetites
Hit{%duc%ance.in copper, which induces cross-talk, Therefore, considering all

ese factors, car eé%rﬁ%??o TS TS BEOP o CBBper in all ASpects o

ruitiveriohddton\ivildttis indetion 18 s Scarstitsibormaabrsus times lower

MRPcations, and Allernatine: iams.shecific examples thereof have been
shown in the drawings and are herein described in detail. It should be

underSt&H; RoNE0 R HEF R R S P B Tb fhapposed to
ipautigttay, fmoigs 2biehineihaaigicdigeloseghebutia tieheanttatymbhgons. Therefore
invention is to cover all modifications, equivalents and alternatives fallin
il N e e
TPy SR006/01 5055 REPAFRE NCHDP die kg &mghn nopelnry Rk isHhgarirast
# nRarkic Fingienwaliedsarbernanatihe @lesionicsedece-fsNanotec gl
éc(tg 78-85 (2002). 5.2 M. Bo%krath, D. Cob(ger:q J. Lu, A, G. Rinzler,

S SR B R SHIP RN G B PP AR E L &FP LR %‘P-‘i??ﬁﬁ?%%%"ﬁ\/iour
in carbdnlndnotybes;t Natarep897 (67210)s 5O8LE0A ((EO98) pNdrF N e Figsher

%@Qﬁc 'ex%l?gépﬁﬁré& NS S GORIS ! GBI FANSROR - QAL R L MAIA by getail
o P. Ko (

ohn, Le uwenhoven, Gerd Scheon et al. (Kluwer Academic

I@ﬂlﬂ‘i’éﬁ@é@%‘f@?@ch@ﬁ%sﬁ% ’t}fg'gs;&)t}tion 1§ not to be limited to the particular forms

or methods disclosed, but to the contrary, the invenflon is 1o cover all modifications,

equivalents and alternatives falling within the spirit and scope of the appended claims.
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nanotube interconnect is capable of carrying current at high frequencies of

at least 1 MHz. 2. The high frequency circuit of claim 1, wherein the first

device is configured to send electrical signals to the second device via

the nanotube interconnect at high frequencies of at least 1IMHz. 3. The
£3—‘*—’9‘ﬂ\—4~§gh frequency circuit of claim 2, wherein the first device is configured to
What isecrllol e%lg?ct,rical signals via the nanotub_e in_terconr_lect at frequ_encies_of at

eaB% EHz. 4. The high frequency circuit of claim 2, wherein the first
4 dﬂ\ﬂ% iﬁegﬂ[éf,j]g refkig g&,p]grigg&g]:trical signals via the nanotube

interconnect at frequencies of at'least 2 GHz. 5. The high frequency circuit

of Gl BeRPRY SR et ANt Se¥Bhd devices each comprise a
naneinbe transistoonbedthedrghctieg ugacyirelr catiiokstain lasvhereindhgein the

' ' lic single- walled
o B O R S SO M P
2. nAhethBe ifeHseMaticeBrpaiEtR ingyBeieih badishdericariangudigwrgd to send

electriBAr iRl rayi3. JRSiiAE{ies wpNeYCaML BRI GWBRT8INIRE frequencies of
tube interconnect does not comprise semiconducting nanotubes. 9.

nan
at leasf'a h frequency circuit of claim 1, wherein the current is 25 pA or
3. higrehidlo freheshighdiregt ehejagitcuivdfeckinitls ik rsividhesnandigilred to send

electribHRIRARNEGL IHCRABIELONICRIBIRGE B AldreANeRcleR 2Lia ieaslL
MHz 1o 0.8 GHz. 11. The high frequency circuit of claim 1, wherein the

4 naRBtigs HEeHIIM SN CIhEBIE 6f BAIFTRHY BErfERh 3R ey FeFREg BRd o send
electrilasigh&dida 12 Taechigh ineguenwccucitdofeticive df avhersin thez.

nanotube i ' of carrying current at frequencies.of .
S o R E LT Mg < Bhe cacr
comprifgdRAOIRESrEBRMEKY is capable of carrying current at frequencies of at

6. lenss hyiibeubhcy BRAIGBrfeeaMencyreiremitied slaigtubavhieretm e Gstithises a

metailf GATIRAIGL PrOGEssor Qpetalinn fia clock frequency of at least 1 GHz
an € nanotube interconnect IS capa le of carrying current at

7. fréhadrigickasianyastaiGeizlaln B o/ixae6) 116 050 BEFE WS820081635086prises

more then dH2 RIGINregueRey Grauibefelaims.], wherein the circuit is a computer
processor operating at a clock frequency of at least 2 GHz and the

8. ARG BRI ATLE - ARRTRG (SR AREJDISRERRE g ioss not
compiteaste@btriucting nanotubes.

g. The high frequency circuit of claim 1, wherein the current is 25 uA or higher.

10. The high frequency circuit of ciaim 1, wherein the nanotube interconnect is capable
of carrying current at frequencies of at least 1 MHz to 0.8 GHz.

11. The high frequency circuit of claim 1, wherein the nanotube interconnect is capable
of carrying current at frequencies of at least 2 GHz.

12. The high frequency circuit of claim 1, wherein the nanotube interconnect is capabie
of carrying current at frequencies of at least 5 GHz.

13. The high frequency circuit of claim 1, wherein the nanotube interconnect is capable
of carrying current at frequencies of at least 10 GHz.

14, The high frequency circuit of claim 1, wherein the circuit is a computer processor
operating at a clock frequency of at ieast 1 GHz and the nanotube interconnect is capable of
carrying current at frequencies of at least 1 GHz.
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16. The high frequency circuit of claim 1, wherein the circuit is a radio
frequency (RF) circuit operating at a high frequency of at least 0.8 GHz.

17. A method comprising the steps of coupling a power source to a high_ __
WE Z006/116059. ~ . . PCT/USZ(}%?JD(}SD
requency circuit having nanotube interconnects, and carrying curfen

1%ver T iahtravenivierconncdasint Higeria fuatides isig:onaip ethedser

ofaim A4 hereindie Han e NeIEoNne tis IRIRKGRNRRSLHABAUIRE able of
transistors. 19. The method of claim 17, wherein the nanotube

CHRERSSHENE TSAMSPRE Matafe SiT8#é- walled carbon nanotubes
1¢SWNEs higOfrddaennyeihad of disgimi Jvhandhe tbervileeinanoidiodrequency (RF)
interconnects da net.com [is ﬁ%ﬁ?&@ Qng nanotubes. 21. The
mrr?glti%(? %?%féiitm%li%% _iv%%‘elrglg%? e current%%S SA or higher. 22. The
Inethédmsthadirerprispniretisanelcurrent is at a frequency of at least 1

MHZ {01 @ blén23ckhemethaded@iaiptddavrheraindhe oy ieatdsate, and
frequency of at least Zt Hz. 24{5 Tkg method ?chlgllgrn 17, wherein the
curreRt' %“ﬁ%&ﬁé?{cg%}aﬁ?‘i“ea‘i’s} EHF58 PR SRS o claim 17,
1Wher&ire thetlowlr vé nizis Af avfhegiethe patule | oast O Gl 21t@6orhctmpoitde
«RFegram stored on a storage medium for simulating a high frequency
circuit_having nanotube interconnects comprising: an instruction for

1§imulating airhehammhb StaFR S0 PR S BITER RS COMAR By o single-
vadiingthe dynamieatimprtlance of each nanotube interconnect

ubstantially equal.to a.do_resistance of the.respective nanqtube. .
oo S S R S o
spraivondbeiinereobects at high frequencies based on the simulated

2dynarpicah lmpedeanags:of ierianeiube.ntereonnestsioRd. The computer
rogram of claim 26, wherejn the current is simulated at a frequency of at

ast 65 BIFPSE PR Coiaiat Broyr BriaimB Py RETEthe Cif &ht-*

(8lsimulated at a frequency of at least 2 GHz. 29. The computer program
zgﬁéaiﬂ%%%etﬂ%ﬁ%ﬁeéﬂﬁ%%&%ﬁﬂ weiHlaled At ledueneatat Jeast 10
24, The method of claim 17, wherein the current is at 2 frequency of at least 5 GHz.
25 The method of claim 17, wherein the current is at a frequency of at least 10 GHz.
26. A computer program stored on a storage mediumn for simulating a high frequency circuit
having nanotube inferconnects comprising:

an instraction for simulating dynamical impedances of the nanotube interconnects by
setting the dynamical imp@dance of each nanotube interconnect substantially equal to a do
resistance of the respective nanotube interconnect; and

an mstruction for simulating current through the nanotube interconnects af high
frequencies based on the simulated dynamical impedances of the nanotube mterconnects,
27.  The computer program of claim 26, wherein the current is simulated at a frequency of at
least 0.8 GHz. '
28.  The computer program of claim 27, wherein the current is simulated at a frequency of at
least 2 GHz.
29.  The computer program of claim 27, whesein the current is simulated at a frequency of at
least 10 GHz.
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